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ABSTRACT
Heuristic numerical optimization algorithms have been gaining interest over the years as
the computational power of the digital computers increases at an unprecedented level every year.
While mature techniques such as the Genetic Algorithm increase their application areas,
researchers also try to come up with new algorithms by simply observing the highly tuned
processes provided by the nature. In this dissertation, the well-known Genetic Algorithm (GA)
will be utilized to tackle various novel electromagnetic optimization problems, along with parallel
implementation of the Clonal Selection Algorithm (CLONALG) and newly introduced the Wind
Driven Optimization (WDO) technique. The utility of the CLONALG parallelization and the
efficiency of the WDO will be illustrated by applying them to multi-dimensional and multi-modal
electromagnetics problems such as antenna design and metamaterial surface synthesis.
One of the metamaterial application areas is the design synthesis of 90 degrees
rotationally symmetric ultra-small unit cell artificial magnetic conducting (AMC) surfaces.
AMCs are composite metallo-dielectric structures designed to behave as perfect magnetic
conductors (PMC) over a certain frequency range, those exhibit a reflection coefficient magnitude
of unity with an phase angle of zero degrees at the center of the band. The proposed designs
consist of ultra small sized frequency selective surface (FSS) unit cells that are tightly packed and
highly intertwined, yet achieve remarkable AMC band performance and field of view when
compared to current state-of-the-art AMCs. In addition, planar double-sided AMC (DSAMC)
structures are introduced and optimized as AMC ground planes for low profile antennas in
composite platforms and separator slabs for vertical antenna applications. The proposed designs
do not possess complete metallic ground planes, which makes them ideal for composite and
multi-antenna systems. The versatility of the DSAMC slabs is also illustrated where designs with
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lossy impedance patches on one face of the slab can be optimized for absorber applications while
the other face of the slab still exhibits properties of an AMC.
Another metamaterial design synthesis targets optimization of metallo-dielectric slabs to
act as low-loss matched impedance magneto-dielectric metamaterials (MIMDM). Such designs
provide magneto-dielectric material properties over a certain frequency range, allowing
miniaturization of planar antennas when used as substrates. Similarly, MIMDM slabs can be
designed for the absorber applications, where design equations for synthesizing such absorber
materials from MIMDM are established.
Finally, small sized rotationally symmetric unit cells are designed and employed as
planar electromagnetic bandgap structures for microstrip patch antenna mutual coupling
reduction.
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Chapter 1
Introduction
This chapter introduces the topics of this dissertation, which can be categorized into two
major research trusts, where the first trust is the study, development and implementation of
diverse nature-inspired numerical optimization algorithms and the second trust is the automated
design synthesis of novel meta-material surfaces through utilization of the numerical optimization
algorithms linked with fast numerical electromagnetic solvers. The technical approach and the
current state of the art are discussed as well as the original contributions to the field of study are
outlined.

1.1. Statement of Problem
Increasing consumer demand for more capable wireless and high-speed data services has
led to new wideband and multi-band wireless communication devices, which are physically small
and aesthetically pleasing. The technology behind the new generation devices employ either
conformal antennas in composite antenna systems or multi-antenna systems in physically small
devices. Such systems can increase data rates, provide robustness and reduce interference with
other electronic equipment [1] while requiring smaller footprint and reduced weight. However,
mutual coupling issues can arise from having multiple antennas in tightly packed compact
systems. To this end, research presented here can be used to develop and optimize thin metamaterial surfaces for antenna applications that can reduce the coupling between closely spaced
vertical antennas or can be synthesized for miniaturization of the conformal antennas with
negligible performance degradation in VSWR or in radiation pattern.
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With the increasing use of composite materials in aircrafts and in other large platforms,
the need for composite antenna/ground plane systems is ubiquitous. Low profile antennas in
aircrafts would require deployment of artificial magnetic conducting (AMC) ground planes to
operate efficiently, yet, composite system requirements would demand elimination of the
complete metallic ground planes, which could actually interfere with the efficient operation of
multiple antennas deployed on aircrafts. An AMC ground plane that does not require complete
metallic back plane have been introduced in [2], where sub-wavelength capacitively loaded loop
(CLL) elements are embedded in a thick dielectric slab in a periodic fashion. However, this
realization comes with the fabrication challenges and increased overall thickness which makes it
not viable for practical purposes. To this end, research presented here can be used to develop and
optimize thin planar easily fabricated double-sided AMC ground planes that could provide AMC
ground plane behavior on either side, or could be tailored to allow transmission at one or multiple
frequencies while eliminating the need for a complete metallic ground plane.
Electromagnetic absorbers represent another equally important area that can benefit from
optimized thin meta-material designs. Absorbers can be used in variety of applications ranging
from reducing the radar cross section of large objects [3] to reducing the reflected energy inside
of an anechoic chamber [4].

In many practical applications, electromagnetic absorbers are

required to cover curved surfaces of large objects, where the thickness of the absorber is a
limiting design factor. Thus, engineered surfaces with thin profile and good performance are
desired. In addition, there are desired traits that should be considered in the design of metamaterial absorbers. The electrically small feature size of the meta-material structure becomes a
very important design consideration, which can have significant effect on the field of view (FOV)
of the absorber. To this end, utilizing interdigitated unit cell designs that are presented in this
research can provide ultra small sized unit cells with excellent FOV even for very thin absorber
designs.
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The novel meta-surface designs with exotic properties targeting various applications can
be synthesized and analyzed utilizing fast numerical electromagnetic solvers. Unfortunately, the
structures are very complicated than any conventionally known materials and there are no
analytical methods to tackle the design of such exotic meta-material surfaces, hence utilization of
numerical optimization algorithms are inevitable. To this end, research presented here studies and
utilizes some of the well known nature-inspired optimization algorithms such as Genetic
Algorithms [5] and Particle Swarm Optimization [6], and explores some of the less known
algorithms in parallel computing schema such as the Clonal Selection Algorithm. In addition, a
novel nature-inspired algorithm is developed and introduced to the Computational
Electromagnetics society, which is called the Wind Driven Optimization [7]. This is a simple and
easy to implement algorithm, and efficient in solving multi-dimensional optimization problems.

1.2. Technical Approach and Current State of the Art
The research presented within this dissertation integrates efficient nature-inspired
numerical optimization algorithms with fast numerical electromagnetics solvers for feed-forward
design optimization of various thin composite meta-surfaces targeting a variety of applications.
A Perfect Magnetic Conducting (PMC) ground plane reflects an incident electromagnetic
wave with no phase shift with respect to the incident wave, which is different than the
conventional Perfect Electric Conducting (PEC) ground planes. This unique property makes the
PMCs ideal for low-profile antenna applications, where the image of the antenna does not
degrade its performance. However, PMCs do not occur naturally, hence Artificial Magnetic
Conductor (AMC) ground planes are engineered instead.

The first AMC ground plane,

introduced by Sievenpiper et al., consisted of a periodic array of mushroom-like structures with
square, rectangular or hexagonally shaped patches connected to a PEC ground plane with vertical
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metallic vias [8] as shown in Figure 1-1 (a). Such structure behaves as a resonant high-impedance
surface, where the propagation of surface waves at certain frequency bands was prohibited, hence
the name electromagnetic bandgap (EBG) material. Another simpler metamaterial approach
introduced by Ma et al. replaced the mushroom structures with a complex shaped metallic
frequency selective surface (FSS) backed by a dielectric substrate and a PEC backplane [9] as
shown in Figure 1-1 (b). Similar to the mushroom realization, this FSS-based metamaterial
surface behaves as a high-impedance surface and has an AMC condition at resonance. The FSSbased AMC structures come with a complete metallic ground plane, which makes them ideal for
low profile antenna applications when the antenna is mounted on a platform with a metallic skin,
such as the fuselage or the wing of an aircraft or any other vehicle. However, with the increasing
use of composites in aircrafts, metamaterials that do not require a complete metallic backplane
are also of great interest for low-profile and embedded antenna systems. Recently, Erentok et al.
introduced a volumetric AMC design with two stacked layers of vertically orientated capacitively
loaded loops (CLL) [2] as seen in Figure 1-1 (c). This realization does not require a complete
PEC ground plane backing, and is well-suited for antenna applications on composite platforms.

(a)

(b)

(c)

Figure 1-1: (a) Mushroom type high-impedance Frequency Selective Surface (FSS) designed as
EBG structure consisting of hexagonal patches connected to the PEC ground plane with vertical
metallic vias, (b) Periodic FSS metal pattern backed by dielectric substrate and a PEC ground
plane designed as planar AMC ground plane, (c) Volumetric AMC design with stacked multilayers of vertically oriented capacitively loaded loops printed on dielectric substrate blocks.
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However, the primary drawback of the volumetric AMC design is the thickness of the
structure, which is approximately λr/3 within the dielectric. For a practical application, it is
desired to achieve an AMC ground plane thinner than the traditional quarter wavelength antenna
standoff distance from a PEC ground. Also, another drawback is that the CLLs are oriented in a
plane perpendicular to the metamaterial surface, which makes fabrication cumbersome. The
proposed novel technique for synthesizing thin, planar, easily fabricated AMC ground surfaces
are realized with two optimized, cascaded FSS screens [10] printed on either side of a dielectric
slab. Bearing in mind that such a surface would be placed in close proximity of a horizontal
antenna, a highly reflective composite structure with AMC phase response on the antenna side
and PEC behavior on the opposite side would constitute the design goals for this structure.
The AMC structure proposed here consists of two cascaded PEC FSS screens separated
by a dielectric layer as shown in Figure 1-2 (a). The FSS screens are doubly periodic and share
the same unit cell dimensions but have independently pixilated geometries. The designs are
limited to have a relative thickness less than λ/10 at the operating frequency. The square FSS unit
cells are divided into 16 by 16 pixels, where top and bottom surfaces are independently optimized
by a GA for desired responses off of the respective surfaces as seen below.

(a)

(b)

(c)

Figure 1-2: (a) Cross-sectional diagram of the AMC structure, showing a thin dielectric substrate
sandwiched between two independently optimized FSS screens, (b) Top FSS unit cell geometry
of an optimized design example, (c) Bottom FSS unit cell geometry of the same optimized design
example, where black regions represent PEC pixels and gray regions represents dielectric pixels.
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In addition to the ground planes for low profile antenna applications, these surfaces can
be optimized for vertical monopole-type antenna systems as seen in Figure 1-3. The DoubleSided Artificial Magnetic Conductor (DSAMC) separator design technique requires both sides of
the structure to be optimized for AMC characteristics at two different frequencies.

In this

method, two antennas of diverse operating frequencies (f1 and f2) can efficiently operate on
opposite sides of the DSAMC structure while occupying a smaller footprint than normally would
be required. For the optimization of DSAMC, a GA [5] is combined with Periodic Finite Element
Boundary Integral (PFEBI) solver [11], which is a fast 3-D full-wave electromagnetic solver.

(a)

(b)

(c)

Figure 1-3: (a) The illustration of the DSAMC separator setup with two monopoles operating at
different frequencies, (b) Top FSS unit cell geometry and (c) bottom FSS unit cell geometry,
black regions represent the PEC pixels and gray regions represent the dielectric pixels. The
bottom surface is designed for frequency f1 and the top surface for frequency f2.

The adaptability of the DSAMC slabs also allows for design synthesis of absorbers on
one side and AMC or AEC response on the opposite. The metallic patches of the DSAMC slabs
were assumed to be loss-less and for above applications only two-FSS-layered structures were
considered. To achieve absorber performance from one side of the DSAMC structures, the lossless PEC patches of that surface can be replaced with impedance patches that are optimized by
the GA as well. In addition, structures with three FSS layers can also provide more flexibility for
optimization of the non-absorbing face of the slab for AMC response.
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Applying high permittivity dielectric loading (εr > 1) or utilizing substrates with magnetic
properties (μr > 1) can allow miniaturization of printed patch antennas. Utilization of magnetodielectric materials (εr > 1 and μr > 1) would provide increased miniaturization with improvements
in the bandwidth performance as well. Unfortunately, most naturally occurring homogenous
magnetic materials come with large losses which makes them unworkable at high frequencies.
Kern et al. introduced a novel composite magneto-dielectric substitute, called metaferrites [12] as
a possible way to address the need for magnetic materials (μr > 1, εr = 1) that are usable beyond 1
GHz. In [12], they demonstrated that the properties of a PEC backed homogenous magnetic slab
with frequency dependent permeability could effectively be achieved using a properly designed
high-impedance Electromagnetic Bandgap (EBG) structures. In their simple planar configuration,
a frequency selective surface (FSS) type structure was optimized and printed on top of a thin PEC
backed dielectric substrate. It was also demonstrated that the real and imaginary parts of the
effective permeability of an equivalent homogeneous magnetic slab (μr > 1, εr = 1) could be
related to the surface impedance values of the composite EBG structure.
A new design methodology is introduced here for creating matched impedance magnetodielectric metamaterial (MIMDM) slabs (μr = εr > 1), where a GA is combined with Periodic
Method of Moments (PMM) code to optimize thin metallo-dielectric metasurfaces comprised of a
periodic array of electrically small unit cells and backed by a perfectly conducting ground plane
[13]. The technique is based on optimization of thin planar metallo-dielectric metasurfaces
comprised of a periodic array of electrically small and rotationally symmetric unit cell structures
sandwiched between two different dielectric slabs, one of which is backed by a perfectly
conducting ground plane. Through optimization, the composite structure would behave as an
equivalent of a PEC backed homogenous impedance matched magneto-dielectric (μr = εr > 1)
slab with an equivalent thickness of d = t1 + t2 as illustrated on the right of Figure 1-4.
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Figure 1-4: Cross-sectional diagram of the PEC backed optimized composite magneto-dielectric
metamaterial structure (left) and its equivalent PEC backed homogenous (μr = εr > 1) material
structure (right).

The ability to optimize the design parameters of these thin planar composite metallodielectric structures also allows for the synthesis of low-loss matched-impedance magnetodielectric metamaterials for planar antenna miniaturization and high-loss matched-impedance
magneto-dielectric metamaterials for absorber applications. Moreover, these composite metallodielectric structures allow for the design of planar low-loss double-negative substrates as an
alternative to volumetric split-ring resonators.
Optimized frequency selective surface (FSS) unit cells can be printed on grounded
dielectric materials as tiled doubly periodic structures that behave as high impedance ground
planes and operate as planar AMCs [14]. Miniaturization of an AMC unit cell provides a
compact structure with an increased importance at the lower frequencies due to physical
dimensional requirements. Some of the miniaturization techniques include FSS implementation
of space filling curves or convoluted elements. Unfortunately, miniaturization usually comes at
the cost of decreased operational bandwidth. Another technique utilizes in-phase alignment of
the current vectors between closely placed wires so that currents reinforce increasing the selfinductance hence increasing effective length. In this technique, effective structures also extended
from a single unit cell to the neighboring unit cells leading to increased effective length and
reduced resonance frequency. Such tightly packing of the unit cells increases the capacitance
among the neighboring unit cells enhancing the bandwidth of the AMC. The first resonant
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frequency of the surface is given by o  1/ LC and the bandwidth of a capacitive screen is
proportional to C / L [15].
The proposed printed frequency selective surface (FSS) type unit cells come with an
ultra-small periodicity, as shown in Figure 1-5, which provides aligned current vectors and
interdigitated capacitance elements leading to much improved AMC bandwidth. While the
dimensions of the unit cell is much smaller than the state-of-art AMCs in the literature, it can still
provide the same bandwidth performance. The electrically much smaller dimensions of the
proposed unit cell design make the AMC surface more attractive for use as a homogenous
metamaterial and ninety degrees rotational symmetry makes it less sensitive to the polarization of
the incident wave.

(a)

(b)

Figure 1-5: (a) The ultra-small AMC unit cell geometry is shown within the dashed square and it
has interdigitated arms extending into neighboring unit cells as highlighted with the dark gray
regions, (b) The reflection phase of the proposed design is centered at 600 MHz.

Another benefit of the FSS-based planar structures is the ease of fabrication of planar
EBGs utilizing the printed circuit board (PCB) technologies. EBG structures can prevent the
propagation of the surface waves in a certain range of frequencies and in order to reduce the
mutual coupling between two patch antennas, Yang et. al. has proposed placement of mushroom
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type EBG structures between two patch antennas [16]. The patch antennas and the rectangular top
shapes of the EBGs can be printed via PCB techniques but mushroom structures also require
electrical connections to the PEC ground plane with the metallic vias through the dielectric. This
makes the fabrication process cumbersome and their large mushroom shaped dimensions can
reduce their practical usability.
A new design technique is introduced for the synthesis of planar FSS-based EBG
structures to reduce the mutual coupling of the neighboring patch antennas. This EBG structure
simply consists of a rotationally symmetric small unit cells that also extend into neighboring unit
cells similar to the ultra-small AMC structures. Since it is a all planar surface, it does not require
vertical metallic via connections to the ground plane and can be easily fabricated using
conventional PCB fabrication techniques.
At last but not the least, different nature-inspired optimization algorithms are studied and
utilized for various novel metamaterial surface design synthesis tasks as described previously.
Genetic Algorithms is the most well-known numerical optimization algorithm that is extensively
used in this dissertation, hence the theory behind this method will be discussed along with the
implementations.
Clonal Selection Algorithm (CLONALG) artificially mimics the immune system of
living vertebrates in which an efficient optimization method emerges. CLONALG is a relatively
new to the electromagnetic optimization problems and multi-processor version of this algorithm
is first implemented in here for optimization of various FSS filters at X-band. Using a
Master/Worker parallel programming schema, CLONALG's almost embarrassingly parallel
nature is exploited in this dissertation and shown that it is an efficient method to tackle multimodal EM optimization problems.
In addition to the known nature-inspired optimization techniques, a new algorithm,
named as the Wind Driven Optimization (WDO) is developed and implemented in this
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dissertation. This new algorithm is based on the atmospheric dynamics and Newtonian motion of
the wind in our earth's atmosphere. The abstraction and artificial implementation of the motion of
a infinitesimally small air parcel provides with unique properties that does not exist in similar
algorithms like PSO and can be utilized as an efficient optimization tool with ease of
implementation.

1.3. Original Contributions
The research that I conducted over the past four and a half years for my Ph.D. studies at
the Pennsylvania State University has led to several new developments in the field of numerical
optimization algorithms, meta-material synthesis and antenna design. The original contributions
in these research areas and related publications are listed below for clarity:


Introduced and optimized low profile stub-loaded inverted F-antenna (SLIFA) for
high gain in the broadside direction [22].



Developed and implemented the multi-processor version of the Clonal Selection
Algorithm as Master/Worker parallel schema in FORTRAN 90 and MPI [20, 23].



Proposed, developed and implemented a novel nature-inspired optimization
algorithm, namely Wind Driven Optimization (WDO) technique [7, 18].



Implemented Parallel CLONALG code to synthesize multi-layered Frequency
Selective Surfaces (FSS) for operation in the X-Band from 8 GHz to 12 GHz [23].



Introduced a synthesis technique utilizing Genetic Algorithms for designing thin
double-sided FSS structures as Artificial Magnetic Conductor (AMC) ground planes
eliminating the need for complete PEC ground plane backing in composite low
profile antenna systems [10].
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Optimized a thin double-sided AMC (DSAMC) ground plane that has a band-stop
AMC property at the operating frequency and pass-band outside the target frequency
range [19].



Optimized multi-band DSAMC ground planes that can be synthesized for multifrequency bands of operation [19].



Designed and optimized DSAMC structures that are tailored to operate as an
absorber on one side and AMC on the other [19].



Designed and optimized DSAMC separator where its either side is independently
optimized for two vertical monopole-type antennas of diverse operating frequencies
which can efficiently operate and still occupy a smaller footprint [11, 19].



Designed and optimized matched impedance magneto-dielectric metamaterial
(MIMDM) slabs to address the need for matched impedance magneto-dielectric
materials that are usable at high frequencies [13]. Optimized designs include
MIMDMs with double-positive or double-negative constitutive parameters.



Synthesized low-loss MIMDMs for dual-band operation and lossy MIMDM slabs for
single and dual-band absorber applications [21, 24].



Designed, optimized and demonstrated the utility of MIMDMs as substrates for
miniaturized rectangular patch antennas.



Designed and optimized ultra-small unit cell AMC structures that provide identical
bandwidth performance as the current state of the art AMCs, and can be optimized
with the precise control of the operating frequency band [17].



Designed small unit cell electromagnetic bandgap (EBG) structures to be
incorporated in the design of microstrip antenna arrays to reduce the strong mutual
coupling.
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1.4. Overview
The research in this dissertation introduces several novel methods for synthesizing
artificial magnetic conductors, magneto-dielectric surfaces, electromagnetic bandgap structures,
thin planar metamaterial absorbers and new ways to implement numerical optimization
algorithms. This section provides an overview of the following chapters.
Chapter 2 studies the working structure of the well known Genetic Algorithms and
discusses the implementation for the optimization of various surfaces in this dissertation.
Chapter 3 discusses the Clonal Selection Theory and the implementation of the algorithm
in parallel Master/Worker schema. A numerical benchmark study is carried out for parameter
selection and the performance of the parallel CLONALG implementation is compared against a
binary-valued Genetic Algorithm. Optimization of the three different X-band frequency selective
surfaces are also presented.
Chapter 4 introduces and develops a novel numerical nature-inspired optimization
algorithm called the Wind Driven Optimization. The theory behind the physical equations is
presented where the working structure of the WDO algorithm is established. Additionally,
multiple electromagnetics design and optimization examples are presented. These examples
include linear antenna array synthesis, double-sided AMC synthesis, and optimization of low
profile stub-loaded inverted-F antennas.
Chapter 5 introduces the thin double-sided artificial magnetic conductor (DSAMC)
designs and develops various design examples targeting different applications. The utility of such
designs are shown by the optimization of thin DSAMCs at 10 GHz, the dual band optimization of
the DSAMCs, band-selective DSAMC design optimization, and absorber DSAMC designs. Its
application to a system problem, where the utility of a thin DSAMC separator is illustrated with
two vertical monopoles, which were operating at Wi-Fi frequencies of 2.4 GHz and 5.2 GHz.
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Chapter 6 discusses the synthesis of matched-impedance magneto-dielectric metasurfaces (MIMDM) for use at high frequencies. Designs include MIMDMs with low-loss doublepositive or double-negative constitutive parameters for single band operations, MIMDMs for
dual-band operations, absorber designs and a system problem for miniaturization of patch
antennas by using MIMDMs as substrates.
Chapter 7 introduces ultra-small unit cell AMC structures and illustrates the
improvements achieved over the state-of-the-art in AMC design. Improvements such as the ultrasmall unit cell size provides better field of view while preserving the AMC operational
bandwidth.
As an extension of ultra-small unit cell AMC structures, small size planar rotationally
symmetrci electromagnetic bandgap structures can be synthesized for mutual coupling reduction
in patch antenna arrays, which is presented in Chapter 8.
The last chapter is Chapter 9, which provides a conclusion to this dissertation as well as
suggestions for future work.

Chapter 2
Genetic Algorithms (GA)
This chapter discusses the theory behind the Genetic Algorithms (GA), provides the
terminology for later use, discusses some of the related literature as it has been utilized to solve
electromagnetic optimization problems and also provides an overview of the implementation for
tackling the synthesis of the novel metamaterial surfaces presented in this dissertation.

2.1. Theory and Terminology
As one of the oldest nature-inspired optimization algorithms, the GA has received
increasing attention over the years from various fields including science, engineering, economics
and social sciences. Since it was first introduced by John Holland in 1975 [25], there have been
many studies on the operators of the algorithm, many attempts to improve its performance and
many variants were proposed targeting discrete-valued or continuous-valued parameters, multiobjective problems as well as other hybridization attempts. Unfortunately, it would be impossible
to cover all the details of the algorithm here, yet a simplified overview will follow.
In its simplest form, the Genetic Algorithm is the artificial implementation on computers
of the biological processes of genetics, Darwin's theory of evolution and survival of the fittest
theory applied for solving complex numerical optimization problems. It offers a robust alternative
to the gradient based search algorithms with unique properties such as the ability to operate in
non-differentiable or non-continues search spaces, continuous- or discrete-valued parameters,
multi-dimensional and/or multi-modal problems as well as multi-objective optimization and
ability to work with constraints.
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In essence, the genetics is the biological study of heredity and the word stems from the
word "gene" [26]. The building blocks for each living organism are encoded in the double-helical
molecule called deoxyribonucleic acid, i.e. DNA, and a gene can be thought as a small segment
of the DNA. The collection of many genes dictate the production of the proteins where the exact
timing, rate of production and sequence of amino acids in the proteins provide the inherent
properties to each unique species and to each individual. Long DNA molecules are aligned and
categorized into chromosomes, where an individual's unique properties are encoded and
controlled through the genes and through genes' ability to control the protein production within
the living organism. Detailed biological description of 'genetics' can be found in [26]. In the
implementation of the GA, an individual candidate solution to the optimization problem is also
referred as a chromosome. The parameters of the optimization problem, i.e. dimensions, are the
genes and each gene contains encoded information about the corresponding parameter. For
example, if we optimize a rectangular patch antenna for best input impedance performance, the
length and the width of the antenna would constitute the two parameters (or dimensions) of this
optimization problem as seen in Figure 2-1. The combination of these two parameters create a
chromosome [P1 P2] and each unique chromosome represents a solution to the antenna
optimization with different dimension values. This coding schema provides mapping from the
parameter space to chromosomes, where the parameter space could be continuous- or discretevalued and chromosome space is usually a finite-length binary string as seen in Figure 2-1 (b).

(a)

(b)

Figure 2-1: (a) A sample patch antenna optimization problem, where the dimensions of the
rectangular patch antenna is optimized, (b) Chromosome representation of the optimization
parameters, where binary coded chromosome is also shown as [P1, P2].
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GA is a population based iterative algorithm, where a group of predetermined number of
chromosomes is known as the population, and each iteration is known as the generation. A
comprehensive list of GA terminology is presented in Table 2-1. At each generation, the whole
population undergoes fitness evaluation, selection, crossover and mutation. Fitness evaluation is
to determine which chromosomes provide the best candidate solutions, i.e. best fitness, at that
particular iteration and which ones deserve to survive and create offsprings. This is to mimic the
survival of the fittest principle as well as to let children chromosomes inherit good genetic
properties from their parents. The population is then ranked based on their fitness for the selection
process. As it is desired to preserve and carry over the good traits of parents, it is also critical to
allow a certain level of randomness in the algorithm so that the population is rather diverse and
the method does not lose it exploration ability.

Table 2-1: Genetic Algorithms terminology and their descriptions.
Terminology

Description

Gene

Numerical encoding of one of the optimization dimensions.

Chromosome

Combination of all genes, i.e. numerical coding of all optimization dimensions.

Population

A group of predetermined number of individual chromosomes.

Generation

One iteration, where genetic operators are applied.

Parent

A chromosome of the present iteration, where selected two or more chromosomes
produce children for the following generation.

Child (Offspring)

A chromosome of the upcoming iteration, where it is created through crossover by
combination of two parents or in some cases through mutation of a single parent.

Fitness / Cost

An assigned number to each chromosome at each iteration based on their
proximity to the global solution or to the desired optimization performance.

Selection

Genetic operator for choosing parents to produce child-chromosomes.

Crossover

Genetic operator to combine two or more parent chromosomes to generate new
chromosomes, i.e. child-chromosomes.

Mutation

Genetic operator to randomly alter some of the genetic information to simulate the
unexpected external influences during gene duplication.

Niching

Carrying the best chromosome of present iteration unaltered to the next iteration.

Ranking

Sorting the chromosomes at each iteration based on their fitness.
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As the artificial implementation of natural selection is applied to the ranked population, a
certain percentage chromosomes are discarded due to their low fitness. The ones that survive then
undergo the selection process for mating, i.e. crossover, where different methods can be
implemented for the selection of mates. Two of the most popular methods are the roulette-wheel
selection (RWS) schema and the tournament selection (TS) schema.

In RWS schema, the

chromosomes are assigned the highest probability of being selected in a decreasing fashion
starting from the fittest to the least fittest as seen in Figure 2-2 (a). The chromosome with highest
fitness has the highest probability of being selected and the one with lowest fitness has the lowest
probability of being selected among the surviving chromosomes. On the other hand, in TS
schema, a certain percentage of chromosomes is selected at random from the population, and the
fittest individual out of this sub-population is selected for mating as illustrated in Figure 2-2 (b).

(a)

(b)

Figure 2-2: (a) Roulette wheel selection for a population of ranked five chromosomes, (b)
Tournament selection for an unsorted population of fifteen chromosomes.

Once the mates are selected, then the reproduction, i.e. crossover, stage is carried out. At
this stage, a point on the parent chromosomes is randomly selected and chromosomes are divided
into parts. The divided parts are then crossed-over between two parents to construct two new
individual chromosomes, i.e. child chromosomes. This is called single-point crossover operation

19
with two parents where multi-point crossover or more sophisticated crossover operators with
more than two parents can be found in the literature [5]. Figure 2-3 illustrates a simple crossover
operation where two parent chromosomes generate two child-chromosomes and their genetic
information is combined with the hope that two fit parents would give life to children with higher
fitness than themselves. Yet, this is may not always be the case.

Figure 2-3: Illustration of the single-point crossover with two parents with binary coded
chromosomes to produce two new offsprings.

With the crossover operation, the population reaches back to its full size that it started
with and then the whole population undergoes mutation operation. At this point, it is crucial to
point out that different variations of GA implementation have been proposed where some
versions omit the implementation of crossover and produce offsprings only through mutation
operation, or vice versa. As such methods are completely acceptable, they may not provide the
best outcome for all the optimization problems. From experience, it has been observed that
utilization of all genetic operators provide increased robustness to the algorithm and makes it
more general and better performing global optimization technique for wide variety of
electromagnetic synthesis problems.
The crossover operation helps preservation of the genetic information that is carried over
to next generations, which overtime may cause all chromosomes to have nearly identical
chromosomes. On the other hand, the mutation operation provides a mean to diversify the
population by introducing random changes to the genetic information. For a binary coded
chromosome this is simply achieved by flipping '1' to '0' or vice versa at certain amounts [27].
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This is to mimic the unexpected changes in our DNAs which might be caused by internal or
external forces. The amount of mutation and how they implemented can vary depending on the
implementation but an illustration of two bit random mutation of a binary chromosome is
illustrated in Figure 2-4. While the mutation introduces new genetic information to the
population, it may or may not be helpful in terms of the performance of the optimization
algorithm. Too much mutation could introduce too much diversity and hinder the progression
towards a global solution yet too little mutation may allow the algorithm become extremely
greedy and converge to non optimal solution.

Figure 2-4: A simple mutation operation on a binary chromosome where two bits are mutated.

Once the mutation operation is completed, a brand new population has been generated.
The iterative process starts over again with the evaluation of fitness, and progresses through each
genetic operations targeting improved performance after each iterations. In the case of
electromagnetic optimization problems, there can be multiple different solutions that satisfy the
desired performance criteria. Continuing with the patch antenna design example, it might be
desired a good input impedance performance as well as good gain at the broadside of the antenna.
A simple fitness function would incorporate the desired performance of the optimized structure as
seen below;

(2-1)

where Gainchrom and VSWRchrom are the gain and VSWR performance of a single chromosome and
Gaindesired and VSWRdesired are the minimum desired performance we would like to achieve.
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2.2. Related Literature Overview
As the theory behind the Genetic Algorithm is outlined in the previous section, it would
be beneficial to provide an overview on the electromagnetics literature that have utilized GA for
optimization. GA has been utilized to optimize individual antenna elements [28 - 33] covering
from simple wire antennas to complex printed antenna elements in application to GPS, RADAR,
Marine and satellite systems as well as optimization of the antenna arrays [34 - 37] targeting array
thinning, side lobe reduction, radiation pattern synthesis, coupling reduction including novel
methods to synthesize ultra-wide-band arrays. Yet, we still could not do justice to the field, where
successful application of GA covers and goes beyond design of various absorbers [38 - 42],
synthesis of frequency selective surfaces [43 - 45], design of novel electromagnetic bandgap
structures [46, 47], and metamaterials covering a wide range of frequencies [12, 14, 34, 35, 40,
41]. Building on top of proven track record of GA, this dissertation also utilizes this optimization
method for design synthesis of novel ultra-small or very thin metamaterial surfaces for various
applications.

2.3. Implementation Overview
In the design synthesis of novel metamaterials and frequency selective surfaces, the GA
is utilized to optimize the unit cell geometry, the appropriate dielectric material thicknesses,
dielectric constants and loss tangents as well as the unit cell size that yields the desired responses.
For fast numerical analysis of these composite structures, the GA is either linked with an in-house
developed full-wave numerical solvers such as the Periodic Method of Moments (PMM) method
and Periodic Finite Element Boundary Integral (PFEBI) method, or commercially available
software such as the FEKO, Ansoft HFSS or CST Microwave Studio. The material thicknesses,
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the dielectric constants, loss tangents and unit cell sizes would constitute the continuous-valued
optimization dimensions, where as the pixilated unit cell geometry would constitute a discretevalued dimension. Considering that the metallic pixel geometries are printed on top of dielectric
materials, then Figure 2-5 illustrates the unit cell geometry mapping to the chromosomes, where
existence of a metallic pixel is represented by a "1" and the absence of the metal is represented
with a "0" in the chromosome. The total number of "1" and "0" would represent the total length of
the chromosome, where the GA might have difficulty with extremely long chromosomes. To
simplify the geometry and reduce the number of bits, various degrees of symmetry can be
applied. Along these lines, Figure 2-5 (a) represents an eight-folded symmetry where as Figure
2-5 (b) represents an four-folded symmetry.

(a)

(b)

Figure 2-5: Sample unit cell geometries showing the mapping of the pixelization to the binary
chromosomes of the GA optimization. (a) Eight-folded symmetry is applied, (b) Four-folded
symmetry applied. Black shaded pixels represent the PEC, and white shaded pixels represent the
absence of the PEC where the dielectric is exposed.

The algorithm starts with the initialization where the dimensions of the optimization
problem are defined and how they mapped to the chromosomes. A fitness function states the
desired performance criteria and then the initial population is generated. The fitness of the all
population is evaluated and the population is ranked. Inferior individuals are discarded, fit
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members are selected for reproduction and the population is refilled with offsprings. Then
mutation is applied to the population to diversify the genetic information. As seen in the
flowchart in Figure 2-6, the fitness of the new population is evaluated and the iterative process
continues. One can implement one of the two stop criteria, where optimization is allowed until a
predetermined number of iterations are exhausted or one can set a desired fitness threshold and
the optimization is terminated as soon as the desired objectives are achieved. Such choices
depend on the problem and personal preferences of the designer.

Figure 2-6: Sample flowchart for a typical Genetic Algorithm implementation, demonstrating the creation
of each generation and the fitness evaluation of each member of the population.

Chapter 3
Clonal Selection Algorithm (CLONALG) Optimization Method
This chapter discusses the theory behind the Clonal Selection Algorithm (CLONALG)
and introduces a parallel programming schema to exploit the embarrassingly parallel nature of the
method to alleviate the burden created by the large clone population during the optimization. A
parameter study and performance comparison will be made against the well known binary
Genetic Algorithm and efficiency of the CLONALG will be studied when given the task to
optimize multi-layered Frequency Selective Surface (FSS) filters in the X-band.

3.1. Introduction
Many of the Artificial Immune System (AIS) algorithms were inspired by biological
immune processes in living vertebrates, where each algorithm exploits different working
structures found within the biological immune system. The Clonal Selection Algorithm
(CLONALG), which combines the clonal selection principle with the affinity maturation process,
is one of the several AIS algorithms that has already been used to tackle various problems in
science and engineering [50]. Clonal selection principle based AIS algorithms have been
successfully applied to network intrusion detection [51], robotic system control [52], data mining
[53], [54], and optimization [55], [56]. Similar to other nature-inspired numerical optimization
techniques, CLONALG is a population based, iterative, heuristic global optimization method.
The population consists of individual antibodies, where each antibody represents a candidate
solution to the problem at hand. Those antibodies that successfully recognize the invading
antigens have higher affinity, i.e. they present a better solution potential, and are selected to
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proliferate [55]. High affinity antibodies then undergo an evolution-based maturation process,
allowing the algorithm to iteratively progress towards finding a global and best solution to the
optimization problem. CLONALG has been shown to be very effective on multimodal problems
due to its inherent properties, yet it has not become a popular choice as an optimization tool in the
electromagnetics community. The primary reason for this is the large number of clones generated
at each iteration, which increases the population size drastically as compared with other natureinspired global optimization techniques and also the associated computational burden when used
in conjunction with a full-wave electromagnetic solver. The lack of interest in the application of
CLONALG within the electromagnetics community can be observed by the low number of
manuscripts published. Campelo et al. [57], [58] have demonstrated CLONALG in the
optimization of TEAM Workshop problem 22, which involves the minimization of the stray field
in a superconducting magnetic energy storage (SMES) device, and also in the design of
loudspeakers [59]. Batista et al. [60] have also tackled the TEAM Workshop problem 22 with a
modified version of CLONALG, where different types of random noise distributions were
applied in the mutation operator, and a multi-objective version of their code was utilized to
optimize a microwave heating device in [61]. Ke et al. [62] have utilized CLONALG in channel
estimation for MIMO systems, while Babayigit et al. [63] – [65] have used CLONALG in linear
phased arrays synthesis.
In this chapter, it is demonstrated that a parallel implementation of CLONALG via
Message Passing Interface (MPI) would decrease the computational burden of multiple calls to
the full-wave electromagnetic solver by distributing the work load over multiple processors, thus
making CLONALG an effective alternative to other popular nature-based optimizers. In order to
demonstrate the effectiveness of the parallel CLONALG implementation, multi-layered
frequency selective surface (FSS) filters for the X-band were chosen for optimization. FSS are
spatial filters, comprised of 2-D periodic metallic screens separated by dielectric layers [66] and
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have been extensively investigated for a variety of electromagnetic applications such as radomes,
absorbers, electromagnetic bandgap materials, and metamaterials [14, 67, 68]. FSS synthesis
provides an excellent test bed for CLONALG optimization because it is a challenging design
problem with many parameters and multiple local minima within the search space. In the past,
Genetic Algorithms (GA) have been successfully applied to design FSS for a variety of
applications [5, 14, 45, 68, 69]. In this chapter, parallel CLONALG implementation will be
compared against the more traditional parallel GA optimizer [70] in order to demonstrate its
effectiveness as an alternative optimization tool for use in electromagnetics design synthesis.

3.2. Artificial Immune System and Clonal Selection Algorithm
A biological immune system has the ability to differentiate between self and non-self
protein structures and can generate specific responses based on the type and the origin of the
protein molecules it encounters [71]. It is fault tolerant, adaptive, and can maintain diversity with
the ability to respond to molecules that have never been encountered. It can detect anomalies in a
distributed manner and perform reinforced learning, which means that it has memory and can
learn over time [56]. Some of these intrinsic biological immune system properties can be found in
the CLONALG and enable its successful employment to perform various tasks, including pattern
recognition, machine learning, network intrusion detection, data mining, and optimization [55].
Early theories of acquired immunity describe the infected host as being passive [72].
However, clonal selection theory [73] postulates that the host is active and contains a large
repertoire of antigen-specific T- and B-lymphocytes, even before antigen (Ag) contact occurs,
and upon first encounter, the pool of lymphocytes can actively recognize the foreign antigens. As
illustrated in Figure 3-1, the identification process occurs if the Ag-specific antibody (Ab)
molecules that are attached to B-lymphocytes bind to the surface of the Ag to achieve
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recognition. Once recognition is achieved, bone marrow derived (B-) lymphocytes proliferate
and differentiate into short-lived plasma cells that secrete antibody molecules against the
recognized antigen stimuli for an immediate defensive response. Part of the B-lymphocytes also
differentiate into long-lived memory cells circulating in the bloodstream that, in fact, constitute
the large repertoire of Ab as seen at the first stage of the immune response. If the same Ag or a
derivative of that Ag is encountered again during the lifetime of the host, the immune system
response would be much faster and stronger due to the existence of these memory cells. Further
details on acquired immunity and clonal selection theory can be found in [55], [71] and [73].
The CLONALG is an artificial implementation of the acquired immune response to
malicious external stimuli, i.e. antigens (Ag), in living vertebrates [74], which simply combines
the clonal selection principle with the affinity maturation process. It is a population based,
iterative, and heuristic numerical optimization technique in which members (antibodies) with
high affinity (high fitness) proliferate [57] and generate a number of clones proportionate with
their affinity ranking (fitness ranking) within the population. At each iteration, population
members are ranked in descending order based on their affinity, or ability to recognize malicious
stimuli, i.e. Ag. In the case of an optimization problem, population members are ranked based on
their closeness to the global optimum. The number of clones that each member generates, NiC, is
determined by its affinity ranking, i, in the population as given by

  N pop 
NCi  ceil 
,
 i 

(3-1)

where Npop is the population size and β is a multiplying factor that is chosen empirically.
The newly generated clones undergo a hypermutation process [75], in which each
dimension of a clone is altered stochastically based on
xinew  (1   ) xiold  (  xkold )

if RN < 0.2 ,

(3-2)
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where RN and ρ are random numbers with uniform distributions from 0 to 1. If RN for a
given dimension is less than the threshold value of 0.2, the old value for that dimension, xiold , is
replaced by the new value xinew, derived from xiold and the value for another dimension of the same
clone, xkold. In addition to hypermutation, a percentage (d) of the low affinity members are
deleted and replaced with newly generated members at each iteration.

Figure 3-1: Biological clonal selection process as observed in living vertebrates.
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In order to maintain diversity during the optimization process, each clone is only allowed
to compete with its own parent and other clones from the same parent. The clone with the highest
affinity then replaces the parent, provided it has higher affinity than the parent.
In the implementation of CLONALG, shown in Figure 3-2, Message Passing Interface
(MPI) is utilized to distribute the work load to multiple processors in order to mitigate the burden
of multiple calls to the full-wave electromagnetic solver at each iteration. In this parallel
implementation, a master/worker schema is employed, where the master processor is responsible
for executing the algorithm's tasks, such as reading the input data, affinity-based cloning,
hypermutation, and replacing low affinity members. On the other hand, the worker processors are
responsible for executing the full-wave EM solver given the design parameters of each clone
provided by the master processor and returning the computed affinity values.

Figure 3-2: Flowchart showing the parallel CLONALG in a Master/Worker MPI schema.
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This parallel implementation is more complicated than other parallel schemes, but it
provides the best load balancing. The iterative procedure continues until a pre-set number of
generations is exhausted. The performance of the CLONALG primarily depends on the selection
of the parameters that are utilized in (3-1) and (3-2), which are Npop, β and d. In order to
determine the best combination of these parameters, benchmark testing of the parallel
CLONALG implementation is carried out with four different test functions in Section 3.4.

3.3. Parallel Genetic Algorithm Overview
The GA is one of the earliest nature-inspired optimization algorithms and has proven to
be both effective and popular within the electromagnetics community [5], which was introduced
and studied previously in more detail in Chapter 2.
In this chapter, David Carroll’s binary coded GA driver [70] was used in parallel schema
utilizing MPI in order to speed up the GA iterations, during which many calls must be made to
the full-wave electromagnetic solver. If the simulation of each chromosome is considered as a
single task to be executed, the entire population of chromosomes is divided into an equal number
of tasks per processor and distributed equally to all processors including the one with MPI rank
zero. This functional decomposition simplifies the parallel programming model at the expense of
load balancing. All of the algorithm’s tasks such as reading the input data, selection, crossover,
and mutation to the population are handled by the processor with MPI rank zero. The flowchart
shown in Figure 3-3 illustrates the parallel GA optimization scheme. Default settings for the GA
operators are utilized as suggested by Carroll [70]. Tournament selection is combined with a
uniform crossover operator to generate the offspring. Both of the available mutation operators,
i.e. creep mutation and jump mutation, are utilized with built-in niching and elitism mechanisms.
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These default parameter settings along with a study of other parameters are presented in the next
section.

Figure 3-3: Flowchart showing the parallel GA implementation.

3.4. Parameter Studies with Test Functions
A parameter study for the GA and CLONALG is carried out using two unimodal and two
multimodal test functions to determine the optimum parameter values for each algorithm. The
unimodal test functions are the Sphere and Rotated Hyper-Ellipsoid functions, whereas the Ackley
and Rastrigin functions are multimodal. The selected functions and their optimal set of values can
be found in Table 3-1. The dimensionality of the test functions for the parametric study was
chosen to be the same as the frequency selective surface (FSS) optimization problem, which is set
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to N=12 dimensions. The optimum performance of the CLONALG primarily depends on the
selection of the parameters β, Npop and d, which are utilized in (3-1) and (3-2). It is preferred that
each of these parameters are maintained as small as possible because they have a direct influence
on the number of clones generated at every iteration. By keeping β, Npop and d small, the
optimization runs efficiently, requiring fewer calls to the electromagnetic solver.

Table 3-1: Test functions used to compare CLONALG and GA numerically. All functions are Ndimensional, x is a vector of length N, and the optimal set of each function is represented by x*.
Description

Function
N

Sphere

FSPH  x    xi2
i 1

x*  0,0,...,0 ,

xi [10,10] ,

Ackley


1
FACK x   20  e  20 exp  0.2

N


N

i 1



FRAS  x   10 N   xi2  10cos(2  xi )
i 1

x*   0,0,...,0 ,

xi [5,5] ,

 i

FRHE  x      x j 
i 1  j 1

N

Rotated
Hyper-ellipsoid
(RHE)

N

x

x*   0,0,...,0 ,

xi [32,32] ,
Rastrigin

 

FSPH x*  0
2
i


  exp 1

N




N

 cos(2 x ) 
i 1

i

 

FACK x*  0


 

FRAS x*  0

2

 

*
xi [65.536, 65.536] , x   0,0,...,0 , FRHE x*  0

In the parametric study for CLONALG, all possible combinations of population sizes
Npop = [20, 30, 40, 50], d = [0, 10, 20, 30, 40, 50, 60, 70, 80, 90] and β = [0.1, 0.3, 0.5, 0.7, 0.9,
1.1, 1.3, 1.5, 1.7, 1.9] were tested. For each combination, 10 trials were run for a maximum of
200 iterations using the N=12 dimension benchmark functions. The acceptable convergence
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threshold for the real-valued CLONALG was set to a Cost value of 10-6, where Cost is the
difference between the test function value and the optimal function value. The average final Cost
of 10 trials for each test function is plotted in Figure 3-4, Figure 3-5, Figure 3-6, and Figure 3-7,
for the Sphere, Ackley, Rastrigin, and Rotated Hyper-Ellipsoid functions, respectively. In each
figure four subplots are shown, representing different population sizes of Npop = [20, 30, 40, 50].
Yellow highlighted regions in these plots illustrate parameter combinations that achieved an
average Cost within the acceptable threshold of 10-6 in less than 200 iterations over 10 trial runs
per combination.

Figure 3-4: CLONALG Cost performance results with the Sphere test function for varying β and
d, tested using four different values of (a) Npop = 20, (b) Npop = 30, (c) Npop = 40, and (d) Npop = 50.
Yellow highlighted regions illustrate the parameter combinations which achieved the desired cost
of 10-6 in less than 200 iterations.
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Figure 3-5: CLONALG Cost performance results with the Ackley test function for varying β and
d, tested using four different values of (a) Npop = 20, (b) Npop = 30, (c) Npop = 40, and (d) Npop = 50.
Yellow highlighted regions illustrate the parameter combinations which achieved the desired cost
of 10-6 in less than 200 iterations.

Figure 3-6: CLONALG Cost performance results with the Rastrigin test function for varying β
and d, tested using four different values of (a) Npop = 20, (b) Npop = 30, (c) Npop = 40, and (d) Npop
= 50. Yellow highlighted regions illustrate the parameter combinations which achieved the
desired cost of 10-6 in less than 200 iterations.
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Figure 3-7: CLONALG Cost performance results with the Rotated Hyper-ellipsoid test function
results for varying β and d, tested using four different values of (a) Npop = 20, (b) Npop = 30, (c)
Npop = 40, and (d) Npop = 50. Yellow highlighted regions illustrate the parameter combinations
which achieved the desired cost of 10-6 in less than 200 iterations.

This study illustrates that CLONALG efficiently achieves desired Cost levels on both
unimodal and multimodal problems, which is a valuable advantage for electromagnetics
optimization problems. After an initial study of these plots, it can be seen that the smallest
population size may not be the best choice for all problems, whereas a moderate population size,
i.e. Npop = 40, produces good results with lower values for β and d. This reduces the number of
clones generated at each iteration and, in turn, the computational burden from the electromagnetic
solver. Based on this study, the following minimum values are chosen to be utilized in the FSS
optimizations: Npop = 40, d = 10, and β = 0.7. Utilizing these values, the CLONALG generates
135 clones and replaces 4 members at each iteration. For the design optimization of the multilayered FSS structures, the CLONALG will be set to run for a maximum of 100 iterations, where
some of these parameters may be increased if needed.
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A parametric study of Carroll's Binary GA code [70] is also carried out using the same
set of test functions as shown in Table 3-1.

In this study, each dimension of the N=12

dimensional problem is discretized with a 10-bit resolution, constituting chromosomes of 120 bits
in length. The parameters that we studied for this algorithm are the population size (Npop), the
creep mutation probability (pcreep), the jump mutation probability (pmutate), and the crossover
probability (pcross). The recommended value in [70] is used for pcreep, which is calculated
according to

pcreep 

total number of bits
 pmutate  10  pmutate .
number of parameters

(3-3)

In the parametric study for Carroll's Binary GA, four different population sizes of Npop =
[20, 30, 40, 50], several values of pmutate = [0.001, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.3, 0.4]
and pcross = [0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 0.9] were tested. Values for pcreep are derived
using (3-3) for each case of pmutate. For each parameter combination, 10 trials were run for a
maximum of 27,800 function calls for each test function, corresponding to the total number of
function calls executed by the CLONALG subject to the chosen set of parameters mentioned
previously. This way both algorithms will run for the same number of function calls under the
optimum parameter values. The acceptable convergence threshold for the binary GA was
determined not based on the final Cost value but, rather, based on the shape of the binary
chromosomes. If each dimension on a chromosome is either at the optimum value or only one bit
away from the global optimum for that dimension, it was accepted as converged to the desired
threshold value. The difference in threshold calculations is made because the CLONALG is realvalued and the GA is binary-valued. As such, the GA would need to have impractically long
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chromosomes in order to reach a Cost threshold value with a resolution of 10-6. The performance
of the GA for each test function is illustrated in Figure 3-8, Figure 3-9, Figure 3-10, and Figure
3-11, respectively. In each figure, there are four subplots for each population size Npop = [20, 30,
40, 50]. The yellow highlighted regions in each plot illustrate the parameter combinations which
achieved the desired Cost threshold in less than 27,800 function calls. For the Rastrigin function,
which is a multimodal function with multiple peaks, the GA could not achieve the acceptable
threshold value for any of the parameter combinations as seen in the subplots of Figure 3-10.

Figure 3-8: Binary GA Cost performance results with the Sphere test function for varying
pmutate and pcross, tested using four different values of (a) Npop = 20, (b) Npop = 30, (c) Npop = 40,
and (d) Npop = 50. The color yellow indicates the regions where the desired cost threshold is
achieved in less than 27,800 function calls.
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Figure 3-9: Binary GA Cost performance results with the Ackley test function for varying pmutate
and pcross, tested using four different values of (a) Npop = 20, (b) Npop = 30, (c) Npop = 40, and (d)
Npop = 50. The color yellow indicates the regions where the desired cost threshold is achieved in
less than 27,800 function calls.

Figure 3-10: Binary GA Cost performance results with the Rastrigin test function for varying
pmutate and pcross, tested using four different values of (a) Npop = 20, (b) Npop = 30, (c) Npop = 40,
and (d) Npop = 50. The GA did not reach the desired cost threshold in less than 27,800 function
calls. Hence, no yellow region is shown.
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Figure 3-11: Binary GA Cost performance results with the Rotated Hyper-Ellipsoid test function
for varying pmutate and pcross, tested using four different values of (a) Npop = 20, (b) Npop = 30,
(c) Npop = 40, and (d) Npop = 50. The color yellow indicates the regions where the desired cost
threshold is achieved in less than 27,800 function calls.

This study demonstrates that the GA works effectively for unimodal problems but is not
as efficient as the CLONALG on achieving the desired performance for multimodal problems.
This could be attributed to the population-wide competition between each member, whereas in
CLONALG each member generates clones and competes only with its own clones. Such a
schema helps to preserve diversity throughout the optimization process and makes CLONALG a
very valuable optimization tool for multimodal electromagnetics optimization problems. While
the GA has a disadvantage when optimizing multimodal problems, it is apparent from all test
functions that the GA produces better results for smaller population sizes and smaller mutation
probabilities. The crossover probability, on the other hand, does not seem to have a strong
influence on the GA performance. Based on these observations, we have chosen the following
parameters for the GA optimization: Npop = 32, pmutate = 0.02, and pcross = 0.5, where Npop is a
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multiple of the 8 processing cores used during the parallel optimizations. For the optimizations
presented in the next section, the GA were allowed to run for 600 generations during each trial,
which is usually long enough for it to converge to a solution given the complexity of the problem
at hand.

3.5. Multi-layered Frequency Selective Surface Design Synthesis
The performance of both optimizers is assessed by synthesizing two-screen FSS
structures for X-band operation targeting three different filter responses. The structures
considered are comprised of 2-D periodic metallic screens separated by a dielectric layer. The
square unit cell screen geometry is pixelized into a 17 x 17 grid and divided into eight symmetric
folds, as depicted in Figure 3-12. Eight-fold symmetry provides polarization independence at
normal incidence, which is desirable in many filtering applications (the symmetry can also be
removed to allow for custom responses in each polarization). The nine rows of pixels in one
triangular fold are encoded into the first nine dimensions of each population member. Each pixel
is represented by a binary bit indicating the presence, “1”, or absence, “0”, of perfect electric
conducting (PEC) metal, and all pixels from a given row are concatenated together to form a
binary number, or gene in the chromosome. Fabrication rules were also implemented in the
geometry generation preventing diagonal connections between metal patches because such
geometries are difficult to accurately reproduce in practice. If any such diagonal connections are
found in the generated geometry, one of the metal pixels is removed to eliminate the connection.
The remaining three dimensions represent the unit cell size, dielectric thickness, D, and dielectric
permittivity, εr, and are allowed to range from 1 cm to 2 cm, 1 mm to 5 mm, and 2 to 4,
respectively. This set of optimization parameters contains a mix of both binary strings, as in the
case of the unit cell geometry, and real-valued parameters. Hence, this design problem is
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expected to provide a fair competition between the real-coded CLONALG and the binary-coded
GA optimization algorithms used in the study.

(a)

(b)

Figure 3-12: (a) Cross-section view of the two-screen FSS filters. (b) An example of an optimized
metallic unit cell screen geometry for an X-band filter, where black pixels represent the metallic
patches and gray pixels represent the absence of metallic patches. The chromosome values
representing the screen geometry are overlaid on one triangular fold. The boundaries of the
doubly periodic unit cell are illustrated with dashed lines.

The performance of each filter is evaluated by first constructing the geometry and then
calculating the scattering parameters using a full-wave Periodic Finite Element Boundary Integral
(PFEBI) code [76]. The PFEBI analysis tool is a hybrid technique in which the region interior to
the unit cell is analyzed with the Finite Element Method (FEM) while applying periodic
boundaries to the four side walls. The Method of Moments (MoM) is then employed to calculate
the scattering from the device using the computed fields on the top and bottom walls of the unit
cell. Brick element basis functions are employed to represent the region interior to the unit cell in
order to improve the efficiency of the analysis. The advantages of the PFEBI technique include its
computational efficiency and its ability to simulate inhomogeneous layers containing a mixture of
lossy dielectric, metallic, or impedance surfaces. The PFEBI code is directly linked to the
CLONALG and GA executables in order to improve the performance of the Cost evaluation.
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Reflection and transmission values are computed by PFEBI at multiple frequency points
and used to calculate the Cost for each candidate design according to

Cost 

 0  T 

stopfreqs

2



 1  T 

2

,

(3-4)

passfreqs

where stopfreqs and passfreqs are the desired stop and pass band frequencies, and T is the
transmission coefficient. Thus, an ideal filter would have 100% transmission at every pass band
point and no transmission at every stop band point. However, we will set a minimum
performance requirement of 10 dB attenuation in transmission for stop bands and reflection for
pass bands when we evaluate the final, optimized designs.
For the first design example, a pass band filter is optimized with the desired pass band
from 9.5 GHz to 10.5 GHz, represented by 5 frequencies, and stop bands from 8 GHz to 9 GHz
and from 11 GHz to 12 GHz, represented by a total of 6 frequencies. The stop-band frequencies
are stopfreqs = [8.0, 8.5, 9.0, 11.0, 11.5, 12.0] GHz, and the pass-band frequencies are passfreqs
= [9.5, 9.75, 10.0, 10.25, 10.5] GHz. Scattering parameters at each of the eleven frequency points
are computed for every candidate design via PFEBI in order to compute the Cost for each
population member. After a minimum of five runs were carried out by both the CLONALG and
the GA, the best FSS designs for each algorithm were selected and are shown in Figure 3-13. In
the CLONALG optimization the utilized parameter values were Npop = 40, d = 30, and β = 0.7,
where the optimized design shown in Figure 3-13 (a) has a unit cell size of 1.5764 cm, a thickness
of 0.4525 cm, and a substrate permittivity of 3.76. The screen geometry for the GA optimized
design in Figure 3-13 (b) is very different in appearance from that found by the CLONALG,
illustrating that the design flexibility afforded by the pixelized FSS geometry can result in many
local minima in the parameter space. The unit cell size for GA synthesized design is 1.1922 cm,
the thickness is 0.3164 cm, and the relative permittivity is 2.84. The magnitudes of the
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transmission and reflection spectra for both FSS filter designs are plotted in Figure 3-14 with gray
regions highlighting the specified pass band and stop bands. Both designs meet the desired
optimization goals, where the reflection in the pass band is less than -10 dB and transmission in
the stop bands is less than -10 dB.

(a)

(b)

Figure 3-13: Optimized PEC unit cell screen geometries for the first X-band filter design are
shown. (a) CLONALG and (b) GA optimized designs are depicted with unit cell dimensions of
1.5764 cm and 1.19216 cm, respectively. Black shaded pixels represent the PEC pixels and gray
shaded pixels represent the absence of the PEC where the dielectric is exposed.

(a)

(b)

Figure 3-14: Reflection and transmission spectra for the (a) CLONALG and (b) GA synthesized
designs shown in Figure 3-13. Both designs exhibit a strong pass band from 9.5 GHz to 10.5 GHz
and strong stop bands below 9 GHz and above 11 GHz in the X-band frequency range. The
frequency regions of interest for optimization are highlighted in grey.
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For the second design example, a tri-band filter is optimized, with narrow pass bands at
9.0 GHz, 10.0 GHz, and 11.0 GHz and with stop bands specified elsewhere over the entire Xband from 8 GHz to 12 GHz. The specified pass band frequency points are passfreqs = [9.0, 10.0,
11.0] GHz, and the stop band frequencies are stopfreqs = [8.0, 8.5, 9.5, 10.5, 11.5, 12.0] GHz, for
a total of nine frequency points evaluated by the PFEBI for each population member. Both the
GA and CLONALG were run for a minimum of five trials in order to obtain the best FSS designs,
which are illustrated in Figure 3-15. In the CLONALG optimization the utilized parameter values
were Npop = 50, d = 20, and β = 0.8, and the optimized design depicted in Figure 3-15 (a) has a
unit cell dimension of 1.6754 cm, a thickness of 0.4086 cm, and a substrate permittivity of 3.52.
The GA optimized design shown in Figure 3-15 (b) has a unit cell dimension of 1.9960 cm, a
thickness of 0.2866 cm, and a substrate permittivity of 3.40. Once again, both screen geometries
appear very different, indicating the flexibility of the platform and highlighting the usefulness of
both optimizers to isolate designs that meet custom performance criteria.

(a)

(b)

Figure 3-15: Optimized PEC unit cell screen geometries for the second X-band filter design are
shown. (a) CLONALG and (b) GA optimized designs are depicted with unit cell dimensions of
1.67565 cm, and 1.99608 cm, respectively. Black shaded pixels represent the PEC pixels and
gray shaded pixels represent the absence of the PEC where the dielectric is exposed.
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(a)

(b)

Figure 3-16: Reflection and transmission spectra for the (a) CLONALG and (b) GA synthesized
designs shown in Figure 3-15. Both designs exhibit three strong, narrow pass bands at 9 GHz, 10,
GHz, and 11 GHz and strong stop bands elsewhere over the X-band frequency range

The transmission and reflection responses for both designs are plotted in Figure 3-16,
demonstrating strong, narrow pass bands at 9 GHz, 10 GHz, and 11 GHz as well as stop bands at
the specified frequencies elsewhere across the X-band. While this example only seeks to
demonstrate tri-band performance, the shape and bandwidth of each pass band could be tailored
to be more uniform by specifying more pass and stop band frequency points in the Cost function.
For the third design example, a low-pass filter is optimized with a broad pass band
spanning from the lower edge of the X-band to 9.75 GHz and a broad stop band from 10.0 GHz
to the upper edge of the X-band. The pass band frequencies for this design are passfreqs = [8.0,
8.5, 9.0, 9.5, 9.75] GHz, while the stop band frequencies are stopfreqs = [10.0, 10.25, 10.5, 11.0,
11.5, 12.0] GHz, for a total of eleven frequency points to be evaluated by the PFEBI code for
each population member. A minimum of five runs were carried out by both the CLONALG and
GA, resulting in the best designs shown in Figure 3-17. In the CLONALG optimization the
utilized parameter values were Npop = 50, d = 30, and β = 0.8, where the synthesized design
shown in Figure 3-17 (a) has a unit cell dimension of 1.1865 cm, a thickness of 0.4984 cm, and a
permittivity of 3.91. On the other hand, the GA synthesized design is shown in Figure 3-17 (b)
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and has a unit cell dimension of 1.3647 cm, a thickness of 0.4686 cm, and a substrate permittivity
of 2.44. The scattering responses from both of these designs plotted in Figure 3-18 exhibit
excellent low-pass filter performance, with the reflection suppressed under -10 dB for frequencies
below 9.75 GHz and the transmission magnitude below -10 dB for frequencies above 10 GHz.

(a)

(b)

Figure 3-17: Optimized PEC unit cell screen geometries for the third X-band filter design are
shown. (a) CLONALG and (b) GA optimized designs are depicted with unit cell dimensions of
1.1865 cm, and 1.3647 cm, respectively. Black shaded pixels represent the PEC pixels and gray
shaded pixels represent the absence of the PEC where the dielectric is exposed.

(a)

(b)

Figure 3-18: Reflection and transmission spectra for the (a) CLONALG and (b) GA synthesized
designs shown in Figure 3-17. Both designs exhibit low-pass filter responses with strong
transmission below 9.5 GHz and strong reflection above 10 GHz within the X-band frequency
range of 8 GHz to 12 GHz. The frequency regions of interest for optimization are highlighted in
grey.

47
The Cost per number of evaluations for each of the three design examples is plotted in
Figure 3-19 in order to compare the performance of the CLONALG and GA techniques over the
course of the optimizations. For the first and second filter design problems, CLONALG provides
a faster convergence than the GA and a better final Cost value. For the third filter design problem,
the performance of both algorithms is very comparable. These results clearly indicate that
CLONALG performs remarkably well on multi-modal problems and offers an excellent
alternative to the traditionally used GA for complex electromagnetic design optimization
problems.

Figure 3-19: Performance comparison between the parallel CLONALG and parallel GA
techniques. Best Cost vs. the number of cost evaluations is plotted for the three FSS filter design
examples. (a) The first and (b) the second FSS design examples show that the CLONALG
demonstrated faster convergence and better final design performance compared with the GA, and
the (c) third FSS design example shows similar performance between the CLONALG and GA.
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3.6. Summary
The goal of this chapter was to demonstrate an efficient, parallel implementation of the
Clonal Selection Algorithm, its ease of implementation, and its effectiveness in tackling
optimization problems in electromagnetics. Through the analysis of various test functions and the
optimization of three different multi-layered FSS filters for operation at the X-band, the realvalued CLONALG has shown itself to be very efficient both in unimodal and in multimodal
optimization problems, whereas the binary GA implementation may struggle with multimodal
problems due to its higher competitive nature among all members. By carefully choosing a small
number of parameters, it was demonstrated that the CLONALG could be easily tuned to
efficiently optimize a challenging practical electromagnetic design problem. The parallel
implementation utilizing the Message Passing Interface (MPI) provided an effective way to
overcome the computational burden of evaluating a large clone population by distributing the
work load to multiple processors. It was also shown through the multi-layered FSS filter design
examples that when comparing the Cost per number of evaluations, the parallel CLONALG can
compete on equal footing or even outperform a parallel binary GA.

Chapter 4
Wind Driven Optimization (WDO)
This chapter introduces a novel numerical nature-inspired optimization algorithm called
the Wind Driven Optimization (WDO), discusses the theory behind the WDO, provides the
terminology for later use, and illustrates its efficiency and versatility by applying WDO to solve
various electromagnetic optimization problems.

4.1. Theory and Terminology
Nature can be considered as a big system with a vast number of sub-systems, all of which
have been existing for millions of years. Such accumulation of knowledge and ability to perfect it
over time makes the nature as one of the biggest source of information and an unmatched
inspiration to scientists and engineers alike. Since early 1970s, starting with the Genetic
Algorithms (GA) [5], there has been various nature-inspired optimization algorithms proposed
and some of which have been proven to be very efficient global optimization strategies. Along
with the GA, the Particle Swarm Optimization (PSO) [77], Ant Colony Optimization (ACO) [78],
Differential Evolution (DE) [79], Clonal Selection Algorithm (CLONALG) [55], Covariance
Matrix Adaptation Evolutionary Strategy (CMA-ES) [80] and many more have been proposed,
and implemented successfully. Unfortunately, there is no single method that stands out as the best
among the family of the nature-inspired optimization algorithms where each algorithm comes
with their strengths and weaknesses.
In the search for new methods, a novel nature-inspired optimization algorithm called the
Wind Driven Optimization (WDO) technique is introduced in this chapter. In essence, the WDO
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is a population based iterative heuristic global numerical optimization technique for multidimensional and multi-modal problems with the ability to implement constraints on the search
domain.
The inspiration comes from the Earth's atmosphere, where the wind blows in an attempt
to equalize horizontal imbalances in air pressure [81]. The term "wind" actually refers to the
large-scale horizontal air motion particularly in the lowest layer of the Earth's atmosphere called
the troposphere. The troposphere is the lowest layer which extends from the surface of the earth's
crust up to 18 km, where the layer thickness may vary based on the location's latitude [82]. The
troposphere layer contains up to 75% of the atmosphere's mass and most of the weather activities,
such as the wind, occur within. The amount of radiation reaching from the sun causes heating
both on the surface of the earth and in the atmosphere itself. However, the amount of heating
varies depending on various factors such as the location on earth, whether the area is a body of
water or soil and also varies with the amount of cloud coverage in the region. In addition, the
spherical shape of the earth allows illumination of only half of the surface at a time and its daily
rotation causes amount of energy falling on a single location to vary every day. Due to
differences in the solar energy reaching to the different locations on earth surface, the temperature
can vary significantly among regions. Areas with higher temperature would have rising warm air
and regions with lower temperatures would have sinking cold air causing the air density to
decrease in high temperature areas and to increase in low temperature areas. Due to earth's
gravitational field, g, the mass of atmosphere applies a force on the earth's crust, where the air
pressure can simply be defined by the force exerted per unit area [83]. Since temperature
differences lead to variations in air pressure at different locations, horizontal differences in air
pressure causes the air to move from high pressure regions to low pressure regions [84]. This
movement is due to the pressure gradient, P , which can be calculated as the pressure change
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over a distance as expressed in (4-1) in rectangular coordinate system [85].

 P P P 
P  
, ,
.
 x y z 

(4-1)

More specifically, wind blows in the direction from a high pressure zone to low pressure
zone at a velocity proportional to the pressure gradient force [81], [86]. Considering the fact that
the air has a finite mass and a finite volume (δV), then the pressure gradient force (FPG) can be
expressed as

FPG  P V

(4-2)

There are two distinct descriptions of atmospheric behavior, which are Lagrangian and
Euler descriptions [87]. In the Euler description, the air is treated as a fluid system and a
continuum which is described by the fluid motion governed by the equations of continuum
mechanics [87], [88]. On the other hand, the Lagrangian description represents the atmosphere as
the collection of many infinitesimal fluid parcels [88], [89]. In the derivation of the equations for
WDO, the Lagrangian description is preferred due to fact that it would simplify the numerical
algorithm and reduce computational overhead that the WDO would need during the optimization
of a real world problem. Another simplification is critical for the air parcel description, which is
assumed to be cuboid in rectangular coordinate system in Lagrangian description. In WDO
abstraction though, an air parcel has to be dimensionless otherwise the different corners of it
would represent different coordinates, which would complicate the WDO implementation. In
addition, the different faces of cuboids could experience different pressure values, which may
cause the deformation of the cuboid, sheering, twisting or stretching would have to be taken into
account, which render the WDO implementation as computationally demanding and impractical.
Thus, in the implementation of the WDO, the air parcels are assumed to be dimensionless, and
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weightless, which simplifies the equations yet preserves the accuracy of the physical
interpretation.
In the abstraction of the wind, it is also assumed that the atmosphere is an homogenous
ideal gas in hydrostatic balance. Utilizing the fact the equations derived in atmospheric dynamic
are in rectangular coordinate system and considering the fact that the horizontal movement of air
is stronger compared to its vertical movement, the wind can be treated as a horizontal motion
only due to the horizontal pressure variation [81]. In the WDO though, the algorithm would work
on a N-dimensional search space hence the three dimensional atmospheric dynamics equations
have to be mapped to multi-dimensional problems, which only can be possible through certain
assumptions and simplifications.
The starting point for computation of the trajectory of an air parcel is the Newton’s
second law of motion, which provides accurate results when applied to the analysis of
atmospheric motion in the Lagrangian description [83], [84], [88]. It states that the total force
applied on an air parcel causes the air parcel to accelerate, a, in the same direction as the applied
total force,

 a   Fi ,

(4-3)

where ρ is the air density for an infinitesimally small air parcel, and Fi are the forces acting on it.
To relate the air pressure to the air parcel's density and temperature the ideal gas law can be
utilized,
P = ρ R T,

(4-4)

where P is the pressure, R is the universal gas constant and T is the temperature.
The pressure gradient force can be considered as the fundamental force to start the air
motion, but there are other forces that also effect the trajectory and speed of the movement. In
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(4-3), there can be four major forces included, that either cause the wind to move in a certain
direction at a certain velocity or deflect it from its existing path. The most observable force
causing the air to move is the pressure gradient force (FPG), which is already defined in (3-1).
Another force is the friction force (FF), and it would simply act to oppose such motion started by
the pressure gradient force. The exact description of the friction force in the atmosphere is very
complex and hence a simplified form can be utilized as follows,

FF   u ,

(4-5)

where α is the friction coefficient and u is the velocity vector of the wind.
In our physical three-dimensional atmosphere, the gravitational force (FG) is treated as a
vertical force. However, if the center of the earth is considered as the center of the rectangular
coordinate system, then it can be claimed that the gravitational force pulls towards the origin of
the coordinate system on any dimension, then it can be easily mapped to N-dimensional space.
For this reason, the gravitational force is included in the algorithm as a force on all N-dimensions
directed towards the center of the coordinate system. In its simplest form, the gravitational force
(FG) can be defined as [89],

FG   V g .

(4-6)

The rotation of earth causes the reference frame to rotate leading to the coriolis force
(FC), named after French scientist Gaspard Coriolis, which in turn causes the deflection of the
wind from its exiting path in our atmosphere [84]. While the amount of deflection depends on the
direction of the rotation of the earth, the latitude (which hemisphere) and the air parcel's speed in
our atmosphere, in WDO, it is implemented as a motion in one dimension that affects the velocity
in another dimension. For example, if a two dimensional motion is considered in XY plane, then
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the velocity vector has two major components; one in the x-direction and the other is in the ydirection. In WDO, the coriolis force implemented such a way that the speed in the x-direction is
influenced by the speed in the y-direction. In N-dimensional space, this is randomized so that
different direction could influence other direction over the duration of optimization process. The
coriolis force is defined by

FC  2  u ,

(4-7)

where, Ω represents the rotation of the earth, and u is the velocity vector of the wind.
While these four forces are the major contributors to the motion of the wind, there are
other forces that are not included in the implementation of the WDO. For example, advection,
which is defined in the Eulerian description, along with the centrifugal force are ignored in the Ndimensional WDO implementation where as the turbulent drag force is assumed as a part of the
friction force [88]. It is crucial to understand that the WDO implementation is not an attempt to
duplicate the atmospheric motion, yet is it is an attempt to use the inspiration provided by the
nature in the abstraction and invention of an efficient numerical optimization algorithm that is
fundamentally based on the physical equations of the large-scale atmospheric motion.
The forces described above can be summed and plugged in the right-hand side of the
Newton's second law of motion as in (4-3), which combines in to,

 u / t  (  V g )  (P V )  ( u )  (2  u )

(4-8)

where the acceleration term in (4-3) is rewritten as a  u / t above, and t  1 is assumed for
simplicity. For an infinitesimally small, dimensionless air parcel, the term δV assumed no
contribution hence dropped from (4-8), which simplifies to,

 u  (  g )  (P )  (  u )  (2  u ).

(4-9)
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Utilizing the ideal gas law from (4-4), the density (ρ) can be written in terms of the
pressure, the temperature and the universal gas constant and inserted in (4-9) as,

Pcur
P
P
u  ( cur g )  (P )  ( cur  u )  (2  u ),
RT
RT
RT

(4-10)

where Pcur represents the pressure value for an individual parcel at its current location. Dividing
both sides of (4-10) by Pcur / RT gives
u  ( g )  (P

RT
2   u RT
)  (  u )  (
).
Pcur
Pcur

(4-11)

At this point, it is should be obvious that the change in velocity and position can be computed
from the Newton's second law of motion and it is assumed in the WDO that each air parcel's
velocity and position varies at each iteration as their exploration of the search space continues.
Thus, the change in velocity, u , can be written as u  unew  ucur , where ucur is the velocity at
the current iteration and unew is the velocity in the next iteration. The friction force in (4-5) is
computed using the current velocity value as well, thus (4-12) can be rewritten as

unew  (1   ) ucur  ( g )  (P

RT
2   u RT
)(
).
Pcur
Pcur

(4-12)

In (4-12), there are two terms that are not written in terms of velocity or position vectors
and these terms are g and  P . Since the gravitational force is considered as the force pulling
an air parcel from its current location towards the center of the coordinate systems, it can be
illustrated on a single dimension as seen in Figure 4-1(a), where the vector, g, can be broken
down in direction and magnitude as g = |g| (0 - xcur). This tells us the magnitude and the direction
of the gravitational field that can be plugged in (4-12).
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(a)

(b)

Figure 4-1: (a) Illustration of the gravitational force (FG) in one dimensional search space where
the dimension spans in the range of [-1, 1] and the center of the coordinate system is defined at
zero. (b) Illustration of the pressure gradient force (FPG) in one dimensional space, where xcur
represents the location of an air parcel at the current iteration and the xopt represents the optimum
pressure location found throughout the optimization.

The other term is the pressure gradient,  P , which is defined as the force moving an
air parcel from its current location to an optimum pressure point, as seen in Figure 4-1(b). Similar
to the gravitational field, the pressure gradient can be broken down in to magnitude and direction
terms and can be written as P  Popt  Pcur ( xopt  xcur ) . This tells us the magnitude of the
pressure gradient is simply the pressure difference between the current location of an air parcel
and the optimum pressure found so far and directed from the current location to the optimum
location.
Updating the (4-12) with the new equations for the gravitational field and pressure
gradient, equation (4-12) can be rewritten as

 RT
 2  u RT
unew  (1  ) ucur  g xcur  
Popt  Pcur  xopt  xcur    (
).
Pcur
 Pcur


(4-13)

Lastly, there are two additional substitutions needed, where the coriolis force was
represented by the cross product of the earth's rotation vector and the velocity vector of air parcel
by the term (   u ) in (4-13). As described previously, the influence of the coriolis force is
other dim
replaced by the velocity influence from another dimension, ucur
, and all coefficients can be

combined into a single term, i.e. c  2 RT , which simplifies the coriolios force contribution in
(4-13) and can be rewritten as
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 c u other dim
Popt  Pcur
unew  (1   ) ucur  g xcur   RT
xopt  xcur    ( cur
).



Pcur
Pcur



(4-14)

A potential pitfall in the above form of the velocity update equation is that the pressure
values are explicitly used. In cases where the pressure value is extremely large, the updated
velocities could become impractically large and the performance of the WDO would diminish.
Instead of using the actual pressure values, one can use a ranking-based approach, where the
population of air parcels are ranked in descending order based on their pressure values and the
(4-14) can be rewritten as,


1
unew  (1  ) ucur  g xcur   RT 1 
i


x

opt

 c u other dim
 xcur    ( cur
).
i


(4-15)

where i represents the ranking among all air parcels. The first term in (4-15) states that if there is
no other forces acting on the air parcel, then it would continue its current path with velocity
proportionally reduced by the friction. The second term states that gravity would pull the air
parcel from its current location towards the center of the coordinate system at a magnitude
proportional with the constant g. The third term in the equation states that the highest ranked air
parcels will most likely be at locations closer to the xopt, hence the effect of the pressure gradient
would be smaller. The last term states that the movement on other dimensions can affect other
dimensions which may have larger effect for the higher ranked air parcels.
As it can be clearly seen in (4-15), there are multiple coefficients that have to be assigned
a value prior to the start of the optimization, and these coefficients are; α, g, RT, and c. A
numerical study is carried out in the following section to establish the optimum values for these
parameters.
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At each iteration, the velocity and then the position of the air parcels have to be updated
and the velocity update equation is established in (4-15). The position can be updated simply by
utilizing the following equation,

xnew  xold  (unew  t )

(4-16)

where unew is the updated velocity for the next iteration as established in (4-15), xold is the current
position of the air parcel in the search space, and xnew is the new position for the next iteration.
For simplicity, t  1 is assumed.
A population of air parcels would start at random positions in the search space and
utilizing (4-15) and (4-16), their velocity and position would be adjusted at each iteration and
they would move towards an optimum pressure location at the end of the last iteration.
Considering that actually the optimum pressure point on the N-dimensional search space
corresponds to the optimum solution for the optimization problems, WDO offers a simple but
efficient way to tackle them.
For each dimension, WDO allows the air parcels to travel only in the bounds of [-1, 1]
and if an air parcel tries to travel outside of these bounds at any dimension, the its position at that
particular dimensions is set to the boundary value. For example, if the air parcel tries to go from
0.82 to beyond 1 at the x-dimension, the position for the next iteration is forced to be 1 on the xdimension. In literature, there has been many other boundary conditions proposed [90], yet for the
WDO, the gravitational pull would pull any air parcels that are stuck at the boundaries back in to
the feasible search space.
It also should be pointed out that the updated velocity of the air parcels should be limited
to a maximum value per iteration. The main reason for this is to simply prevent air parcels from
taking large steps and overlook certain regions in the search space. To limit the magnitude of the
velocity following simple rule is implemented,
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*
unew
 umax

unew
unew

(4-17)

where the direction of the motion is preserved but the magnitude is limited to be no more than
*
umax at any dimension and u new represents the velocity after limited to maximum speed.

So far the theory behind the WDO, the operators of the algorithm and implemented
constraints are discussed. For clarity, the terminology of the WDO is summarized in Table 4-1.

Table 4-1 : The terminology of the Wind Driven Optimization algorithm.
Terminology

Description

Air parcel

An individual member, whose coordinate values represents a candidate solution to
the optimization problem at hand.

Population

A group of predetermined number of diverse air parcels.

Generation

One iteration, where the WDO operators are applied.

Position

The coordinates of an air parcel, which corresponds to a solution to the
optimization problem.

Velocity

The amount of position displacement per iteration.

Pressure

An assigned number to air parcels based on their proximity to the global solution,
which establishes how well an air parcel meets the desired design performance.
Analogy can be made with fitness, cost, penalty functions.

Ranking

Sorting of the air parcels at each iteration based on their pressure values.

One can observe various similarities between WDO and other nature-inspired
optimization algorithms. All are population based iterative methods aiming to improve the best
candidate solution over time. There can also analogies be made such as the pressure function and
the fitness function, or the cost function, which could also be called the penalty function. The
purpose is to evaluate the goodness of the candidate solution. In terms of having the position and
velocity update rules, WDO could be compared against the Particle Swarm Optimization (PSO),
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where PSO is based on a swarm of particles those share information about the search space to
achieve better results.
For the implementation of the WDO, a pseudo code is provided in Table 4-2 along with
a flowchart as illustrated in Figure 4-2 , and a sample Matlab / Octave code is provided in
Appendix A.

Table 4-2: Pseudo Code for the WDO Implementation
1. Define dimension limits, population size, maximum number of iterations, coefficients, and all other
parameters.
2. Initialize the position and velocity of all air parcels, where the initial population is randomly
distributed over the N-Dimensional search space.
3. Evaluate the pressure of the whole population at their current positions and rank them.
4. Update velocity and check velocity limits.
5. Update position and check position boundaries.
6. Continue from step 3 until the maximum number of iterations are exhausted.

As seen both in the pseudo code and in the Figure 4-2, the algorithm starts with the
initialization stage where all parameters related to the WDO as well as the other parameters
related to the optimization problem have to be defined. Also, one has to define a pressure function
(fitness function) and define parameter boundaries. Once the optimization problem is set up, then
the population of air parcels are randomly distributed over the N-Dimensional search space with a
random velocity assigned to them. Next step is to evaluate the pressure (fitness) values of each air
parcel at their current positions. Once, the pressure values are evaluated, the population is ranked
based on their pressure and velocity update is applied as given in (4-15) along with the
restrictions as given in (4-17). The positions for the next iteration are updated by utilizing (4-16)
and the boundaries are checked to prevent any air parcel from running out of feasible search
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space. One all the updates are carried out, the pressure at new locations is to be evaluated once
again and this iterative procedure continues until the maximum number of iterations are reached.
Finally, the best pressure location at the end of the last iteration is the optimization result and the
best candidate solution to the problem.

Figure 4-2: Flowchart of the Wind Driven Optimization implementation. A sample Matlab /
Octave code is also provide in the Appendix A.

Next section carries out a numerical study on the coefficients of the WDO utilizing four
different test function to discover the optimum values for these coefficients those lead to efficient
performance of the WDO on different search topologies.
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4.2. Numerical Parameter Study
The optimum performance of the WDO can be achieved by properly selecting the values
for the coefficients that are utilized in the velocity update equation (4-15), and these coefficients
are; α, g, RT, and c. Since all optimization problems differ from each other, the optimum choice
for one optimization problem may not be a good choice for another problem. In order to
determine the best parameter combination ranges, four different benchmark function are utilized
[91], which are the Sphere, Rotated Hyper-Ellipsoid, Ackley and Rastrigin Functions. The
description and properties of each function are provided in Table 4-3 for N-dimensions, and
figures of these function in 2-D are illustrated in Figure 4-3, Figure 4-4, Figure 4-5, and Figure
4-6, respectively.

Table 4-3 : N-Dimensional modified test functions used in the numerical parameter study of the
WDO algorithm. The global best position vector of each function is represented by x*, and
optimum values are indicated by F(x*).
Function Name
Sphere

Description and Properties
N

FSPH  x    ( xi  5) 2
i 1

xi  [10,10] , x*   5,5,...,5 , FSPH  x*   0
Rotated HyperEllipsoid

 i

FRHE  x       x j  28 
i 1  j 1

N

2

xi  [100,100] , x*   28,28,...,28 , FRHE  x*   0
Ackley


1
FACK  x   20  e  20exp  0.2

N


N

 x
i 1

i

1
2 
 5    exp 

N


N

 cos(2   x
i 1

xi  [32,32] , x*   5,5,...,5 , FACK  x*   0
Rastrigin

N

FRAS  x   10 N  
i 1

  x  0.5
i

2

 10cos(2   xi  0.5 )



xi  [5,5] , x*   0.5, 0.5,..., 0.5 , FRAS  x*   0

i


 5 ) 
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Figure 4-3: Two dimensional illustration of the modified Sphere function in the range of [-10,
10]. The properties of this function is given in Table 4-3.

Figure 4-4: Two dimensional illustration of the modified Rotated Hyper-Ellipsoid function in the
range of [-100, 100]. The properties of this function is given in Table 4-3.
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Figure 4-5: Two dimensional illustration of the modified Ackley function in the range of [-32,
32]. The properties of this function is given in Table 4-3.

Figure 4-6: Two dimensional illustration of the modified Rastrigin function in the range of [-5,5].
The properties of this function is given in Table 4-3.

65
Each test function is defined in different ranges as shown in Table 4-3, and the total
number of dimension is selected to be N=5 for the numerical study. It should be pointed out that
the modified version of the benchmark functions is utilized in this study, where the global best
locations, x*, are altered. Unmodified, all these test functions have a global best at the coordinate
system center, which would be misleading for the WDO simply due to fact that the gravitational
force would dominate overtime and all air parcels would converge to the solution. Unfortunately,
such scenario would not provide any valuable information for the determination of the best values
for the rest of the parameters. For this reason, the global best positions had to be modified.
A quick look at (4-15) points out that the friction coefficient, α, and the gravitational
force coefficient, g, can only vary in the ranges of [0,1], while other coefficients, RT and c, can
have a wider range of values. To accommodate all possibilities following values are tested for 10
different random seeds and results are plotted;

α = [0.01/0.03/0.05/0.07/0.09/0.1/0.2/0.3/0.4/0.5/0.6/0.7/0.8/0.9]
g = [0.01/0.03/0.05/0.07/0.09/0.1/0.2/0.3/0.4/0.5/0.6/0.7/0.8/0.9]
RT = [0.01/0.03/0.05/0.09/0.1/0.3/0.5/0.7/0.8/0.9/1.0/1.3/1.6/2.0/2.2/2.6/3.0/3.2/3.6/4.0/4.2/4.6/5.0]
c = [0.01/0.03/0.05/0.09/0.1/0.3/0.5/0.7/0.8/0.9/1.0/1.3/1.6/2.0/2.2/2.6/3.0/3.2/3.6/4.0/4.2/4.6/5.0]

Starting with the Sphere function, a population size of 50 air parcels were run for a
maximum of 200 iterations for Vmax = 0.3.

To be able to study the effects of RT and c, other

parameters fixed to following values; α = 0.5, g = 0.2. While the values for α and g are not
optimal, they are still useful for the study of the parameters, RT and c.
The best pressure values for all test functions resulted for the following parameter ranges;
0.5  RT  2.2 and c  0.7 , as seen in Figure 4-7, Figure 4-8, and Figure 4-9, whereas c  0.03

was preferred in Figure 4-10, respectively. From this study, it seems like WDO would prefer RT
in a large range of values, and c value less than 0.7.
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Figure 4-7 : Study of the coefficients of RT vs. c for the Sphere function with N=5.

Figure 4-8 : Study of the coefficients of RT vs. c for the Ackley function with N=5.
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Figure 4-9 : Study of the coefficients of RT vs. c for the Rotated Hyper-Ellipsoid function with
N=5.

Figure 4-10 : Study of the coefficients of RT vs. c for the Rastrigin function with N=5.
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For the next study, let's set RT = 0.8, and c = 0.9 and analyze α and g for a population
size of 50 and maximum number of iteration of 200 for N=5 and Vmax = 0.3.

Figure 4-11: Study of the coefficients of α vs. g for the Sphere function with N=5.

Figure 4-12: Study of the coefficients of α vs. g for the Rotated Hyper-Ellipsoid function with
N=5.
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Figure 4-13: Study of the coefficients of α vs. g for the Ackley function with N=5.

Figure 4-14: Study of the coefficients of α vs. g for the Rastrigin function with N=5.
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The second study shows that for the unimodal functions, i.e. Sphere and Rotated HyperEllipsoid, the values of α=0.1 or lower and g=0.5 provide good performance for the WDO,
whereas for the multimodal functions, i.e. Ackley and Rastrigin, a different set of values may
perform better. As seen from Figure 4-13, there is a range of values for α and g which almost
looks like a linear relation between these two coefficients. There is almost a 1:1 ratio between α
and g, specifically for the values ranging between 0.4 and 0.9, where WDO seems to perform
better. In Figure 4-14, the Rastrigin function seem to prefer α = 0.6 and g = 0.5.
From these studies we can conclude that for some coefficients there might be a single
best value, i.e. c, but for others, there is a range of values depending on the optimization problem
at hand. In the following section, the WDO will be applied to electromagnetic optimization
problems, some of which have been studied in the literature, and some are new contributions.
Various implementation of WDO in electromagnetics should provide the confidence for the
WDO as an efficient optimization tool.

4.3. Linear Antenna Array Synthesis
The linear antenna array synthesis has been studied many times in the literature utilizing
various optimization methods [92] - [96] targeting sidelobe suppression, null placement, array
thinning, or unique radiation pattern synthesis.

Figure 4-15: Geometry of the 2M-element linear antenna array is shown where elements are
positioned along the x-axis. The antenna array is symmetric respect to the origin.
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In this section, the WDO will be given the task to determine the optimum element layout
of a linear antenna array to suppress the sidelobe levels (SLL) of the radiation pattern. For the
radiating elements, isotropic radiators are assumed which are symmetrically positioned along the
x-axis as seen in Figure 4-15. This same problem is addressed in [92] using the Particle Swarm
Optimization, and for fair comparison between the PSO and the WDO, uniform excitation of
amplitude ( ai  1 ) with no phase differences ( i  0 ) are assumed in (4-18).
The array factor for this linear antenna array can be simply written as,

M

AF ( )  2 ai cos(k di cos( )  i ) ,

(4-18)

i 1

where ai, di and i present the excitation amplitude, the location of the ith antenna element and the
phase of the excitation, respectively, where as k is the wavenumber.
For uniform excitation and no phase, the equation (4-18) simplifies to

M

AF ( )  2 cos(k di cos( )) .

(4-19)

i 1

The WDO will be used to find the optimum locations for the antenna elements, i.e. di, to
achieve minimum SLL for antenna array size of 2M = 10. Since the main radiation beam is
directed in the broadside (   90 ), only the following bands [0°, 82°] and [98°, 180°] are
optimized for minimization of SLL. According to [92], velocity vector of the PSO quickly nears
to zero in about 400 iterations which causes PSO to lose its exploration ability.
The WDO ran with a population size of 20 air parcels for a maximum of 500 iterations.
The following parameters are used for the coefficients; α=0.4, g=0.2, RT=3, and c=0.4 with Vmax
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= 0.3. The air parcels were to optimize the antenna distances where the range of [0, λ0] was
allowed. Following pressure function is utilized for the minimization of the array factor,

Pressure  max{ AFdB ( )}

(4-20)

The dimensions of the optimized design is listed in Table 4-4, and its comparison against
the PSO optimized array and conventional uniformly spaced antenna array is also illustrated in
Figure 4-16.

Table 4-4: Element locations of the 10-element linear antenna array for different array
geometries, where the distances are normalized with respect to λ0.
1st

2nd

3rd

4th

5th

0.25

0.75

1.25

1.75

2.25

PSO

0.2515

0.555

1.065

1.50

2.11

WDO

0.319

0.8785

1.5423

2.3349

3.1596

Conventional

Figure 4-16: Comparison of the antenna geometries, WDO optimized, PSO optimized [92] and
conventional uniformly spaced antenna array.
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The WDO optimized linear antenna array provides a uniform sidelobe level distribution
due to minimizing pressure function and the maximum SLL is -17.68 dB as seen in Figure 4-17.
The conventional uniformly spaced λ/2 linear antenna array provides a maximum SLL of -12.96
dB, where as the PSO optimized array provides -17.41 dB. As it can be seen from the results,
WDO can outperform the PSO performance in linear antenna array optimization.

Figure 4-17: Array factor comparison of the WDO optimized linear antenna array against the
conventional uniformly spaced antenna array and PSO optimized antenna array [92]. Maximum
sidelobe levels for each antenna array are also labeled, where the WDO optimized array provides
the lowest SLL among all.
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4.4. Double-Sided Artificial Magnetic Conductor Synthesis
Artificial magnetic conducting ground planes are widely utilized in low profile antenna
applications, where a radiating antenna element can be placed very close to the surface. This is
possible due to the in-phase reflection that constructively interfere providing good input
impedance match at the antenna feed, whereas a PEC ground plane would destructively interfere
and reduce the efficiency of the antenna.
The theory of the double-sided artificial magnetic conducting (DSAMC) surfaces is
introduced in Chapter 5 of this dissertation and various examples that are synthesized via Genetic
Algorithm (GA). Thus, details of the design synthesis will be omitted here and one can refer to
Chapter 5 for details. In shortest description, a DSAMC is a thin metallo-dielectric slab of
engineered surface, which consists of two doubly periodic frequency selective surfaces (FSS)
printed on either side of a thin dielectric slab of material. For the optimization example here, a
commercially available dielectric layer of Rogers High Frequency LaminateTM RT 6010 with a
dielectric permittivity of εr = 10.2 -j0.0253 and a thickness of 0.9 mm is utilized. The WDO is
linked with a full-wave Periodic Finite Element Boundary Integral (PFEBI) solver for
optimization of the top surface for artificial magnetic conductor (AMC) response and bottom
surface for artificial electric conductor (AEC) response at the frequency of 10 GHZ.
Since the thickness, unit cell dimensions and dielectric permittivity are all preset, the
WDO was given the task of optimizing the unit cell geometry of the top and bottom FSS
structures. The square unit cell dimensions are set to be 1.0 cm in each dimension and the unit
cells are pixilated into 16x16 grids for ease of optimization. The two pixilated FSS screen
geometries are doubly periodic and share the same unit cell dimensions, where the WDO
optimizes only one quarter of each FSS screen and four-folded symmetry is applied to complete
the unit cells as illustrated in Figure 4-18. Each row represents a dimension with 8 bits, where the
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WDO optimization range is in [0, 28]. Since there is a total of 16 rows to be optimized, this
constitutes a N=16 dimensional optimization problem.

(a)

(b)

Figure 4-18: WDO optimized unit cell geometries, (a) top FSS geometry shown with four-folded
symmetry implementation, (b) bottom FSS geometry shown with four-folded geometry
implementation.

A population of 30 air parcels was run for 200 iterations, where the following parameters
are used for the coefficients; α=0.4, g=0.2, RT=3, and c=0.4 with Vmax = 0.3. The optimized FSS
geometries are illustrated in Figure 4-18, where the top surface behaves as an AMC and bottom
surface behaves as a AEC as seen from the reflection phase and magnitude plots in Figure 4-19
and Figure 4-20, respectively, where the S11 is -0.8 dB and S12 is -13.18 dB. The unit cell
boundaries are illustrated with the dashed gray lines in Figure 4-18, where the black shaded pixels
represents the metal and gray pixels represent the absence of the metal where the dielectric is
exposed. This optimization problem is better suited for binary-coded algorithms such as GA but
the results show that the WDO can easily handle binary-coded optimization problems as well.
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Figure 4-19: Illustration of the reflection phase values both from top surface and bottom surfaces.
The top surface provides an in-phase reflection, i.e. AMC band, at 10 GHz and bottom surface
provides out-of-phase reflection, i.e. AEC band, at 10 GHz.

Figure 4-20: Illustration of the reflection and transmission magnitudes from top surface. A highly
reflective surface is achieved at 10 GHz.
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4.5. Stub-loaded Inverted-F Antenna Synthesis
In this section, the WDO is given the task to optimize a novel low profile wire antenna
with a high gain in the broadside direction. For the design examples presented in this chapter, the
target frequency of 500 MHz is chosen. The proposed novel antenna is a low profile wire antenna
in the shape of an inverted-F antenna (IFA), which is loaded with two optimized length wire stubs
at optimum locations along the antenna body, hence the name stub-loaded inverted-F antenna
(SLIFA).
Based on their geometries, there are two general categories that the conventional IFAs
can be classified into, which are namely the wire IFAs and planar IFAs (PIFAs). In either
category, the antenna consists of four fundamental metallic elements; a ground plane, a radiating
plate or a wire that is certain distance above the ground plane, a vertical feeding structure and a
vertical shorting pin connecting the radiating section to the ground plane.

Figure 4-21: Illustration of a conventional wire IFA, where D is the distance between the
radiating element and the ground plane. The antenna is fed by a coax connector through the
vertical center wire connecting at a point between P and R1.

As seen in Figure 4-21, the antenna can be viewed as a wire monopole antenna folded
parallel to the ground plane at a certain distance, D, above with a shorting pin attached at a
strategic location along the antenna, shown with a distance P in Figure 4-21. Its shape looks like
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an inverted F, which can be fed by a coax at the vertical center wire. The bent wire and the
ground plane couple strongly, that can be compensated by proper placement of the shorting pin,
which allows the better control of the input impedance resulting in a low profile resonant antenna.
The radiation pattern of a conventional wire IFA is similar to a conventional monopole, with a
null at broadside (i.e. θ = 0°), as illustrated in Figure 4-24. A detailed numerical study of the IFA
is performed in [97] and optimal dimensions are reproduced in Table 4-5. Additionally, several
studies in the literature attempted various performance improvements on the IFA. It was shown
in [98] and [99], that utilization of parasitic elements together with the driven element in the IFA
geometry can improve the impedance matching and provide improved VSWR bandwidth without
any effect on the radiation or the gain. To reduce the antenna length, Schulteis et al. [100]
replaced one of the wires, designated by R1 in Figure 4-21, with a smaller size circular segment
thus capacitively loading the antenna and achieving smaller length. At the expense of having a
higher profile, wire IFAs can be loaded by stacking additional inverted L shaped wires on top of
the upper wire. Such loading achieves a multi resonance response and increased gain, while the
antenna profile is much higher compared to its unmodified shape [101]. Loop-shaped IFAs along
with additional parasitic elements within the feeding element are investigated in [102] to achieve
dual resonance operation.
Werner et al. has shown that stub-loading an electrically long wire could achieve
omnidirectional high gain at the expense of longer total antenna length [103]-[104]. Similarly,
stub-loading technique can be applied in the design of SLIFAs to achieve high broadside gain.
The objective in the synthesis of SLIFAs is to achieve highest possible gain in the broadside
direction at 500 MHz as well as achieving lower profile compared to the conventional IFAs. For
the designs considered here, only the designs with two stubs are optimized by the WDO to
achieve the desired performance. The geometry of a SLIFA is illustrated in Figure 4-22.
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(a)

(b)
Figure 4-22: (a) Side view of a stub-loaded inverted-F antenna (SLIFA), (b) Top view of the
same antenna. Dimensions of an IFA and optimized SLIFAs are provided in Table 4-5.

The electrically long antenna typically introduces drawbacks and undesirable features,
such as poor impedance match and multi-lobes in the radiation pattern, but adding optimized
stubs at optimized locations along the antenna body can compensate for these features as well as
they could provide certain benefits. The WDO is given the task to optimize the stub locations
(R1, R2, R3), the stud lengths (L1, L2), the stub insertion separation (w), the distance from the
ground (D), as well as the stub separation distance from the antenna body (s) to achieve a good
input impedance at 500 MHz while providing high gain at the broadside direction (z-axis), where
IFA has a null.
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The optimization goals are incorporated into the Pressure function of the optimization as
given in (4-21), where the minimization of the pressure will be achieved for lower S11(dB) and
higher gain (dB),

Pressure = | 20 + S11 | + | 20  Gain(θ=0°) |

(4-21)

In the optimization of the SLIFAs, the WDO is linked with the Method of Moments
(MoM) solver of the commercially available FEKO software for fast evaluation of the candidate
designs. When used in wire antenna design problems, particularly on infinite ground planes,
MoM provides very accurate results very fast. The performance of the optimized antenna designs
are then confirmed with Ansoft HFSS, which utilizes a finite element solver, both on infinite and
finite size ground planes.
This optimization constitutes a N=9 dimensional problem, where dimensions are listed in
Table 4-5. For the first design example presented here, a population of 50 air parcels ran for 200
iterations with the following coefficient values during optimization process; α = 0.4, g = 0.2, c =
0.4, RT = 3, Vmax = + |0.3|. FEKO evaluates the input impedance and radiation pattern of each
candidate design, which are then used in the Pressure function as shown in (4-21). The height D
of the final design is only 0.08 λ0, which represents a lower profile than that of a conventional
IFA along with a broadside gain of 8.2 dB, where as the IFA has a null.
In Figure 4-23, the S11 of the optimized design is compared to a conventional IFA, where
both FEKO and HFSS calculations are shown on infinite size ground planes. Save for a small
frequency shift, both solvers show a resonance at around 500 MHz. Changing the ground plane
size to 2 λ0 by 2 λ0. does not degrade neither the S11 performance nor the gain pattern, where the
radiation pattern cuts are illustrated in Figure 4-24.
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Table 4-5: Dimensions of the conventional IFA and both of the optimized SLIFA design
examples are listed, where dimensions are shown both in mm and in terms of wavelength.
IFA

IFA

1st SLIFA

1st SLIFA

2nd SLIFA

2nd SLIFA

Dimen.

(mm)

(λ0)

(mm)

(λ0)

(mm)

(λ0)

D

66.00

0.110

48.00

0.08

48.00

0.08

P

24.00

0.040

50.48

0.084133

59.76

0.0996

R1

94.00

0.1567

289.41

0.48235

270.30

0.4505

R2

-

-

223.62

0.3727

94.66

0.1577

R3

-

-

60.00

0.10

204.88

0.3414

L1

-

-

84.50

0.14083

133.37

0.222

L2

-

-

239.17

0.3986

304.35

0.507

w

-

-

54.50

0.9083

70.99

0.1183

s

-

-

67.88

0.1131

82.09

0.1368

Figure 4-23: S11 comparison of the first optimized SLIFA design against the conventional IFA,
where both FEKO and HFSS results are shown.
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(a)

(b)

Figure 4-24: (a) Radiation pattern comparison in the XZ plane, (b) Radiation pattern comparison
in the YZ plane.

For the second design example, the WDO was allowed to run for 300 iteration with a
population size of 50 air parcels. The coefficients used were ; α = 0.4, g = 0.2, c = 0.4, RT = 3,
Vmax = + |0.3| and FEKO was utilized for the evaluation of the antenna designs, where the
Pressure is calculated based on

Pressure = | 10 + S11 | + | 25  Gain(θ=0°) |

(4-22)

The dimensions of the final design is provided in Table 4-5, where the height of the
antenna is 0.08 λ0 and the antenna resonates nearly at 500 MHz with a broadside gain of 10.10
dB. The S11 of the antenna on infinite ground plane is illustrated in Figure 4-25 and the two plane
cuts of the radiation pattern is shown in Figure 4-26. A high gain of 10.10 dB can be observed at
the broadside of the antenna.
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Figure 4-25: S11 performance of the second optimized SLIFA design, where the antenna is placed
on infinite ground plane.

Figure 4-26: Radiation pattern cuts for the second optimized SLIFA antenna, where the
coordinate system is referred in Figure 4-22.
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4.6. Summary
In this chapter of the dissertation a novel numerical nature-inspired optimization
algorithm called the Wind Driven Optimization (WDO) is introduced, and the theory behind the
WDO is discussed in detail. A numerical study conducted for determination of the best parameter
values, and efficiency of the WDO is illustrated by applying it to various electromagnetics
optimization problems.

Chapter 5
Double-Sided Artificial Magnetic Conducting Surfaces
This chapter introduces a novel methodology for the design synthesis of thin planar
realization of the volumetric artificial magnetic conducting surfaces (AMC). Several examples of
thin double-sided AMC ground planes that are optimized for use in the X-band will be presented
along with additional design examples that provide AMC behavior on one side and absorber
behavior on the other are discussed. A system example illustrating the utility of the double-sided
AMC separator between vertical antennas is shown for operation at the standard Wi-Fi
frequencies of 2.4 GHz and 5.2 GHz.

5.1. Introduction
Over the past decade, the development of artificial magnetic conductors (AMC) has
become an area of increasing interest. Sievenpiper [8] et al. has demonstrated the first AMC
metamaterial ground plane realization which consisted of a doubly periodic array of mushroomlike metallic structures with square, rectangular or hexagonally shaped patches linked to a
complete metallic ground plane with vertical metallic vias. The designs present a resonant highimpedance surface, where the tangential magnetic field is small and hence the artificial magnetic
conductor behavior can be observed. In addition to an AMC band of operation, the propagation
of electromagnetic waves at certain frequencies is prohibited, hence these structures can also be
called as an electromagnetic bandgap (EBG) material. Ma et al. took a metamaterial approach to
design high impedance AMC surfaces [9], where they replaced mushroom shaped structures with
a complex metallic frequency selective surfaces (FSS). With this realization of a doubly periodic
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electromagnetic bandgap (EBG) structure, the FSS unit cells are printed on a dielectric substrate,
which is backed by a complete metallic ground plane and omits the vertical vias providing a
simpler fabrication process. To obtain more control of the behavior and the operating frequency
of the structures, Kern et al. optimized FSS-based EBG structures with a Genetic Algorithm (GA)
for multiband response, angular stability, and a broadband AMC condition using magnetic
loading [14], [105]. These FSS-based EBG structures are fabricated rather easily using printed
circuit technology, making them ideal for low-profile antenna applications. They can be easily
mounted on a metallic platform such as the fuselage or wing of an aircraft, yet recent trends in
aircraft construction lend to the increased use of composites. Thus, there is a growing interest in
metamaterials that do not require a complete metallic backplane, which can be easily integrated in
low-profile and embedded antenna systems.
The first volumetric AMC realization for antenna applications was introduced by Erentok
et al. in [2]. Their design consisted of stacked layers of vertically oriented capacitively loaded
loops (CLL), which provides AMC response on one surface and artificial electric conductor
(AEC) response on the other. This realization eliminates the need for a complete metallic ground
plane backing and is well-suited for antenna applications on composite platforms. This realization
comes with two drawbacks, however. First, the structure must be electrically thick, consisting of
at least two CLLs to attain AMC behavior, which results in a structure thickness of approximately
λr/3 within the dielectric. For practical applications involving low-profile antennas, it is desired
that the thickness of the volumetric AMC ground planes to be thinner than the traditional quarter
wavelength antenna standoff distance from a metallic ground plane. Secondly, the vertical
orientation of the CLLs require multiple stacks which are aligned and glued to each other, making
fabrication cumbersome. Utilizing this method, Ferrer et al. constructed volumetric metamaterial
AMC separators for decorrelation of two closely spaced monopole antennas [106], and in a
similar attempt, Bait-Suwailam et al. utilized split ring resonators (SRRs) to design single-
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negative magnetic metamaterials to reduce the mutual coupling between two high-profile
antennas [107].
In this chapter, a new design technique is introduced for the realization of thin, planar,
and easily fabricated volumetric metamaterial AMC surfaces. The technique is based on using a
Genetic Algorithm [5] to optimize two cascaded FSS screen geometries printed on each side of a
thin dielectric substrate to achieve a highly reflective composite structure that does not possess a
complete metallic ground plane. The response from either side of the composite structure can be
independently optimized for AMC, AEC, or absorber behavior at a desired frequency or over
multiple frequency bands. This provides great flexibility for composite antenna systems with
ease of planar fabrication techniques.

5.2. Overview of Volumetric AMC Surfaces
Erentok et al. demonstrated in [2] that it is possible to design volumetric metamaterial
AMC slabs for antenna application by utilizing stacked capacitively-loaded loops (CLLs). This
metamaterial, shown in Figure 5-1, is doubly periodic in the XY plane and does not possess a
complete ground plane yet it still provides AMC response for a wave propagating in the -z
direction. If a wave traveling in the +z direction encounters the same structure, then the slab
provides artificial electric conductor (AEC) response. In its simplest form, the metamaterial slab
consists of a two CLL-deep unit cell along the z-axis. The in-house developed full-wave PFEBI
solver was used not only to verify the results in [2], but also to demonstrate the accuracy of
PFEBI for the GA optimization schema. Since PFEBI is a periodic structure solver, it is sufficient
to analyze only one unit cell of the volumetric AMC structure. The unit cell dimensions for this
structure are 5.1 mm in the y-direction, 0.75 mm in the x-direction and 6.45 mm in the zdirection.
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Figure 5-1: Pixelized two CLL-deep unit cell geometry for the Periodic Finite Element Boundary
Integral (PFEBI) method simulation. The black colored pixel faces represent the printed metal
(PEC) and gray colored pixels represent the absence of metal where the dielectric is exposed. The
structure is doubly periodic in the XY plane and TM plane wave that is traveling along the z-axis,
is impinging on top and bottom surfaces.

The PFEBI tool utilizes brick elements in its solver hence each dimension of the unit cell
is discretized in to bricks of nearly equal dimensions. The dimensions of each brick element in
Figure 5-1 are set uniformly as Δx = 0.125 mm, Δy = 0.15 mm, Δz = 0.15 mm. Black pixels
represent a perfectly conducting (PEC) metal screen on the face of a pixel, while grey shaded
pixels represent the absence of metal, where the dielectric is exposed. Dielectric permittivity is set
to εr = 2.2 and response of this slab is computed for TM wave propagation along the z-axis in the
X-Band, i.e. 8-12 GHz.

The free space wavelength at 10 GHz is λ0 = 30.0 mm and the

wavelength in the dielectric medium is λr = 20.23 mm. Considering the total thickness of the slab
in the z-direction is 6.45 mm or 0.319 λr, this AMC structure is quite thick for practical
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applications involving low profile antennas. The magnitudes and phases of the reflection and
transmission coefficients as calculated by the PFEBI solver are displayed in Figure 5-2. S11
designates the reflection from the top surface, where the openings of CLLs are directed and S22
designates the reflection from the bottom surface, where the continuous parts of the CLLs are
directed. The phase value of S11 passes through the zero at 9.90 GHz, hence the top surface of
the metamaterial behaves as AMC. The magnitude of the S11 at 9.90 GHz is -0.051 dB and S21 is 29.08 dB, respectively. On the other hand, the phase and the magnitude of the S22 are 170° and 0.025 dB, respectively. This demonstrates that the bottom face of the metamaterial behaves as an
AEC without requiring a complete metallic ground plane and PFEBI simulations provide
excellent agreement with the results provided in [2].

Figure 5-2: TM reflection and transmission phase and magnitude from the top and bottom
surfaces of the doubly periodic two CLL-deep volumetric AMC structure calculated by the
PFEBI. The phase values for the reflection from top surface show an in-phase reflection (solid
line) with the zero phase crossing at 9.90 GHz, whereas phase values for the reflection from
bottom surface show out-of-phase reflection (dashed line). PFEBI results agree very well with the
results presented in [2].
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5.3. Planar Double-Sided AMC Surfaces
The proposed composite structure consists of two optimized metallic FSS screens printed
on opposite sides of a commercially available dielectric slab, as shown in Figure 5-3. The doubly
periodic FSS screens share the same unit cell dimensions. Each square unit cell is divided into an
equal number of pixels and four-fold symmetry is applied in FSS design. For practical
applications, the thickness of the composite structure is limited to a thickness less than λr /10 at
the optimization frequency of 10 GHz. Using standard printed circuit fabrication technology, the
FSS screens can easily be etched on the appropriate side of the substrate.

Figure 5-3: Cross-sectional diagram of the proposed AMC structure. The top and bottom FSS
screen geometries are optimized by the GA optimization procedure. Material properties and
thickness of the thin dielectric substrate are predefined before optimizations, hence only the FSS
geometries are optimized

A standard binary-coded GA is used to optimize the each metallic FSS. Shown in Figure
5-4, the unit cell is divided into 16 by 16 pixels, where only one quarter of each unit cell is
optimized because of four-fold symmetry. The metallic pixels are shown with black color in
Figure 5-4 and represented with a "1" in the GA chromosomes, where as the absence of metallic
pixels is shown in gray and represented by a "0" in the chromosome. The design optimization
targets a highly reflective composite structure with surfaces having either AMC, AEC or doublesided AMC behavior. The GA is linked via a fitness function to the full-wave Periodic FiniteElement Boundary Integral (PFEBI) electromagnetic solver for calculation of reflection and
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transmission magnitudes and phases [76], which we also utilized in the previous section to verify
the results provided in [2].

Figure 5-4: GA chromosome mapping to the top and bottom FSS geometries. Metallic patch
covered pixels are illustrated with black color and dielectric exposed pixels are illustrated with
gray color. Binary GA chromosomes are mapped such that a "1" represents a metallic patch pixel
and a "0" represents absence of metallic pixel. Four-folded symmetry is applied to simplify the
structure.

5.4. Genetic Algorithm Optimization
The GA is a widely used in this dissertation due to ease of implementation and efficiency
in optimizing discrete-valued problems. The binary-valued GA is well suited for discrete-valued
parameterization in the design synthesis of the thin double-sided AMC structures. The
dimensions of the unit cell, thickness of the substrate, and permittivity of the dielectric substrate
are predefined; the GA is used to search for the best FSS geometries to obtain the desired surface
response. For fast and accurate numerical analysis of the composite structures, the GA is linked
with a full-wave Periodic Finite Element Boundary Integral (PFEBI), where the structures that are
selected by the GA are evaluated and scattering coefficients are returned for the cost
computations. A simple cost function of
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10GHz
Cost  1  RTop
,

(5-1)

can be used to obtain AMC conditions, where RTop represents the complex reflection coefficient
from the top surface of the composite structure at the optimization frequency of 10 GHz. For the
top surface to behave as an AMC, high in-phase reflection is desired, i.e. RTop = 1. Keeping the
practical applications in mind, an acceptable design threshold of -10 dB is defined as minimum
criteria for the transmission magnitude. The GA is permitted to run until the maximum number of
iterations is reached or the fitness goal is obtained.

5.5. Optimized Design Examples
In order to demonstrate the versatility of the thin composite double-sided planar AMCs,
several structures were optimized targeting various surface responses for different incident
polarizations at diverse frequencies. The designs include single band and multiple band AMC
optimizations, a single pass-band and AMC band designs, a band-selective AMC, an absorberAMC combination, as well as a double-sided AMC separator targeting Wi-Fi frequencies of 2.4
GHz and 5.2 GHz on opposite sides. The PFEBI simulated magnitude and phase of the scattering
coefficients are utilized in different cost functions to achieve the desired results.
The first design example was optimized for a normally incident TE plane wave on the top
surface at 10 GHz. A population of 20 chromosomes was evolved for a maximum of 200
iterations. The dimensions of the square unit cell were prescribed to be 1.0 cm by 1.0 cm, with a
thickness of 0.9 mm (0.095 λr). The permittivity of the dielectric was fixed at εr = 10.2 - j 0.0253,
which corresponds to the commercially available high frequency laminate; Rogers RT/Duroid®
6010 [109]. The metallic geometry of the optimized top and bottom surfaces are illustrated in
Figure 5-5 (a) and in Figure 5-5 (b), respectively. To increase the computational accuracy of the
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PFEBI solver, each pixel is divided into 4 smaller pixels to obtain a finer meshing resolution.
Black colored pixels represent the metallic pixels and gray pixels represent the absence of metal
where the dielectric is exposed.

(a)

(b)

Figure 5-5: GA optimized pixelized square unit cell geometries for a thin AMC structure at 10
GHz. Top FSS geometry is shown in (a), and bottom FSS geometry is shown in (b). Black pixels
represent the metallic patches and gray pixels represent the absence of metallic patches where the
dielectric is exposed.

In Figure 5-6, S11 represents the reflection from top surface of the composite structure.
For the geometry in Figure 5-5, ∠S11 passes through zero at 10 GHz, hence the top surface of the
metamaterial behaves as AMC at this frequency. At 10 GHz, |S11| is -0.527 dB and |S21| is -13.68
dB, respectively. On the other side of the structure, the phase and the magnitude of the S 22 are
177° and -0.19 dB, respectively. This demonstrates that the bottom face of the metamaterial
behaves as an AEC ground plane without requiring complete metallic backing.
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(a)

(b)

Figure 5-6: (a) TE reflection phase from the top and bottom surfaces, (b) reflection and
transmission magnitudes.

In order to demonstrate the flexibility of the optimization procedure and the proposed
design methodology, a second optimization is carried out for a TM polarized, normally incident
wave with a surface reflection phase response of 90 degrees and high reflection magnitude. It has
been shown in [111]-[112] that this phase response provides the best input impedance match for
low profile antennas. A population of 10 chromosomes was evolved for maximum of 300
iterations. The dimensions of the square unit cell were fixed to 1.0 cm by 1.0 cm with a thickness
of 1.05 mm (0.11 λr). The permittivity of the dielectric was again set to ε r = 10.2 - j0.0253. The
cost function used for this optimization is
10GHz
Cost  1  RTop
,

(5-2)

where the surface reflection response is targeted to be RTop = j. The optimized FSS geometries of
the top and bottom surfaces are illustrated in Figure 5-7 (a) and in Figure 5-7 (b), respectively.
The phase of S11 is 90° at 10.04 GHz and |S11| at 10.04 GHz is -0.41 dB as seen in Figure 5-8.
The transmission magnitude, |S21|, is -13.93 dB. The phase and the magnitude of the S22 are
171.5° and -0.19 dB, respectively. The bottom surface of the metamaterial behaves as a AEC
while the top surface is optimized for the desired response.

95

(a)

(b)

Figure 5-7: GA optimized pixelized square unit cell geometries for the second design
optimization. Top FSS geometry is shown in (a), and bottom FSS geometry is shown in (b).
Black pixels represent the metallic patches and gray pixels represent the absence of metallic
patches where the dielectric is exposed.

(a)

(b)

Figure 5-8: (a) TM reflection phase from the top and bottom surfaces, (b) reflection and
transmission magnitudes.

The third design is carried out for a TM polarized, normally incident wave and is
optimized for dual-band AMC conditions from the top surface at frequencies of 10.0 GHz, and
14.0 GHz. The cost function used for this optimization is
10.0GHz
14.0GHz
Cost  1  RTop
 1  RTop

(5-3)

A population of 15 chromosomes was evolved for a maximum of 300 iterations. The
dimensions of the square unit cell were set to 0.67 cm by 0.67 cm, with a thickness of 1.8 mm
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(0.2683 λr at 14 GHz). The same dielectric with permittivity εr = 10.2 - j0.0253 was used for this
design. The FSS geometries of the top and bottom surfaces are illustrated in Figure 5-9 (a) and
Figure 5-9 (b), respectively. The phase of S11 passes through the zero at 10.06 GHz, and 13.90
GHz, hence the top surface exhibits dual band AMC response as seen in Figure 5-10. The
magnitude of the S11 at 10.06 GHz is -1.00 dB and S21 is -15.25 dB, respectively. The magnitude
of S11 at 13.90 GHz is -0.78 dB and S21 is -13.16 dB, respectively. The phase and the magnitude
of S22 at 10.06 GHz are 177° and -0.14 dB, respectively. The phase and magnitude of S22 at 13.90
GHz are 175° and -0.22 dB, respectively. This demonstrates that the bottom face of the
metamaterial behaves as a AEC ground plane at both target frequencies of 10 GHz and 14 GHz.

(a)

(b)

Figure 5-9: GA optimized pixelized square unitcell geometries for a thin AMC structure at 10
GHz. Top FSS geometry is shown in (a), and bottom FSS geometry is shown in (b). Black pixels
represent the metallic patches and gray pixels represent the absence of metallic patches where the
dielectric is exposed
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(a)

(b)

Figure 5-10: (a) TM reflection phase from the top and bottom surfaces, (b) reflection and
transmission magnitudes.

The fourth design example is carried out for a TE polarized, normally incident wave and
optimized at two different frequencies, 8.0 GHz and 10.0 GHz. At 10.0 GHz, the design is
optimized for an AMC response from top surface, and at 8.0 GHz it is optimized for low
reflection, i.e. high transmission. The cost function to be minimized for this optimization is

8.0GHz
10.0GHz
Cost  RTop
 6  1  RTop

(5-4)

A population of 50 chromosomes was evolved for maximum of 200 iterations. The
dimensions of the square unit cell were set to 1.0 cm by 1.0 cm, with a thickness of 0.9 mm
(0.095 λr at 10 GHz). The permittivity of the dielectric was set to ε r = 10.2 - j0.0253. The
optimized FSS geometries of the top and bottom surfaces are illustrated in Figure 5-11 (a) and
Figure 5-11 (b), respectively. After the optimization is completed, a fine frequency sweep is
carried out. The reflection phase response from the top surface is computed via both PFEBI and
Ansoft HFSS [108] and shown in Figure 5-12 (a). Except for a small frequency shift, both
simulations agree very well. The small frequency shift can be explained by the different meshing
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techniques utilized by the two different solvers. The AMC band is achieved at 10 GHz as seen in
Figure 5-12 (a), whereas at 8.0 GHz the structure allows high transmission. In Figure 5-12 (b),
|S11| at 8.0 GHz is -18 dB and |S21| is -0.28 dB, respectively. At 10 GHz, |S11| is -0.6 dB and |S21|
is -16.67 dB.

(a)

(b)

Figure 5-11: GA optimized pixelized square unit cell geometries for a thin AMC structure for the
fourth design example. Top FSS geometry is shown in (a), and bottom FSS geometry is shown in
(b). Black pixels represent the metallic patches and gray pixels represent the absence of metallic
patches where the dielectric is exposed.

(a)

(b)

Figure 5-12 : (a) TE reflection phase from the top surface, (b) reflection and transmission
magnitudes.

99
The fifth design is carried out for a TM polarized, normally incident wave and is
optimized for AMC condition at 10 GHz and two pass bands at 9.0 GHz and 11.5 GHz,
respectively. This design demonstrates that we can achieve a highly reflective design with AMC
condition at one frequency band and optimize the structure to be transparent outside of the band,
providing a great deal of flexibility for composite systems. The cost function used for this
optimization is
9.0GHz
10.0GHz
11.5GHz
Cost  RTop
 1  RTop
 RTop

(5-5)

A population of 10 chromosomes was evolved for a maximum of 300 iterations. The
dimensions of the square unit cell were set to 1.035 cm by 1.035 cm with a thickness of 0.9 mm
(0.095 λr). A permittivity of εr = 10.2 - j0.0253 was again used for the substrate. The FSS
geometries of the top and bottom surfaces are illustrated in Figure 5-13 (a) and Figure 5-13 (b),
respectively. At 9.94 GHz, ∠S11 passes through zero and |S11| is -1.75 dB, hence the top surface
of the metamaterial behaves as an AMC.

(a)

(b)

Figure 5-13: GA optimized pixelized square unit cell geometries for a thin bandstop AMC
structure at 10 GHz. Top FSS geometry is shown in (a), and bottom FSS geometry is shown in
(b). Black pixels represent the metallic patches and gray pixels represent the absence of metallic
patches where the dielectric is exposed.
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On the other hand, ∠S22 and |S22| are 160° and -0.16 dB, respectively, demonstrating that
the bottom face of the metamaterial behaves as an AEC ground plane at around 10 GHz. As seen
in Figure 5-14 (b), the pass-band frequencies are 9.0 GHz with |S11| of -16.3 dB and |S21| of -0.5
dB and 11.5 GHz with |S11| of -12.1dB and |S21| of -0.4 dB.

(a)

(b)

Figure 5-14: (a) TM reflection phase from the top and bottom surfaces, (b) reflection and
transmission magnitudes.

The flexibility and versatility of the proposed synthesis method can be easily seen from
the previous examples, where double-sided AMC structures are optimized for AMC behavior at
single or multiple frequencies. Spatial filters are also possible, where pass bands can be designed
at certain frequencies along with AMC bands, offering a great deal of flexibility for composite
systems. The synthesis procedure can also be applied to absorber synthesis as well, requiring only
small modifications to the structure.

The previous two-layered designs assumed perfectly

conducting metal, however, they can be modified to include lossy surface sheets instead or
additionally, the structure can be extended to three FSS layers depending on the targeted surface
response. In this sixth design example, again a two FSS structure is optimized, where the PEC
patches of the top FSS is replaced with impedance patches which have a value optimized by the
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GA. The absorption magnitude of the top surface is computed using the scattering parameters
computed by the PFEBI through
10.0GHz
A  1  RTop

2

10.0GHz
 TTop

2

(5-6)

The optimization is carried out for a TM polarized, normally incident wave and the top
FSS is optimized for high absorption at 10 GHz. The cost function to be minimized is defined as
10.0 GHz
10.0 GHz
Cost  RTop
 TTop

(5-7)

A population of 20 chromosomes was evolved for a maximum of 300 iterations. The
dimensions of the square unit cell were preset to 1.0 cm by 1.0 cm with a thickness of 1.8 mm
(0.19 λr). The impedance of the top FSS patches and the complex dielectric substrate permittivity
were also optimized. The optimized top FSS has a surface impedance of 105.27 Ω and
permittivity of εr = 11.87 - j0.117 where as the bottom FSS is preset to be PEC.

(a)

(b)

Figure 5-15: GA optimized pixelized square unit cell geometries for a absorber structure at 10
GHz. (a) Top FSS geometry is shown, where black pixels represent the impedance patches and
gray pixels represent the absence of the impedance patches. (b) Bottom FSS geometry is shown,
where black pixels represent the metallic PEC patches and gray pixels represent the absence of
metallic PEC patches where the dielectric is exposed.
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The FSS geometries of the top and bottom surfaces are illustrated in Figure 5-15 (a) and
in Figure 5-15 (b), respectively. To achieve polarization insensitivity, eight-folded symmetry is
applied to the unit cells rather than four-folded symmetry. The scattering parameters for the
design in Figure 5-15 are shown in Figure 5-16. At 10.0 GHz, |S11| is -25.10 dB and |S21| is 17.43 dB as seen in Figure 5-16 (a). For the bottom surface shown in Figure 5-16 (b), |S22| and
∠S22 is -0.154 dB and 175.9° at 10.0 GHz. This provides a design with a highly absorptive top
surface at 10 GHz and a bottom surface that behaves as an AEC without requiring a complete
metallic back plane.

(a)

(b)

Figure 5-16: (a) TM surface response from the top surfaces; reflection, transmission and
absorption magnitudes. (b) TM surface response from the bottom surfaces; reflection,
transmission and absorption magnitudes.

The last design example uses three FSSs layers, where the top FSS again uses impedance
patches; the middle and bottom FSS screens are PEC as seen in Figure 5-18. The optimization is
carried out with a TM polarized wave at 10 GHz, where the top surface response is optimized for
high absorption and the bottom surface response is optimized for an AMC. The cost function
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10.0 GHz
10.0 GHz
10.0 GHz
Cost  RTop
 TTop
 1  RBottom
,

(5-8)

is used to achieve these goals. A population of 40 chromosomes was evolved for maximum of
500 iterations. Again, to achieve polarization insensitivity for absorber applications, eight-folded
unit cell symmetry is used. The dimensions of the square unit cell were set to 1.0 cm by 1.0 cm
with a thickness of 2.4 mm (0.259 λr), where the middle FSS is placed at the exact center of the
dielectric, i.e.1.2 mm away from either surface. The optimized permittivity of the dielectric is εr =
10.496, and the optimized surface impedance for the impedance patches is 649.32 Ω. At 10 GHz,
|S11| is -31.6 dB and |S21| is -22.4 dB, respectively. On the other side, |S22| and ∠S22 are 0.24° and
-0.073 dB, respectively. This demonstrates that the bottom face of the metamaterial behaves as a
AMC ground plane at 10 GHz while the top surface is highly absorptive.

(a)

(b)

Figure 5-17: (a) TM surface response from the top surfaces; reflection, transmission and
absorption magnitudes. (b) TM surface response from the bottom surfaces; reflection,
transmission and absorption magnitudes
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(a)

(b)

(c)

(d)

Figure 5-18: (a) Perspective view of the GA optimized square unit cell, where purple color
represent the impedance surfaces, yellow represents the PEC surfaces and blue represent the
absence of any metal where the dielectric material is exposed. (b) Top FSS geometry is shown,
where black pixels represent the impedance patches and gray pixels represent the absence of the
impedance patches. (c) Middle FSS geometry and (d) bottom FSS geometries are shown, where
black pixels represent the PEC patches and gray pixels represent the absence of PEC patches
where the dielectric is exposed.
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(a)

(b)

Figure 5-19: TM reflection phase from the top, shown in (a) and bottom surfaces shown in (b).

5.6. Application at Wi-Fi Frequencies
Customer demand in wireless communication devices has been toward compactness,
multifunctionality, throughput, and a better user experience which commonly leads to
development of new wideband and multiband communication devices. Multiple-input multipleoutput (MIMO) antenna systems are one such technology that utilize multiple antennas and
sophisticated communication protocols to achieve higher data rates and reduced interference [1].
Problems with multiple antenna devices arise from mutual coupling between tightly packed
radiating elements. For reduced mutual coupling, antennas are typically spaced at a minimum of
λ/2 apart [10], however, in compact devices with a small footprint, such separation may not be
feasible.
To allow reduced spacing between two monopole antennas without performance
degradation through mutual coupling, a thin double-sided artificial magnetic conducting surface
is placed in between the antennas. DSAMC separator is optimized via the genetic algorithm and
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PFEBI solver as with the previous designs. For realistic applications, the surface is likely not
infinite in extent as is assumed with PFEBI. Hence, a finite dimension AMC separator is also
simulated with two commercial finite element simulation tools after the GA optimization was
completed. Here, Ansoft HFSS and CST Microwave Studio [113] are used with the monopoles
included to confirm the results with finite length DSAMC separator. Design goals for the
optimization of DSAMC include a highly reflective composite structure with AMC behavior at
two different frequencies such that two antennas of diverse frequency can efficiently operate on
either side of the separator and can be packed into smaller footprint. In this design example, the
thin DSAMC separator is designed for use at the typical Wi-Fi bands of f1 = 2.4 GHz and f2 = 5.2
GHz. A 0.254cm-thick substrate of commercially available Rogers RT/Duroid® 6010 [109] is
used, which has a relative permittivity of εr = 10.2 - j0.0253. The four-folded symmetric unit cell
is optimized for a TE polarized, normally incident wave and the cost function to be minimized for
this optimization is

2.4 GHz
5.2 GHz
Cost  1  RTop
 1  RBottom
.

(5-9)

A population of 25 chromosomes was evolved over a maximum of 500 iterations. The
dimensions of the square unit cell were fixed at 1.18 cm on a side. The optimized FSS geometries
of the top and bottom surfaces are illustrated in Figure 5-20 (a) and Figure 5-20 (b), respectively.
After optimization, a fine frequency sweep of the doubly periodic structure is carried out in HFSS
and CST and displayed in Figure 5-21 (a), where excellent agreement can be observed between
two simulations. While the top surface provides near zero phase at 2.4 GHz, the bottom surface
reflection phase response is 45 degrees at 5.2 GHz, which is still in the working bandwidth of an
AMC response (± 90°).
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(a)

(b)

Figure 5-20: GA optimized pixelized square unitcell geometries for a thin AMC structure. Top
FSS geometry is shown in (a), and bottom FSS geometry is shown in (b). Black pixels represent
the metallic patches and gray pixels represent the absence of metallic patches where the dielectric
is exposed.

(a)

(b)

Figure 5-21: (a) TE reflection phase from the top for f1 = 2.4 GHz and (b) bottom surfaces f2 = 5.2
GHz. Excellent agreement can be seen between HFSS and CST.

To confirm functionality of this design as a practical DSAMC separator, a 6 by 6 unit cell
section of the material was placed halfway between a 2.4 GHz monopole and a 5.2 GHz
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monopole. The total size of the slab is 7.08 cm by 7.08 cm with a thickness of 0.252 cm. Each
monopole is placed 5 mm away from their respective surfaces which constitutes a total of 12.52
mm separation between two monopoles as illustrated in Figure 5-22. This total distance is 0.10 λ0
at f1 and 0.217 λ0 at f2 which would lead to considerable coupling between the two antennas
without any separator between them.

Figure 5-22: Cross-sectional diagram illustration of the double-sided AMC structure with two
monopoles operating at diverse frequencies of f1 and f2 , where the face of the DSAMC is
optimized for frequency f1 and the other face is optimized for frequency f2. Simulations are
carried out in HFSS and CST.

A metal (PEC) separator can be placed in between the two monopole antennas to reduce
the coupling, however, this also leads to poor input efficiencies as is illustrated with the black
curves in Figure 5-23. On the other hand, inserting the optimized DSAMC separator allows
tightly packing of the antennas with good isolation. The return loss and isolation of antennas are
illustrated in Figure 5-23 (a) for the lower frequency band and Figure 5-24 (b) for upper
frequency band. CST and HFSS simulations are in excellent agreement and the DSAMC
separator provides good isolation and good return loss at the targeted Wi-Fi frequencies.
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(a)

(b)

Figure 5-23: Antenna performance and coupling for the low frequency band (a) and high
frequency band of operation (b). S11 denotes the monopole performance at the low frequency f1 =
2.4 GHz, and S22 denotes the monopole performance at the higher frequency f2 = 5.2 GHz. The
black curve demonstrates poor performance for both antennas when the PEC separator is used

Figure 5-24 illustrates the YZ plane cut of the radiation patterns of the individual
monopoles when they are 5 mm away from their respective surfaces. For both antennas, highest
gain is directed away from DSAMC separator and due to finite ground plane, the main beam is
not directed at the horizon. The gain at respective frequencies is 4.8 dB for the low frequency
monopole and 8.7 dB for the high frequency monopole.

5.7. Summary
A new design methodology has been presented for the synthesis of thin planar
realizations of volumetric artificial magnetic conducting (AMC) surfaces. The composite
materials are generated through optimization of two or three different metallic frequency selective
surface (FSS) structures printed on either side, and optionally inside of, a thin dielectric substrate.
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This type of realization eliminates the need for a complete PEC back plane and through
optimization of these thin composite structures, it is possible to synthesize thin volumetric AMC
planes for different polarizations, different surface responses, and also either single or multifrequency of operation with thicknesses as small as λr/10. Such designs can also be tailored to
absorber applications by simultaneously optimizing the FSS geometry and surface impedance of
one surface and the PEC FSS of the opposite surface to provide a slab with absorber behavior on
one side and AMC behavior on the other. A system example is also presented which illustrates
the versatility of the double-sided AMC design as a separator to reduce the coupling between two
monopole antennas operating at the Wi-Fi frequencies of 2.4 GHz and 5.2 GHz.

Figure 5-24: Gain plots of the individual monopoles operating at 2.4 GHz (red) and 5.2 GHz
(black). Radiation is highest in the YZ plane as shown in Figure 5-22, with each antenna having
highest gain away from its respective surfaces.

Chapter 6
Matched Impedance Thin Planar Composite Magneto-Dielectric
Metasurfaces

6.1. Introduction
The advantages and disadvantages of applying high permittivity dielectric loading to
electromagnetic devices such as in the miniaturization of patch antennas are well known [110].
Sometimes overlooked, however, is the same effect utilizing magnetic loading [114] or using
magneto-dielectric materials. A low-loss material with both magnetic (μr > 1) and dielectric (εr >
1) properties would enable the design of more advanced microwave devices and miniaturized
antenna systems. Such materials could potentially be used as substrates for miniaturized planar
antennas while maintaining a relatively high bandwidth and broadside gain. Unfortunately, most
naturally occurring homogenous magnetic materials exhibit large losses that render them
unusable at high frequencies beyond 500 MHz [115], hence engineered magnetic and magnetodielectric materials have to be designed as composite structures. There have been a variety of
efforts to realize magnetic materials as substrates for miniaturized patch antennas by combining
metallic inclusions into non-magnetic substrates [116] - [118] which behave as embedded LC
resonator circuit elements. As an alternative to embedded metallic inclusions, Namin et al. [119]
recently suggested using alternating thin ferromagnetic films and polymer layers as composites
for realizing substrates with identical relative permittivity and permeability. This technique was
employed in [119] to design significantly miniaturized broadband stacked-patch antennas for the
L-band. Kern et al. [12] proposed a design approach for composite magnetic metamaterial
coatings, called metaferrites, which can be engineered to provide magnetic properties (μ r > 1, εr =
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1) that are usable at frequencies beyond 1 GHz, where conventional magnetic materials tend to
suffer from high losses and/or weaker response. In [12], it was demonstrated that the properties of
a PEC backed homogenous magnetic slab with frequency dependent permeability could
effectively be achieved using a properly designed high-impedance Electromagnetic Bandgap
(EBG) structure. Unlike designs with embedded circuit element inclusions such as split-ring
resonators, their planar configuration is relatively simple and only requires that a Frequency
Selective Surface (FSS) type structure be printed on top of a thin PEC backed dielectric substrate.
It was also demonstrated that the real and imaginary parts of the effective permeability of an
equivalent homogeneous magnetic slab could be related to the surface impedance values of the
composite EBG structure.
Electromagnetic absorbers represent another equally important area that can benefit from
using magneto-dielectric metamaterials, with applications ranging from reducing the radar cross
section of large objects [3] to reducing the reflected energy inside of anechoic chambers [4]. In
many practical applications, electromagnetic absorbers are required to cover curved surfaces of
large objects, where the thickness of the absorber as well as the electrically small feature size of
the metamaterial structure become very important design considerations. Kern et al. [67]
demonstrated a novel design synthesis methodology that employs a Genetic Algorithm (GA) with
the ability to optimize the subwavelength unit cell geometry of a metamaterial to achieve a
desired response at a targeted operating frequency or set of frequencies. This robust GA
optimization technique was utilized in [67] to synthesize ultra-thin metamaterial absorbers based
on lossy EBG surfaces and in [14] to design multiband Artificial Magnetic Conducting (AMC)
surfaces by manipulating the electromagnetic properties of high-impedance FSS. Moreover, it
has been shown in [12] that a similar GA optimization procedure can be used to synthesize lossy
metaferrites for electromagnetic absorber applications.
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In this chapter, a new design technique is introduced for creating matched impedance (μ r
= εr > 1) magneto-dielectric metamaterial slabs. The technique is based on using a GA [5] to
optimize thin planar metallo-dielectric metasurfaces comprised of a periodic array of electrically
small and rotationally symmetric unit cell structures sandwiched between two different dielectric
slabs, one of which is backed by a perfectly conducting ground plane. The ability to optimize the
design parameters of these thin planar composite metallo-dielectric structures allows for the
synthesis of low-loss matched-impedance magneto-dielectric metamaterials for planar antenna
miniaturization and high-loss matched-impedance magneto-dielectric metamaterials for absorber
applications. Moreover, these composite metallo-dielectric structures allow for the design of
planar low-loss double-negative substrates as an alternative to volumetric split-ring resonators
[115], [121].

6.2. Theoretical Development of Matched-Impedance Composite Magneto-Dielectrics
The design of the Matched Impedance (μr = εr > 1) Magneto-Dielectric Metamaterial
(MIMDM) consists of a metallic frequency selective surface (FSS) screen with electrically small
unit cells sandwiched between two layers of different dielectric materials, one of which is backed
by a PEC ground plane as illustrated on the left in Figure 6-1. The upper dielectric has a thickness
of t1 and relative permittivity of ε1 and the lower layer has a thickness t2 and relative permittivity
of ε2. The equivalent of this metallo-dielectric structure is a PEC backed homogenous impedance
matched magneto-dielectric slab with thickness of d = t1 + t2 as illustrated on the right of Figure
6-1.
The properties of a PEC backed matched impedance homogenous magneto-dielectric slab
with frequency dependent constitutive parameters could effectively be achieved by an optimized
composite structure as seen on the left in Figure 6-1.
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Figure 6-1: Cross-sectional diagram of the PEC backed composite magneto-dielectric
metamaterial structure (left) and its equivalent PEC backed homogenous (μr = εr > 1) material
structure (right).

The surface impedance encountered by a propagating plane wave normally incident upon
the composite structure can be expressed as
Z FSS  RFSS  j X FSS ,

(6-1)

where RFSS and XFSS are the respective resistance and reactance of the impedance ZFSS.
Moreover, a thin slab of PEC backed homogeneous magneto-dielectric material with thickness d,
permeability μr (where μr = μ'r - jμ''r) and permittivity εr (where εr = ε'r - jε''r) would have the
surface impedance, Zin, as given in [3],
Zin  Z s tanh( j 0 0 ns d ),

(6-2)

Z s  Z 0 r /  r

(6-3)

where

Considering the scenario where the slab of PEC backed magneto-dielectric material is
matched to free space (μr = εr) such that Zs = Z0, then (6-2) simplifies to
Z matched  Z 0 tanh( j 0 ns d )

(6-4)

The index of refraction, ns, for the same scenario, (μr = εr), can be given by
ns  r  r  (r  j r)( r  j r)  r   r

Setting ZFSS equal to Zmatched using (6-1) and (6-4), respectively, it follows that

(6-5)
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tanh( j 0 ns d )  Z FSS Z 0

(6-6)

and solving (6-6) for ns yields

ns  r   r 

Z 
tanh 1  FSS 
j 0 d
 Z0 
1

(6-7)

which suggests that the real and imaginary parts of the complex permeability (or
permittivity) can be expressed as

Z
 1
tanh 1  FSS
 j 0 d
 Z0








(6-8)

 1

 Z 

tanh 1  FSS  
 j 0 d
 Z0 



(6-9)

 r  r  Re 
and

 r  r  Im 

These equations relate the permeability (and permittivity) of the homogeneous magnetodielectric material to the surface impedance of the composite metamaterial structure. Finally,
utilizing (6-1), it is possible to derive independent equations for RFSS and XFSS in terms of the
desired permittivity/permeability as shown by
RFSS 

Z0
sinh(2 x)
2
2 cosh ( x)  sin 2 ( y )

(6-10)

X FSS 

Z0
sin(2 y )
2
2 cosh ( x)  sin 2 ( y )

(6-11)

and

where x   0 d  r , y   0 d r , r   r and r   r .
A binary GA design strategy is employed to optimize the various parameters of the
composite metamaterial structure that provides the targeted surface impedance response based on
(6-10) and (6-11) as well as the desired effective medium properties. The optimized design

116
parameters include the complex dielectric permittivities (ε1 and ε2) of each layer, their
corresponding thicknesses (t1 and t2), the pixelized geometry and the dimensions of the FSS unit
cell.

6.3. Genetic Algorithm Optimization Schema
The GA is utilized for the synthesis of the MIMDM structures targeting various effective
material parameters. The GA is well suited for both discrete-valued and real-valued
parameterization in the design synthesis of the composite magneto-dielectric structures. It is used
to search for the appropriate dielectric material thicknesses, dielectric constants and loss tangents,
the FSS geometry and unit cell size that yield the required values for RFSS and XFSS. For fast
numerical analysis of the composite structures, the GA is linked with a full-wave Periodic
Method of Moments (PMM) code which employs layered media Green's functions, periodic
boundary conditions based on Floquet's theorem, and rooftop basis functions [122].
Candidate solutions generated by the GA are evaluated by the PMM code and scattering
coefficients are returned for the cost computations. A simple cost function of

Cost 

N

 (R

FSS

i 1

 Rmatched )2  ( X FSS  X matched ) 2  ,

(6-12)

is employed over N target frequencies, where RFSS and XFSS represent the surface
resistance and surface reactance values of the composite structure, while Rmatched and Xmatched
represent the real and imaginary parts of the surface impedance associated with the desired
homogeneous MIMDM. Once the maximum number of iterations are exhausted or a design with
the required values for RFSS and XFSS is found, the optimization terminates. Afterwards, a fine
frequency sweep of the final optimized design is performed and validated against the
commercially available Ansoft HFSSTM [108].
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6.4. Planar Composite Metasurfaces
In the design of MIMDMs, the unit cell consists of a metallic FSS screen with electrically
small unit cells sandwiched between two different dielectric layers, one of which is backed by a
PEC ground plane. The FSS unit cell is divided in to 32 by 32 pixels and possesses four-fold
rotational symmetry which ensures it will have a polarization independent response. Since
rotational symmetry is applied, only one quarter of the unit cell is required to be specified by the
GA. The crossed arms that pass through the center of the unit cell effectively extend into the
neighboring unit cells as depicted in Figure 6-2. When the long arms are properly in alignment
with the neighboring unit cells, the effective unit cell size, indicated by the dashed line, can be
considerably reduced [123]. This tight packing increases coupling between neighboring cells
which can lead to enhanced bandwidth [4].

(a)

(b)

Figure 6-2: Two different FSS-based metamaterial unit cell geometries. Black and gray shaded
regions both represent PEC pixels with two-tones used to distinguish the interconnected structure
which spans multiple unit cells. Note that the dashed lines designate the borders of a unit cell.

For the design of Figure 6-2 (a), the unit cell is split into four quadrants and the GA is
used to optimize only one quadrant by turning pixels “on” and “off”, where “on” represents the
existence of a PEC patch at that location and “off” represents the absence of metal. Each pixel is
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represented by a single bit in the GA chromosome, which in total requires 143 bits for the FSS
geometry alone and an additional 70 bits for the remaining design parameters.

Four-fold

rotational symmetry is then applied to complete the unit cell geometry. Although this method
provides a great deal of flexibility with all design possibilities for the FSS geometry, it can also
overwhelm the GA with the proposed chromosome length of 213 bits. A simpler structure is
shown in Fig. 3b, where again the GA optimizes only one quadrant but rather than turning on and
off pixels, it adjusts the lengths of eleven rows of pixel strips, reducing the FSS geometry portion
of the GA chromosome length to 70 bits; another 70 bits is used for the rest of the design
parameters, resulting in total chromosome length of 140 bits. Applying symmetry completes the
four-fold geometry.

6.5. Optimization Results
In order to demonstrate the versatility of the thin composite MIMDMs, several structures
were optimized with different objectives in mind. These designs include low-loss single-band
and dual-band magneto-dielectrics with either double-positive or double-negative constitutive
parameters. In addition to low-loss designs, these composite structures can be optimized for
absorber applications where a certain degree of loss is necessary. Equation (6-10) and (6-11)
allows us to compute the required surface impedance values of RFSS and XFSS for an equivalent
matched-impedance magneto-dielectric slab with desired constitutive parameters. Then the GA is
used to optimize the composite structure in order to obtain the required surface impedance values
at the targeted design frequencies.
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6.5.1. Synthesis of Low-loss Single-band Magneto-dielectric Metamaterials
The first design example that will be considered was optimized to achieve effective
material properties of μr = εr = 3 - j 0.005 at 1.5 GHz. The GA was configured with a population
size of 25 chromosomes and was permitted to run for a maximum of 500 iterations using the cost
function defined in (6-12). The unit cell geometry evolved by the GA is illustrated in Figure 6-3
(a), while the remaining optimized parameters of the structure are provided in Table 6-1.

(a)

(b)

Figure 6-3 : FSS unit cell geometries for the targeted designs of (a) μr = εr = 3 - j 0.005, and (b) of
μr = εr = 4 - j 0.005, where black and gray shaded regions represent PEC pixels with two-tones
used to distinguish the interconnected structure which spans multiple unit cells. Note that the
dashed black lines designate the borders of each unit cell.

Figure 6-4 plots the real and imaginary parts (dashed and solid curves respectively) of the
constitutive parameters that are determined by substituting the PMM computed surface
impedance values (ZFSS) and the thickness (d) into (6-8) and (6-9). Values of μr = εr = 2.98 - j
0.022 are achieved at the targeted design frequency of 1.5 GHz. The real part of the surface
impedance (RFSS) for the optimized composite metamaterial is displayed in Figure 6-5 (a), which
was computed via PMM and HFSS.
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Figure 6-4: Real and imaginary parts of the effective parameters that are computed by substituting
the surface impedance values (ZFSS) into (6-8) and (6-9). At the targeted design frequency of 1.5
GHz, values of μr = εr = 2.98 - j 0.022 are achieved.

The two solvers agree very well other than a small frequency shift caused by different
meshing strategies employed in the respective solvers. Figure 6-5 (a) also illustrates the HFSS
computation of the surface resistance of a homogenous slab with the dispersive constitutive
parameters of those shown in Figure 6-4. The dashed line represents the surface resistance of an
ideal non-dispersive magneto-dielectric material of the same thickness (Rmatched). The imaginary
parts of the surface impedance (XFSS) of the optimized composite metamaterial computed via
PMM and HFSS are displayed in Figure 6-5 (b). Similar to the real parts, the shape of the curves
agree well, save for a small frequency shift caused by the different meshing strategies employed
in each code. Figure 6-5 (b) also illustrates the HFSS computation of the surface reactance of a
homogenous slab with the dispersive constitutive parameters of Figure 6-4. The dashed line
represents the surface reactance (Xmatched) of an ideal non-dispersive magneto-dielectric material
of the same thickness.
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(a)

(b)
Figure 6-5: Real (a) and imaginary (b) parts of the surface impedance (ZFSS) of the composite
metamaterial targeting μr = εr = 3 - j 0.005, along with the surface impedance of a homogenous
slab with the dispersive constitutive parameter values assigned to it. The dashed lines represent
the surface resistance of an ideal non-dispersive magneto-dielectric material with the same
thickness.
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The second design example was optimized to achieve effective material properties of μr
= εr = 4 - j 0.005 at 1.5 GHz. The GA was configured with a population size of 50 chromosomes
for a maximum of 1000 iterations using the cost function given in (6-12). The unit cell geometry
of the optimized design is illustrated in Figure 6-3 (b). For this design, the optimized parameter
values are also provided in Table 6-1. The real and imaginary parts of the constitutive parameters
that were determined by substituting the PMM computed surface impedance values (ZFSS) and the
thickness (d) into (6-8) and (6-9) are plotted in Figure 6-6 as the dashed and solid curves,
respectively. Values of μr = εr = 3.98 - j 0.015 were achieved at the targeted design frequency of
1.5 GHz.

Figure 6-6: Real and imaginary parts of the effective parameters that are computed by substituting
the surface impedance values, ZFSS, into (6-8) and (6-9). At the targeted design frequency of 1.5
GHz, values of μr = εr = 3.98 - j 0.015 are achieved.

The real part of the surface impedance (RFSS) for the optimized composite metamaterial,
computed via PMM, is displayed in Figure 6-7 (a), along with the HFSS computation of the
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surface resistance of a homogenous slab using the dispersive constitutive parameters shown in
Figure 6-6. The dashed lines in Figure 6-7 (a) and (b) represent the surface resistance and
reactance, respectively, of an ideal non-dispersive magneto-dielectric material of the same
thickness. In Figure 6-7 (b), the imaginary part of the surface impedance (XFSS) of the optimized
composite metamaterial, computed via PMM, is illustrated along with the HFSS computation of
the surface reactance of a homogenous slab using the dispersive constitutive parameters of Figure
6-6.

Table 6-1: Design Parameters for the Low-loss Matched Impedance Metamaterials at 1.50 GHz
Targeted Effective
Constitutive Parameters
Unit Cell Dimensions
(cm x cm)
Superstrate Permittivity, ε1
Substrate Permittivity, ε2
Superstrate Thickness, t1
Substrate Thickness, t2

μr = εr = 3 - j 0.005

μr = εr = 4 - j 0.005

0.6006 x 0.6006

0.460 x 0.460

11.61 - j 0.0174
8.50 - j 0.0144
0.111 cm
0.162 cm

11.56 - j 0.0155
11.34 - j 0.0007
0.085 cm
0.202 cm

6.5.2. Synthesis of Low-loss Dual Magneto-dielectric Metamaterials
The third design example was optimized to exhibit effective material properties of μr = εr
= 2 - j 0.005 at two separate frequencies of 1.5 GHz and 1.8 GHz. A GA population of 20
chromosomes was permitted to run for 500 iterations using the cost function provided in (6-12) at
both frequencies, where N = 2. The unit cell geometry evolved by the GA is shown in Figure 6-8
(a), while the other optimized design parameters are provided in Table 6-2.
The real and imaginary parts of the frequency dependent effective parameters that are
determined by substituting the PMM computed surface impedance values (ZFSS) and the thickness
(d) into (6-8) and (6-9) are shown plotted in Figure 6-10. Effective material parameter values of
μr = εr = 1.96 - j 0.165 at 1.5 GHz and μr = εr = 2.02 - j 0.116 at 1.8 GHz were achieved.
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(a)

(b)
Figure 6-7: Real (a) and imaginary (b) parts of the surface impedance (ZFSS) of the composite
metamaterial targeting μr = εr = 4 - j 0.005, along with the surface impedance of a homogenous
slab with the dispersive constitutive parameter values assigned to it. The dashed lines represent
the surface resistance of an ideal non-dispersive magneto-dielectric material with the same
thickness.
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The real part of the surface impedance of the optimized composite metamaterial (RFSS),
computed via PMM, is displayed in Figure 6-9 (a) along with the HFSS computation of the
surface resistance of a homogenous slab using the dispersive constitutive parameters shown in
Figure 6-10. The dashed lines in Figure 6-9 represent the surface resistance and reactance of an
ideal non-dispersive magneto-dielectric material of equivalent thickness. In Figure 6-9 (b), the
imaginary part of the surface impedance of the optimized composite metamaterial (XFSS),
computed via PMM, is illustrated along with the HFSS computation of the surface reactance for a
homogenous slab using the dispersive constitutive parameters shown in Figure 6-10.

Table 6-2: Design Parameters for the Dual-band Low-loss Matched-Impedance Metamaterial at
1.5 GHz and 1.8 GHz.
Targeted Effective Constitutive Parameters
Unit Cell Dimensions (cm x cm)
Superstrate Permittivity, ε1
Substrate Permittivity, ε2
Superstrate Thickness, t1
Substrate Thickness, t2

(a)

μr = εr = 2 - j 0.005
3.988 x 3.988
8.76 - j 0.0908
11.02 - j 0.0634
0.175 cm
0.138 cm

(b)

Figure 6-8: FSS unit cell geometries for the design of (a) dual band metamaterial with μr = εr = 2 j 0.005 , and (b) single band metamaterial with μr = εr = -4 - j 0.005, where black and gray shaded
regions represent PEC pixels with two-tones used to distinguish the interconnected structure
which spans multiple unit cells. Note that the dashed black lines designate the borders of each
unit cell.
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(a)

(b)
Figure 6-9: Real (a) and imaginary (b) parts of the surface impedance (ZFSS) of the composite
metamaterial targeting μr = εr = 2 - j 0.005, along with the surface impedance of a homogenous
slab with the dispersive constitutive parameter values assigned to it. The dashed lines represent
the surface resistance of an ideal non-dispersive magneto-dielectric material with the same
thickness.
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Figure 6-10: Real and imaginary parts of effective parameters that are computed by substituting
the surface impedance values, ZFSS, into (6-8) and (6-9). The targeted design frequencies are 1.5
GHz and 1.8 GHz.

6.5.3. Synthesis of Low-loss Double-negative Magneto-dielectric Metamaterials
The fourth and final low-loss example was optimized to possess double-negative matched
impedance magneto-dielectric properties given by μr = εr = -4 - j 0.005, at the operating frequency
of 1.5 GHz. A GA population of 50 chromosomes was permitted to run for 1000 iterations using
the cost function found in (6-12). The unit cell geometry evolved by the GA is shown in Figure
6-8 (b) while the other optimized design parameters are provided in Table 6-3. The real and
imaginary parts of the effective metamaterial parameters that are determined by substituting the
PMM computed surface impedance values (ZFSS) and the thickness (d) into (6-8) and (6-9) are
illustrated in Figure 6-11 by the dashed and solid curves, respectively. Effective metamaterial
parameter values of μr = εr = -4.07 - j 0.014 are achieved at the targeted operating frequency of
1.5 GHz. The real part of the surface impedance of the optimized composite metamaterial (RFSS)
computed via PMM is displayed in Figure 6-12 (a) along with the HFSS computation of the
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surface resistance of a homogenous slab using the dispersive constitutive parameters shown in
Figure 6-11. The dashed lines represent the surface resistance and reactance of an ideal nondispersive magneto-dielectric material with an identical thickness to the metamaterial. In Figure
6-12 (b), the imaginary part of the surface impedance of the optimized composite metamaterial,
XFSS, computed via PMM is illustrated along with the HFSS computation of the surface reactance
corresponding to a homogenous slab using the dispersive constitutive parameters of Figure 6-11.

Table 6-3: Design Parameters for the Low-loss Double-Negative Matched Impedance
Metamaterials at 1.5 GHz.
Targeted Effective Constitutive Parameters
Unit Cell Dimensions (cm x cm)
Superstrate Permittivity, ε1
Substrate Permittivity, ε2
Superstrate Thickness, t1
Substrate Thickness, t2

μr = εr = -4 - j 0.005
0.893 x 0.893
7.65 - j 0.0014
5.93 - j 0.0009
0.103 cm
0.102 cm

Figure 6-11: Real and imaginary parts of effective parameters that are computed by substituting
the surface impedance values, ZFSS, into (6-8) and (6-9). At the targeted design frequency of 1.5
GHz values of μr = εr = -4.07 - j 0.014 are achieved
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(a)

(b)
Figure 6-12: Real (a) and imaginary (b) parts of the surface impedance (ZFSS) of the composite
metamaterial targeting μr = εr = -4 - j 0.005, along with the surface impedance of a homogenous
slab with the dispersive constitutive parameter values assigned to it. The dashed lines represent
the surface resistance of an ideal non-dispersive magneto-dielectric material with the same
thickness.
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6.5.4. Synthesis of Single-band Magneto-dielectric Metamaterial Absorber
The equations that were derived previously can be modified for electromagnetic absorber
applications where thin composite structures are optimized to achieve a MIMDM with high loss.
In this case the surface impedance of the composite structure can be controlled such that it is
matched to free space (ZFSS = RFSS + j XFSS = Z0), achieving zero reflection at the free spaceabsorber interface [3]. The surface impedance of the composite structure (ZFSS) can be expressed
in terms of the equivalent PEC-backed homogenous matched impedance (μr = εr) magnetodielectric material permittivity and permeability by using (6-8) and (6-9). Since the surface
impedance of the composite structure must match the impedance of free space, it is easily
determined that

Z FSS  RFSS  jX FSS  Z 0 ,  RFSS  Z 0 and X FSS  0

(6-13)

Based on this requirement, the desired values for μ'r and μ''r can be derived from (6-8)
and (6-9) such that

X FSS  0  r  n 0 4d , where n  1,2,3,...

(6-14)

RFSS  Z 0  r  m 0 2d , where m  1,2,3,...

(6-15)

and

These equations ensure a matched impedance material with zero reflection at the free
space-absorber interface as well as high electric and magnetic losses which make it suitable for
absorber applications. The first absorber example targets material properties of μr = εr = 7.153 - j
14.31 at 1.5 GHz, while the optimized composite structure achieves μr = εr = 6.324 - j 12.76 at
the desired operating frequency as shown in Figure 6-15. For this optimization, a 25 member GA
population was evolved through 500 generations. The resulting FSS screen structure is illustrated
in Figure 6-13 (a). Its square unit cell has a length of 5.88 mm (0.0294 λ0) on a side and it is
sandwiched between dielectric layers with thicknesses t1 = 1.62 mm and t2 = 5.37 mm. The total
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thickness of the structure is 0.03495 λ0. The relative dielectric constants of the layers are ε1 =
3.14 - j 0.0664 and ε2 = 6.79 - j 1.1563.

(a)

(b)

Figure 6-13: FSS unit cell geometries for the (a) single band, and of the (b) dual band magnetodielectric absorbers, where the black and gray shaded regions represent PEC pixels with twotones used to distinguish the interconnected structure which spans multiple unit cells. Note that
the dashed black lines designate the borders of the unit cell.

The real part (RFSS) of the surface impedance of the optimized composite metamaterial,
computed via PMM and HFSS, are displayed in Figure 6-14 (a). Similar to the previous designs,
the curves agree well save for a small frequency shift caused by the different meshing strategies
employed in the two solvers. Figure 6-14 (a) also illustrates the HFSS computation of the surface
resistance of a homogenous slab using the dispersive constitutive parameters shown plotted in
Figure 6-15. The dashed lines in Figure 6-14 (a) and Figure 6-14 (b) represent the surface
resistance and reactance, respectively, of an ideal non-dispersive magneto-dielectric material with
an identical thickness to the metamaterial. Figure 6-14 (b) illustrates the imaginary part of the
surface impedance (XFSS) of the optimized composite metamaterial, computed via PMM and
HFSS. Again, the reactance curves agree well save for a small frequency shift. Figure 6-14 (b)
also illustrates the HFSS computation of the surface reactance of a homogenous slab using the
dispersive constitutive parameters found in Figure 6-15.
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(a)

(b)
Figure 6-14: Real (a) and imaginary (b) parts of the surface impedance (ZFSS) of the composite
metamaterial absorber design, computed using PMM and HFSS, along with the surface
impedance of a homogenous slab with the dispersive constitutive parameter values assigned to it.
The dashed lines represent the surface resistance of an ideal non-dispersive magneto-dielectric
material with the same thickness.
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Figure 6-15: Real and imaginary parts of effective parameters that are computed by substituting
the surface impedance values, ZFSS, into (6-8) and (6-9). At the targeted design frequency of 1.5
GHz values of μr = εr = 6.324 - j 12.76 are achieved.

A plot of the reflection magnitude versus frequency for this structure is shown in Figure
6-16 (a), where attenuation of more than 45 dB at the design frequency of 1.5 GHz is attained.
Angular dependency of the reflection is also computed via PMM and illustrated in Figure 6-16
(b). The very small subwavelength unit cell structures of the metamaterial absorber provide a
remarkably stable angular response, even with incident angles up to 50° from broadside.

6.5.5. Synthesis of Dual-band Magneto-dielectric Metamaterial Absorber
The second example is a dual band absorber designed to operate at 2.0 GHz and 2.5 GHz.
This design targets effective material properties of μr = εr = 4.1946 - j 8.3893. In this case, the
GA evolved a population of 25 members through 500 generations.
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(a)

(b)
Figure 6-16: (a) Frequency response of the single-band thin composite magneto-dielectric
absorber, where reflection coefficient magnitude of the design is shown. (b) Angular dependency
of the reflection magnitude, where good absorber response is observed up to θ=50° from normal.
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The square unit cell of the optimized design is 1.997 cm (0.1664 λ0 at 2.5 GHz) on a side
and it is sandwiched between dielectric layers with thicknesses t1 = 5.95 mm and t2 = 5.97 mm.
The total thickness of the structure is 0.099 λ0 at 2.5 GHz. The layers have relative dielectric
constants of ε1 = 11.72 - j 1.0469 and ε2 = 9.44 - j 2.3594. The real and imaginary parts of the
surface impedance of the optimized dual band composite metamaterial absorber computed via
PMM and HFSS are displayed in Figure 6-18 (a) and (b), respectively. The surface impedance of
a homogenous slab with the dispersive effective material parameter values is also displayed in
Figure 6-18. Excellent agreement is achieved for both the RFSS and XFSS. The dashed lines
highlight the free space wave impedance (Z0), and very good agreement is observed at the target
design frequencies. The reflection magnitude of this structure is illustrated in Figure 6-17,
showing significant attenuation at both bands of operation.

Figure 6-17: Frequency response of the dual band thin composite magneto-dielectric absorber,
where the magnitude of the reflection coefficient is shown plotted as a function of frequency.
Excellent agreement is observed between all simulations.
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(a)

(b)
Figure 6-18: Real (a) and imaginary (b) parts of the surface impedance (ZFSS) of the composite
metamaterial absorber design, computed using PMM and HFSS, along with the surface
impedance of a homogenous slab with the dispersive constitutive parameter values assigned to it.
Excellent agreement is observed.
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6.5.6. Rectangular Microstrip Antenna Miniaturization via MIMDM Substrates
Rectangular microstrip antennas are one of the most popular and widely used low profile
antennas particularly in aircraft, satellite, air missile and other space applications, where the size
of the antenna, cost of fabrication, ease of installation and performance are important. In its
simplest form, a metallic rectangular shaped radiating structure is either suspended certain
distance above a ground plane and excited by a probe feed or it can be printed on top of a
dielectric substrate and fed by a matched microstrip feeding structure. Generally, it is a narrow
band antenna, which has dimensions in the order of a half-wave length at the operating frequency.
The size of the radiating patch element can be miniaturized by increasing the relative permittivity
of the dielectric substrate which in turn leads to reduction in the operational bandwidth. This
reduction can be compensated by increasing the thickness of the substrate, yet it increases the
weight of the antenna system, which is not desired especially in space applications. Similarly,
magnetic loading of the substrate can help with the miniaturization, but naturally occurring
magnetic materials exhibit high losses at high frequencies rendering the antenna inefficient.
Miniaturization of the patch antennas can also be accomplished by designing and
utilizing low-loss MIMDM substrates with desired magnetic and dielectric properties while
maintaining the relative bandwidth. Below, a MIMDM was optimized to achieve effective
material properties of μr = εr = 3 - j 0.005 at 1.5 GHz targeting a miniaturization factor of 3. A
slight modification is made to the structure, where the pixelized PEC area is forced to be small to
provide space for the probe feed through it. In the simulations of the patch antenna, a coax
feeding structure is simulated for simplicity. The GA was configured with a population size of 15
chromosomes and was permitted to run for a maximum of 500 iterations using the cost function
defined in (6-12). The unit cell geometry evolved by the GA is illustrated in Figure 6-19, while
the remaining optimized parameters of the structure are provided in Table 6-4.
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Figure 6-19: FSS unit cell geometry for the targeted designs of μr = εr = 3 - j 0.005, where black
and gray shaded regions represent PEC pixels to distinguish the interconnected structure which
spans multiple unit cells. Note that the dashed red lines designate the borders of a single unit cell.

Table 6-4: Design Parameters for the Low-loss Matched Impedance Metamaterials at 1.5 GHz.
Targeted Effective Constitutive Parameters
Unit Cell Dimensions (cm x cm)
Superstrate Permittivity, ε1
Substrate Permittivity, ε2
Superstrate Thickness, t1
Substrate Thickness, t2

μr = εr = 3 - j 0.005
1.099 x 1.099
5.94 - j 0.0031
2.63 - j 0.0017
0.285 cm
0.171 cm

Figure 6-20 plots the real and imaginary parts (black and red curves, respectively) of the
constitutive parameters that are determined by substituting the PMM computed surface
impedance values (ZFSS) and the thickness (d) into (6-8) and (6-9). This figure also plots the HFSS
computed values of the same unit cell shown in green and blue curves, respectively. The two
codes agree other than a small frequency shift caused by the different meshing strategies
employed in the respective solvers. The real part of the surface impedance (RFSS) for the
optimized composite metamaterial is displayed in Figure 6-21 (a), which was computed via PMM
and HFSS. The black line represents the surface resistance of an ideal non-dispersive magneto-
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dielectric material of the same thickness (Rmatched). The imaginary parts of the surface impedance
(XFSS) of the optimized composite metamaterial computed via PMM and HFSS are displayed in
Figure 6-21 (b). Similar to the real parts, the shape of the curves agree well, save for a small
frequency shift caused by the different meshing strategies employed in each code. The black line
represents the surface reactance (Xmatched) of an ideal non-dispersive magneto-dielectric material
of the same thickness.

Figure 6-20: Real and imaginary parts of the effective parameters that are computed by
substituting the surface impedance values (ZFSS) into (6-8) and (6-9).

Considering the fact that the simulation of the microstrip patch antenna on finite length
MIMDM substrate will be carried out in HFSS, a small frequency shift for the operating
frequency of the patch antenna is expected as well. In order to demonstrate the MIMDM slab as a
substrate for miniaturized patch antennas, a MIMDM ground plane is simulated in HFSS.
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(a)

(b)
Figure 6-21: Real (a) and imaginary (b) parts of the surface impedance (ZFSS) of the composite
metamaterial targeting μr = εr = 3 - j 0.005, computed via PMM and HFSS. The black lines
represent the surface resistance of an ideal non-dispersive magneto-dielectric material with the
same thickness.
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The size of the MIMDM structure is set to be 13.18 cm by 14.28 cm, which corresponds
to 13 unit cells in length and 14 unit cells in width. The square patch size is selected to be 30 mm
by 30mm and fed by a probe feed. This lumped element feed is located 1.0 mm away from the
center of the edge of the patch antenna as seen in Figure 6-22. In order to be able to simulate the
structure in HFSS, a small ground plane is desired due to large memory requirements, yet it
should be large enough to allow the patch antenna work efficiently.

Figure 6-22: HFSS simulation of the miniaturized square shaped patch antenna, shaded in orange
color. Patch antenna is printed on top of the MIMDM substrate and fed by a lumped port in
HFSS, representing a coax feed.

For comparison purposes, two more simulations are carried out with same size substrates
with different theoretical material properties. In the first simulation, a miniaturized patch antenna
printed on a homogenous loss-less dielectric material with relative permittivity of 10 is carried
out. For the second simulation, a theoretical loss-less matched-impedance magneto-dielectric
material is utilized. Comparison of patch antennas on different substrates is provided in Figure
6-23.
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Figure 6-23: S-parameter comparison for three different simulations with miniaturized patch
antennas.

In Figure 6-23, the black curve represents the S11 of the miniaturized patch antenna
placed on the optimized MIMDM material, where the dimensions of the antenna is 30 mm by 30
mm. The green curve represents the S11 of the same size miniaturized patch antenna placed on a
loss-less homogenous dielectric material with relative permittivity of 10. The red curve represents
the performance of a similar shaped, 35 mm by 35 mm, patch antenna on an ideal homogenous
loss-less matched impedance magneto-dielectric substrate with relative permittivity and
permeability values of 3. It can be seen that the theoretical homogenous matched-impedance
substrate can provide improved bandwidth as well as significant miniaturization. On the other
hand, dielectric loaded patch can provide same amount of miniaturization at the expense of
narrower band performance. Due to resonance based nature of the optimized MIMDM substrate,
it can only provide narrow band response in a certain range of frequencies. However, its
performance is as good as dielectric-only loaded patch antenna and provides significant
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miniaturization, which demonstrates its utility as a match-impedance magneto-dielectric
metamaterial substrate.

6.6. Summary
In this chapter of the dissertation, a new design methodology has been presented for the
synthesis of matched impedance (μr = εr > 1) magneto-dielectric metamaterial (MIMDM)
substrates. The materials are generated through optimization of thin metallo-dielectric
metasurfaces comprised of a periodic array of electrically small and rotationally symmetric unit
cells which are sandwiched between two thin dielectric layers and backed by a perfectly
conducting ground plane. By optimizing the surface impedance of the composite structure, it is
possible to synthesize matched impedance magneto-dielectrics with a wide range of effective
parameters.
It was shown that the GA optimization is well suited for designing low-loss matched
impedance magneto-dielectrics with both double-positive and double-negative effective
parameters for single or multiple frequency bands. Lastly, single-band and dual-band lossy
matched impedance magneto-dielectric materials were presented that would make effective
electromagnetic absorbers. Due to the electrically small unit cell design, the absorbers
demonstrate good performance over a wide field of view, even with incident angles of up to 50
degrees from broadside. For both low-loss and lossy MIMDM structures, it was shown that the
full-wave simulations of the substrates assuming effective medium parameters were found to be
in excellent agreement with the results when the actual subwavelength metamaterial structure was
included in the model.

Chapter 7
Ultra-small Unit cell Artificial Magnetic Conductors
This chapter introduces a new unit cell geometry, which is electrically very small
enabling design of smaller sub-wavelength artificial magnetic conducting (AMC) surface unit
cells compared to the existing literature. The proposed design provides excellent field of view
and identical bandwidth compared to the state-of-the-art AMCs. Different variations of this
unique AMC structure are studied along with an optimization schema, where the WDO is utilized
to synthesize AMCs with precise control of the operating frequencies.

7.1. Introduction
In Chapter 5, the historical progression of the artificial magnetic conducting surface
synthesis was provided along with a novel method to eliminate the complete metallic ground
plane backing. However, there is still room for improvement on the designs that utilize the
complete metallic ground planes. The AMC designs discussed here are an extension of the AMC
designs those consist of a complex FSS structure printed on top a dielectric substrate, which is
backed by a PEC ground plane as illustrated in Figure 7-1 (a). The planar nature of the design
approach simplifies the fabrication process, where no metallic vertical vias are needed. These
designs target optimization of the top FSS layer to achieve the desired AMC condition at a single
frequency [9] or at multiple frequencies [14] - [105]. Conventionally, the unit cells in the FSS
based design approach are self-contained and they do not extend into neighboring unit cells.
Four-folded or eight-folded symmetry can be applied to simplify the unit cell geometry, which
also provides polarization insensitivity at normal incidence.
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Earlier work in attempt to miniaturize the unit cell dimensions utilized convoluted
elements and space filling curves, which achieve miniaturization compared to the conventional
square patch AMCs at the expense of reduction in AMC bandwidth [124]-[125].

(a)

(b)

Figure 7-1: (a) Profile view of a printed FSS based AMC design proposed in [9], (b) Top view of
the unique AMC unit cell geometry proposed in [15]. (Figures are not drawn to scale).

Monorchio et al. has proposed novel smaller periodicity FSS unit cells for AMC designs
to achieve enhanced bandwidth. Their design approach is based on 90° rotationally symmetric
miniaturized unit cell geometries as seen in Figure 7-1 (b), which contains arms that extend into
the neighboring unit cells and intertwine to achieve increased capacitance providing improved
bandwidth [15, 129]. In this chapter, a novel unit cell geometry based on [15] is proposed and
studied, which achieves miniaturization beyond the dimensions provided in [15] and maintains
the same AMC bandwidth with excellent field of view.
Four different variations of the proposed unit cell design are illustrated in Figure 7-2,
where all unit cells are 90° rotationally symmetric and posses interdigitated arms extending into
the neighboring unit cells creating an electrically compact unit cell that achieves increased
capacitance. The first resonance of the FSS screen is given in [15] by 0  1/ ( LC ) and the
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bandwidth is proportional to BW  0.5 C / L . Thus, increasing the capacitance, C, increases the
operational bandwidth, while the unit cell dimensions are miniaturized. The dashed lines in
Figure 7-2 represent boundaries of the unit cell, where black shaded regions are the metallic
geometry of the novel unit cell design that extends in to neighboring unit cells illustrated by the
gray shaded regions. Four different configurations are shown below, where the interdigitation
with neighboring unit cells varies.

(a)

(b)

(c)

(d)

Figure 7-2: Illustration of four different AMC unit cell geometries based on the proposed design
method, where the dashed lines illustrate an individual unit cell boundaries. (a) Design 1, (b)
Design 2, (c) Design 3, and (d) Design (4).
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To better appreciate the advantages offered by the proposed design, a numerical study is
carried out via Periodic Method of Moment (PMoM) solver. The proposed ultra-small unit cell
AMCs (USAMC), the square patch AMC and Monorchio's design in [15] are evaluated in PMoM
solver for operation frequency of 600 MHz and compared. This target frequency is selected to
point out the problem with the large physical unit cell sizes at low frequencies, where λ0 = 50 cm.
In the comparison, all device parameters are kept identical for all designs, where the unit cells are
printed on a dielectric slab with thickness of the h = 3.4 cm, and a relative permittivity of ε r = 2.7
- j0.1. The only difference, which is also the deciding factor for these designs is the unit cell
dimensions that allow the AMC band to be centered at around 600 MHz. The footprint
comparison of the conventional square patch AMC, the Monorchio's AMC [15] and the Design 2
shown in Figure 7-2 (b) is illustrated in Figure 7-3 along with their dimensions. The USAMC
achieves increased miniaturization compared to [15] and can fit 144 unit cells into the same
footprint as a square patch AMC, where as Monorchio's design could only fit 16.

Figure 7-3: Footprint comparison of three different square AMC geometries, where all other
parameters kept identical. The square patch AMC has a unit cell dimension of 5.70 cm, the
Monorhio's AMC design has a dimension of 1.30 cm and proposed USAMC has a dimension of
0.44 cm.
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In addition to the increased miniaturization, the USAMCs can provide nearly identical
operational bandwidth as the square patch AMC and Monorchio's AMC design [15] as illustrated
in Figure 7-4 for a TE polarized normally incident wave. This numerical study clearly shows that
the proposed design provides increased miniaturization without any loss in the AMC bandwidth
performance.

Figure 7-4: Reflection phase comparison of the three unit cell designs as shown in Figure 7-3 for
a TE polarized normally incident wave.

7.2. Numerical Study of Different Configurations
The four different unit cell configurations of the proposed ultra-small unit cell artificial
magnetic conducting surfaces are numerically studied by utilizing the Periodic Method of
Moments solver to determine the physical limits of interdigitation and unit cell extension in to
neighboring unit cells. These configurations are illustrated in Figure 7-2, where arms gradually
extended further into neighboring unit cell sections, which should increase the largest effective
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dimension of the unit cell, in turn allowing further miniaturization. The unit cell boundaries are
shown with the dashed lines in Figure 7-2, which are 0.44 mm for all configurations and printed
on a 3.4 cm thick dielectric slab, with a relative permittivity of εr = 2.7 - j0.1. The only difference
among them is the geometry of the FSS unit cells. For Design 1, i.e. effectively the shortest, the
center of the AMC band is located 666 MHz. For Design 2, it is 590 MHz, for Design 3 and
Design 4, it is 583 MHz. This study illustrates that extending the arms of the unit cells further
into the neighboring unit cells could help to increase the miniaturization with diminishing returns.

Figure 7-5: AMC band performance comparison of the four different unit cell configurations for a
normally incident TE polarized wave.

In addition to the miniaturization and AMC bandwidth performance, the field of view
performance is also studied to see how the frequency response of all configurations change for
different polarizations and different angles of incidences varying from normal to grazing angle.
The PMoM evaluation of each design example are shown in Figure 7-6, Figure 7-7, Figure 7-8,
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and Figure 7-9, respectively. The AMC bandwidth, that was defined as the range in between +90°
and -90° of the reflection phase [8], exhibits reduction for the TE polarization for all
configurations as the incidence angle increases while the center of the AMC band shifts very little
in frequency. On the other hand, for the TM polarization case, the AMC bandwidth seem to be
preserved over the range, yet the center of the band shifts much more in frequency than TE case.

(a)

(b)

Figure 7-6: Design 1; (a) TE polarization with varying angles of incidences, (b) TM polarization
with varying angles of incidences.

(a)

(b)

Figure 7-7: Design 2; (a) TE polarization with varying angles of incidences, (b) TM polarization
with varying angles of incidences.
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(a)

(b)

Figure 7-8: Design 3; (a) TE polarization with varying angles of incidences, (b) TM polarization
with varying angles of incidences.

(a)

(b)

Figure 7-9: Design 4; (a) TE polarization with varying angles of incidences, (b) TM polarization
with varying angles of incidences,.

7.3. WDO Optimization Schema
In Chapter 4, a novel nature-inspired optimization algorithm called Wind Driven
Optimization (WDO) was introduced and shown to be very efficient in the design optimization of
various electromagnetics problems. Here, the WDO is utilized to optimize the geometry of the
ultra-small unit cell artificial magnetic conductors to achieve precise control over the location of
the center of the AMC band. For the first design example, the center of the band is targeted to be
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at 625 MHz, and Design 2 is optimized via WDO. The unit cell dimensions are set to be 0.44 cm
with a dielectric thickness of 3.4 cm and relative permittivity of εr = 2.7 - j0.10. The optimization
is achieved by altering the finger lengths of the extended interdigitated arms, where the reflection
phase of the each candidate design was evaluated by the PMoM solver. A simple Pressure
function is utilized to align the center of the AMC band at the desired frequency, ftarget,

Pressure = | 1 - R(ftarget) |

(7-1)

Lengths of 13 fingers were optimized, where the WDO was allowed to run for a
maximum of 100 iterations with a population size of 15 air parcels. Following coefficients were
used in the WDO; α = 0.4, g = 0.2, c = 0.4, RT = 3, and Vmax = + |0.3|.
The optimized design geometry is shown in Figure 7-10 (a) where the dashed lines
illustrate the boundaries of the unit cell and the lengths of each fingers are altered to achieve the
reflection phase center at 625 MHz as seen in Figure 7-10 (b).

(a)

(b)

Figure 7-10: (a) Optimized geometry of the unit cell structure targeting center frequency of 625
MHz, (b) TE reflection phase response over frequency at normal incidence.
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For the second design synthesis, the same optimization settings were utilized, where only
the target center frequency was changed to ftarget = 800 MHz. The optimized design geometry is
shown in Figure 7-11 (a) and the reflection phase center was achieved at 800 MHz as seen in
Figure 7-11 (b).

(a)

(b)

Figure 7-11: (a) Optimized geometry of the unit cell structure targeting center frequency of 800
MHz, (b) TE reflection phase response over frequency at normal incidence.

7.4. Summary
This chapter introduced a set of new ultra small unit cell artificial magnetic conducting
surfaces, and studied their properties numerically. It was shown that the proposed designs provide
miniaturization, excellent field of view and identical bandwidth compared to the state-of-the-art
AMCs. The WDO optimization schema also discussed and optimization results showed that it is
also possible to precisely control the center of the desired operating frequency band.
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Chapter 8
Planar EBG Designs for Mutual Coupling Reduction
This chapter introduces a new planar electromagnetic bandgap structure (EBG) for
isolation of patch antennas. The proposed design is based on the 90 degrees rotational symmetric
unit cell geometry that extends into neighboring unit cells [15]. The planar nature of the proposed
EBG structure makes it ideal for planar antenna array applications to achieve increased isolation
between neighboring patch antennas.

8.1. EBG designs for Patch Antenna Isolation
Rectangular microstrip antennas, also known as patch antennas, are printed on dielectric
materials, or magneto-dielectric substrates, and they provide unique properties such as being low
profile and light weight, which are desired for aircraft and space applications. Also, they are
simple to design and inexpensive to fabricate along with their ease of integration with other
microwave circuitry makes them an active field of continuing research. For integration with
microwave circuitry, it is desirable to increase the dielectric permittivity, which leads to tightly
bound fields reducing the unwanted radiation and increasing the amount of miniaturization of the
elements [110]. However, high permittivity dielectrics come with the reduction in operational
bandwidth of the patch antennas as well as unwanted surface wave excitations [16]. In array
configuration, the excited surface waves increase the mutual coupling among neighboring
antenna elements. To address this problem, the surface wave suppression property of the
electromagnetic bandgap structures can be exploited, where EBG unit cells are designed and
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placed between two antenna array elements, which have a bandgap range coinciding with the
operational bandwidth of the patch antennas. In [16], Yang et al. designed a simple mushroom
type EBG structure utilizing the equations in [112] to reduce the mutual coupling between two
planar patch antennas. The geometry of the mushroom type EBG unit cell is illustrated in Figure
8-1 (a) along with the irreducible Brillouin zone of the eight-folded symmetric unit cell (Γ - X M), where the dispersion diagram is computed numerically via the eigen-solver of the Ansoft
HFSS [108, 126] as seen in Figure 8-1 (b). The square unit cell dimensions are 3.5 mm x 3.5 mm
(0.067 λ0) with a 3.0 mm x 3.00 mm square patch printed on a 1.92 mm thick substrate with a
relative permittivity of εr = 10.2 -j0.023. The radius of the metallic via is set to 0.12 mm, which
connects the upper square patch to the PEC ground plane.

(a)

(b)

Figure 8-1: (a) Mushroom type EBG structure geometry shown with the irreducible Brillouin
zone shown (Γ - X - M), (b) Dispersion diagram of this mushroom type EBG unit cell is shown
where only the first two modes are reproduced by utilizing eigen-solver of the Ansoft HFSS.

These mushroom EBG structures are then placed between two identical patch antennas,
which have a resonance coinciding with the bandgap of the EBGs and Yang et al. show that the
coupling between two antenna element can be reduced up to 10 dB. This design example is
reproduced by utilizing the information provided in [16] and simulation setup is illustrated in
Figure 8-2, where the achieved isolation improvements can be observed in Figure 8-3.

156

Figure 8-2: Simulation setup for patch antenna isolation via utilization of mushroom type EBG
structures, where results are reproduced via finite-element solver of the Ansoft HFSS based on
the dimensions provided in [16].

Figure 8-3: Comparison of the S parameters of the two patch antennas, with and without the
mushroom type EBGs in between. Results are reproduced from [16]. It can be clearly seen that
the S12 (mutual coupling) can be reduced significantly within the EBG frequency bandgap.
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The wide bandgap of the square mushroom type EBG comes with the drawback of
vertical metallic vias, which may lead to fabrication errors thus potentially reduce the
performance of the EBG separator. The effect of the via thickness variations on the width of the
bandgap is purposefully exploited in [127] and the effect of the via location variations on the
bandgap frequency shift is also exploited in a methodical way in [128] to achieve improvements
over the conventional design, yet uncontrolled variations in the location and the thickness of the
vias could happen during the fabrication process, which may lead to undesired variations in the
performance of the EBG.
To simplify the fabrication process and to eliminate any potential problems, a planar
EBG unit cell geometry is proposed here, which does not require any vertical connections to the
ground plane unlike the mushroom type EBGs. This unit cell design is based on the 90 degrees
rotationally symmetric structures [15], where the arms of the unit cell extend into the neighboring
unit cells to achieve increased capacitance, and AMC bandwidth, while achieving miniaturized
unit cell dimensions. Properties of similar designs were studied in Chapter 7.

(a)

(b)

Figure 8-4: (a) Unit cell geometry of the proposed planar EBG structure, (b) certain section of the
Brillouin zone is illustrated, where study of on this section was sufficient to determine the
bandgap.
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The unit cell dimensions are highlighted with the dashed lines in Figure 8-4 (a) and only
a certain section of the Brillouin zone is shown in Figure 8-4 (b). Design is targeting operating
frequency of 1.5 GHz. The square unit cell dimensions are 1.423 cm (0.071 λ 0) and printed on a
0.463 cm thick dielectric with a relative permittivity of εr = 9.42 -j0.0011.
The dispersion diagram of the proposed planar EBG structure is calculated numerically
via the eigen-solver of the Ansoft HFSS and illustrated in Figure 8-5. A very narrow bandgap is
supported by this design in the range of [1.447 GHz, 1.452 GHz].

Figure 8-5: Dispersion diagram of the proposed planar EBG structure. A very narrow bandgap is
shown in the range of [1.447 GHz, 1.452 GHz].

To confirm the bandgap, and its utility as EBG isolator between two patch antennas, a
section of 8 by 10 unit cells are placed between two identical antennas as illustrated in Figure 8-6.
The antennas are designed to resonate within the frequency range of the bandgap as shown by the
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S-parameters in Figure 8-7 (a). The square dimensions of the patch antenna is 31.2 mm on a
single edge and the separation between two antennas is 0.75 λ0. The EBGs and the antennas are
printed on a 0.463 cm thick dielectric with relative permittivity of εr = 9.42 -j0.0011. The total
length of the dielectric slab and the ground plane is 24.191 cm by 39.744 cm, which corresponds
to the same footprint of 17 by 28 unit cell sizes.
The effect of the EBG unit cells on the mutual coupling reduction between two antennas
can be observed in Figure 8-7 (b), where the bandgap is illustrated with the yellow lines. S11 and
S22 seem to shift to a higher frequency, yet, still with a good input impedance at the 1.45 GHz. On
the other hand, there is significant reduction in the mutual coupling as shown with the reduction
in S12 in Figure 8-7 (b). At the lower edge of the bandgap, at 1.447 GHz, S12 reduces 12 dB and at
the higher edge of the bandgap, 1.452 GHz, S12 reduces 4.4 dB.

Figure 8-6: Simulation setup to illustrate utility of the proposed EBG unit cell between two patch
antennas to reduce the mutual coupling. Simulations are carried out in Ansoft HFSS.
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(a)

(b)

Figure 8-7: (a) S parameters of the two patch antennas resonating at around 1.45 GHz. There is
no EBG between two patch antennas, (b) S parameters of the same patch antennas with the
proposed EBG unit cells in between as illustrated in Figure 8-6.

8.2. Summary
In this chapter, the surface wave suppression property of the mushroom type EBG
structures were revisited and a novel planar electromagnetic bandgap structure (EBG) for
isolation of patch antennas was introduced. The proposed design is based on the 90 degrees
rotational symmetric unit cell geometry that extends in to neighboring unit cells [15]. The
dispersion diagram study showed a narrow bandgap at around 1.45 GHZ, and the effectiveness of
the proposed planar EBG was illustrated with two planar patch antenna array applications to
achieve increased isolation between them. Although the bandgap is narrower, all planar nature of
the geometry makes the fabrication processes much simpler reducing the chance in fabrication
errors hence possible performance problems of EBGs.
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Chapter 9
Conclusions and Future Work

9.1. Conclusions
One of the two research branches presented in this dissertation has demonstrated
advancements in the design synthesis of novel metamaterial surfaces targeting different
applications including improvements on existing artificial magnetic conducting surfaces as well
as introducing novel methods to design double-sided AMCs, matched impedance magnetodielectric surfaces, frequency selective surfaces, and planar electromagnetic bandgap structures
targeting both antenna applications and absorber applications.
Some of the work presented as improvements of existing state-of-the-art methods, such
as the synthesis of ultra-small unit cell size 90 degrees rotational symmetric intertwining unit cell
designs those provide exceptional performance for the achieved miniaturization levels.
Combining this method with a numerical optimizer also provides precise control of the center of
the band without altering any of the design dimensions giving significant control to the designer.
Similarly, utilizing the small unit cell rotationally symmetric structures as planar electromagnetic
bandgap material to reduce mutual coupling of microstrip patch antenna arrays can also be
considered as an advancement on existing planar technology where mushroom type EBGs require
more complicated fabrication methods and are prone to fabrication errors.
In addition, novel metamaterial techniques are also proposed, studied and implemented,
such as the thin planar double-sided AMC ground planes and separators. While these novel
ground planes provide flexibility to composite antenna systems, highly optimized DSAMC
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separators are shown to be very effective when used with vertical antennas in the WiFi frequency
ranges.
A novel method to synthesize matched-impedance (μr = εr > 1) magneto-dielectric
metamaterial (MIMDM) is proposed and optimized for applications at single and multiple
frequencies, which can be easily utilized as substrates beneath patch antennas, and provide
increased miniaturization.

Both double-positive and double-negative constitutive parameter

materials are designed and provided as planar alternatives to similar materials with embedded LC
resonator elements.
Absorber applications are also addressed where slight modifications to the DSAMCs and
MIMDMs provided efficient absorbers either in composite systems or wide field of views with
much smaller unit cell sizes compared to current literature.
As the other branch of the research presented here, numerical optimization algorithms are
studied, a novel implementation to an existing algorithm is proposed in the case of Parallel Clonal
Selection Algorithm as well as a brand new nature-inspired optimization algorithm is invented
and proved to be efficient optimization tool for electromagnetic design problems as illustrated
with the Wind Driven Optimization algorithm.

9.2. Future Work
This research has demonstrated various advancements both in numerical optimization
methods and both design synthesis of novel electromagnetic surfaces, yet with any research, there
is always room for improvements and for new ideas to thrive from the work presented.
Based on the presented work, following topics may be considered as future areas of
research:
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Application of the Wind Driven Optimization algorithm to wider range of optimization
problems with more complex search topologies.



Hybridization of the WDO with other statistical methods to overcome any drawbacks that
comes with the operators of the algorithm or to improve the current state of performance.



Establishing a convenient method to link the AMC band of a planar design with its
frequency bandgap so that optimization schema could be simplified.



Further research into improving narrow frequency bandgap of rotationally symmetric unit
cell designs.



Continuing evaluation of MIMDMs and their applications for planar antennas to improve
the gain, bandwidth and miniaturization.



Further study of double-sided AMCs with embedded LC resonators to achieve tunability.
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Appendix
A Sample Code for the Implementation of Wind Driven Optimization
%--------------------------------------------------------------------------------% Sample Matlab / Octave Code for the Wind Driven Optimization.
% Optimization of the Sphere Function in the range of [-5, 5].
% by Zikri Bayraktar - zikribayraktar@gmail.com.
% Penn State University - May 2011.
%--------------------------------------------------------------------------------tic; clear; close all; clc; format long g;
delete('output.txt'); delete('pressure'); delete('position');
fid=fopen('output.txt','a'); d=date; fprintf(fid,d);
% WDO parameters:
param.popsize = 20;
% population size.
param.npar = 5;
% Dimension of the problem.
param.maxit = 500;
% Maximum number of iterations.
param.RT = 3;
% RT coefficient.
param.g = 0.2;
% gravitational constant.
param.alp = 0.4;
% constants in the update equation.
param.c = 0.4;
% coriolis effect.
maxV = 0.3;
% maximum allowed speed.
dimMin = -5;
% Lower dimension boundary.
dimMax= +5;
% Upper dimension boundary.
%---------------------------------------------------------------------% Initializing population: Position and Velocity :
pos = 2*(rand(param.popsize,param.npar)-0.5) ;
% random population in [-1,1]
vel = maxV * 2 * (rand(param.popsize,param.npar)-0.5);
% random velocity
%---------------------------------------------------------------------% Evaluate initial population: (Sphere Function)
for K=1:param.popsize,
x = (dimMax - dimMin) * pos(K,:) + dimMin;
pres(K,:) = sum (x.^2);
end
%---------------------------------------------------------------------% Finding best air parcel in the initial population :
[globalpres,indx] = min(pres);
globalpos = pos(indx,:);
minpres(1) = min(pres);
% min pressure
%---------------------------------------------------------------------% Rank the air parcels :
[sorted_pres rank_ind] = sort(pres);
% Sort the air parcels:
pos = pos(rank_ind,:);
keepglob(1) = globalpres;
%---------------------------------------------------------------------% Start iterations :
iter = 1;
% counter
for ij = 2:param.maxit,
% Update the velocity:
for i=1:param.popsize
a = randperm(param.npar);

% choose random dimensions.
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velot(i,:) = vel(i,a);
% choose velocity based on random dimens.
vel(i,:)
=
(1-param.alp)*vel(i,:)
(param.g*pos(i,:))
+ abs(1-1/i)*((globalpos-pos(i,:)).*param.RT) + (param.c*velot(i,:)/i);
end
% Check velocity:
overlimitV=vel<=(1*maxV);
underlimitV=vel>=(-1*maxV);
vel=vel.*overlimitV + (1*maxV)*not(overlimitV);
vel=vel.*underlimitV + (-1*maxV)*not(underlimitV);
% Update air parcel positions :
pos = pos + vel;
overlimitPos=pos<=(1);
underlimitPos=pos>=(-1);
pos=pos.*overlimitPos + (1)*not(overlimitPos);
pos=pos.*underlimitPos + (-1)*not(underlimitPos);
% Evaluate population: (Pressure)
for K=1:param.popsize,
x = (dimMax - dimMin) * pos(K,:) + dimMin;
pres(K,:) = sum (x.^2);
end
%---------------------------------------------------% Finding best particle in population
[minpres,indx] = min(pres);
minpos = pos(indx,:);
% min location for this iteration
%---------------------------------------------------% Rank the air parcels:
[sorted_pres rank_ind] = sort(pres);
% Sort the air parcels position, velocity and pressure:
pos = pos(rank_ind,:);
vel = vel(rank_ind,:);
pres = sorted_pres;
% Updating the global best:
better = minpres < globalpres;
if better
globalpres = minpres
globalpos = minpos;
end

% initialize global minimum

% Keep a record of the progress:
keepglob(ij) = globalpres;
save position pos -ascii -tabs;
end
%Save values to the final file.
pressureFile = transpose(keepglob);
save pressure pressureFile -ascii -tabs;
%END

...
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