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Abstract

This thesis focuses on the analysis and design of microstrip antennas working in a
wide range of frequency bands (WiMAX, UWB, Ku-band, mm-Wave), and based
on electromagnetic band gap (EBG) structures. A mushroom-like EBG structure-
based substrate is designed, analyzed and optimized using a technique based on
the combination of an evolutionary heuristic optimization algorithm (genetic al-
gorithm) with the Computer Simulation Technology (CST) Microwave Studio, for
WiMAX applications. Next, a topology optimized ultra wideband antenna along-
side a compact FSS layer, covering the UWB spectrum of frequencies, are designed
and analyzed. The simulation results and measurements obtained are compared
with various works in the open literature. Finally, Fabry-Pérot resonator antennas
based on the proposed PRS structures, generated and optimized using an automatic
synthesis system, based on a VBA link between MATLAB and CST Microwave
studio, were designed, analyzed and fabricated. The obtained results are compared
with other research in the open literature, where it is clearly indicated that the
proposed designs could be potential candidates for high gain and wideband systems
in Ku-band and mm-wave applications, such as the 5G.

Keywords: 5G, Microstrip antenna, EBG/PBG, AMC, FSS, PRS, Genetic
algorithm, CST, FPRA.
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Chapter 1

Introduction

1.1 Motivations

Microstrip patch antennas are becoming the most popular antenna for a variety of
applications due to their low weight, low production cost, and ability to operate
across a wide frequency range. On the other hand, microstrip antennas, have a
significant disadvantage in terms of bandwidth, efficiency, and size.

The key objective in microstrip patch antenna designs is to broaden the narrow
bandwidth, which is inherent in microstrip antennas, and to miniaturise the patch
antenna size. Increasing the thickness of the substrate will improve the narrow
bandwidth; however, this will result in a larger surface waves, which will reduce the
antenna’s radiation efficiency and degrade the antenna pattern.

To overcome these disadvantages, microstrip patch antennas are incorporated
with various materials used to improve the antenna’s potential parameters, with
electromagnetic band gap (EBG) structures proving to be the most suitable.

Electromagnetic Band gap (EBG) structures have piqued the interest of numer-
ous researchers in electromagnetism, particularly in the field of telecommunications,
for more than two decades. Their miniaturised integrations and specific electro-
magnetic properties are of great interest in terms of electromagnetic surface wave
suppression. Because of their distinct bandgap characteristics, EBG structures can
be classified as a special type of metamaterials.

This thesis aims mainly to develop EBG-based microstrip antennas that fulfil the
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requirements of significant radiation gain and efficiency, while maintaining a minia-
turisation compatible with component integration technology in the architecture of

future wireless communication systems.

1.2 Thesis Contributions and Organization

The contributions and outlines of this thesis are ordered as follows:

In Chapter 2, an overview of metamaterials structures, namely the Electromag-
netic and Photonic Band Gap structures (EBG PBG), Artificial Magnetic Conduc-
tors (AMC), and Frequency Selective surfaces (F'SS), is briefly presented.

PBG based patch antenna is analyzed and discussed, followed by an AMC backed
coaxial-fed antenna for gain and front-to-back ratio improvements, both working in
the Mm-wave region.

Chapter 3 will present a designed EBG based microstrip patch antenna using
CST Microwave Studio linked to the genetic algorithm embedded in MATLAB as an
optimization technique to create a unique EBG structure that enhance the electrical
characteristics of the antenna. First, the microstrip antenna is designed based on a
step-like substrate using two layers, to enhance both the impedance bandwidth and
peak gain, with an adequate performances, then employing it as a base substrate
for the proposed design approach. After that, an optimization of the mushroom-
like EBG is presented and analyzed using CST Microwave studio and optimized
according to a fitness function for bandwidth, gain and side lobe levels enhancement.

The potential of this published work [1] is presented by comparing it to the
literature.

Chapter 4 will present a designed and analyzed compact Ultra-Wideband (UWB)
monopole antenna, synthesized using a computer aided system based on a VBA
based link between CST and MATLAB, creating unique pixelated patterns, accord-
ing to a merit function to enhance the electrical properties of the patch antenna
namely it’s impedance bandwidth, while keeping it’s footprint as small as possible
for a more efficient UWB antenna, followed by the design of an Ultra-Wideband

FSS based layer employed as a reflector for the previously designed UWB antenna.
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Different F'SS unit cells designed were simulated and analyzed. A parametric study
is in order to improve the electrical characteristics of the UWB antenna. The final
optimized designs for both the UWB source antenna and the F'SS based reflecting
layer are fabricated and validated with measurements.

Finally, the proposed design is compared with other research papers, proving the
feasibility of the final design as a potential candidate for UWB applications.

Chapter 5 will present the analysis and design of an aperture-coupled wideband
antenna as a source, to form a Fabry-Perot Resonator, using a PRS based super-
strate synthesized and generated throughout a unique pixelating system, creating
different patterns, to achieve certain goals according to a fitness function in the ge-
netic algorithm module of MATLAB; in corporation with the commercial simulator
CST.

In this chapter, first, a wide band aperture-coupled antenna is proposed, as a
source feeding antenna, which consists of a parasitic patch, coupled to a feeding
line through a slotted ground plane, is analyzed and investigated for its interesting
characteristic, namely the wide band of operation, in both the Ku- and Mm-wave
bands, followed by the PRS unit cell designs for both frequency spectrums, providing
a positive phase gradient properties, which leads to a wider impedance and 3-d gain
bandwidths. Then by applying the designed PRSs as superstrates to the aperture-
coupled wideband antennas, in both communication scenarios (Ku-band and Mm-
wave) in which its enhancements are achieved and compared to other related works
in the open literature, proving how performing these proposed designs can be as
potential candidates for present and future wireless communication systems.

Chapter 6 will conclude the presented contributions and will provide some sug-

gestions for future works.



Chapter 2

Metamaterials: Electromagnetic
Band Gap structures (EBG) in

Antenna Engineering

2.1 Introduction

Metamaterials (MTMs) were proposed first by Veselago [2|, based on the idea that
the constitutive values € (electric permittivity) and p (magnetic permeability) of
an effectively homogeneous material could both be negative. As a result, several
physical phenomena, such as the reversal of Snell’s law, the reversal of Doppler
shift, and the reversal of the Cerenkov effect, could change their natural behaviour.
The refractive index n is related to the constitutive material parameters and as

follows:

n= e, (2.1

where €, and i, are the relative permittivity and permeability related to the free
space permittivity eg = ¢ / €, ~ 8.85 x 1072 F/m and permeability puoy = p / pt, =
47 x 1077 H/m.

Then, four possible regions appear depending on the sign combinations of (e, u);
since ¢y and pg are positive fundamental constants, negative values in € = €. €,

and p = po pr are due to the sign of the relative parameters ¢, and pu,., respectively.
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Figure 2-1: The e-u diagram |[3].

An e-p diagram is illustrated in Figure 2-1 representing the materials that can be
formed by the four sign combinations of (e, u).

Waves can only propagate in materials from regions I and III, where ¢ and p
are both positive (double-positive, DPS, or right-handed medium, RHM) or both
negative (double-negative, DNG, or left-handed medium, LHM). Non propagating
evanescent waves are found in regions IT and IV, where ¢ < 0 (epsilon negative,
ENG) or u < 0 (u negative, MNG). Finally, some other regions of interest might
also be considered, such as the epsilon-near-zero (ENZ) where 0 < |¢| < 1, and the
mu-near-zero (MNZ) where 0 < |u| < 1.

DNGs are distinguished by the simultaneous values of € < 0 and 1 < 0. This fact
has an impact on Maxwell’s formulas’ field equations. In phasor notation, a general
definition of the Poynting vector S is eq. (2.2), where a time dependence e™*! and

a space dependence e 7¥" are assumed, and described as follow:

I
SziExH* (2.2)
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where the electric field E and the magnetic field H are defined by:

BzE = wpH (2.3)

- =

BaH = —weE (2.4)

As a result, for an isotropic and homogeneous medium with € > 0 and pu >
0, the electric field E, magnetic field H, and propagation vector 5 form a right-
handed triplet, which is the basis for the definition of right-handed medium (RHM).
However, by taking into account a medium with ¢ < 0 and pu < 0, the previous

equations can be rewritten as follows:

BaE = —w|u|H (2.5)

BaH = w|e|E (2.6)

demonstrating that the E-H -5 vectors forms a left-handed triplet, and since the
Poynting vector S is opposite in direction to the propagation vector E, the energy
and wavefronts travel in opposite directions in this medium (backward waves), which
is known as a left-handed medium (LHM). This is reflected in the RHM and LHM
E-H-E triplets illustrated in Figure 2-2.

RHM i I LHM

Figure 2-2: The right-handed and left-handed E-H-

ISR oY ml

triplets diagram |[3].

2.2 Metamaterials Applications

Although DNG materials appear to be the most promising for implementation due
to their unique backward-wave propagation feature and other related properties,
the use of SNG metamaterials, either ENG or MNG, may offer some additional

worthwhile applications.
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The following are several remarkable applications focused on metamaterials:

e The negative index of refraction (NRI) (¢ < 0, u < 0) of a double negative
medium is its distinguishing feature. When a plane wave travelling from a
right-handed medium impinges on a left-handed medium, this fact causes a

negative angle of refraction, which breaks Snell’s law [4].

e Perfect flat lens. It is a direct result of using the NRI. Lenses are used to focus
or shape radiation beams, but due to the wavelength limit, they have several
limitations. Normal lenses are typically convex, requiring a large aperture to
achieve good resolution; additionally, the image’s details are contained in the
near field, which decays exponentially (evanescent waves), contributing noth-
ing to the final image. Negative index lenses can be concave or even flat, and
they can focus the image as well as amplify evanescent waves that contribute

positively to the final image while overcoming the wavelength limitation [5].

e Electromagnetic cloaking technology, which allows three-dimensional metallic
objects to be rendered invisible. By introducing a required spatial variation in
its constitutive parameters, cloaking allows control of the paths of electromag-
netic waves within a metamaterial. This could be useful in stealth applications

6, 7.

e High impedance surfaces (HISs) [8], can be used to realise novel types of
surfaces or reflectors which could behave like perfect magnetic conductors
(PMCs), like in the case of Artificial Magnetic Conductors AMC [9], or Fre-
quency selective surfaces FSSs. Perhaps the terminology of Electromagnetic
Band Gap (EBG) structure is more widely and well known, than HIS, and
this could be useful in the designing process of low-profile, compact, and high
performance antenna systems, consisting of one or more antennas (array), and
this study is focused on the use of such metamaterials to design, analyze, and

fabricate antenna prototypes for modern wireless communication systems.
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2.3 Electromagnetic Band Gap (EBG) Structures

2.3.1 EBG Definition

The electromagnetic band gap (EBG) structures are the most related to antenna ap-
plications among metamaterial applications, as stated in the previous section. They
are mounted around or near the antennas, and may also be used in the antenna’s
feeding network, or even as part of the antenna itself.

So, what are electromagnetic band gap (EBG) structures? This section addresses
this question from two aspects: definition of EBG structures and its application to
antenna engineering.

Periodic structures abound in nature, and they’ve long piqued the interest of
both artists and scientists. Exciting phenomena and amazing features appear when
they interact with electromagnetic waves, like frequency stop bands, pass bands,
and band gaps, among other things. When reviewing the literature, it is clear that
different terminologies have been used depending on the application domain like
Filter designs, gratings, frequency selective surfaces (FSS) [10], photonic crystals
[11], and photonic band gaps (PBG) [12], and they are classified as "Electromagnetic
Band Gap (EBG)" [13] under the broad terminology.

In general, electromagnetic band gap structures are defined as artificial periodic
(or non-periodic) objects that prevent or assist electromagnetic wave propagation
in a specific frequency band, for all incident angles and polarization states.

Typically, EBG structures are realised through the periodic arrangement of di-
electric materials and metallic conductors. In general, they are classified into three

groups based on their geometric configuration (see Figure Figure 2-3):
e three-dimensional volumetric structures.
e two-dimensional planar surfaces.
e one-dimensional transmission lines.

This thesis focuses on 2-D EBG surfaces, which have low profile, light weight, and

low fabrication cost and are widely used in antenna engineering.
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1D 2D 3D

Figure 2-3: 1D, 2D and 3D EBG structures [14].

With respect to incident electromagnetic waves, planar electromagnetic band

gap (EBG) surfaces exhibit distinct electromagnetic properties:

e The EBG structures show a frequency band gap through which the surface
wave cannot propagate for any incident angles and polarisation states when

the incident wave is a surface wave (k2 + &k < kg , k. is purely imaginary).

e The reflection phase of the EBG structures varies with frequency when the
incident wave is a plane wave (k2 + k) < k§ , k. has a real value). The
reflection phase is zero degrees at a certain frequency, resembling a perfect

magnetic conductor that does not exist in nature.

In the above equations, k, and k, are the wavenumbers in the horizontal di-
rections, k. is the wavenumber in the vertical direction, and kg is the free space
wavenumber.

EBG also has some other exciting features, such as a high impedance and AMC,
in addition to its band gap feature. A mushroom-like EBG surface, for example,
has high surface impedance for both TE and TM polarizations. When a plane
wave illuminates the EBG surface, an in-phase reflection coefficient similar to that
of an artificial magnetic conductor is obtained. Furthermore, in the frequency-
wavenumber plane, soft and hard operations of an EBG surface have been identified.
These intriguing characteristics have resulted in a wide range of antenna engineering
applications, ranging from wire antennas to microstrip antennas, linearly polarized
antennas to circularly polarized antennas, and from the conventional to the novel

concepts and reconfigurable antennas.
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In brief, electromagnetic band gap structures are an important type of metama-
terials. Their characterizations and antenna applications are the central focus of

this thesis.

2.3.2 Analysis of EBG Structures

Various methods have been implemented to analyse the unique features of EBG

structures. These techniques can be classified into three groups:
e Lumped element model.
e Periodic transmission line method.
e Full wave numerical methods.

A well-known lumped LC model was first proposed in [15], in which a parallel
LC circuit model was used to describe the two-dimensional mushroom planar EBG
(see Figure 2-4 (a)). The capacitance is originated from the electric coupling of
adjacent metal patches, while the inductance comes from current following within
the structure (see Figure 2-4 (b)). When the periodicity is small compared to the
wavelength at the operation frequency, this lumped circuit model is valid. The LC
circuit model is widely used for a wide range of 2D planar EBGs [8, 16|, despite
the fact that it is intrinsically derived for a specific EBG structure (the so-called
mushroom EBG). This parallel LC circuit’s impedance, which refers to the EBG

C II »l;zr )
h
Ground
+ C —
L i

(a) (b)

Figure 2-4: (a) Equivalent circuit model with lumped elements LC for (b)
Mushroom-like EBG [1].
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structure’s surface impedance, is provided by:

JLw

Z,— I
1 — LCw?

(2.7)

The resonance frequency at which the EBG structure acts as a high impedance

surface can be calculated as follows:

1
fo= omVIC (2.8)

The EBG structures exhibit unique properties around this resonance frequency, such
as in-phase reflection and frequency band gap properties.

Although this model is simple to comprehend, the results are inaccurate due to
the simplified approximation of L. and C.

Another widely used technique for analysing EBG structures is the periodic
transmission line method [17]. Figure 2-5 shows an EBG transmission line model,
with Zp denoting the impedance of each periodic element and X denoting the
coupling capacitor. This method takes into account the Floquet periodic boundary
condition. The dispersion curve can be easily obtained after analysing the cascaded
transmission line, providing more information than the lumped element method.
The dispersion curve can easily identify surface wave modes, leaky wave modes, left-
and right-hand regions, and band gaps. However, obtaining accurate equivalent Zp
and X values for the EBG structures is a challenge with this method. Some em-
pirical formulas for simple geometries have been proposed, using multi transmission
line (MTL) models, but the results are limited for general geometries.

Various numerical methods have been used in full wave simulations of EBG
structures due to the rapid development of computational electromagnetics. Vari-
ous research groups have used both frequency domain methods such as the MoM
and FEM and time domain methods such as FDTD to characterise EBG structures.
Figure 2-6, for example, depicts an FDTD model for the mushroom-like EBG anal-
ysis [18]. The versatility and accuracy in analysing different EBG geometries is one
advantage of full wave numerical methods. Another significant advantage is the

ability to calculate various EBG parameters such as surface impedance, reflection

11
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Figure 2-5: Periodic transmission line method for EBG analysis [17].

phase, dispersion curve, and band gaps.
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Figure 2-6: FDTD simulation setup for EBG analysis [16].
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2.3.3 EBG/PBG Enhanced Microstrip Patch Antenna

In this section, a microstrip antenna based on an EBG structure, that meets the
requirements of high gain and radiation efficiency, while keeping a degree of minia-
turization compatible with component integration technology, in the architecture
of wireless communication systems, was proposed and designed, to operate at 30
GHz with a characteristic impedance of 50 €2. And simulated using CST microwave
studio, the antenna’s specifications were calculated according to [19].

The simulations of the return loss, the Voltage Standing Wave Ratio (VSWR)
ratio, gain, and radiation patterns of the designed antenna over the frequency band
of interest are presented. The simulation results reveal that this antenna achieved

the desired requirements recommended in the 5G Communication systems.

Antenna Design

At the beginning of this design procedure, the substrate material was carefully
selected based on the factors that affect the performance of the antenna, among them
the substrate thickness, dielectric permittivity, and loss tangent. In the conventional
and proposed design, Rogers RT /Duroid 5880 substrate (€,=2.2, tan = 0.0009) of
0.787mm thickness is selected for the antennas. RT Duroid 5880 substrate has low
loss tangent and low dielectric constant. It also has characteristics of low water
absorption, low electric loss and low moisture absorption. Roger substrate is the

best for mm-Wave.

The Conventional Antenna

2 as a width

First, a rectangular patch of copper and dimensions of 4.47 x 3.51 mm
and length, fed by a 50 Ohm microstrip line of 0.6mm wide (W) and 3.65mm long
(Ly) with an inset of 1.11 mm (F;) and a gap of 0.65mm (g) to achieve a good
impedance matching between the feed line and the patch; is built on top of the
substrate layer with a length, width and height of 11.3 mm, 11.8 mm and 0.787

mm respectively and of course a dielectric constant of €,=2.2. A conducting ground

is employed on the other side of the substrate with the same dimensions as this

13
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later. The patch alongside the feedline and the ground are copper-based material
with a thickness of 0.035 mm (M;). These parameters were calculated [19] in a way
the designed antenna would resonates at a frequency of 30 GHz. A slot of 2 x 0.5
mm? was etched of the patch antenna to broaden the impedance bandwidth. The
geometrical configuration of the conventional antenna is shown and summarized in

Table 2.1 and Figure 2-7 respectively.

Wi

v

L i i | I
s Lp

v _—

Figure 2-7: The geometry of the conventional antenna.

The Proposed EBG-Based Antenna

An EBG-Based structure is applied on the previous substrate leaving all parameters
unchanged. The proposed structure is defined by a square latticed cylindrical air-
gaped elements drilled into the substrate with a radius r and lattice (period) constant
p (see Figure 2-8). This structure exhibits a distinct band gap for surface wave

propagation around the operating frequencies. The existing of bandgap depends
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Figure 2-8: The geometry of the proposed EBG-Based Antenna.
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Table 2.1: Conventional antenna specifications

Parameter Value (mm) Parameter Value (mm)
Substrate width (Ws) 11.8 Patch length (Lp) 2.75
Substrate length (Ls) 11.3 Feed Length (Lf) 3.65
Substrate height (hs) 0.787 Feed Width (Wf) 0.6

Patch width (Wp) 4.2 Copper Thickness(mt) 0.035

Slot width (Sw) 0.5 Slot length(S1) 2

Inset width (g) 0.8 Inset length(Fi) 1.11

on the periodicity of the lattice and the refractive index ratio of the material and
the impurities that are added in the homogeneous substrate. Usually, the refractive
index ratio must be greater than 2:1 (material to impurity) [20].

The lattice constant p and the filling ratio r/p are chosen to maximize the pho-
tonic band gap [21], and designed so that the operating frequency of 30 GHz falls
within the stop band. The period p is 0.9 mm, and the filling ratio r/p is 0.44.

In order to analyze the band-gap of the proposed structure, direct transmission

method is utilized [22]. Figure 2-9 shows the simulation model of this method.

Portl PEC Boundary Port2
/ Air gap D}'t:lectric slab
A ¥
P ¥
v
PMC B(iundary PEC Boundary
e : a e .
*
PMC Boundary

Figure 2-9: Simulation model of the direct transmission method.

As the number of air drilled holes increases, the rejection level also increases (see
Figure 2-10), it is found that using 13 x 12 air gaped holes is enough to exhibit a
band-gap between the frequencies of 29-33 GHz, in which the surface waves cannot
propagate. Figure 2-11 illustrates the effect of the radius r (or the filling ratio r/p)
on the bandgap property.

15
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Figure 2-11: Effect of the radius r on the bandgap property.

Numerical Results and Discussion

The antenna’s behavior was examined in an FDTD analyzing environment, hence
CST Microwave studio (transient solver) with a frequency range from 0 to 40 GHz.
The major simulation results of both antennas are given in this section.

Figure 2-12 compares the simulated Sp; results of the conventional antenna and

the EBG-Based one. The resonating frequency for the conventional antenna was
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30 GHz, where as in the case of the EBG-Based antenna was 31 GHz, so a fre-
quency shift that is, due to the fact that the presented EBG structure modifies the
electromagnetic properties of the dielectric medium (23, 24].

It is noticed also that the proposed structure has shown a significant improvement
in terms of the return loss and the -10 dB fractional bandwidth (FBW) with a -53.55
dB and 3 GHz for a return loss and bandwidth respectively, where in the case of the
conventional microstrip antenna, both the return loss and bandwidth were -14.17
dB and 1.7 GHz, so a 73.5% and 40% improvement in terms of the return loss and
bandwidth.

The simulated VSWR as a function of frequency for both antennas was less than
2 at the working frequencies, and they are 1.48 for the base antenna and 1.004 for
the proposed antenna and is shown in Figure 2-13.

The VSWR is basically a measure of the impedance mismatch between the feed-
ing line system and the antenna. The higher the VSWR, the greater is the mismatch.
The minimum possible value of VSWR is unity and this lead to a perfect match just
like in the case at hand.

For a further understanding of the antenna’s performance, the radiation patterns
of these antennas are presented in Figure 2-14, in both the E plane and H plane at

the operating frequencies.

b N/

-30 -

Return Loss [dB]

40

45

] Conventional MPA
-50 = EBG-Based MPA

55

-60 —77— T T
0 5 10 15 20 25 30 35 40
Frequency [GHZ]

Figure 2-12: Simulated return loss versus frequency.
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Figure 2-13: Simulated VSWR versus frequency.

The conventional antenna has an 8.1 dBi and -15.4 dB values for a front and
back radiation respectively, where as in the case of the EBG-Based antenna, the front
and back radiation were 10 dBi and -22.9 dB. So the best radiation performance is
achieved by the EBG-Based antenna, because of the successful suppression of the
surface waves, it’s front radiation is highest, which is about 2 dBi higher than the
conventional case. Since the surface wave diffraction at the edges of the ground
plane is suppressed, the EBG antenna has a very low back lobe, which is more than
7.5 dB lower.

These radiation patterns are of a directional nature at the operating frequencies
of interest and this is in a good agreement with applications of point-to-point (P2P)
wireless communication systems, a technology where the utilization of BS (Base
Station) or core network is not needed. Proximate devices can directly communicate
with each other by establishing direct links, and due to the small distance between
the D2D (Device-to-Device) users, power saving schemes are possible within the
network, where it is not possible in the case of conventional cellular communication
systems [25]. A directional antenna meets the required criteria to be a good
candidate in the future wireless communication systems 5G, because it is essential to
mitigate the effect of multipath fading with a minimum interference. The radiation

efficiency of the proposed antenna is 83%, an 11% higher than the conventional
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Figure 2-14: Simulated radiation patterns, (a & b) E-planes, (¢ & d)H-planes, (e &
f) E-plane & H-plane (EBG-Based, red line, and Conventional antenna, blue line).

antenna with a radiation efficiency of 72%. The achieved efficiency is good in order

to operate in the 5G applications.
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Figure 2-15: Simulated 3D gain of (a) the conventional antenna versus (b) the
proposed EBG antenna.

Table 2.2: Performance comparison between the conventional and the EBG-Based
Antenna.

Ant. Conv-MPA  EBG-MPA
S11 (dB) -14.17 -53.55
VSWR (dB) 1.48 1.004
Bandwidth (GHz) 1.7 3

Front Radia.(dBi) 8.1 10

Back Radia. (dB) -15.4 -22.9

Peak gain (dB) 6.96 9.24

Figure 2-15 depicts the maximum peak gain achieved for (a) conventional an-
tenna with a value of 6.96 dB at 30 GHZ and (b) EBG-Based antenna with a 9.24
dB peak gain at 31 GHz. So a 2.28 dB enhancement was successfully achieved.

A full comparison between the simulation results from the two antenna designs
is summarized in Table 2.2.

Table 2.3 presents a comparison between the proposed antenna and other related
works in terms of resonant frequencies, return loss and bandwidth as well as peak
gain. It is noticeable from the comparison that the proposed antenna has the lowest
return loss and the highest peak gain of -53.55 and 9.24 dB respectively, as well as

a broader bandwidth alongside [26] when compared with other antennas.
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Table 2.3: Performance comparison between the proposed antenna and other related
works.

Ant. [27] [26] [28] [29]  This work
Freq. (GHz) 28.6 28.89 28.1 2829 3l
Sy1 (dB) 24 31  -31 -18.13 -53.55

BW (%) 2 31 16 169 3
Gain (dB) 5 773 759 7.72 924

Summary

In this example, an EBG-Based microstrip patch antenna is designed and simu-
lated using the commercial simulator CST Microwave studio based on the FDTD
analyzing method and was compared to the conventional base type of the antenna.

The EBG-Based MPA was proposed for 5G wireless communication systems
operating at 30 GHz band spectrum. The antenna is a very low profile with a
compact sized structure. Hence the compatibility with integration technology for
devices with space constraints.

The obtained results show good performances in terms of return loss (S1;), band-
width, gain, radiation patterns and efficiency, in comparing to the conventional MPA
with an improvement of 73.5%, 40%, 24.6%, 19% and 11% respectively, because of
the successful suppression of the surface waves by implementing Electromagnetic
Band Gap (EBG) Structure.

A side from the previously stated performances, directional antennas such as the
proposed one has the potential of being a good candidate for future 5G wireless

communication systems.
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2.3.4 AMC Enhanced Microstrip Patch Antenna

In this section, a probe fed microstrip patch antenna is proposed to operate at 30
GHz, and backed with an AMC structure, acts as a reflector to improve its front-
to-back ratio and gain. The genetic algorithm is exploited by using the established
interface between MATLAB and CST Microwave Studio through VBA language, to
optimize and achieve the desired AMC unit cell parameters. The results yield an
important improvement in terms of front-to-back ratio (low side lobes levels) and

gain, compared to the conventional design, which makes it a good candidate for 5G.

AMC unit cell and antenna design
AMC unit cell

It’s already known that the perfect electric conductor (PEC) has a 180° reflection
phase for a normal incident wave, where as in the case of a perfect magnetic con-
ductor (PMC), it has a 0° reflection phase, AMCs mimic the same property at the
resonance frequency [30]. AMCs also exhibit the high surface impedance property
(HIS) that can be used to suppress surface waves. As a result, the antenna’s gain and
side lobe levels are increased and reduced respectively [8], when an AMC structure
is used as a reflector such as in our current case.

The AMC unit cell structure is a simple square patch on a Rogers (RT/5880)
substrate with a relative permittivity (e,) of 2.2, a loss tangent (tand) of 0.0009
and a thickness of 0.787 mm. The dimensions of the unit cell is calculated using
the equivalent LC model from [8], and are depicted in Figure 2-16 (a) alongside the
equivalent model (Figure 2-16 (c)), where wgme. and gume are the patch width and
the gap width, respectively. All above parameters where chosen carefully so the
AMC’s zero-reflection property is designed to operate around the frequency of 30
GHz. Figure 2-16 (d), shows the CST Microwave Studio simulation model applied
from [31].

Figure 2-17 shows the simulated reflection phase response of the initial AMC
unit cell. Its design parameters were: wgyme = 1.3428 mm, gupme = 0.2 mm, and Agpe

= 0.787 mm. These parameters yielded a resonant frequency of 28.77 GHz for the 0°
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Figure 2-16: AMC unit cell. (a) Front view. (b) Side view. (¢) Equivalent circuit.
(d) Numerical Simulation model.

reflection phase, the £90° reflection phase bandwidth was 13.44 GHz (22.77-36.21
GHz). So a frequency shift that needs to be adjusted according to the desired band
of interest.

Genetic algorithm (GA) is used here, in combination with the full-wave simu-
lation tool (CST), to optimize the parameters of the unit cell to fulfill the desired
requirements. As we all know, genetic algorithm optimizers, are robust, stochastic
search methods, modeled on the principles and concepts of the natural selection and
evolution [32]. The flowchart of the proposed optimization process is depicted in
Figure 2-18. The AMC’s patch size wgme and the gap g.m. were selected as state
variables. The relative permittivity ¢,, and the height hg,,. of the AMC’s substrate
are considered to be constant and equal to 2.2 and 0.787 mm, respectively.

The required zero-phased frequency of interest is f,,,. =30 GHz, and the objec-
tive is formulated as a two-criterion function with respect to both the zero-phase

frequency’s position and the maximum bandwidth, the fitness function is minimized
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and defined as:
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Figure 2-17: Simulated refection phase of the initial AMC unit cell and the optimized
one.
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Figure 2-18: The flowchart for genetic algorithm parameters optimization.

24



Chapter 2. Metamaterials: Electromagnetic Band Gap structures (EBG) in Antenna Engineering

Where and are the upper and lower limit of the £90° reflection phase bandwidth.
The minimum and the maximum value of the patch size wg,. are set to 1 mm and
2 mm, respectively, the gap gumc is defined within the range of [0.1-0.5] mm. The
initial population consists of 50 random individuals, going through the process of
selection (Roulette), the probability of the crossover is 100 % and the probability
of the mutation is set to 1 %, and the number of generations is set to be 50. After
reaching the maximum number of iterations, the final optimized parameters for our
designing scenario are given as follow: wgme = 1.2477 mm, Gume = 0.2 mm, hgpme
= 0.787 mm, and the reflection phase diagram for the best optimized individual is

depicted in Figure 2-17.

The proposed design

The previously optimized AMC unit cell, is applied as a reflector to enhance the
performances of a probe fed microstrip patch antenna, with a rectangular radiator
of 3.53 x 2.55 mm as a width and length, printed on top of a Rogers RO/3003
dielectric slab, with a relative permittivity (e,) of 3, a loss tangent (tand) of 0.001 and
dimensions of 7.06 x 5.11 x 0.254 mm for a width, length and thickness respectively.
The characteristic impedance of the coaxial feed line was 50 Ohm, and the line passed
through a drilled hole on the AMC reflector to feed the patch. These parameters were
calculated [19] in a way, so the designed antenna would resonates at a frequency of
30 GHz. The proposed antenna is suspended at a height h, above the AMC surface,
which is an array of 12 x12 unit cells (17.37 x 17.37 mm). Figure 2-19 shows the
geometry of the proposed antenna.

The distance, h., needs to be chosen carefully to enhance the antenna’s per-
formances, by reflecting the back radiation. Therefore, a parametric study with

different spacing h. is needed to illustrate the performances enhancement.

Simulation results and discussion

The simulated return loss s;; for both the conventional antenna and the AMC
backed one, is depicted in Figure 2-20. By varying the distance h, (0-10 mm),

different return loss values were obtained, and the best one was -52.72 dB at a
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Figure 2-19: Geometry of the optimized proposed antenna on the AMC surface: (a)
top view, (b) side view.

distance of h, =4.6 mm, with a resonance frequency of 30.37 GHz in comparison
to the conventional antenna, where the return loss was -30.6 dB at a resonating
frequency of 30 GHz, so a frequency shift that is, due to modified electromagnetic
properties introduced by the AMC surface. Both antenna’s impedance bandwidth
is around 3.53 % (1.06 GHz). A significant improvement in terms of return loss is
achieved and is about 72.29 %.

Figure 2-21 illustrates both gain and side lobe level (SLL) of the proposed an-
tenna, in function of the spacing between the antenna and the AMC surface. The
maximum peak gain of 9.28 dB is achieved at a distance of 0.5 mm with a side lobe
level of -18.9 dB, while the peak gain of conventional antenna was 7.34 dB and the
side lobe level was -15 dB. So an increase of 26.43 % (1.94 dB) in peak gain and 26
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Figure 2-20: Simulated return loss versus frequency.

% (-3.9 dB) enhancement in terms of side lobe level.

The lowest SLL value was -24.6 dB at a distance of 9.4 mm with a gain of 8.55
dB. Resulting in an improvement of 63.8 % (-9.57 dB) in SLL and an increase of
16.49 % in terms of peak gain. So a trade-off between choosing higher peak gain or
lower SLL is a must. From above findings, the maximum front-to-back performance
is achieved at a spacing h, of 9.4 mm (see Figure 2-21), due to the effectiveness in
back radiation suppression (surface waves), when incorporating the antenna with an
AMC based reflector. The antenna’s gain could be further enhanced by increasing

the number of cells of the AMC surface.

Summary

In this example, a probe fed microstrip patch antenna, suspended over an AMC
based reflector, was investigated and simulated. A parametric study was conducted,
by varying the spacing between the AMC reflector and the suspended microstrip
antenna. Most importantly, the proposed design, effectively, improved the antenna’s
gain up to 9.28 dB, and also improved the side lobe level as low as -24.57 dB,

due to the successful suppression of the surface waves. Moreover, the overall size
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Figure 2-21: Simulated gain and SLL of the proposed antenna at different spacings
of h,.

of structure is compact (17.4 x 17.4 mm), with relatively high gain, makes the
proposed design an extremely attractive candidate for the next generation of mobile

communication systems 5G.

2.4 Frequency Selective Surfaces FSSs

2.4.1 Definition

A Frequency Selective Surface (FSS) is a periodic, planar arrangement of mostly
metallic elements on a dielectric layer. It is constructed in tandem with electromag-
netic waves in order to "tailor" an electromagnetic link, in the free-space environ-
ment. The FSS regulates the flow of electromagnetic energy by acting as a barrier
for waves propagating along that link. The FSS’s transfer function manipulates the
wave’s spectral content. As a result, some of the wave’s frequency constituents are
blocked, while others pass through the FSS fence. In another sense, an FSS is sim-
ilar to a filter in circuit theory. In electromagnetic engineering, F'SS structures are

also known as spatial filters due to their filtering effects.

28



Chapter 2. Metamaterials: Electromagnetic Band Gap structures (EBG) in Antenna Engineering

2.4.2 FSSs and well-known metamaterial structures

Some well-known structures, such as high impedance surfaces (HIS), can be thought
of as evolved versions of FSSs, in which FSSs are combined with metallic ground
planes and metallic pins (vias). As a result, they can provide two important charac-
teristics at the same time: artificial magnetic conductor (AMC) and electromagnetic
band gap (EBG).

Because currents cannot travel across the gaps between the patches, an FSS of
metallic patches, such as the one shown in Figure 2-22 (a), can effectively suppress
surface waves. It is partially reflective in the frequency range where it prohibits
surface waves. This latter can propagate only at very high frequencies, when the
effective capacitors between neighbouring plates behave as shorts. As a result, this
FSS transmits low-frequency signals while reflecting high-frequency signals.

The inductive FSS, which is shown in Figure 2-22 (b) is the complementary
counterpart of the capacitive one, which consists of an array of square slots. The
inductive structure has complementary transmission spectra because it is the com-
plementary of the capacitive structure. As a result, it transmits high-frequencies

while reflecting low-frequency waves [33].

(b)
Figure 2-22: F'SS elements types: (a) patch (capacitive) and (b) aperture (inductive).

&
~—

Waves that are short in comparison to the diameter of the holes will easily pass
through the mesh on the inductive surface, while longer waves will see the sheet
as continuous metal. As a result, long wavelengths are transmitted while short

wavelengths are reflected by the metal sheet. The capacitive sheet is not completely
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reflective at low frequencies, where it can prevent the propagation of surface waves.
This latter can easily propagate along the continuous metal wires while the inductive
sheet is reflective at low frequencies.

When a ground plane is added to a capacitive FSS, the structure becomes com-
pletely reflective, with the favourable reflection phase properties of high-impedance
surfaces, but surface wave propagation is still possible. The important properties of
high-impedance surfaces, such as in-phase, 100 percent reflection, and suppression
of surface current propagation, are only obtained when both the ground plane and

the vias are included [34].

2.4.3 FSSs in antenna engineering

FSSs have been used, to widen the operating band of backing reflectors and to
enhance the performance of broadband reconfigurable antennas, as superstrates and
as reflectors. In This thesis, the use of FSSs as reflectors to UWB antenna, is one

of the main objectives.

FSSs as UWRB reflectors

For broadband and ultra-broadband applications, FSSs can be used effectively in a
planar reflector design. The basic concept is to create a single or multilayer F'SS
structure, with each layer providing reflectivity for a different frequency band. Each
reflective plane is positioned at a suitable distance from the antenna, resulting in
reflections from various layers and thus increasing the composite reflector’s usable
range.

The wave radiated toward the FSS is reflected when an antenna is placed at a
distance H, (mm) above it. This reflected radiation would be added to the direct
outgoing wave radiated in the opposite direction of the FSS reflector from the an-
tenna. When the two wave components are added in phase, constructive interference
is expected to occur, resulting in the maximum gain of the antenna in the presence
of the FSS reflector.

Please refer to chapter 4 for more information on the operation mechanism of

the F'SS/antenna combination.
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Several UWB antennas based on such reflectors were reported in the literature,
to verify its functionality. In [35] the antenna was placed above the reflector at a
distance of about A/4 at the center frequency of 6 GHz , and a maximum gain of
9.5 dBi was achieved at 4.2 GHz, with only 1.5 dB gain variation over the frequency
range of 3 to 10 GHz.

In [34] a rectangular slot antenna is suspended over an Ultra wideband opti-
mized FSS reflector at a height of 10 mm, and this latter has a very small effect on
the radiator’s impedance bandwidth, compared to the gain, which is significantly
improved due to the reflector’s presence.

The average peak gain of the feed antenna alone was 5.7 dBi, while the average
peak gain with the FSS reflector was around 10.9 dBi.

In brief, The detailed examples of various FSS antenna applications in the lit-
erature, demonstrate the structures dependability and flexibility, as well as their
ability to enrich antenna research and lead to further innovations. Meanwhile, FSSs
are extremely sensitive due to their dependability and flexibility. As a result, their

design should be meticulous in order to achieve the desired results.

2.5 Summary

In this chapter, a brief and general overview on Metamaterials and Electromagnetic
Band Gap structures (EBG) in particular, is discussed, alongside the analysis of such
periodic structures and the exploitation of full-wave solvers in a few introductory
texts and tutorials describing the correct set up of the analysis have been provided.
Moreover, these texts are often incomplete and unclear. Therefore, a detailed de-
scription of the critical settings of unit cell modeling for the correct characterization
of EBGs, FSSs, AMCs and PRS structures, are discussed in the next chapters and

sections, and the findings are compared to related works in the literature.
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Chapter 3

Analysis and Design of a Compact

patch antenna using an optimized

EBG structure

3.1 Introduction

The microstrip antenna plays a vital role in the fastest growing wireless communi-
cations sector. Today, to establish a communication link between wireless devices,
we need an antenna, which is conformal, compact, cheap, and easy to fabricate.

Microstrip patch antennas are light in weight, and have lower fabrication cost,
but they do suffer from the inherently narrow impedance bandwidth, low gain and
efficiency due to dielectric and conductor losses, and are relatively large in size.

Two of the most important aspects in microstrip antenna design, are to widen
the narrow bandwidth, and size miniaturize of the patch antenna.

The narrow bandwidth can be expanded by increasing the substrate thickness.
However, by doing so, stronger surface waves are excited in the dielectric slab. As
a result, the radiation efficiency and patterns of the antenna are further degraded.
In [36] parasitic patches incorporated with shorting vias were introduced on the
microstrip patch antenna to form multi-resonant circuit so that the bandwidth is
improved, because increasing the resonance modes around the main one, would

consequently increases the impedance bandwidth, then by simply adding shorting
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vias, the surface current distribution on the patch antenna is changed, reducing the
input impedance of the antenna toward 50 Ohm at some frequencies, resulting in
the increase of the impedance bandwidth. Another way of broadening the band-
width is to introduce slots into the patch without additional size [37]. In [38] slot
loading techniques, symmetrical rectangular microstrip feed-line, and notch-loaded
ground plane, are used to enhance the impedance bandwidth. Another important
aspect in microstrip antenna designs is to miniaturize the patch size. In [39] a novel
kite-shaped slot utilized in the radiating patch is proposed for antenna miniatur-
ization in both active patch area and volume (i.e., 26 and 50%). The conventional
half-wavelength size is relatively large in modern portable communication devices.
Increasing the dielectric constant of the substrate is a simple and effective way in
reducing the antenna size [40].

Microstrip antennas on high dielectric constant substrate are of growing inter-
est due to their compact size and conformability with integrated architecture cir-
cuits. However, there are several drawbacks with the use of high dielectric constant
substrate, namely, narrow bandwidth, low radiation efficiency, and poor radiation
patterns, which result from strong surface waves excited in the substrate. Hybrid
substrates to enhance the gain of the antenna by implementing a ferrite ring without
compromising the bandwidth [41].

To overcome the drawbacks of using the thick and high dielectric constant sub-
strate, microstrip patch antennas are incorporated with different materials used to
enhance potential parameters of the antenna. Among them, Electromagnetic Band
Gap EBG structures are the most appropriate [42].

The EBG structure is defined as artificial periodic (or sometimes non-periodic)
objects that prevent or assist the propagation of electromagnetic waves in a specified
band of frequency for all incidence angles and all polarization states. It prevents
the propagation of the surface wave excited by the patch antenna [43]. Circular
mushroom-like substrate was used in [44] to improve the antenna’s gain. In [45]
the Sierpinski fractal-shaped EBG is used to address the low gain problem, where
as for [46], gain and front-to-back ratio were enhanced using a novel elliptical EBG

structure. For a highly effective medium ratio and size miniaturization, a cohesive
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symmetric hook-C shape inspired metamaterial for S-band application was used [47].
In [48] a Split-Ring ResonatorSRR based metamaterial structure is used to improve
the electromagnetic Specific Absorption Rate SAR in many wireless communication
systems like WiMAX. Another way of improving the antenna’s performance, is by
using Frequency Selective Surface structures FSS, like in the case of [49] and [50],
where F'SS layers were proposed as superstrates to form a Resonant Cavity Antennas
RCA, and the results yielded an impressive improvement in terms of directivity and
peak gain while keeping a degree of compactness.

The electromagnetic band gap EBG structure is applied in patch antenna de-
sign to overcome the undesirable features of the high dielectric constant and thick
substrates while maintaining the desirable features of utilizing small antenna size.

In this chapter, a microstrip antenna based on the mushroom-like EBG structure
is proposed and designed to operate at 5.8 GHz. The main characteristics of the
proposed design is its ability to increase the gain, directivity, return loss and the
total efficiency of the antenna without affecting the geometric parameters, which
makes it applicable for wide range of RF devices, operating at the chosen resonance
frequencies. The simulated results using CST microwave studio compared to the
conventional design and other related works have demonstrated attractive perfor-
mance in terms of impedance matching and bandwidth, compact features (light

weight, small sized, low cost), and high gain and efficiency.

3.2 Analysis and design

In this section, a probe fed (0.5 mm in radius) microstrip patch antenna on a thin,
thick and step-like substrate designs, are discussed alongside the proposed EBG-
based structure, and investigated using the Finite-difference time-domain (FDTD)
method in Computer Simulation Technology CST microwave studio. Rogers RT /-
Duroid 6010 (e,=10.2, tan 6=0.0023) commercial laminate is chosen in this study
as the substrate, with a size of 1A x 1\ ( where A is the free space wavelength at the
resonance frequency), the feed location was optimized for all designs to give a good

impedance matching.
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3.2.1 Conventional antenna designs

To study the effect of the substrate’s thickness on the performances of the microstrip
patch antenna (MPA), two configurations of different heights are simulated on the
previously stated substrate with h; = 1.27 mm and hy= 2.54 mm, and by tuning
the patch size and the feed location, both antennas match well to 50 Ohm, around
the desired resonance frequency of 5.8 GHz. The patch width and length for the
antenna with thin substrate(h; = 1.27 mm) were 7 and 5 mm respectively, whereas
in the case of the design with thicker substrate (hy= 2.54 mm), its patch width and
length were 6.7 and 4 mm respectively (see Figure 3-1(a)).

Another patch antenna design is investigated, as shown in Figure 1b. The idea
behind it is to use a thick substrate under the patch with a thickness of 2.54 mm,
which helps to keep the compact size and bandwidth and use a thin substrate (1.27
mm) around the patch, which could reduce the surface waves. This geometry is like
a stair step [51]. Note that the patch size is 6.7 and 4 mm for a width and length

respectively.

3.2.2 The proposed EBG design

An EBG-Based structure is applied on the previous step-like structure surrounding

the substrate under the patch, leaving all parameters unchanged. It consists of a

(a) (b)

Figure 3-1: Patch antenna on (a) a simple and (b) step-like substrate, geometry and
cross section.
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lattice of metal patches, connected to a solid metal sheet by vertical conducting vias
penetrating a dielectric medium. It is the mushroom-like EBG structure (Figure 3-
2), it was first proposed in [§].

This structure exhibits a distinct band gap or stop band for surface wave propaga-
tion, and can be explained and modeled by a simple LC filter network. The inductor
L results from the current flowing around the patch through the vias and ground
metal sheet, at the same time the fringing effect between two adjacent patches can
be considered as a capacitor C.

The values of the inductor L and the capacitor C are determined by the following
formula [15]:

L = uph (3.1)

1
_weollte) o (Wtg)
@ 9

C

(3.2)

1o and €g is the permeability and permittivity of the free space respectively. The
parameters h, w, and g are the height of the substrate, the EBG’s patch width, and
the gap between two neighboring EBG patch units, alongside the via’s radius r, and
they are depicted in Figure 3-2 (a).

Moreover, the frequency band gap is [15]:

1
- 3.3
YT VIc (3:3)
Aw 1 /L
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Where 7 is the free space impedance, which is 1207.
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L
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Figure 3-2: (a) Mushroom-like EBG (b) Equivalent LC circuit.

@
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It should be noted that the presence of the via is responsible for the band-
gap existence, and the via’s radius r affects the band-gap by moving it to higher
frequency region whenr is increased, and the band-gap is also enlarged, because the
effective area between the top and bottom conducting sheets is reduced, and the
total equivalent capacitance is decreased, and so the resonant frequency becomes
higher, and the band-gap is expanded because it’s proportional to v/ LC' [52].

Due to complex behavior of EBGs, stochastic methods can be successfully imple-
mented. A combination of a full-wave numerical tool (CST) with a global optimiza-
tion algorithm (GA) was successfully used here to optimize the parameters of the
unit cell to fulfill the needed requirements. The computational process is controlled
from MATLAB, through an interface with CST for the full-wave dispersion analysis,
using Visual BASIC for Application (VBA).

The Bloch-Floquet theorem (see Figure 3-3) is used for the dispersion analysis,

which describes the wave propagation in infinite media consisting of periodic repeti-

Electric

[

_— Periodic

by

Electric

Figure 3-3: Numerical model of a mushroom-like EBG unit cell for dispersion dia-
gram calculation (ha=10h).
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tion of the unit cell. The theorem states that the properties of wave propagation in
a periodic media can be fully described considering only one unit cell and applying
periodic boundary conditions at its edges [53]. But since the eigenmode solver in
CST Microwave Studio does not support open boundaries, the top and the bottom
of the model should be defined as perfect electric (see Figure 3-3). A relatively small
height of the air box h, could be sufficient considering the fact that the surface waves
are concentrated mainly inside the substrate and at the substrate/air interface.
Genetic algorithm optimizers are robust, stochastic search methods, modeled on
the principles and concepts of the natural selection and evolution [32]. The flowchart
of the proposed genetic algorithm is depicted in Figure 3-4. The EBG’s patch size
w and the gap g were selected as state variables. The relative permittivity €, ,and
the height h of the dielectric substrate alongside the via’s radius r are considered

to be constant and equal to 10.2, 1.27 mm and 0.5 mm, respectively. The required

Initialize population
(Unit cell parameters)

u — a ] u —— u o ] \

”

&

&

Update the parameters ]

GA’s
Generated
Parameters

I >y

CST MWS I

Dispersion analysis |
results

Fitness
Evaluation

.
* _— ] CE— ] f—) = _— ] —

Figure 3-4: The flowchart for genetic algorithm parameters optimization.
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center frequency of the bandgap is f.=5.8 GHz, and the objective is formulated as a
two-criterion function with respect to both the bandgap position and the maximum

bandwidth, the fitness function is minimized and defined as:

2
Fit — (meax‘Ql‘mem _ fc) _ (meax; mein) (3.5)

Where fp nax and fp min are the upper and lower limit of the bandgap. The min-
imum and the maximum value of the patch size w are set to 3 mm and 6 mm,
respectively, the gap ¢ is defined within the range of [0.2-0.8] mm. The initial
population consists of 30 random individuals, going through the process of selec-
tion (Roulette), the probability of the crossover is 100 % and the probability of the
mutation is set to 1 %, and the number of generations is set to be 20.

After reaching the maximum number of iterations, the final optimized parameters
for our designing scenario are given as follow:

w = 4.81 mm, ¢ = 0.5 mm, h =h; = 1.27 mm, » = 0.5 mm, and the dispersion
diagram for the best optimized individual is depicted in Figure 3-5. The first mode
is a TM and starts at zero frequency, and the second one is a TE mode and appears
at frequency higher than 6.52 GHz. It is clear that no eigen-mode exists in the
frequency range from 5.3 GHz to 6.52 GHz (see Figure 3-5), A band-gap region it
is, where no surface wave is allowed to propagate. This stop-band extends from the
top of the TM band to the point where the TE band and the light line are crossed.
This band-gap is due to the existence of the vias, where the wave attempts to move
downward into the dielectric substrate when the frequency increases, and the more
it interacts with the vias, the more it is slowed down till surface wave propagation
is suppressed [8].

For correct EBG design, it is essential to distinguish between reflection- and
dispersion response of a structure. As described in many papers, the frequency
of zero reflection phase (usually calculated for normal wave incidence) does not
necessarily lie inside the surface wave band gap [54, 55]. To validate our design’s
band-gap response, direct transmission method is utilized [52|. Figure 3-6 shows

the simulation model of this method, it is found that using four unit cells is enough
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Figure 3-5: Dispersion diagram of the optimized EBG unit cell. The vertical axis
shows the frequency and the horizontal axis represents the values of the transverse
wavenumbers (0x, fy). Three specific points are: I', X and M.

to exhibit a band-gap (Figure 3-7) between the frequencies of 5-6.57 GHz with the
criteria of -20 dB, in which the electromagnetic wave cannot propagate.

However, a 4.81 mm unit cell for a structure of four rows increases the substrate
dimensions (58 mm x 58 mm) and this is an inconvenience in designing a compact
MPA.

A size reducing technique is necessary to resolve such a problem. In [56] a simple

way to reduce the size of a mushroom-type EBG surface is proposed, by changing

Portl PEC Boundary Port2
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Figure 3-6: Simulation model of the direct transmission method.
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Figure 3-7: S, transmission coefficient of the EBG structure.

the via’s position from the center to the side. This allows a 20 % reduction in the
start frequency of the band-gap that has been verified via direct transmission line
method (see Figure 3-7). Hence reduction in the unit cell size by a factor of 27 %
after optimizing the via’s radius from 0.5 mm to 0.3 mm is achieved, and the new
parameters for the optimized EBG unit cell are:

w=3.5mm, g = 0.5 mm, h =h; = 1.27 mm,r = 0.3 mm.

These parameters were enough to cover a bandgap from 5.14 to 6.44 GHz (Fig-
ure 3-7) to ensure the surface wave suppression around the resonance frequency of
5.8 GHz. It is clearly observed that, our design’s stop-band is characterized suc-
cessfully, using both analyzing techniques. The overall size of the EBG structure
is the same as the step-like antenna, which is 1A x 1\ (where A is the free space
wavelength at the resonance frequency), and by using the final miniaturized EBG
unit cell, the proposed EBG structure is composed of a 13 x 13 unit cell array, and
by removing the 49 unit cells covering the upper substrate, leaving the final EBG
structure with only 120 unit cells, instead of 169.

Different configurations were performed and analyzed by changing the position

of the edge-located vias, and the best configuration is depicted in Figure 3-8.
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Figure 3-8: Best configuration of the edged-located vias.
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The mushroom EBG can suppress surface waves if and only if the following rules

are kept:

e The antenna (exciting surface waves of both polarization) works under the
first substrate TE surface wave cutoff frequency (i.e. the substrate guides

TMO mode only).

e A mushroom-type EBG is used.

!
i
i
-

Figure 3-9: The proposed Step-Like EBG (S-EBG) structure.
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For our proposed design, both conditions are met, since the cutoff frequency for
the first TE1 surface mode is f, = 19.5 GHz and was calculated using the following

formula [57]:
c

4h/e, — 1

Which is larger than the operating frequency, so the conditions are met and verified.

f.= (3.6)

Figure 3-9 depicts the final optimized EBG design and the simulation results are

discussed in the next section.

3.3 Numerical results and discussion

In the previous section, four antenna designs were simulated and investigated and
the simulation results are given in this section. Figure 3-10 compares the simulated
S11 results of the proposed S-EBG and the other three antennas. The thin substrate
design has a return loss of -22 dB and impedance bandwidth of 66 MHz (1.14
%), where as in the case of the thick substrate antenna, the return loss was -21
dB with 186 MHz (3.22 %) for a bandwidth. Both the Step-Like design and the
proposed EBG structure have shown an improvement in return loss with a -34 and
-42 dB respectively, and despite the fact that the thickness of the substrate under

the patch is the main factor in determining the bandwidth of the antenna and the
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Figure 3-10: Simulated return loss versus frequency.
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S-EBG structure being located away from the patch, this later shows an important
improvement in bandwidth, around 417 MHz (7.20 %) in contrary to the step-like
substrate being also located away from the patch antenna, but having less effect on
the antenna’s bandwidth (+0.42 % in comparing to the thick substrate).

For a further understanding of the antenna’s performance, the radiation proper-
ties of the antennas were investigated and simulated around the operating frequency
of 5.8 GHz, directivity patterns are shown in Figure 3-11 and Figure 3-12.

Figure 3-11 illustrates the radiation patterns of these antennas (polar plot), both
in the E-plane and in H-plane. The antenna on the thick substrate has the lowest
front radiation while its back radiation is the largest. Both the antenna on the thin
substrate and the step-like structure exhibits similar radiation performance with
a slight difference in the favor of the thin substrate antenna. The best radiation
performance is achieved by the S-EBG antenna structure. Because of the successful
suppression of surface waves, its front radiation is the highest, which is about 2.85
dBi higher than the thick substrate antenna. Since the surface wave diffraction at
the edges of the ground plane is suppressed due to the presence of the band-gap, the
EBG antenna has a very low back lobe, which is more than 4 dB lower than other
cases.

It is also interesting to notice that beam width of the S-EBG structure is much

narrower ( see Figure 3-12) than the other three cases in both E- and H-planes.

Thin Thin
0 —— Thick 0 —— Thick
Step-Like q Step-Like
——s-EBG | ——S-EBG

90

Figure 3-11: Simulated radiation patterns, (a) H-plane, (b) E-plane (Polar plot).

44



Chapter 3. Analysis and Design of a Compact patch antenna using an optimized EBG structure

15 15 4
Thin Thin
10 —— Thick 10 4 —— Thick
Step-Like Step-Like
—S-EBG —S-EBG
5 5
=~ 0 = 07
m m
° z
2 5 2 -5
2 =
© ©
£ 0 L 10
[a] [a]
15 -15 4
20 -20
_25\\\\\\\\\\\\\\\\\\\\\\\\ _25_\\\\\\\\\\\\\\\\\\\\\\\\
-150-120 -90 -60 -30 O 30 60 90 120 150 180 -150-120 -90 -60 -30 O 30 60 90 120 150 180
Theta (Degree®) Theta (Degree®)
(a) (b)

Figure 3-12: Simulated radiation patterns, (a) H-plane, (b) E-plane (Cartesian plot).

Because the EBG structure stops the surface wave propagation, so the beam be-
comes much narrower. From above comparisons, it is clear that the EBG structure

improves the radiation performances of the patch antenna.

3.4 Fabrication & Measurements Results

In this section, the simulation results are validated by first fabricating all involving
parts of the proposed design with its final optimized geometry and dimensions, on
the Rogers RT/ duroid 6010LM dielectric slab with thickness of 2.54 mm (1.27
mm for each layer). They were assembled using adhesive paste, to form the final
proposed prototype (see Figure 3-13(a)). It is fed by a 50 Ohm SMA connector
soldered directly to the patch.

Next, the reflection coefficients characteristics of the fabricated prototype are
analyzed and measured using the Agilent 8722ES Vector Network Analyzer (VNA),
and the results are illustrated in Figure 3-14, where the measured impedance band-
width with S11 <-10 dB criterion is 438 MHz ranging from 5.644 to 6.082 GHz,
corresponding to a fractional impedance bandwidth of 7.47% with respect to the
center frequency of interest. It is also compared to the simulated results, where

the impedance bandwidth was 7.20% (417 MHz). Therefore, both simulation and
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Figure 3-13: The final (a) fabricated antenna and its assembly parts, and (b) far-field
measurement setup.

measurement results are in good agreement, despite the slight discrepancies between
them, which are probably due to assembly and fabrication errors.

In addition, the radiation patterns for the proposed prototype were measured in
an anechoic chamber, and the setup is depicted in Figure 3-13 (b). The normalized
simulated and measured radiation patterns of the proposed antenna are illustrated
in Figure 3-15 at the center frequency of 5.8 GHz, in both H- and E-planes.

The obtained radiation patterns (simulated and measured) of the antenna, are
directional in the broadside of both the E- and H-planes, with lower sidelobe levels.

Both simulation and measurements results are in good agreement, with a slight
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Figure 3-14: Simulated and measured reflection coefficients versus frequency.
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Figure 3-15: Normalized simulated and measured radiation patterns, (a) E-plane,
(b) H-plane at 5.8 GHz

difference due to fabrication errors.

For easier comparison between the antennas, the most relevant parameters are
summarized in Table 3.1, the performances of the proposed antenna and other re-
lated works were illustrated in Table 3.2, where It can be observed that, the proposed
antenna outperforms the other designs in terms of return loss and peak gain with an
adequate bandwidth while maintaining its compact size on thick and high dielectric

permittivity substrate.
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Table 3.1: Simulated antenna’s performance of all antenna designs

Ant. Thin Thick Step-Like S-EBG
Return loss (dB) -22  -21 -34 42
Bandwidth (%) 1.14  3.22 3.64 7.20
Front Radia.(dBi) 6.44 5.39 6.01 8.24
Back Radia. (dB) -12.8 -9.9  -12 -16.7
Peak gain (dB) 5.66 5.13  5.71 8

Table 3.2: Proposed antenna versus other related works

Ant. [58]  [59] [60]  [61] This work
Freq. (GHz) 5.674 58 6 58 5.8

Si1 (dB) 222 -14.8 20 -32 42

BW (%) 359 413 251  6.89 7.20
Gain (dB) 67 16 59 64 8

Size (mm)

w 17.68 24 1572 136 6.7

! 1385 16  11.74 10 4

h 0.762 1.6 1.58 254 2.54

3.5 Summary

In this chapter, a mushroom-like EBG-Based structure was investigated and simu-
lated alongside three other designs on a high dielectric permittivity substrate to take
advantage of using such dielectric medium, in terms of compactness of the patch,
and to enhance the overall performance.

The EBG unit cell parameters were calculated and optimized using the com-
bination of a stochastic global optimization algorithm (GA) and the commercial
simulator CST Microwave studio, to insure the coverage of the resonance frequency
of 5.8 GHz.

A parametric study was conducted on the EBG cell by varying the position of
the via, to lower the frequency of the band-gap, hence reducing the unit’s size to
prevent an increase in overall size of the antenna, the bandgap was determined using
the dispersion diagram method and verified with the direct transmission technique.

The obtained simulation and measurement results show a good overall perfor-

mance in terms of return loss, bandwidth, directivity and peak gain, comparing it
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to the thick substrate case with an improvement of 50 % in return loss, 55 % in
impedance bandwidth, 34 % and 35 % for directivity (front radiation) and peak
gain respectively, due to the successful suppression of the surface waves by imple-
menting (EBG) structure, which makes the proposed design an extremely attractive
and ideal choice for RFID and wireless communication (WLAN, WiMAX] etc...)

applications.
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Chapter 4

Analysis and Design of An UWDB
Antenna Using A Compact Topology
Optimized Single FSS-Layer as A
Reflector

4.1 Introduction

Microstrip patch antennas play a vital role in today’s wireless communication sys-
tems, as mentioned in the previous chapter. They are widely used because of their
special traits, such as low in profile and cost, light weighted, compact, and easy to
fabricate, and have the integration ability with solid-state devices [62]. In spite of
these remarkable advantages, microstrip patch antennas suffer from narrow band-
width and low gain.

With the increasing demand for high data rates, broadband and multi-band an-
tennas are attracting subjects in both academic and industrial sectors. Since the
Federal Communications Commission FCC released the 3.1 to 10.6 GHz unlicensed
band for communication [63], and the fast development of broadband antenna de-
signs, wideband antennas with better gain performances have become the talking

point of many researchers, and have extensively been used in various wireless com-
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munication systems, for their simplicity, broader bandwidth, low profile, and low
cost effective performances, easy fabrication, which made them to be an attractive
candidates for many applications [64, 65| [66]. However, such configurations have a
major disadvantage in terms of low-gain performance, and exhibit gain fluctuations
over their wide range of frequencies.

To tackle this problem, Electromagnetic Band Gap EBG structures and Artifi-
cial Magnetic Conductors AMC, have been used to improve the gain characteristics
of such structures. These later are mostly used as reflectors, placed very near to
the radiating element, reflecting the incident signal, which in turn leads to a cumu-
lative superposition of radiation from the antennas [67, 68]. Consequently, a gain
enhancement could be achieved.

In [69], the authors have used an Artificial Magnetic Conductor AMC as a re-
flector, as well as in the case of [70], where an electromagnetic band gap EBG has
also been applied as a reflector. Both suppressed the surface waves at the operat-
ing frequency, which leads to an increase in gain. The proposed unit cells are not
only large in size, but also provide only a narrow bandwidth and a nonlinear phase
reflection coefficient. Authors of [71] have used the Uniplanar Compact Photonic
Band gap UC-PBG as a lens for gain enhancement, while |72, 73] used a frequency
selective surface FSS based on aperture and superstrate to enhance both directivity
and gain. In [74] and [75], authors have used multilayer F'SSs to generate a multi-
stop-band structure with a wide band property to enhance the gain but at the same
time it increases both design profile and complexity.

A convoluted circular FSS unit cell, alongside an interwoven with a convoluted
element from a simple spiral dipole array, have been proposed by authors of [76] and
[77] to achieve the desired miniaturization aspect of an FSS array. Therefore, the
main objective of this study is to design a broadband, compact-size, and low-profile
FSS structure in order to achieve ultra-wide band properties and high gain.

In this chapter, a compact ultra-wideband FSS structure is proposed to oper-
ate at the UWB spectrum, and acts as a reflector to an ultra-wideband monopole
antenna to improve its gain. The binary genetic algorithm is exploited using the

automated topology synthesizing system, based on the interface established between
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MATLAB and CST Microwave Studio through VBA language, to achieve the ob-

jective of a miniaturized and yet ultra-wideband FSS unit cell.

4.2 Design procedure and structure analysis

In this section, all antenna design variations, use the Rogers RO4350B substrate
material having thickness (hs) of 1.524 mm, and permittivity e,= 3.66, alongside

the F'SS unit cell design, and simulated using full wave CST Microwave Studio.

4.2.1 Antenna Design variations

Our proposed ultra-wideband antenna is achieved after a series of modifications and
variations in the design, mainly to expand its bandwidth. First, the initial design of
a conventional microstrip fed patch antenna (MPA ) is achieved by using the equa-
tions of the transmission line model as a guideline. According to [19], the following
equations ((1)-(5)) are used to design this antenna by calculating the geometrical
parameters, namely the patch width W, and the patch length L,, assuming that the
resonant frequency f., the relative permittivity €, and the substrate’s height h, are

known, and these equations are outlined as follows: First, we calculate the patch

c 2
— 4.1
W 2f, Ve, +1 (4.1)

where ¢ is speed of light in free space. Then with this parameter, the substrate’s

width W, using equation (1):

effective permittivity (e.rs) is calculated using (2):

e +1 -1 1
Eeff = + 4.2
A 2 ( 1+ 12hS/Wp> (42)

Using this later (e.ss), we calculate the patch length extension AL, (3):

Wp
(gess + 0.3) <h_s + 0.262>

AL, = 0412 h,
» (gefs — 0.258) (V,LV— n 0.813)

92



Chapter 4. Analysis and Design of An UWB Antenna Using A Compact Topology Optimized
Single FSS-Layer as A Reflector

Finally, L, is calculated using the following equations (4) and (5)

C
Lejp = ——— 4.4
Y B (4.4)
Ly—r.;s-20L, (4.5)

First, we begin by designing a simple microstrip-fed patch antenna (C-MPA )
as a first step towards our final proposed design; operating at 5.8 GHz using the
previously stated equations. The Rogers RO4350B dielectric slab is chosen as a base
substrate with a dielectric constant ¢,= 3.66, and a height of A, = 1.524mm. Know-
ing these parameters, both the width and length of the patch are calculated as W,
=18.29 mm and L,=14.24 mm. By tuning these parameters using CST Microwave
studio, the final optimized values are obtained and summarized in Table 4.1.

From the obtained return loss Sj; of this antenna, the resonance frequency is 5.8
GHz, and the -10 dB impedance bandwidth is 175 MHz (0.175GHz) ranging from
5.71 to 5.88 GHz, and a fractional bandwidth (FBW) of 3.01%. Next, our objective
is to broaden the antenna bandwidth without increasing its size profile. To do so,
we redesign the previous MPA by using a curved partial ground (PG -MPA ) with
length 1g, while keeping the other geometrical parameters fixed. Using a partial
ground and sweeping the parameter lg, the bandwidth is broadened to 3.5 GHz,
which leads to an improvement by a factor of 20, in comparison to the initial design,
covering the band from 3.1-6.6 GHz, and an FBW of 60% at the center frequency
of 5.8 GHz.

Even with this enhancement, this design does not cover the whole ultra-wide
band frequencies of interest (3.1-10.6 GHz), and to further enlarge the bandwidth,
our next approach is based on using a pixelated based pattern on the patch antenna,
just like slots, to create multiple resonances, for increasing the bandwidth. Genetic
algorithm (GA) based optimizations are carried out, to which yields to great poten-
tial in finding no-conventional solutions to EM-based problems. In 78], the authors
have used GA to miniaturize the patch antenna by a rate of 82%. Where as in the
case of [79], the authors use the same technique to achieve a wide band microstrip

patch antenna.
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Table 4.1: Conventional MPA geometrical parameters

Parameter Value (mm) Parameter Value (mm)
Substrate width (Ws) 30 Patch length (Lp) 14.38
Substrate length (Ls) 30 Feed Length (Lf) 8

Substrate height (hs) 1.524 Feed Width (Wf) 3.1

Patch width (Wp) 17.85 Copper Thickness(mt) 0.018

A Genetic algorithm (GA) is used here, in parallel with MATLAB through a
well-established VBA based connection, hence an automated synthesizing system to
create these patterns. The patch area is the targeted element on this procedure, it
is divided into n x m cells matrix composed of both conducting and non-conducting
cells, and is defined using binary encoding, meaning if a cell is conducting, then the
assigned binary bit is 1, and if a cell is non-conducting one, it is assigned 0.

In our scenario, the GA operates on a 50-bit encoded binary string (10 by 5
pixelated binary array), and this string of binary bits represents a chromosome, and
this later will undergo many operations and steps to reach the optimal solution or
an individual in a search space of 250. The 10 x 5 pixelated array is mirrored along
the y axis to form a symmetrical 10 x 10 array, representing the whole patch area,
so by using the mirroring technique, the calculation and search is cut down by half,
and the 10 x 5 array is the only trial solution (see Figure 4-1).

First, a population of a randomly generated solutions is created, and then passed

on to the next GA based operations, such as selection, crossover, and mutation. The

bs,0 bo,4| [bs.4 59,0

'

b0,0 b0,4| [60,4 b0,0 L x

Figure 4-1: A 10 x 5 array mirrored along the y axis to create a 10 x 10 symmetrical
array (Patch).
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next generations of these solutions are selected according to their performances of
the previously solutions (antenna instances), using a fitness or a cost function. The
optimization process of our design is summarized and illustrated in Figure 4-2.
After the geometry is generated, the performance is evaluated by the Time-
Domain solver embedded in CST Microwave Studio, and the S-parameter is then
returned to MATLAB through VBA link, to compute the fitness function according
to each generated and simulated antenna. For this optimization process, a return
loss-based fitness function is used. It is defined as the sum of all values that exceed -
10 dB, to achieve the maximum bandwidth between 3.1-10.6 GHz (UWB spectrum).

The fitness function is then defined as follows:
f2

Fitness = — Z L(f) (4.6)
f1

where
Su(fi)dB Sy (fi)dB > —10dB
L= { S S (h)aB = wn)
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Figure 4-2: The Proposed flowchart of the GA optimization process for UWB an-
tenna.
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The population size is set to 200 and evolved over 20 generations. A single run
of CST Microwave Studio on one trial solution antenna takes approximately 1.5 min
on an Intel i7 2.2 GHz PC. For the given population size and generations, 4000
such runs are necessary. This adds up to 4 days runtime on a single machine, but
fortunately the stopping criteria is met at the 10th generation, and the final design’s

binary representation is illustrated in Figure 4-3.
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Figure 4-3: The optimal design’s binary representation.

However, this design suffers from an infinitesimal connection problem, between
two sub-patches, when these constellations((l) ‘1)) or (‘f é)are present, which leads to
a malfunctioning patch antenna, due to fabrication tolerances [79]. To overcome this
inconvenience, the adjacent sub-patches are then overlapped to ensure the electrical
contact, while keeping in mind the effect of this overlapping area on the overall
structure, so it must be chosen so it doesn’t influence on its electromagnetic prop-
erties, hence a minimum value for the overlapping area is a must, and this value
is limited of course by the machine precision, during the fabrication process. The
overlapping offset is set to be O, = 0.2 mm. The final GA optimized and ready for

fabrication design, is illustrated in Figure 4-5 (c).

0 0 Over lap 0

O
7

(a) (b) (c)

Figure 4-4: (a) Combination with infinitesimal connection. (b) Proposed overlap-
ping scheme. (c¢) A good connection with overlapping area.
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Figure 4-5: Schematic of the (a) C-MPA design, (b) PG -MPA | and (c) the final
GA-MPA design.

Figure 4-6. illustrates the obtained return loss Si; of the final optimized design,
with -10 dB impedance bandwidth of 10.4 GHz ranging from 3.1 to 13.5 GHz, and a
fractional bandwidth (FBW) of 179.31% at the resonance frequency of 5.8 GHz. So,
the proposed design achieved the required bandwidth (3.1-10.6 GHz) while keeping

its compact size and low profile.

Return loss (dB)

3 4 5 6 7 8 9 10 11 12 13 14
Frequency (GHz)

Figure 4-6: Simulated return loss of the final GA-Based MPA versus the Partial-
Ground MPA .
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4.2.2 FSS unit cell designing process

The Proposed FSS unit cell, is also designed on the RO4350b substrate, with a
thickness (hrss) of 1.524 mm, and permittivity of ¢, = 3.66, and is achieved by the
following designing steps and variations.

The first step, a simple square-loop patch is printed on the top of the substrate,
with Lpgs and Wggg as length and width, respectively, taking into account the
spacing S=2*g between two FSS unit cells (see Figure 4-7(a)).

Figure 4-7(b) depicts the simulation and analysis setup in CST microwave studio
of the FSS unit cell, where boundary conditions are applied as follow: along the +
x-axis, the perfect magnetic condition (PMC) is applied, whereas in the case of
the +y-axis, the perfect electric boundary condition (PEC) is used, with two wave
ports along the z-axis with open boundary condition, so only the normal incidence
is considered here.

The length of the square loop is taken as Lrpgs=10.8 mm, and its width as Wrgs=
0.9 mm, and S is varied from 0.2 to 1.2 mm, to see the effect of this latter on the
unit cell transmission coefficient response. From Figure 4-8, it is clearly noticed that
when the spacing S is increased, the FSS cell response is shifted towards the higher
frequency band, due to the lower capacitance between two FSS unit cells, and the

overall size of the unit cell, is also increased (from 11 mm to 12 mm). So, the smaller

Lrss Wrss__p -

g

ke,
(a) (b)

Figure 4-7: (a) Geometry of the initial F'SS unit cell, (b) Analysis setup of the unit
cell (CST).
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Figure 4-8: Variation of the transmission coefficient of the initial F'SS unit cell for
different spacing S.

the spacing S is, the better, because it leads to a higher capacitance value, meaning
the lower band is covered [80], and the overall size of the FSS unit cell is kept as
compact as possible.

Increasing the length Lpgs would shift the frequencies towards the lower end,
but at the expense of the unit cell size. This unit cell is far from achieving the UWB
requirements, as the largest -10 dB bandwidth attained by this simple design is 3.3
GHz, for S= 0.2 mm.

To overcome this, the same bandwidth enhancement technique is used in the
proposed UWB antenna, is also used here, to cover the full UWB spectrum while
keeping a degree of compactness.

The previously established link between CST and MATLAB, is also used here
with some modifications in terms of the targeted structure and the fitness function.

The F'SS unit cell is divided into square pixel cells, each can be a conducting or
non-conducting cell, and is represented by the binary bits 1 and 0, respectively.

When the number of pixel cells is increased, the number of total possible struc-
tures is also increased, making it an impractical way to solve such a problem, in
which a global optimization solution is needed, with a confined search space for the
optimal candidate, according to a predefined fitness criterion, making the genetic

algorithm an effective way in doing so. Each binary word generated by the genetic

99



Chapter 4. Analysis and Design of An UWB Antenna Using A Compact Topology Optimized
Single FSS-Layer as A Reflector

algorithm, corresponds to a possible candidate model throughout the optimization
process, analysed and evaluated using a predefined fitness function, which makes
defining this latter a critical part in formulating the optimization problem.

In our designing scenario, the fitness function is defined as the sum of all values
that exceed -10 dB of the unit cell transmission coefficient (Ss;), to achieve a broad

band-stop performance between 3.1-10.6 GHz (UWB spectrum), and is defined as:

N
Fit=—Y_Sn(f;) (4.8)
i=1
where
Sn = 20l0910 |S21 (fz)| (49)
and

Sni) - Sp(fi)dB S, (f)dB > —10dB )

—10dB Sy (fi)dB < —10dB

The transmission coefficient So; of the F'SS unit cell, is taken at equal frequencies
fi, with the total number of N =1001 frequency points, between the designated stop-
band (fnin < fi < finaz), corresponding to the UWB spectrum.

The flowchart of the implemented GA based optimization process for a broad
band-stop FSS unit cell, is shown in Figure 4-9.

As a starting point, let us consider the conventional FSS unit cell illustrated in
Figure 4-7. as a reference for our optimization process to speed up the search for
the optimal design, instead of using a randomly generated binary string as an initial
population, which leads to more computational time.

Our goal is to determine a new FSS unit cell topology, to obtain a broad band-
stop covering the UWB spectrum. The size of each FSS unit cell is the same as the
conventional one (10.8 mm x 10.8 mm), with the same substrate properties.

The FSS unit cell is discretized into 12 x 12 pixels as start, which provides
a resolution of 0.9 x 0.9 mm, and is increased accordingly, to see the effect of
the number of pixels on the unit cell performance, while taking into account the

fabrication constrains, and to maintain the geometrical flexibility.
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Figure 4-9: The Proposed flowchart of the GA optimization process for the FSS unit
cell.

A 12 x 12 discretization space on such unit cell needs to be represented by 144
binary encoded pixels, and this led to a large search space for the optimal solution, an
impractical and time-consuming process, that is; however, a four-folded symmetry
is imposed on our initial design, as shown in Figure 4-10 providing polarization
independence in our design [76]. As a result, the solution search space (the number
of bits required to represent the FSS unit cell) is reduced drastically to 21.

For instance, the binary word of the conventional design in Figure 4-10 (a) is
represented by:

Beony =11111100000000000000 0.

The proposed optimization process tries to manipulate the S-curve (transmis-

sion coefficient Ss;) of the possible design candidates, in order to cover the whole
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Figure 4-10: The proposed four-folded symmetry pixelated FSS unit cell (12 x12).

UWB spectrum, by using the uniform mutation with a rate of 0.001, single point
crossover, and the tournament selection as the genetic algorithm’s parameters. The
population size is set to be 200 different binary strings randomly selected, with each
one representing a specific pixelated FSS unit cell, and 20 is the number of iterations
(generations).

Once all the 200 initial pixelated FSS structures are evaluated, they are ranked
and the top performing ones are selected for the crossover and mutation process,
creating a new population of 200 F'SS unit cells going through the same process of
evaluation, and this process is repeated until a cost value of -7.5 is obtained (which
corresponds to the number of frequency points where the transmission coefficient
equals or less than -10 dB | covering the UWB spectrum (3.1-10.6 GHz) or until
the maximum number of iterations is reached. The best achieved design (FSS-A) is
obtained at the 12th iteration, when the stop criteria is met, as shown in Figure 4-11
(a), the resulted transmission coefficient (Sy1) ranges from 3 to 12.8 GHz, covering
the whole UWB spectrum and some (see Figure 4-12 (a)). The binary string of the
final optimized FSS unit cell is:

Brss - a=—=11111100100011110000 1.

Keeping the same topology synthesizing setup, and increasing the number of
pixels to 14x14, to see the effect on the convergence speed, and the FSS unit cell’s
performance, two new FSS designs emerged (FSS-B and FSS-C). Both of them
converged to the global optimum after the 8th and the 11th iteration, respectively.

F'SS-B design, shows an outstanding performance and faster convergence, its
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Figure 4-11: The GA based optimized FSS designs, with (a) 12 x 12 pixels, (b) and
(c) 14 x 14 pixelated FSS unit cell.

transmission coefficient exhibited a magnitude below -10 dB, ranging from 2.9 to
14.5 GHz, and so it is more than enough stop-band coverage for the UWB spectrum,
whereas for the case of the third design (FSS-C), its transmission coefficient (stop-
band), is in the range of 3 to 14.6 GHz, with the lowest Sy value of -73.8 dB in
comparison to the first design and the second one, where their lowest values are -54
and -58.1 dB, at different center stop frequencies (see Figure 4-12(a)). All proposed
designs are achieved with only a 0.1\ x 0.1\ FSS unit cell size, where \ is the
wavelength at the lower end frequency. The second and third design’s binary words
are:

Brss-p=1111111101110000011101001100.

Bpss—¢c=1111111000100001000111100000.

Despite its performance, FSS-B suffer from the infinitesimal connections between
the diagonal pixelated cells, which leads to inaccurate results from measurements,
due to fabrication tolerances. And to get pass this, the same overlapping technique,
that is used in our proposed UWB antenna is applied here. The final three FSS
designs are depicted in Figure 4-11. The antenna gain can be significantly improved,
using these FSS designs as reflector layers, when its reflection coefficient phase is
decreasing linearly, with the increment in frequency all over the UWB spectrum
(see Figure 4-12(b)). So, when this condition is satisfied, the FSS reflecting layer
exhibits a constructive interference with back radiated waves of the UWB antenna.

Design validation was carried out in HFSS (FSS-B), with the same simulation
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Figure 4-12: (a) Simulated transmission
for all F'SS proposed designs.
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process in CST, and the results in Figure 4-13, yields a good agreement between

them, with a slight shift, due to the different implemented analyzing methods used
in both CST and HFSS.

4.3 FSS-backed UWB Antenna

The optimized FSS designs in the previous section are applied as a reflector layer,

to improve the performance of the proposed UWB antenna, and it is spaced by a

Frequency (GHZ)

Figure 4-13: Simulated transmission coefficient (S3;) of the proposed FSS unit cell

(FSS-B) in both CST and HFSS.
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distance H., and this latter is varied carefully, to find the optimal distance in order
to achieve the best performance of FSS-Backed UWB antenna.

The FSS reflecting layer is composed of a 7x7 FSS array, and the proposed FSS-
Backed UWB antenna is illustrated in Figure 4-14. When using a single F'SS layer
reflector concept, with our UWB antenna placed above it at a distance Hz, the
reflected wave from the FSS layer is added to the direct radiation from the antenna
itself, leading to a constructive interference, when these two waves are in phase, at

the reference plane T, and the total phase ¢ is described as follow [81]:

or = ¢s + ¢r (4.11)
where
Os = 2@11[} (4.12)

or is the FSS’s reflection phase, and ¢g is the path delay phase between the an-
tenna and the FSS reflector. As the phase of path delay is dependent and increased
with frequency, the ideal FSS reflection phase response should be decreasing with
frequency at the same rate, which is noticed in our proposed FSS designs (see Fig-
ure 4-12(b)).  The total phase difference ¢r should be then equal to zero or an
integral multiple of 2 7, in order to fulfill the objective of phase coherence and

maximum gain enhancement at all frequencies of interest.

P I S

Phase (Degree)

P

Reflected wave

Spacing Hz ®S
. ¢ T T T T T
Reflecting plane Frequency (GHz)
T

(a) (b)

Figure 4-14: Geometry of (a) Proposed FSS-Backed UWB Antenna, and (b) Ideal
frequency response of the single-layer FSS reflection phase ¢ and phase delay ¢g.

FSS-Layer
-
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The simulated return loss for the FSS-backed antenna, is shown in Figure 4-
15(a). These values are obtained by studying the antenna at different distances H,.
Figure 4-15(b) illustrates this variation effect on the bandwidth and peak gain of
the proposed design.

From Figure 4-15, it is clearly noticed that by changing the spacing H,, both
the bandwidth and peak gain are affected accordingly. Increasing the spacing H,
improved the bandwidth significantly, reaching its maximum (3 to 13.8 GHz) at H,
= 18.74 mm, and decreased slightly and stayed almost stable when increasing the
spacing H,.

Moreover, the peak gain exhibited a different trait when increasing the spacing
H,, meaning peak gain is at its highest values when the spacing H, is small, and
reaching its maximum at H, =18.74 (9.13 dBi), and decreasing at higher values of
H,. Thus, between the maximum bandwidth and higher peak gain, H, = 18.74
mm, is the optimal distance between both the proposed UWB antenna and its FSS
reflector. This is all due to the fact that, the direct and the reflected waves are
matched with a phase of zero or an integral multiple of 27 (n x 27), which leads to
the enhancement of the antenna gain.

Using the proposed FSS’s reflection phase ¢r (See Figure 4-12(b)), and by cal-
culating the path delay phase (¢s) at H, =18.74 using Equation (12), we can find

the total phase shift at that distance, to further validate our numerical simulation
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Figure 4-15: Simulated (a) reflection coefficients of the proposed FSS-Antenna, (b)
the bandwidth and gain variations at different spacings Hz.
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results. Since the path delay phase (¢g) relied mainly in both a certain frequency
f and spacing H., the proposed FSS structure exhibits a Zero-Phase reflection at
8 GHz, and its half wavelength consequently is 18.74 mm, the ¢g equals to 27 (see
Figure 4-16.). By using Equation (11), the total phase shift is equal to 27 at 8 GHz
andH, =18.74 mm.

From Figure 4-16., it is clearly noticed that our proposed FSS design displayed n
x 27 (n=1) phase shift between the direct and the reflected waves at H, = 18.74 mm
and f,=8 GHz, and this leads to a compatibility and phase coherence throughout the
whole UWB spectrum. Thus, both the antenna bandwidth and gain are enhanced
accordantly.

Figure 4-17. depicts the simulated return loss and peak gain for both antenna
with and without the proposed FSS reflector, where it is clearly noticed that the
average gain drastically improved (from 4 to 7.84 dBi) for all UWB spectrum (3.1-
10.6 GHz), with a peak gain of 9.13 dBi by using our proposed FSS structure.
Both FSS-B and FSS-C alongside our proposed UWB antenna, are fabricated and

validated in the next section.
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Figure 4-16: Phase variations analysis.
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Figure 4-17: Simulated (a) reflections coefficients (S11), and (b) gain for both an-
tennas with and without FSS reflector, at H, =18.74 mm.

4.4 Prototypes Fabrication and Measurement Re-
sults

The prototypes including both the proposed UWB antenna and the FSS reflecting
layers were fabricated using the same substrate used in simulation to validate our
findings. Figure 4-18. depicts the final fabricated prototypes, with and without the
FSS layer, and this latter is based on the two synthesized FSS unit cells FSS-B and
FSS-C, due to their remarkable performances. The UWB antenna is suspended over
these F'SS layers using foam spacers during measurements at the optimal spacing Hz
of 18.74 mm. The reflection coefficients characteristics of all fabricated antennas are
analysed and measured using Agilent 8722ES VNA, and the results are illustrated
in Figure 4-19(a). From simulation results for both with and without FSS layer, it
is clearly noticed that they are in good agreements with the measured ones. the
antenna without FSS exhibits a bandwidth in the range of 3.4 to 13.8 GHz, whereas
in the case of the FSS-backed ones, the antenna with FSS-B covered the bandwidth
of 3.3 to 13.9 GHz, while the one with FSS-C the bandwidth is from 3.1 to 13.9
GHz, meaning all antennas are in great agreements with simulation results with a
slight shift in the lower end frequency, due to the phase matching and fabrication
errors. Moreover, the peak gain and radiation patterns for all proposed prototypes

were measured in an anechoic chamber.
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Figure 4-18: Final fabricated prototypes, (a) UWB antenna front and back view,
(b) FSS-B layer, (c¢) FSS-C layer, and (d) the final proposed antenna.
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Figure 4-19: Measured (a) reflections coefficients (S11), and (b) gain for both anten-
nas with and without FSS reflectors, at H, =18.74 mm.

First, the gain calculation of the antenna under test (AUT) is performed using

the following [82]:

GAUT = Ghorn - Phorn + PAUT (413)
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where Gpor, is the gain of the reference antenna, in this case a standard horn
antenna. P, and Payr are the received power at the spectrum analysis of the
standard horn (receiver mode), and the antenna under test, respectively.

The measured peak gains for both the antenna with and without FSS layer,
are depicted in Figure 4-19(b). It is clearly noted that by using an FSS-based
reflector the peak gain over the UWB spectrum is improved. The antenna without
FSS, exhibits a maximum peak gain of 6.3 dBi and an average of 3.7 dBi all over
the UWB spectrum, whereas for the case of the two other FSS based antennas, the
maximum peak gain is 9.03 dBi and 9.7 dBi for FSS-B and FSS-C designs, alongside
the average peak gain of 6.87 dBi and 7.11 dBi, thought out the UWB spectrum,
respectively. Thus, an improvement of 3.4 and 3.41 dBi for maximum and average
peak gain, in comparison with the antenna without FSS. It is observed that both
simulation and measurements results are in good agreement.

For further analysis, the normalized simulated and measured radiation patterns
of both antennas, with and without FSS layer (FSS-C in this case), are illustrated
in Figure 4-20., at three different frequencies, 4.5, 7 and 10.5 GHz, in both H- and
E-planes. The obtained radiation patterns (simulated and measured) of the antenna
without F'SS, are bidirectional in the E-plane, where as in the case of the H-plane the
patterns are quasi-omnidirectional, with different orientations. The antenna with
FSS reflecting layer exhibited more directional nature in both planes, with much
lower sidelobe levels, and a narrower beamwidth. This is further noticed when the
number of F'SS unit cells is increased. Both simulation and measurements results are
in good agreement, with a slight difference due to fabrication errors, phase mismatch
between the antenna and the FSS layer, etc. with these features, the FSS-backed
design could be a potential candidate, allowing a high gain, larger bandwidth and
low profile. Finally, the proposed FSS designs are compared (using Fr-4 substrate)
to others in the literature, taking into account the unit cell size (A at the lower
end frequency), the stop band and the number of FSS planes and layers, and the
comparison is summarized in Table 4.2. From this comparison, it can be concluded
that the proposed design outperforms the other ones in terms compactness and

stopband bandwidth.
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Figure 4-20: Normalized simulated and measured radiation patterns for antenna
without FSS (a, b, and ¢) and FSS-based one (d, e, and f) at 4.5, 7, and 10.5 GHz.
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Table 4.2: Proposed FSS designs compared to other related works

Ref. No Stop-Band (GHz) Unit cell size No. of F'SS planes
[80] 2.6-11.1 0.095A x 0.095A  One
[81] 4-7 0.12X x 0.12) One
83| 2.8-12.2 0.098) x 0.098\ One
[84] 412 0.22\ x 0.22\  Two
85| 3-11.64 0.12A x 0.12\  Two
86| 3-15 0.108A x 0.108\ Two
This work

(Fr-4 Substrate)

FSS-A 2.6-12 0.095\ x 0.095A  One
FSS-B 2.5-13.7 0.091X x 0.091X  One
FSS-C 2.6-13.5 0.095\ x 0.095A  One

4.5 Summary

In this chapter, a topology optimized UWDB antenna using a genetic algorithm em-
bedded in MATLAB, with an interface with CST Microwave studio, has been de-
signed, simulated and validated by measurements, alongside a compact FSS layer,
covering the whole UWB spectrum. Both the UWB antenna and the FSS layer
have been designed and fabricated on a Rogers RO4350B substrate. The size of the
proposed FSS unit cell is only 0.1 A x 0.1 A, with a broad bandwidth of 2.9 to 14.5
GHz. The fabricated UWB antenna without FSS layer, exhibits a bandwidth of 3.4
to 13.8 GHz, a maximum peak gain of 6.3 dBi, where as in the case of the proposed
FSS-backed antenna, the bandwidth was from 3.1 to 13.9 GHz, and the maximum
peak gain achieved is 9.7 dBi, leading to a 3.4 dBi improvement in terms of peak
gain. Aside from gain enhancement, using FSS reflecting layer shapes the radiation
pattern to be a more directive one, with a narrower beamwidth, and lower sidelobe
levels. The simulation and measurement results are in good agreement, with a slight
difference due to fabrication errors and mismatching between the FSS layer and the
UWB antenna. The proposed FSS-backed antenna can be a great candidate for high
gain UWB applications.
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Chapter 5

High gain and Wideband
Fabry-Perot Resonator Antenna

based on a compact single PRS layer

5.1 Introduction

With the increasing demand for high-data rates and low latency wireless commu-
nication systems, wideband and highly directive antennas are becoming attractive
subjects in both the academic and industrial sectors, especially in the upper mi-
crowave region and the untapped millimeter wave spectrum [87]. High gain anten-
nas have been designed using traditional technologies such as reflectors, waveguide
horn antennas [88, 89|, and microstrip fed patch arrays [90]; however, these afore-
mentioned techniques have some major disadvantages in terms of design complexity,
high fabrication cost, and feeding-network induced losses.

One approach to tackle these disadvantages is by using a Fabry-Perot Resonator
Antenna (FPRA), which consist of a Partially Reflective Surface (PRS) based su-
perstrate placed at a distance (usually half a wavelength) from the ground plane,
creating an air-gaped cavity, and excited by a feeding source antenna (single or
array) backed by the ground-plane, making this type of technique a simple, and
cost effective approach for achieving a significant enhancement in terms of antenna

radiation characteristics [91, 92, 93, 94].
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However, this kind of antenna suffer even more from the inherent narrow band-
width due to the fact that the antenna’s characteristics, such as its frequency, radi-
ation patterns, gain and bandwidth are mainly determined by the PRS layer prop-
erties, and this latter invokes the typical narrow band cavity [95].

To overcome this issue, many studies have been conducted to improve the oper-
ation bandwidth while keeping higher gain performance of the FPRA. In [96, 97|,
a multi-layer superstrates based on periodically printed FSS arrays have been used
for bandwidth enhancement on a single and dual-band application, whereas in [9§]
a dielectric based one has been used to achieve a broadband EBG resonator. A side
of improving the bandwidth, using multi-layer superstrates increases the profile of
the antenna making it a bulky structure.

Another effective technique yet a complicated one, which involves making a di-
electric slab with gradient permittivity as in [99, 100].

A more convenient method using double-sided printed metallic layers on a di-
electric medium, has attracted the interest of many researchers [101, 102, 103], since
this superstrate produces a positive reflection phase gradient over a particular range
of frequencies to broaden the 3-dB gain bandwidth of the FPRA, while keeping a
degree of compactness and low profile, since the height of the resonance cavity is
only a half wavelength. This design not only provides a high gain but also low
fabrication cost.

In this chapter, a compact PRS based layer is proposed as a superstrate to an
aperture-coupled wideband source antenna, to form a Fabry-Perot Resonator and to
improve its gain bandwidth. The proposed FPRA unit cell is generated using an au-
tomated topology synthesizing system, established using a link between the genetic
algorithm embedded in MATLAB and the commercial simulator CST Microwave
Studio through a VBA based connection. A Binary Particle Swarm Optimization
(BPSO) algorithm [12] can also be used instead of the genetic algorithm to achieve
the same objective of a compact with positive reflection phase gradient PRS unit
cell.

The proposed PRS designing process is applied on two different radio frequency

spectrums namely the Ku-band and the future of the wireless communication sys-
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tems 5G band.

5.2 Wide Band FPRA Antenna

Fabry-Perot resonator antenna (FPRA) is considered a highly directive one [104].

It consists of a simple radiating source backed by a ground-plane, and a PRS (see

Figure 5-1).
; 0 1 2
{9/ Transmitted Wave

Cavity Height (k)

Substrate

\
PRS/

Feed Source

-4

Lx Ground plane

Figure 5-1: Schematic diagram of a Fabry-Perot resonator.

Gain and directivity improvements are achieved, when the spacing h. between
the ground and the PRS, satisfies the cavity resonance condition according to the

ray-tracing analysis in [105], and equals to the following:

c
h, = — 9N 5.1
irt, (¢prs + YanD ) (5.1)

where pprs and pgnp are both the reflection phases of the PRS and the ground
plane, respectively. N is the resonance mode order, and is equal to 0,1, 2,... etc.
For a low profile Fabry-Perrot based resonator antenna, N is set to be 0. f,. and c
are the resonance frequency and the speed of light in the vacuum, respectively.
Assuming that the source antenna directivity is D,y at a particular frequency

fr, the directivity of the FPRA antenna would be the summation of this latter and
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the PRS directivity Dprg, which is expressed as:

1+T
DPRS = 10lOg (ﬁ) s (52)

where I' is the reflection magnitude of the PRS superstrate layer, and the total
theoretical FPRA directivity is formulated as follows [87]:

Dppra = Dyes + Dprs (5.3)

From Equations (2) and (3), it is clearly noticed that the directivity of FPRA is
positively correlated with the PRS reflection amplitude, thus, the larger this latter
is, the better the overall directivity of the FPRA. Due to the fact that the cavity
spacing h. and the partially reflective surface phase ¢pgrg, are frequency-sensitive,
conventional FPRAs only possess a small radiation bandwidth. Assuming that the
dielectric slab is lossless, the aperture surface of the FPRA for a required directivity

can be approximated using the following formula [106]:

Drpra
1 1 2
g0 N (5.4)

2
where )\ is the operating wavelength of the FPRA. By taking a PEC ground

plane (panp=m), the PRS reflection phase is expressed by rearranging (1) as the

following:
4rh,

C

YPRS = fr+(2N -1 (5.5)

From (5) it can be noted that if the reflection phase of the PRS increases with
the resonance frequency f, (a positive slope versus frequency), the FPRAs would
operate in a wider frequency band with an enhanced gain bandwidth. Therefore, a
PRS with positive reflection phase gradient is needed, for designing a wideband and

high gain Fabry Perrot based Resonator Antenna.
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5.3 Ku-band Antenna design and analysis

5.3.1 Proposed PRS Structure

In the previous section, a PRS with positive phase gradient is discussed to be the
main key point for designing a wideband FPRA. Therefore, first of all, we should
carefully design one that meets the aforementioned requirement.

First, a simple circular ring is etched on one side of a Rogers RT/duroid 5880
dielectric slab (g,; = 2.2, tand=0.0009), with a thickness hp RS of 1.575 mm, creat-
ing the initial PRS unit cell having the following design parameters: wpRS=6 mm,
ro=2.9 mm, ri=1.4 mm and g=0.2 mm. Fig. 2(a) shows the geometry of the initial
PRS unit cell.

The PRS unit cell is designed and simulated using CST Microwave studio, and
the reflection phase characteristics analyzing setup is depicted in Figure 5-2 (b),
where boundary conditions are applied as follow: along the + x-axis, the Perfect
Magnetic Condition (PMC) is applied, whereas in the case of the +y-axis, the Perfect
Electric Condition (PEC) is used, with two wave ports set at distance of A/2 from
the unit cell under investigation along the z-axis, with open boundary condition, so
only the normal incidence is considered here.

The simulated magnitude and phase of the reflection coefficient response of the
initial PRS unit cell is shown in Figure 5-3 Where it’s clearly noticed that the PRS
unit cell is highly reflective around the frequency band of interest with a magnitude
of I'=0.9 at 15 GHz. A high reflection magnitude is targeted for a high gain antenna.

However, the reflection phase of the unit cell as depicted in Figure 5-3, is decreasing
as the frequency increases, which leads to a narrower bandwidth. A new unit cell
that provides a positive reflection phase gradient, is then proposed to broaden the
antenna bandwidth while keeping a high gain performance.

A partially reflective surface (PRS) unit cells are printed on either one or both
sides of the dielectric slab, just like in this case, where it is printed on both sides of
the same dielectric substrate used on the previous PRS design, namely the Rogers
RT /duroid 5880, with the same thickness of 1.57 mm.

The next approach is based on the same PRS unit cell, and using a pixelated
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hprs

(b)
Figure 5-2: (a) Geometry of the initial PRS unit cell, (b) Analysis setup of the unit

cell (CST).
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Figure 5-3: Reflection phase and magnitude of the initial PRS unit cell.

based pattern on the other side of the unit cell, to create a positive phase gradient
that follows the optimal phase, for increasing the bandwidth.
Genetic algorithm (GA) based optimizations were carried out, yielding to great

potential in finding no-conventional solutions to Electromagnetic based problems.
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In [1], the genetic algorithm has been used to optimize an EBG structure for gain
and bandwidth enhancement, whereas in the case of [9], an AMC based reflector
has been optimized using the same technique to achieve an important enhancement
in the peak gain and front-to-back ratio, alongside a low side-lobe level (SLL), for
5G applications.

A well-established VBA based connection between CST Microwave studio and
MATLAB’s embedded GA is used here, to create an automated pattern synthesizing
system. The upper side of the PRS structure is the targeted area on this procedure.
Each PRS unit cell is pixelated into n x m pixels, and are defined using binary
encoding, where having the value of either 1 or 0 indicates the presence or the
absence of copper on the pixelated sub-cell (on top of the dielectric slab).

Increasing the number of pixelated cells, increases also the number of total possi-
ble structures, making it an impractical way in solving such a problem, so, a confined
in search space global optimization solution is needed, for finding the optimal can-
didate, according to a predefined fitness function, making the genetic algorithm an
effective way in doing so.

In the proposed designing scenario, the fitness function is defined as the Root-
Mean-Square Error (RMSE) between the reflection coefficient phase response of the

generated PRS unit cell under investigation, and the optimum phase, and is defined

as:
Fit = RM SE(Phaseprs, Phaseoptimum) (5.6)
where
N
RMSE — \/anl (PhasepRiV— Phaseoptimum) (5.7)

The reflection coefficient phase of the PRS unit cell, is taken at equal frequencies
fi, with the total number of N = 1001 frequency points, within the designated
overlapping frequency band of interest (fiin < fi < fiaz)-

The implemented flowchart of the GA based optimization process for a positive
phase gradient PRS unit cell, is shown in Figure 5-4

As a starting point, the PRS unit cell is discretized into 12 x 12 pixels, which

provides a resolution of 0.5 x 0.5 mm, that is chosen while taking into account the
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Figure 5-4: The Proposed flowchart of the GA optimization process for the PRS
unit cell.

fabrication constrains, and to maintain the geometrical flexibility.

A 12 x 12 discretized unit cell needs to be represented by 144 binary encoded
pixels, and this led to a large search space for the optimal solution, which is an
impractical and time-consuming process. To overcome this, a four-folded symmetry
is imposed, as shown in Figure 5-5. As a result, the search space for the optimal
solution (the number of bits required to represent the PRS unit cell) is reduced dras-
tically to 21. The proposed optimization process tries to manipulate the reflection
coefficient phase of the possible PRS design candidates, to produce a PRS unit cell
with a phase that closely resembles the positive gradient optimum phase, within the
frequency band of interest, by using the proposed genetic algorithm, with a uniform
mutation at rate of 0.001, a single point crossover, and the tournament selection as

its parameters.
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Figure 5-5: The proposed four-folded symmetry pixelated PRS unit cell (12 x12).

The population size is set to be 200 different binary strings randomly selected,
with each one representing a specific pixelated PRS unit cell, and the number of
iterations (generations) is set to be 20.

Once all the 200-initial pixelated PRS structures are evaluated, they are ranked
and the top performing ones are selected for the crossover and mutation processes,
creating a new population of 200 PRS candidates going through the same evaluation
process. This later is repeated until the desired fitness value is achieved (Fit tends
towards zero) or until the maximum number of iterations is reached.

The best achieved PRS design is obtained at the 10th iteration, when the stop
criterion is met, as shown in Figure 5-6 (a), where it is clearly shown that the fi-
nal design doesn’t suffer from the infinitesimal connection problem, between two
sub-cells, when these constellations ((1)(1]) or ((1)(1)) are present, which could lead to a
malfunctioning PRS structure, due to fabrication tolerances. Also, since the design
imposes the four-folded symmetry, the PRS unit cell exhibits polarization insensi-
tivity, which makes it also applicable to circular polarized antennas.

The binary string of the final optimized PRS unit cell is:

BPRS=010100111010001111100.

The resulted reflection coefficient phase of the optimized PRS has a positive

gradient and is almost perfectly resembles that of the optimum PRS over a wide
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bandwidth spectrum range, with a relatively high reflection magnitude (See Figure 5-
6 (b)), which makes the proposed PRS design a potential superstrate candidate for
a wideband and high gain FPRA

ers
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Figure 5-6: (a) The GA based final optimized PRS design, and (b) reflection coeffi-
cient’s magnitude and phase of the proposed PRS unit cell.

5.3.2 Feeding Antenna

The feeding source antenna for an FPRA is as important and vital to its perfor-
mances as the PRS structure, thus a well-designed feeding antenna is a crucial part
in designing a high gain and wideband FPRA antenna. Several types of exciting

sources have been reported in the literature, such as a suspended metal-strip over a
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ground plane [95], a probe-fed patch antenna [107], and a waveguide aperture-based
feeding antenna [108|.

An air-gaped slot-coupled patch antenna is a good candidate for a high gain and
wideband FPRA antenna, due to its low profile, ease of feeding and fabrication, a
stable broadside radiation and wide bandwidth capability.

The proposed feed antenna design is depicted in Figure 5-7. it consists of a
parasitic patch, coupled to a feeding line through a slotted ground plane (bottom
layer), and spaced by an airgap hy;, = 2 mm, for surface waves suppression, since
this latter can contribute to performance degradation of the FPRA cavity [109]. An
impedance matching network is added to the feedline to improve the bandwidth. The
Rogers RT/ duroid 5880 material having a thickness (hs) of 0.787 mm, permittivity
go= 2.2, and a loss tangent of 0.0009, is used as a substrate for both the parasitic
patch and the bottom layer (ground plane and the feed line). The antenna design
parameters are summarized in Table 5.1.

Both the simulated reflection coefficient (S1;) and the peak gain of the feed

antenna are illustrated in Figure 5-8 a & b, respectively, where it is clearly noticed
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Figure 5-7: The schematic diagram of the slot-coupled patch antenna.
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Figure 5-8: The simulated results of the slot-coupled patch antenna (a) reflection
coefficient, (b) peak gain.

that the impedance bandwidth almost covers the whole Ku-band spectrum, ranging

from 12.6 GHz to 18 GHz. Within this band, the peak gain increased from 7 to 8.8
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Table 5.1: The slot-coupled patch antenna design parameters.

Parameter Value (mm) Parameter Value (mm)

hy 0.79 s 2.2
w1 2.3 Wg 3.2
Wo 0.9 ls 6.5
I 17.4 w, 5.5
12 5.6 Wsub2 16.5

dBi, making it a good candidate for being a feeding source for the proposed FPRA

antenna to be designed in the next section.

5.3.3 Proposed Ku-band FPRA Antenna

The optimized PRS structure (Figure 5-6) is applied as a superstrate layer to the
proposed slot-coupled feed antenna in the previous section (Figure 5-7), creating
the proposed wideband and high gain Fabry-Perot resonator antenna as shown in
Figure 5-9. The PRS superstrate is suspended over the shared ground plane at a
distance h. using M2 nylon screws (2 mm in diameter) at the four corners, and they
are also taken into account during the simulation process, alongside a 50 Ohm SMA
connector modeled also in CST Microwave studio. A preliminary determination of
h. can be achieved using both the simulated results of the proposed PRS unit cell
reflection coefficient phase (pprg) in Figure 5-6 (b) and (1), where f, is the FPRA’s
center frequency and pprg is taken also at that same center frequency too. The
reflection coefficient phase of the PRS at the center frequency of 15GHz is about
-158.6° (see Figure 5-6 (b)), and by using (1), the spacing hc is about 10.5mm.
Further optimization is need to be performed to find the optimal distance to achieve
the best performance of the Fabry-Perot Resonator Antenna.

The aperture size of the proposed FPRA antenna is estimated by using (4), where
the wavelength A is taken at the lower end frequency (12.6 GHz) of the antenna,
which is 23.8 mm, and the corresponding estimated FPRA directivity (DFPRA) is
around 13.73 dBi using both (2) and (3), therefore, the aperture size is about 36.83
mm x 36.83 mm.

Thus, a PRS structure of an aperture size of 36 mm x 36 mm is used as the
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Figure 5-9: The proposed wideband FPRA design.

superstrate for the proposed Fabry Perot resonator antenna, which consists of an
array of 6x6 PRS unit cells since this latter’s effective size is 6 mm. Using the
previously estimated parameters, namely the aperture size (36mm x 36mm), and the
cavity air gap h. = 10.5 mm, the resulted reflection coefficient S; of the proposed
FPRA is illustrated in Figure 5-10, where the impedance bandwidth (].S1;|<-10dB)
is about 3.24 GHz divided into a dual band, ranging from 14.18 to 16.52 GHz, and
from 17.1 to 18 GHz. The peak gain is 14.4 dBi at 14.5 GHz.

The air gaped cavity of the Fabry Perot resonator antenna is an important factor
in designing a wideband antenna with high gain; therefore, the influence of changing
such a parameter on the overall performance of the proposed antenna is investigated.

All other parameters are fixed, while the cavity height is changed in a step of 0.5
mm from 10.5 to 13 mm, to see the effect of the cavity height variation on the Sy;
impedance bandwidth, the peak gain, and the 3-dB gain bandwidth of the FPRA.
The results are depicted in Figure 5-10 & Figure 5-11 and summarized in Table 5.2.
From there, it is clearly noticed that, when the cavity thickness increases, both the
impedance and 3-dB gain bandwidths are gradually expanded, while the peak gain
is reduced, accordingly, as expected from an FPRA.

For a high gain FPRA with a wider operating bandwidth, and based on the
results illustrated in both Figure 5-10 & Figure 5-11, and Table 5.2, it can be
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Table 5.2: Summarized results of the proposed design at different cavity spacings

Cavity spacing [S11| < —10dB 3-dB gain

he (mm) BW (GHz) bandwidth(GHz)

10.5 14.18-16.52 (15.24%) 13.3-17.8 (28.93%)
17.1-18 (5.12%)

11 13.29-15.2 (13.40 %)  13-17.6 (30.06%)
15.71-17.68 (11.79%)

11.5 12.95-17.56 (30.21%) 12.77-17.38 (30.58%)

12 12.61-17.51 (32.53%) 12.4-17.3 (32.99%)

12.5 12.26-17.52 (35.32%) 11.99-17.26 (36.03%)

13 11.9-17.6 (38.64%) 11.6-17.24 (39.11%)

concluded that the optimal cavity height is 13 mm, where the proposed FPRA
exhibited an outstanding impedance bandwidth performance of 38.64 % ranging
from 11.9 to 17.6 GHz (Figure 5-10), and a 3-dB gain bandwidth of 39.11 % (11.6
to 17.24 GHz), with a maximum peak gain of 14.21 dBi at 16 GHz as shown in
Figure 5-11. Radiation patterns at three different frequencies (12.5, 14 and 16 GHz)
in both E-and H- planes are simulated and depicted in Figure 5-14. From this figure,
it can be noted that the patterns are directive, with narrow beamwidth of 20.4° and

26.4° in the E- and H-planes respectively at 16 GHz.

5.3.4 Fabrication & Measurements Results

In this section, the prototype validation process is carried out, by first fabricating
all parts involved in the proposed design with its final optimized dimensions on
the Rogers RT/ duroid 5880 dielectric slab with two different thicknesses for both
the feed antenna (0.787 mm), and the proposed PRS based superstrate (1.57 mm).
They are assembled using nylon M2 & M3 metric pan head screws with the proper
washers and hex nuts, to form the final proposed prototype (see Figure 5-12 (a)).
The optimal cavity spacing is fixed to 13 mm for further results validation and
analysis. It is fed by a 50 Ohm SMA connector soldered to the feed line with an
offset of 5 mm from the edge of the feed antenna.

Next, the reflection coefficients characteristics of the fabricated prototype are

analyzed and measured using the Agilent 8722ES VNA, and the results are illus-
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trated in Figure 5-13 (a), where the measured impedance bandwidth with S11 <-10
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Figure 5-12: The final (a) fabricated antenna and its assembly parts, and (b) far-field
measurement setup.

dB criterion is 6.03 GHz for a wide band FPRA ranging from 11.32 to 17.35 GHz,
corresponding to a fractional impedance bandwidth of 42% with respect to the cen-
ter frequency of interest. It is also compared to the simulated results, where the
impedance bandwidth was 38.64% (5.7 GHz) ranging from 11.9 to 17.6 GHz. There-
fore, both simulation and measurement results are in good agreement, despite the
slight discrepancies between them, which are probably due to assembly and fabrica-
tion errors. Thus, the proposed antenna performed outstandingly in terms of wide

impedance bandwidth, covering almost the whole Ku-band spectrum.
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In addition, the peak gain and radiation patterns for the proposed prototype
were measured in an anechoic chamber, and the setup is depicted in Figure 5-12 (b),
and by using the following equation, the gain of the antenna under test (AUT) is
calculated [82]:

Gavr = Ghorn — Phorn + Pavur (5.8)

where Gpopn is the gain of the standard horn antenna.

Phorn and P4y are the received power of the horn antenna (receiver mode), and
the antenna under testing, respectively. The results are depicted in Figure 5-13 (b),
conforming that by using a PRS-based superstrate with a positively gradient phase,
the peak gain over a wideband of frequency spectrum is improved drastically. From
Figure 5-13 (b), the measured maximum peak gain of the proposed FPRA is 14.72
dBi at 16 GHz, with a 3-dB gain bandwidth of 36% (5.1 GHz) ranging from 11.68
to 16.78 GHz, which is in good agreement with the simulation results.

For further analysis, the normalized simulated and measured radiation patterns
of the proposed FPRA are illustrated in Figure 5-14. at three different frequencies,
12.5, 14 and 16 GHz, in both H- and E-planes.

The obtained radiation patterns (simulated and measured) of the antenna, are
directional in the broadside of both the E- and H-planes, with lower sidelobe levels,
and a narrower beamwidth. Both simulation and measurements results are in good
agreement, with a slight difference due to fabrication errors. With these features,
the proposed design could be a potential candidate, allowing a high and consistent
gain over a larger operating bandwidth, and low in profile, for applications in the
Ku-band spectrum.

Finally, the proposed FPRA design is compared to others in the literature, taking
into account the bandwidth, the maximum peak gain, the overall size of the design,
and the number of PRS layers. The comparison is summarized in Table 5.3. From
this comparison, it can be concluded that the proposed design outperforms the other

ones in terms compactness, high gain and wider operation bandwidth.
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Table 5.3: Proposed FPRA design compared to other related works.

Ref. [S11| <-10dB  3-dB gain Antenna electrical Max gain  Num. of
No BW(%) bandwidth(%) (W x L x H) (dBi) PRS layers
[87] 25.1 33.5 2.23 Ao x 2.23 \g x 0.54 \g 13.92 1

[91] 26.26 28 2.40 A\g x 240 A\g x 0.55 N9 13.8 1

[110] 10.9 10.9 3.67 Ao x 3.67 A\g x 0.75 N9 15 3

[111] 30 25.8 2.40 Mg x 240 A\g x 1.40 N9 15 2

[112] 15.06 15 3.90 Ao x 3.90 Ao x 1.70 Ay 20 3

[109] 27 27 2.36 \g x 2.36 \g x 1.23 N9 14 2

This work 42 36 1.72 Ag x 1.96 A\ x 0.62 \g 14.72 1

5.4 Mm-wave Antenna design and analysis

The future of Millimeter-wave communication systems, not only meet the increasing
demand of high data rates, low-latency, and low power consumption, but also unlock
the possibilities of the futuristic technologies such as smart cities, virtual reality, and
self-driving cars, etc..[113].

Due to atmospheric and propagation losses, signals transmitted over the Mm-
wave spectrum get weaker, and to tackle this inconvenience, high gain antennas
with wider operating frequencies are highly recommended for Mm-wave applications.
Conventional techniques were employed to achieve high gain performances, such as
in the case of array antennas [114|, metamaterial based ones [12, 1, 9|, and Fabry-
Perot resonator antennas [115, 116].

In this section, a wide-band and high gain Fabry-Perot resonator antenna oper-
ating from 24.8 GHz to 31.16 GHz, is proposed for Mm-wave applications, by using

a positively phase gradient PRS, generated and optimized using genetic algorithm.

5.4.1 Proposed PRS unit cell

A PRS with positive phase gradient is the main key point for designing a wideband
Fabry-Perot resonator antenna as mentioned in the previous section, and to do so,
a double-sided layer with Frequency Selective Surface printed patterns is proposed
and designed on a Rogers RT/duroid 5880 dielectric slab (e,1= 2.2, tan §=0.0009),
with a thickness hprg of 0.787 mm. The bottom side is a simple ring-shaped FSS

with the following design parameters: wprs=3.8 mm,r,=1.7 mm, ;,=0.95 mm and

93



Chapter 5. High gain and Wideband Fabry-Perot Resonator Antenna based on a compact single
PRS layer

g=0.4 mm, and the upper part is synthesized automatically using an automated
system, created by implementing an interface between CST Microwave studio and
the embedded genetic algorithm in MATLAB, via a VBA based link. The final
optimized PRS unit cell is shown in Figure 5-15.
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Figure 5-15: The GA based final optimized PRS design, and its reflection coefficient’s
magnitude and phase.

The resulted reflection coefficient phase of the optimized PRS has a positive
gradient and is almost perfectly resembles that of the optimum PRS over a wide
bandwidth spectrum range, with a relatively high reflection magnitude (See Figure 5-
15), which makes it a potential superstrate candidate for a wideband and high gain

FPRA for Mm-wave applications.

5.4.2 Proposed Mm-wave FPRA antenna

The geometry of the proposed FPRA antenna is depicted in Figure 5-16 (b). It
consists of an air-gaped (h,;-—1 mm) slot-coupled elliptical parasitic patch antenna,
to a feeding line with an impedance matching network, to improve the bandwidth.
Both the parasitic patch and the bottom layer (ground plane and the feed line) are
printed on a Rogers RT/ duroid 5880 dielectric slab with a thickness (hs) of 0.787
mm (see Figure 5-16 (a)).
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The optimized parameters of the proposed feed antenna for optimal performance
are: W= 26.6 mm, W= 10 mm, Ay, = 0.787 mm, Ry p= 3.5 mm, Ry p= 2.5
mm, S;= 3.1 mm, Sy= 1.4 mm, ;=10 mm, 5=3.3 mm =1.1 mm, w;=2.4 mm,

wp=0.9 mim.

The FPRA layer is suspended over this feed antenna at an optimal distance h,
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Figure 5-16: (a) The schematic diagram of the slot-coupled patch antenna. (b) The
proposed wideband FPRA design with the PRS layer.
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of 5.7 mm (see Figure 5-16 (b)).

The characteristics of the proposed antenna, namely the simulated reflection
coefficient (S11), the maximum achieved peak gain, and the 3-dB gain bandwidth, are
illustrated in Figure 5-18, where it is clearly noticed that the impedance bandwidth
almost covers the entire global 5G Mm-wave spectrum, ranging from 24.8 GHz to
31.16 GHz (22.73%), and the peak gain was 16.2 dBi within this band of interest in
comparison to the antenna without PRS layer, with a maximum peak gain of only
8 dBi (see Figure 5-18).

In addition, the proposed antenna achieved a wide 3-dB gain bandwidth of
22.10% (6.26 GHz) in the range of 25.2 to 31.45 GHz, and this is due to the
well-designed PRS based superstrate layer, with a positive phase gradient, and by
ensuring the multiple reflections between the source antenna and the proposed su-
perstrate, the gain is enhanced accordingly. Meaning, the proposed PRS based
superstrate is acting as a lens, focusing the electromagnetic radiations from the
source antenna in the broadside direction.

The radiation patterns at the center frequency 28 GHz in both E-and H-planes
are simulated and depicted in Figure 5-19. From this figure, it is clearly noticed
that the patterns are directive, with narrow beamwidth of 20.9° and 22.4° in the E-

and H-planes respectively, with low side and back lobe levels of -14 dB.

5.4.3 Fabrication & Measurements Results

In this section, the prototype validation procedure is carried out, by first fabricating
all parts involved in the proposed design with its final optimized dimensions on the
Rogers RT/ duroid 5880 dielectric slab with a thickness of 0.787 mm for both the
feed antenna, and the proposed PRS based superstrate. They are assembled using
nylon M2 & M2.5 metric pan head screws with the proper washers and hex nuts, to
form the final proposed prototype (see Figure 5-17 (a)). The optimal cavity spacing
is fixed to 5.7 mm for further results validation and analysis. It is fed by a 2.92mm
(K) connector screwed and fixed to the feed line with an offset of 6 mm from the
edge of the feed antenna.

Next, the reflection coefficients characteristics of the fabricated prototype are
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Figure 5-17: The fabricated antenna: (a) The assembly parts, and (b) the final
FPRA prototype.

analyzed and measured using the Agilent 8722ES VNA, and the results are illus-
trated in Figure 5-18, where the measured impedance bandwidth with S7; <-10
dB criterion is 8.26 GHz for a wide band FPRA ranging from 25.17 to 33.43 GHz,
corresponding to a fractional impedance bandwidth of 28.19% with respect to the
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center frequency of interest. It is also compared to the simulated results, where
the impedance bandwidth was 22.10% (6.26 GHz) ranging from 25.2 to 31.45 GHz.
Therefore, both simulation and measurement results are in good agreement, despite
the slight discrepancies between them, which are probably due to assembly and
fabrication errors specially in the mm-wave region. Thus, the proposed antenna

performed outstandingly in terms of wide impedance bandwidth.
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Figure 5-18: Reflection coefficients of the FPRA and it’s gain compared to the feed
antenna.

(a) (b)

Figure 5-19: Normalized simulated radiation patterns in the E-plane (a), and in the
H-plane (b) at 28 GHz.
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In this section, a topology synthesized partially reflective surface has been de-
signed and simulated. This proposed PRS layer has provided a positive reflection
coefficient phase, which leads to a wider impedance, 3-dB gain bandwidth and high
gain at the Mm-wave band. The final design exhibited a wider operating bandwidth
with simpler and small footprint design, creating a FPRA antenna with capabilities

suitable for future Mm-wave applications such as 5G.

5.5 Summary

In this chapter, a topology optimized PRS using the genetic algorithm embedded in
MATLAB, with a VBA based interface established with CST Microwave studio, has
been designed and simulated. This proposed PRS design has provided a positive
reflection coefficient phase, which leads to a wider impedance, 3-dB gain bandwidth
and high gain at both the Ku- and Mm-wave bands.

The proposed prototypes have been fabricated and measured, and the simulation
results were validated by measurements, and they have shown good agreements
between them, with a slight difference due to fabrication errors, especially in the
Mm-wave region.

Aside from the aforementioned improvements, using the proposed PRS layer
shaped, the radiation pattern becomes more directive, with a narrower beamwidth,
and lower sidelobe levels.

The proposed PRS-based Fabry-Perot resonator antennas can be considerate as
good candidates for high gain with wideband of operation in both the Ku-band and

the Mm-wave spectrum.
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Conclusions

6.1 Conclusion

The goal of this thesis was to discover an efficient and precise method for designing
periodic structures such as EBGs, PBGs, AMCs, FSSs and Partially reflective sur-
faces, acting as modified dielectric mediums, reflectors, superstrates and lenses to
enhance the electrical properties of the widely used technology of microstrip patch
antennas, due to their advantages in terms of cost, ease of fabrication and their light
weight, making them an attractive choice when designing an efficient communica-
tion system. Many design techniques have been developed in the last decade since
periodic surfaces became widely used in antenna and microwave engineering.

The use of full-wave numerical models is the most accurate and universal method
of designing periodic structures. The design process becomes more consistent and
the overall computational time can be significantly reduced when optimization al-
gorithms are used for both rough initial design and final tuning.

Periodic surfaces acting as an artificial magnetic conductor, electromagnetic and
photonic band gap structures were successfully implemented using global evolution-
ary algorithms. Their application in the design of structures with suppressed surface
waves propagation has been investigated throughout the progression of the thesis,
while using the full-wave numerical simulator CST Microwave Studio and Ansoft
High Frequency Structure Simulator HFSS.

Then, a technique based on the genetic optimization algorithm GA embedded in
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the famous simulator MATLARB, in corporation with CST Mirowave studio simulator
through a well established VBA based link, has been used to build and evaluate an
EBG based microstrip patch antenna for WiMAX application.

A study of different thicknesses and high permittivity substrates were simulated
and discussed, and a final step-like substrate is then used to build the initial antenna
for further analysis. Using CST microwave studio with the GA proved to be useful
for optimizing an EBG based substrate for the proposed microstrip antenna with
the desired features. In fact, the Step-like EBG (S-EBG based antenna has been
found to be appropriate for wideband operating around 5.8 GHz with a return loss
enhancement of 100% compared with the initial antenna. In comparison, it has also
enhanced the fractional bandwidth for the patch antenna, based on the EBG struc-
ture, by 531.818% relative to the original antenna (thin substrate). Their bandwidth
is substantially increased. Furthermore, by implementing the mushroom-like EBG
the side lobes levels decreased. The improved antenna features are attributed to the
fact that by using the mushroom-like EBG the surface waves are suppressed. The
final prototype was fabricated and validated through measurements, and compared
to related works in the field, presenting its potential as a high gain antenna for
WiMAX, WLAN, etc...

After that, a variety of microstrip patch antennas are designed, simulated and
analyzed to achieve an UWB coverage with higher gain and easy to fabricate pro-
totypes. First, a conventional microstrip fed patch antenna is designed and the
maximum achieved impedance bandwidth was 0.175GHz ranging from 5.71 to 5.88
GHz, corresponding to a fractional bandwidth (FBW) of only 3.01 %. Next, a
curved partial ground (PG-MPA) was then used to broaden the antenna bandwidth
without increasing its size profile, and maximum achieved bandwidth was 3.5 GHz,
an improvement by a factor of 20, compared to the initial design, ranging from 3.1
to 6.6 GHz, and an FBW of 60 %. Even with this technique, the proposed design is
far away from achieving an UWB operating bandwidth.

In order to increase its impedance bandwidth, while keeping its compactness, an
automated synthesizing and computer aided system is proposed, to create unique

check-board-like patterns on the effective area of the radiating patch, and this led
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to an increase in the impedance bandwidth of 10.4 GHz, ranging from 3.1 to 13.5
GHz, corresponding to an FBW of 179.31 %. So, the proposed design achieved the
required bandwidth (3.1-10.6 GHz) while keeping its compactness and low profile.

Furthermore, an ultra-wideband FSS reflecting layer was also generated using
the same technique, and evaluated according to a specific fitness function to achieve
the UWB capability, with minimum foot print. Different designs and prototypes
were fabricated and validated through measurements, and further analysis, and the
results showed the potential of the proposed design, by comparing it to related works
in the literature, proving its capabilities as a high gain and UWDB antenna.

Finally, a novel FPRA antenna was developed and analyzed for the Ku-band and
Mm-wave frequency regions, fed by an aperture-coupled antenna and supported by a
PRS superstrate layer with a positive phase gradient that follows almost perfectly the
optimum phase in the frequency band of interest, where the wide band of operation
was then achieved.

The proposed antennas provide an outstanding performance in terms of impedance
and 3-dB gain bandwidths, peak gain, and the side lobe levels (SLL, with narrower
beamwidths suitable for high gain and more directive communication systems.

These findings demonstrated the feasibility and the efficiency of the proposed
FPRA designs, with small foot prints, making them great candidates for high gain
with On-chip integration possibility antennas for the future of wireless communica-

tion systems.

6.2 Suggestions
Some interesting suggestions and extensions of this thesis for the future can be
outlined as follows as research progresses:

e Implementing current antenna designs and findings for the next generation of
wireless communications systems 5G, by tackling all its aspects like: Beam-

forming, Massive MIMO, etc...

e Designing antenna array based on EBG/PBG, and other meta-materials/meta-

surfaces.

102



Chapter 6. Conclusions

e Design of new EBG structures based on 3D printing, incorporation with the
proposed GA synthesizing system, that further enhances antenna features and

performances, while keeping a degree of compactness and low fabrication cost.
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Abstract

This thesis focuses on the analysis and design of microstrip antennas working in a wide range of frequency bands
(WIMAX, UWB, Ku-band, mm-Wave), and based on electromagnetic band gap (EBG) structures. A mushroom-like
EBG structure-based substrate is designed, analyzed and optimized using a technique based on the combination of
an evolutionary heuristic optimization algorithm (genetic algorithm) with the Computer Simulation Technology
(CST) Microwave Studio, for WiMAX applications. Next, a topology optimized ultra-wideband antenna alongside a
compact FSS layer, covering the UWB spectrum of frequencies, are designed and analyzed. The simulation results
and measurements obtained are compared with various works in the open literature. Finally, Fabry-Pérot resonator
antennas based on the proposed PRS structures, generated and optimized using an automatic synthesis system, based
on a link between MATLAB and CST Microwave studio, were designed, analyzed and fabricated. The obtained
results are compared with other research in the open literature, where it is clearly indicated that the proposed designs
could be potential candidates for high gain and wideband systems in Ku-band and mm-wave applications, such as
the 5G.

Keywords: 5G, Microstrip antenna, EBG/PBG, AMC, FSS, PRS, Genetic algorithm, CST, FPRA.

Résumé

Cette these se concentre sur I’analyse et la conception d’antennes microruban travaillant dans une large gamme de
bandes de fréquences (WiMAX, UWB, Ku-band, mm-Wave), et basées sur des structures de bande interdite
électromagnétique (EBG). Un substrat a base de structure EBG en forme de champignon est concgu, analysé and
optimisé en utilisant une technique basée sur la combinaison d’un algorithme d’optimisation heuristique évolutive
(algorithme génétique) avec le simulateur commerciale CST Microwave Studio pour I’application de WiMAX.
Ensuite, une antenne ultra large bande optimisée en topologie aux cotés d'une couche FSS compacte, couvrant le
spectre UWB des fréquences sont congues et analysées. Les résultats de simulation et mesures obtenus sont
comparés a différents articles de recherche dans la littérature. Enfin, des antennes résonatrices Fabry-Pérot basées
sur des structures PRS proposées, générées et optimisées en utilisant un system de synthese automatique, a base
d’une lien entre MATLAB (Algorithme génétique) et CST Microwave studio, ont été congues, analysées et
fabriquées, et les résultats obtenus sont comparé avec d’autres recherches dans la littérature ouverte, ou est
clairement indiqué que les conceptions proposées pourraient étre des candidats potentiels pour des systemes a gain
élevé et large bande dans les applications en bande Ku et en ondes mm, telles que la 5G.

Mots clés : 5G, Antenne microruban, EBG/PBG, AMC, FSS, PRS, Algorithme génétique, CST, FPRA.
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