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1 Abstract

In the last decades, the design of antennas based on artificial materials have been at-
tractive for the attention of the Radiofrequency (RF) and microwave engineering com-
munities due to the excellent inherent properties which can meet the urgent require-
ments of the current wireless technology. Artificial materials such as metamaterials
are synthesized by embedding specific inclusions in host media. The purpose of the
artificial materials structures design is to interact with and control electromagnetic
waves that does not occur in natural material. However, my dissertation focuses on
using artificial materials structures for modern antenna applications, including wear-
able devices, multiple input multiple outputs (MIMO), Global Positioning Systems (GPS),
and self-powered systems. The electromagnetic bandgap (EBG) is artificial material with
superior properties that can be applied to antennas. The feasibility of using the EBG
structure-based microstrip patch and monopole antennas operating in the microwave
range is demonstrated first. The artificial materials approach examines the use of EBG
structure in the antenna applications. In the first application, the use of EBG structure
to improve the directivity and gain of the planar microstrip antenna is explored. A gain
enhancement has been achieved by placing the EBG lenses on top of the microstrip an-
tenna. The proper position of these lenses and their separation are identified using ray
tracing and classical optics. The second application involves the design of a monopole
antenna based on an array of EBG structures with the partial ground plane for gain
enhancement and directing antenna radiation from the boresight to the end-fire direc-
tion. The third application involves the design of a MIMO antenna based on an EBG
structure with a partial ground plane to improve the mutual coupling reduction be-
tween the radiating antenna elements. For phase and frequency reconfiguration with
high antenna gain, a reconfigurable antenna based on an EBG structure was utilized
in this dissertation for the fourth application.
Reconfigurable antenna approach in wireless communication technology is utilized in
two antenna applications. The first application involves Direct Antenna Modulation
(DAM); I explored the modulation process of electromagnetic signals in the antenna
circuit design directly. In order to perform a Differential Phase Shift Keying (DPSK)
modulation, two identical antennas are fed by a two-branch microstrip line with a

phase shift of 180◦. The designed antenna is further investigated to realize the effects
of radiation leakage from the antenna elements on the human body in the context of
wearable applications. This antenna design also is conducted to the antenna perfor-
mance when it bent on a cylinder surface and compared to the flat case on four human
body regions: arm, head, thigh, and chest. The proposed antenna also invoked EBG
structure to improve the antenna gain. The second reconfigurable antenna applica-
tion involves using an ultra-wideband (UWB) monopole antenna structure based on
semiconductors devices as switching devices such as Positive-Intrinsic-Negative (PIN)
diodes for reconfigurable band notch characteristics. The proposed antenna design
is comprised of a modified circular patch and a partial ground plane. The notched
band characteristics are achieved by etching a slot on the partial ground plane and
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inserting three PIN diodes into the slots to adjust the antenna bands. Depending on
the state of the diodes, the proposed antenna can operate in Ultra-wideband (UWB)
mode, dual-band modes, or triple-band mode. The proposed reconfigurable antenna
was numerically developed by invoking EBG structure for frequency reconfigurabil-
ity and improve the antenna gain. The proposed antenna uses an EBG structure of
circular Split Ring Resonator (SRR) unit cells based on 18 PIN diodes to achieve the
required antenna features of frequency reconfigurability and high gain. Depending
on the EBG configuration states based on 18 PIN diodes, the proposed antenna can
operate in triple, quadruple, and quintuple operating bands.

2 Introduction

Novel antennas were recently published by utilizing various metamaterial and EBG
structures [1] and [2]. Metamaterials are artificially structured to be engineered pe-
riodically to control permittivity (ε) and permeability (µ) over certain frequency bands
that are not found in nature [1]. Metamaterials are invented to exhibit unique proper-
ties such as negative ε, negative µ and negative refraction index at the same frequency
band. The responses of the material to the electromagnetic radiations properties can
be described electrically by their constitutive parameters as seen in Fig.1. Right-Hand
Materials (RHM) are called materials with positive, ε and µ, and those with negative ε
and µ are called Left-Hand Materials (LHM) [3]. A negative structure of ε is considered
a plasma, such as an array of wires [4]. In contrast, a negative µ structure, such as
Split Ring Resonator (SRR), is referred to as a gyro-tropic material [5]. The structure
is called EBG, such as Photonic Band Gap (PBG), whether both ε and µ are zero or very
close to zero [6].

Metamaterials can be engineered based on a transmission line approach by ap-
plying non-resonant inclusions over a broad bandwidth [8] or based on the effective
medium theory [9] by optimizing a unit cell with resonant structures over a relatively
narrow bandwidth. The affective dimension of the period, or unit cell, must be much
smaller than the guided wavelength (λg) at which the desired properties exist. Meta-
materials must be dispersive in order to reach negative values of ε and µ; otherwise,
they will not be causal [10]. The performance of metamaterials-dependent antennas
is constrained by dispersion in the constitutive parameters. SRRs are an example of a
gyro-tropic structure that, as described in [11], provides negative µ [12]. By printed
arrays of wires or traces on substrates, negative ε can be achieved. Some of the studies
published in [11] and [13] are focused on the use of these inclusions, such as SRR, to
minimize diffraction from finite-ground planes and strong mutual inductive and ca-
pacitive coupling between antenna components among a variety of applications [13].
EBG structures of electromagnetic properties of ε and µ equal to zero or close to zero,
metamaterials with a zero-index (n = 0), are capable of achieving highly directive an-
tennas [14] with improved bandwidth [15] and size reduction [16]. The PBG lens is
one of the common EBG structure categories [14]. Such structures can be built from
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Figure 1: Metamaterials nomenclature based on the magnitude of the real parts of the
ε and µ [7]

planar aperture arrays called Uniplanar Compact PBG (UC-PBG). As in [7], [17] and
[18], for antenna gain enhancement, their applications are expanded. However, some

of the reported designs of UC-PBG/antenna suffer from intense backward radiation
that reduces the Front-to-Back ratio (F/B) [14] and [15]. Furthermore, the studies
[16]- [18] did not elaborate on the design strategy those results in the best PBG struc-

tures position. A zero-order resonance antenna was achieved using EBG structures [6]
and [19]. In such media, the guided wavelengths are nearly infinite with independent
patch physical dimensions to produce antennas much smaller than a half-wavelength.
Such antennas show zero-order modes with uniform current distribution to reduce
overall losses to result efficient antenna. The authors in [6] and [19] published an
experimental validation of these properties. A Frequency Selective Surface (FSS) is an-
other EBG structure type that is designed as a periodic array structure [20]. A spatial
filter of periodic arrays of metallic elements on a dielectric substrate was defined as
the FSS [21] and [22]. FSS designs were limited to bulky devices such as radomes for
antennas and radar cross-sections (RCS) due to their complexity and sensitivity over a
specific frequency range [23] and [24]. Implementing FSS structures, according to the
authors in [25] and [26], could improve the antenna characteristics. For example, the
authors in [27] used a transmission line model to reduce the unit cell size of the FSS
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structure. When the metamaterials structures are combined with another structure
with oppositely-signed constitutive parameters, they exhibit unusual properties. As
a result of the complementary interfaces that fill single negative and double negative
metamaterials with conventional materials, the size of the antennas can be reduced
[28]. Covering an electrically small dipole, which is not an effective radiator, with a

negative permittivity shell results in a more efficient radiator, according to [28].
Due to the rapid developments in current wireless communication and informa-

tion technologies, different reconfigurable antennas were established as alternatives to
the conventional antenna design [29]. Reconfigurable antennas show rapid growth in
wireless communication technologies to provide advanced features limited to conven-
tional antennas. Furthermore, integrating reconfigurable antennas with other com-
munication devices produces new applications such as flexible and dependable de-
velopment solution, allowing antennas, wireless sensors, solar cells, smart clothes,
and wearable microwave devices [30]. For multiple purposes, new antennas with
the desired frequency bands are required. Reconfigurable antennas based on active
electronic devices usually are applicable to tune frequency bands, radiation patterns,
and polarization [31]. Such advancements provide more capabilities to resolve the
complexity of the wireless communications [32]. As a result, researchers have been
attracted to the use of reconfigurable antennas to improve the performance of wireless
communication systems in differenet applications [33]. However, the main challenges
in such technologies are: Integrating antennas with modern high-speed semiconduc-
tors while maintaining size miniaturization and achieving high gain-bandwidth over
the frequency band of interest [34]. As a result of that, the antenna characteristics iso-
lation from the communication system, high-speed semiconductor switching devices
is the antenna’s key objective [35]. RF switches such as Microelectromechanical systems
(MEMS), varactor diodes, transistor switches, and PIN diodes have been utilized by
several researchers to enable frequency, pattern, and polarization reconfigurability in
current and future wireless communication systems [36] and [37]. The authors in [36]
and [37] described reconfigurable antennas based on polarization, radiation patterns,
and frequency by integrating PIN diodes, RF MEMS, and varactor diodes into a system
platform as switches to control the desired polarization and radiation direction, as well
as the frequency operation bands. For frequency reconfiguration, the authors in [38]
used PIN diodes as switches on a monopole antenna. A circularly polarized antenna
based on an EBG array was proposed in [39] for frequency and polarization reconfig-
uration techniques. The authors in [40] discussed an antenna design based on a single
PIN diode integrated into a folded slot patch on a flexible substrate for frequency and
polarization reconfiguration.
Several approaches based on the DAM process are developed as alternatives to con-
ventional modulation approaches due to rapid developments in today’s information
technologies [29]. DAM can be used to solve problems in modulation systems, such
as the inevitable high-cost, high-complexity transmitter design. As a result, DAM has
emerged as a practical solution for overcoming those modulation systems’ limitations
[36]. DAM is based on the idea of enabling carrier wave modulation in the antenna
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system [41]. Various DAM methods based on an array of switchable passive reflectors
were proposed [42]. These techniques are well suited to dealing with the increasing
complexities of wireless communications [32]. Renewable and non-conventional sys-
tems, unlike traditional electromagnetic devices like antennas, can be manufactured
locally and are well suited to emerging technologies in communication and informa-
tion technology [43]. The uses of transitional technologies to integrate antenna de-
sign and semiconductors are helped the rapid growth of wireless networking markets;
however, this merger also necessitates innovative antennas to resolve such problems,
such as design complexity and size reduction [44]. As a result, reconfigurable an-
tennas have invoked much interest in the latest wireless communication technologies,
particularly for 4G and 5G [33]. Reconfigurable antennas are being investigated to
enhance the performance of wireless networking networks in a variety of applications
[33]- [43]. Two PIN diodes were used as switching circuits in the antenna presented

in [45] to directly control two binary Phase Shift Keying (PSK) modulated signals. For
the DAM UWB transmitting antenna, three Schottky diodes (HSCH-5330) were used
as switching devices in [46]. The authors in [47] designed a circularly polarized
Quadrature PSK (QPSK) modulated signal using two orthogonal antennas. For Tera-
hertz (THz) communication, a switchable FSS based on Amplitude-Shift Keying (ASK)
modulator was presented in [48]. Carrier of RF DAM was investigated in [49] as a re-
configurable FSS-based phase modulator for the Internet of Things (IoT) applications.
In [50], the Intersymbol Interference (ISI) of a DAM On-Off Keyed (OOK) signal-based
narrowband transmitter antenna was investigated. Finally, using a transmitter based
on programmable metasurface, the authors in [37] demonstrated 8-PSK modulation
with 8×32 phase unit cells.

3 Original Contributions

In the following, I highlight five main challenge groups. Therefore, in this section, the
original contributions of this dissertation are listed.
1-Metamaterial antenna structure based on a single EBG layer is presented to improve
the antenna gain and aperture efficiency. A significant gain enhancement is achieved
of five different microstrip antennas; in which the gain is enhanced from 5.6dBi to
11.1dBi at 2.45 GHz for the first design. The second design shows a gain enhancement
from 6.3dBi to 13.4dBi at 2.45 GHz. The third design gain enhancement is found
to be from 3.4dBi to 8.95dBi at 5.2 GHz. For the fourth antenna design the gain
enhancement from 1.5dBi to 11.2dBi at 5.8 GHz. The last microstrip antennas design
an improvement from 1.8dBi to 11.4dBi in antenna gain has been achieved at 5.8
GHz. On the other hand, the antenna aperture efficiency improvement is seen about
15%, 37%, 31%, 35%, and 26%, respectively, for the first, second, third, fourth, and
fifth antenna design compared with their corresponding conventional microstrip
antenna.
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2- A printed monopole antenna based on EBG array is introduced to enhance the
gain and orient the antenna radiation, mainly to the end-fire directions. The proposed
antenna shows end-fire radiation patterns with a gain of 2.88dBi and 5.8dBi at 1.85
and 3.3 GHz, respectively.

3- A printed rectangular array of two slot microstrip antennas spaced with an EBG
structure of low mutual coupling is proposed in [51] for the MIMO applications. The
separation distance between the antenna elements is found to be aboutλo/16 with
low mutual coupling of –29 dB at 2.45 GHz and –25 dB at 5.8 GHz. The antenna
array structure is folded on a cylindrical substrate to suit wearable MIMO systems.
The MIMO antenna performance has been improved in terms of Envelope Correlation
Coefficient (ECC), Diversity Gain (DG), Total Active Reflection Coefficient (TARC), Mean
Effective Gain Difference (MEG), and Channel Capacity Loss (CCL) after introducing the
EBG structure with the proposed antenna array. A reduction in ECC to about 0.0005,
the value of DG is touching 10dB, TARC less than 0.25, MEG is touching 0 dB, and
CCL is less than 0.2 (bits/sec/Hz) for the two operating frequency bands are achieved
after introducing the EBG structure.

4- The modulation process of the electromagnetic signal is introduced to the
antenna circuit design directly. For such technology, a planar and folded antenna
profile is presented [52]. The proposed antenna is consistent of two patches with the
same geometry for the DPSK process. The antenna is mounted on a flexible substrate
for wearable applications. The proposed antenna consists of two non-concentric
elliptical patches for broadband applications to suit the spread spectrum applications.
The patch structure is fed with a 50 Ω microstrip line network of two branches and
delayed by a phase shift of 180◦ at different frequencies. The phase shift of the RF
signals is controlled based on two PIN diodes through a transmission line network
located between antenna elements. The proposed antenna performance on the human
body is subjected to bending and compared to the flat profiles. The patch size is
reduced to suit wearable devices; therefore, a cylindrical substrate is introduced for
bending. The proposed antenna design shows a gain of 4.73 dBi and 2.5 dBi for the
planar and folded antenna profiles, respectively. The antenna is furtherly investigated
to realize the effects of radiation leakage from the antenna elements on the human
body in the context of wearable applications. The study is conducted to the antenna
performance when bent on a cylinder and compared to the flat case on four human
body regions: arm, head, thigh, and chest. The proposed antenna based on an EBG
array is introduced to enhance the antenna gain. The proposed antenna achieved peak
realized gain of 4.15 and 4.73 dBi at 5 GHz for the two PIN diode state without EBG
structure; however, with integration of EBG with the proposed antenna, the antenna
gain increased to 7.5 and 8.6 dBi, respectively.

5- A novel UWB monopole antenna structure with reconfigurable band notch
characteristics based on PIN diodes is proposed. The antenna is compacted to provide
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a low cost, light weight, easy to control the bandwidth and frequency notch UWB
antenna. The proposed antenna is comprised of a modified circular patch and a
partial ground plane. The proposed antenna is designed to cover the entire UWB
spectrum from 1.7 GHz to 11 GHz. The frequency reconfiguration is achieved in
such antenna by adjusting the effective electrical length of the ground plane slot. The
desired operating bands is achieved by etching a slot on the partial ground plane and
inserting three PIN diodes into the slots. The reconfigurability is employed by adding
three PIN diodes to obtain eight states with UWB, dual and triple operating bands.
It could be obtained by changing the PIN diode state from ON -OFF and vice versa.
Due to the simplicity of the biasing circuit and the best simulation with minimal
gain degradation, radiation efficiency, and frequency band switch have been obtained
when integrated the PIN diodes into the ground plane instead of a radiating patch.
The frequency reconfiguration is accomplished by adjusting the effective length of the
ground plane slot. To improve the antenna gain and control the operating frequency
bands the proposed antenna based on an EBG array is utilized. The antenna gain
has been improved about 4 dBi for all operating frequency bands after introducing
the EBG structure. Frequency reconfigurability based on the EBG structure can
be achieved by adjusting 18 PIN diodes integrated with the inner and outer SRR
rings of EBG structure to switch between different operating bands including triple,
quadruple, and quintuple.

The band-notch is achieved by etching a slot on the partial ground plane and insert-
ing three PIN diodes into the slots for adjusting the antenna band. The reconfigurabil-
ity is employed by adding three PIN diodes to obtain eight states with UWB, dual, and
triple operating bands. It could be obtained by changing the PIN state fromON −OFF
and vice versa. Due to the simplicity of the biasing circuit and the best simulation
with minimal gain degradation, radiation efficiency, and frequency band shift have
been obtained when integrated into the PIN diodes. The frequency reconfiguration is
accomplished by adjusting the effective length of the ground plane slot.

4 Motivations and Research Objective

With continuing demands for new antenna designs to satisfy the requirements of
the most urgent applications researcher invoked many technologies to maintain
the antenna developments. Some the developments includes wearable devices,
implantable medical devices, MIMO and UWB systems. Such of these developments
is the bandwidth enhancements for high data rates combined with the size and
weight reductions for portable wireless devices in modern communication networks.
However, gathering the desired antenna performance with the current developments
generally limits the continuation of the wireless communications industry. It is
because the conventional microstrip antennas suffer from several limitations such
as narrow bandwidth, low efficiency, modest gain, low power handling capacity,
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and surface wave excitation. Recently, metamaterials and EBG structures have been
suggested to overcome the microstrip antenna limitations [9] and [53]. For example;
the antennas miniaturization with enhanced radiation patterns, SRRs is utilized
for that as cited in [54] and [55]. Furthermore, etching different EBG structures
from the antenna ground planes and including EBG structures were proposed in [3]
and [56]. Metamaterials possess several attractive features such as printed circuit
technology compatibility, the ability to introduce distinctive stopbands, and surface
wave reduction [56] and [57]. However, there are some fundamental concerns,
with resonant metamaterials and EBG structures; narrow bandwidth in which the
desired properties occur, and losses due to the conducting inclusions [12] and [58].
Moreover, accommodating various services such as WiMAX, WLAN, GPS, cellular,
and Bluetooth in the same antenna terminal may acquire operating the antenna at
multiple frequency bands [59]. Moreover, the antenna size, weight, and cost could
increase with increasing the additional features. Therefore, one of the objectives of
this research is to develop new antenna designs using EBG structures to fulfill these
requirements.
From the early start of the research reported in this dissertation, the author decided
to utilize different techniques based on EBG structure to design antennas for various
wireless communications applications. In the first approach, a novel EBG structure
based on a microstrip antenna are presented. Design, simulation, analysis, fabrication,
and testing of antennas combined with EBG structures to enhance the antenna gain,
radiation efficiency, bandwidth, and improved the isolation between the antenna
array elements. The EBG lenses positioned over conventional square patch microstrip
antennas for gain enhancement is developed. The microstrip antenna performance
with and without the proposed EBG structure is compared to identify the gain
enhancement. A significant enhancement is found for the antenna bore-sight gain,
aperture efficiency, and the front-to-back ratio (F/B). A printed monopole antenna is
presented based on rectangular shaped EBG unit cells and a partial ground plane.
The proposed antenna exhibits a moderate gain and orient the antenna radiation,
primarily to the end-fire directions. Next, a rectangular-shaped EBG structure is
utilized to a printed rectangular slot microstrip antenna array. The proposed EBG
structure is placed between the radiating antenna elements to reduce the proposed
antenna array mutual coupling for MIMO applications. A significant enhancement
in the edge to the edge separation distance between the radiating antenna elements,
Envelope Correlation Coefficient (ECC), is investigated after introducing the EBG
structure. The proposed antenna array mitigates the performance enhancements even
after folding on a cylindrical substrate for wearable applications.

Due to the rapid developments in present wireless communication and informa-
tion technologies, several approaches were developed based on DAM process as alter-
natives to the classical modulation approaches [29]. Therefore, in the second part
of this dissertation, integrating microstrip antennas with high-speed semiconductors
while maintaining the size miniaturization and keeping high gain-bandwidth produce
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over the frequency band of interest is developed. In the first part of this section, the
research is focused on the design, simulation, analysis, fabrication, and testing of a
simple planar and folded antenna profile for DAM based on spread spectrum tech-
nology. The proposed antenna is mounted on a planar and a flexible substrate for
wearable applications. Its design consists of two patches with the same geometry for
DPSK modulation. The two antenna branches are delayed by a phase shift of 180◦

at different frequencies. The phase shift is controlled based on two PIN diodes. The
proposed antenna performance on the human body based on planar, bent, and folded
profiles is investigated. The proposed antenna is examined based on human tissue un-
der three scenarios with four layers: skin, fat, muscle, and bone tissues. The biological
effects from exposure to electromagnetic radiation of the human body for the pro-
posed antenna are investigated for biomedical applications. The field strength from
the proposed antenna array is measured at different human body locations with differ-
ent scenarios using a 3D axis field strength meter. An EBG-based DPSK modulation
antenna is utilized for gain enhancement.
Finally, the author designed a novel UWB monopole antenna based on re-configurable
band-notch characteristics to control the desired operating bands using three PIN
diodes. The reconfigurability of the frequency is accomplished by adjusting the ef-
fective electrical length of the antenna slot through the PIN diodes switching. The
proposed antenna is found to operate with dual, triple, and UWB band according to
the PIN diodes changing conditions. The proposed design is found to show a simple
biasing process with an insignificant impact on the actual antenna performance. Such
advantages are achieved through inserting the PIN diodes on the ground plane instead
of the antenna patch. A reconfigurable monopole antenna based on EBG structure is
utilized to improve the antenna gain and switching between different operating bands
including triple, quadruple, and quintuple. The proposed antenna design shows a
simple, compact, low-cost, light weight structure to suite the applications of WiMAX
and WiFi systems.

5 New Scientific Results

My research aimed to improve the antenna performance in bandwidth, gain, radiation,
and aperture efficiency to meet WLAN band requirements, especially for 5G applica-
tions. For this reason, I investigated a novel EBG structure-based microstrip antenna
for antenna performance enhancement. The electromagnetic beams are focused and
directed in the desired direction, resulting in increased directivity and boresight gain
compared to a conventional antenna without an EBG structure. I investigated five
different EBG structure-based microstrip antennas to examine the antenna gain and
radiation enhancement after introducing the EBG array. My research work also cov-
ered many aspects of using EBG structure-based dipole antenna for gain enhancement
and altered the radiation from boresight to end-fire direction. I investigated a sin-
gle layer of EBG array structure-based antenna instead of multiple EBG layers; this is
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not well-developed in the literature. I also examined the possibilities and constraints
of using such an EBG structure-based antenna for the MIMO system. After applying
the EBG structure between the antenna array elements, a sufficient method was estab-
lished by improving the mutual coupling of the antenna array elements. The second
part of this dissertation focused on the reconfigurable antenna designs. Two types of
reconfigurable antenna with and without EBG structure have been discussed which
reconfigurability in frequency and phase reconfiguration. For this work, different an-
tenna designs are considered for frequency and phase reconfiguration. Therefore, the
operating frequency bands selectivity are directly controlled based on PIN diodes for
frequency reconfiguration application. Then, the research is oriented toward the phase
reconfiguration to obtain antennas-based DAM; which is controlled using two PIN
diodes to obtained DPSK digital modulation. Therefore, the modulation process is
controlled directly using two PIN diodes. This method of integrating the PIN diodes
into the antenna system without affecting the antenna characteristics solves a difficult
task. The obtained results can be summarized as follows.

5.1 Thesis I : NOVEL EBG STRUCTURES BASED ON MICROSTRIP
ANTENNAS

The first thesis is concentrating on the Microstrip Patch Antenna (MPA) design and analysis
based on a single layer of EBG structure to improve the proposed antenna’s performances in
terms of boresight gain, antenna radiation, and aperture efficiencies after introducing the
EBG structure with the proposed antennas. The obtained results are summarized in the first
thesis. The main effects occur after the EBG structure is used as a perfect lens; it focuses the
emerged beams in the desired direction, resulting in increasing antenna gain and F/B ratio.
The electrical parameters of the proposed antennas are validated using analytically using
circuit theory, verified numerically and with measurements. It is described in Chapter 2 in
the dissertation, and the associated publications are [J4] [J5] [C1] [C2] [C3] [C5].

5.1.1 Sub-thesis I

An EBG lens of a single layer is proposed and invented to improve the MPA gain.
The proposed EBG lens is structured from a 5×5 planar array with unit cell of split
concave conductive patches. The proposed EBG structure performance is proved
analytically using circuit theory, tested numerically using Finite Integration Tech-
nique (FIT) formulations and measured using in anechoic chamber. A significant
gain enhancement from 5.6 dBi of 11.1 dBi at 2.45 GHz and a front-to-back ratio
(F/B) of about 22 dB achieved after introducing the EBG lens. The associated pub-
lications are [J4], [C5].

An EBG lens of a single layer is invented to improve the gain of a truncated slotted
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square patch antenna for Wi-Fi applications. The proposed EBG lens is structured
from a 5 × 5 planar array. The individual unit cell is basically shaped like a couple
of split concave conductive patches. The proposed EBG structure performance is
tested numerically using Finite Integration Technique (FIT) formulations of Computer
Simulation Technology Microwave Studio (CSTMWS) and analytically using circuit
theory. The antenna performance in terms of reflection coefficient (S11), the boresight
gain, and radiation patterns are reported and compared to the performance before
introducing the EBG lens to identify the significant enhancements. The proposed EBG
array-based antenna is fabricated, measured, and tested using Vector Network Analyzer
(VNA) and an anechoic chamber. A significant gain enhancement from 5.6 dBi of 11.1
dBi at 2.45 GHz and a F/B ratio of about 22 dB due to focusing the emerged beams
from 99◦ to 26.6◦ are achieved after introducing the EBG lens. An excellent agreement
was obtained between the simulated and measured results.

5.1.2 Sub-thesis II

A single layer of EBG structure of a 5×5 planar array is invented and located above
the radiating antenna patch to enhance the gain, bandwidth, aperture efficiency,
and Half Power Beam Width (HPBW) is presented in this part of the thesis. The
proposed antenna and EBG unit cell is designed to operate at 2.45 GHz for WLAN
applications. An improvement in antenna gain from 6.3 dBi to 13.4 dBi was
obtained after introducing the EBG structure with the MPA. Another achievement
was improving the aperture efficiency from 8.7% to 45.1% and increasing the
bandwidth by 18 MHz and enhanced the HPBW from 77.1◦ to 42.1◦ and 118.9◦ to
35.8◦ along the elevation (θ) and azimuth (φ) directions, respectively. The proposed
EBG array-based antenna is fabricated, measured, and tested using VNA and an
anechoic chamber. The associated publications are [C1].

A single layer of EBG structure of a 5 × 5 planar array located above the radiating
antenna patch of MPA with 70 mm for gain enhancement is presented in this part of
thesis. The proposed antenna based on the EBG structure is operating at 2.45 GHz for
WLAN applications. Parametric studies for the antenna design parameters with and
without EBG planar array structure are investigated to obtain the optimal antenna
performance at 2.45 GHz. The optimal antenna design based on the EBG array is
fabricated on FR-4 substrate with maximum dimensions of 2.13λ◦×2.13λ◦×0.013λ◦
mm3, where λ◦ is the free space wavelength at 2.45 GHz. An improvement in
antenna gain was obtained from 6.3 dBi to 13.4dBi due to emerging the radiation
beams towered the desired direction. Another achievement after adding the EBG
structure was improving the aperture efficiency from 8.7% to 45.1% and increased
the bandwidth by 18 MHz and enhanced the Half Power Beam Width (HPBW) from
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77.1◦ to 42.1◦ and 118.9◦ to 35.8◦ along the elevation (θ) and azimuth (φ) directions,
respectively. The proposed EBG array-based antenna is fabricated, measured, and
tested using VNA and an anechoic chamber. An excellent agreement was obtained
between the simulated and measured results. Table 1 shows the proposed antenna
performance with and without the EBG array. The associated publications are [C1].

Table 1: Antenna performance before and after EBG array structure.

Parameters Without EBG With EBG
Frequency (GHz) 2.37 2.47
|S11| (dB) -18 -54

Bandwidth (MHz) 32 50
Realized gain (dBi) 6.3 13.4

AE % 8.7 45.1
HPBW (EΘ) 77.1o 42.1o

HPBW (Hφ) 118.9o 35.8o

5.1.3 Sub-thesis III

This section presented a 3 × 3 EBG array mounted on top of a truncated slotted
square patch antenna for gain and radiation and aperture efficiency enhancements.
The SRR geometry inspires the proposed EBG unit cell. Equivalently, a circuit
model is derived to compute the S-parameters of the EBG array and compared
against those obtained from the numerical simulations. Later, the S11 spectra,
gain, aperture efficiency, and radiation patterns of the EBG-based antenna are
examined numerically and experimentally. After introducing the EBG array, the
gain increased significantly, from 3.4 dBi to 8.95 dBi at 5.2 GHz. The proposed
antenna bandwidth covers frequencies 5.15 GHz to 5.8 GHz and provides a 31%
increase in aperture efficiency. HPBW is reduced from 107.27 ◦ to 86.6 ◦ in the
E-plane and 124.37 ◦ to 66.8 ◦in the H-plane, respectively. The proposed EBG
array-based antenna is fabricated, measured, and tested using a VNA and an
anechoic chamber. An excellent agreement was obtained between the simulated
and measured results. The associated publications are [J5].

A 3 × 3 EBG array mounted on top of a truncated slotted square patch antenna
for gain and radiation and aperture efficiency enhancements were presented in this
part. The proposed EBG unit cell is inspired from the SRR geometry. The proposed
EBG array is located at approximately 0.7λ◦, where λ◦ is the free space wavelength
at 5.2 GHz, from the antenna patch. Equivalently, a circuit model is derived to
compute the S-parameters of the EBG array and compared against those obtained

12



from the numerical simulations. Later, the performance of the EBG based antenna is
investigated numerically and experimentally in terms of S11 spectra, gain, aperture
efficiency, and radiation patterns. The EBG array and antenna dimensions are inves-
tigated to maximize the boresight gain at 5.2 GHz for WiMAX applications. On an
FR-4 substrate with maximum dimensions of 70× 70 × 1.6 mm3, the optimal antenna
design is fabricated. A significant gain enhancement is achieved, from 3.4 dBi to 8.95
dBi at 5.2 GHz, after introduced the EBG array. The proposed antenna bandwidth
covers the frequencies from 5.15 GHz to 5.83 GHz with an excellent improvement in
the aperture efficiency of about 31%. A significant HPBW reduction at E-plane and
H-plane from 107.27◦ to 86.6◦ and from 124.37◦ to 66.8◦, respectively, is achieved.
The proposed EBG array-based antenna is fabricated, measured, and tested using
VNA and an anechoic chamber. An excellent agreement was obtained between the
simulated and measured results. Table 2 shows the proposed antenna performance
with and without the EBG array. The associated publications are [J5].

Table 2: The antenna performance with/without EBG array structure

Parameters Without EBG With EBG
Frequency (GHz) 5.2 5.21

S11 (dB) -42 -23
B.W (MHz) 188 244
Gain (dBi) 3.4 8.95

AE % 12 43
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5.2 Thesis II : MONOPOLE ANTENNA BASED ON EBG ARRAY
FOR NOVEL APPLICATIONS

A moderate gain monopole antenna for GSM and Wi-Max applications is presented
in this thesis. A monopole antenna based on an EBG structure is designed,
fabricated, and tested to improve the antenna gain and radiation. The proposed
antenna based on an EBG structure is printed on Roger substrate of 3006 families
with resonance at 1.85 and 3.3 GHz. The proposed EBG layer is introduced
with the antenna structure to enhance the antenna gain and orient the antenna
radiation, mainly from boresight to the end-fire direction. Before the fabrication,
the optimal antenna performance is validated numerically based on two different
simulations, CSTMWS and HFSS. At 1.85 GHz and 3.3 GHz, the antenna exhibits
end-fire radiation patterns with gains of 2.88 dBi and 5.8 dBi, respectively. The
gain enhancement is due to the EBG array, which matches the antenna aperture
impedance to the free space impedance. The antenna is fabricated and tested
experimentally to validate the obtained numerical results in terms of S11 and
radiation patterns at 1.85 GHz and 3.3 GHz. The measured results show a good
agreement with the simulated one. The simulated and measured results show that
adopting the EBG structure improves the proposed antenna performance. The
publication associated with Thesis 2 is [J2].

The second thesis deals with a monopole antenna design constructed from a tradi-
tional monopole antenna printed on Roger substrate of 3006 family with resonance
at 1.85 and 3.3 GHz, respectively, based on an EBG structure to enhance the antenna
performance. An EBG layer is introduced to the antenna structure to enhance the
antenna gain and orient the antenna radiation, mainly from boresight to the end-fire
direction. A moderate gain monopole antenna is proposed for Global System for Mobile
Communications (GSM) and Wi-Max applications. Several parametric studies based
on numerical simulations of CSTMWS formulations are conducted to realize the
optimal antenna design. The optimal antenna performance is validated numerically
with Finite Element Method (FEM) based on High Frequency Structure Simulator(HFSS)
before the fabrication. It is found that the antenna shows end-fire radiation patterns
with a gain of 2.88 dBi and 5.8 dBi at 1.85 GHz and 3.3 GHz, respectively. The
achieved gain enhancement is due to introducing the EBG array, which matches the
antenna aperture impedance to the free space impedance. The antenna is fabricated
and tested experimentally to validate the obtained numerical results in terms of
S11 and radiation patterns at 1.85 GHz and 3.3 GHz. The measured results show a
good agreement with the simulated results. Finally, Table 3 summarizes the antenna
performance in terms of S11, boresight gain, bandwidth, and radiation efficiency with
and without EBG structure. It is found that the proposed antenna performance is
improved after introducing the EBG structure. This part is described in detail in
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Chapter 3 of the dissertation. The publication associated with Thesis 2 is [J2].

Table 3: The proposed antenna performance with and without EBG structure.

Parameters Without EBG Without EBG With EBG With EBG
f1 f2 f1 f2

Frequency (GHz) 1.85 3.3 1.85 3.3
S11 (dB) -26.1 -27.1 -21 -29

Bandwidth (MHz) 178 288 221 201
Boresight gain (dBi) 1.11 2.25 2.88 5.8

Radiation efficiency % 34 20.9 53.6 78

5.3 Thesis III : EBG DEFECTS FOR MUTUAL COUPLING REDUC-
TION IN MIMO SYSTEMS

This thesis proposes a novel EBG structure between two planar monopole antenna
elements to improve the mutual coupling for MIMO applications. The proposed
antenna array consists of two slotted rectangular patch antennas mounted on
the low-cost FR-4 substrate. Two prototype planar monopole antennas with
and without the BME Logo configuration are fabricated, measured, tested, and
validated in scattering parameters, bandwidth, radiation patterns, and boresight
gain. The antenna array structure is folded on a cylindrical substrate for wearable
applications. For the proposed antenna design, the simulated and measured results
are agreed with each other. By introducing the EBG structure within the antenna
array, a significant reduction in the mutual coupling between the array elements
below -29 dB and -25 dB for the first geometry at 2.5 GHz and 5.8 GHz, respec-
tively. And for the second antenna array geometry based on BME Logo, the mutual
coupling is reduced below -39 dB and -23 dB at 2.5 GHz and 5.8 GHz, respectively.
This improvement in mutual coupling is due to the suppression of the surface
waves between patches elements. An improvement in MIMO antenna system has
been obtained in terms of ECC, DG, TARC, MEG, and CCL after introducing the
EBG structure with the proposed antenna. It is found ECC less than 0.0005, the
value of DG touching 10 dB, TARC less than 0.25, MEG value is touching 0 dB,
and CCL less than 0.2 (bits/sec/Hz) for the two operating frequency bands after
introducing the EBG structure. Unlike other mutual coupling reduction methods,
the proposed antenna design increased the antenna gain by 0.4 dB and 0.5 dB at
2.5 GHz and 5.8 GHz, respectively. Therefore, the proposed antenna is suitable for
modern wearable and portable wireless communication systems. The publication
associated with Thesis 3 is [J3], [J7].

In this thesis, a novel EBG structure is proposed between two planar monopole
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antenna elements to improve the mutual coupling for the MIMO applications. A
parametric study investigates the antenna array performance to utilize the optimal
dimensions that satisfy WLAN and Wi-Fi applications requirements. The proposed
antenna array consisting of two slotted rectangular patch antennas built on the
low-cost FR-4 substrate. Two prototypes planar monopole antennas with and without
the BME Logo configuration are fabricated, measured, tested, and validated in scat-
tering parameters, bandwidth, radiation patterns, and boresight gain. The separation
distance between the proposed antenna elements is found about λo/16, where λ◦ is
the free space wavelength at 2.5 GHz with low mutual coupling. The antenna array
structure is folded on a cylindrical substrate for wearable application. The simulated
and measured results for the proposed antenna design are agreed with each other. It
is concluded that by introducing the EBG structure within the antenna array, a signif-
icant reduction in the mutual coupling between the array elements below -29 dB and
-25 dB for the first geometry at 2.5 GHz and 5.8 GHz, respectively. While the mutual
coupling is reduced below -39 dB and -23 dB at 2.5 GHz and 5.8 GHz, respectively,
for the second antenna array geometry based on BME Logo. Another achievement has
been obtained after introducing the EBG structure, the MIMO antenna performance
improved in terms of Envelope Correlation Coefficient (ECC), Diversity Gain (DG), Total
Active Reflection Coefficient (TARC), Mean Effective Gain Difference (MEG), and Channel
Capacity Loss (CCL). A reduction in ECC to about 0.0005, DG is close to 10 db, TARC
less than 0.25, MEG value is touching 0 dB, and CCL is less than 0.2 (bits/sec/Hz) are
achieved after introducing the EBG structure for the two operating frequency bands.
Therefore, such isolation is motivated the author to apply the proposed antenna
design for MIMO applications. Unlike other mutual coupling reduction methods,
the proposed antenna design increased the antenna gain by 0.4 dB and 0.5 dB at
2.5 GHz and 5.8 GHz, respectively, in addition to the mutual coupling reduction
within a separation distance of 0.06λ◦. The resonant frequency, S11, gain, and ECC
numerical values from the proposed array structures are compared to each other and
listed in Table 4. It is found that the proposed antenna performance is improved
after introducing the EBG structure due to suppression of the surface waves between
patches. Finally, the proposed MIMO antenna is found a good candidate for modern
wearable and portable wireless communication systems. This part is described in
detail in Chapter 4 of the dissertation. The publication associated with Thesis III is
[J3], [J7].
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Table 4: The antenna performances before and after introducing the EBG structure

Structure

S (mm) 7.6 7.6 7.6 7.6

fo (GHz) 2.45, 5.8 2.45, 5.8 2.5,5.7 2.5,5.8

|S11| (dB) -25, -20 -15, -18 -15, -40 -12, -14

|S21| (dB) -6, -10 -29, -25 -7, -12 -39, -23

Gain (dB) 1.8, 2.7 2.1, 3.1 1.2, 1.9 1.7, 2.4

ECC 0.001,0.01 0.0005,0.0006 0.01,0.001 0.008,0.0003

5.4 Thesis IV : DESIGN OF A CONTROLLABLE ANTENNA BASED
ON EMBEDDED DIFFERENTIAL PSK MODULATION

The fourth thesis presents a simple planar and folded antenna profile for Direct
Antenna Modulation(DAM) based on spread spectrum technology. In this design, I
explored the modulation process of electromagnetic signals in the antenna circuit
design directly. To perform the Differential Phase Shift Keying (DPSK) modulation,
two identical antennas are fed by a two-branch microstrip line with a phase shift
180◦. The phase shift of the RF signals is controlled based on two PIN diodes
through a transmission line network located between antenna elements. The pro-
posed antenna performance on the human body based on planar, bent, and folded
profiles is investigated. The proposed antenna is examined based on human tissue
under three scenarios with four layers: skin, fat, muscle, and bone tissues. The
biological effects from exposure to electromagnetic radiation of the human body
are investigated in this thesis also. The field strength from the proposed antenna
array is measured at different human body locations with different scenarios using
a 3D axis field strength meter. A single layer of EBG structure of a 3 × 3 SRR unit
cells planar array is invented and located in close to the proposed DPSK antenna
for gain enhancement. The proposed antenna achieved peak realized gain of 4.15
and 4.73 dBi at 5 GHz for two PIN diode states without EBG structure ; however,
with the integration of EBG with the proposed antenna, the antenna gain increased
to 7.5 and 8.6 dBi, respectively. The publication associated with Thesis IV is
[J1],[C4].

In this thesis work, I presents a simple planar and folded antenna profile for DAM
based on spread spectrum technology. In this design, I explored the modulation
process of electromagnetic signals in the antenna circuit design directly. To perform
the DPSK modulation, two identical antennas are fed by a two-branch microstrip
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line with a phase shift of 180◦ at different frequencies. The patch structure is fed
with a 50 Ω microstrip line network of two branches and delayed by a phase shift
of 180◦. The phase shift of the RF signals is controlled based on two PIN diodes
through a transmission line network located between antenna elements. The antenna
performance based on the planar and folded profile in terms of S11 and phase
difference spectra are presented in Table 5. The proposed antenna performance on the
human body based on planar, bent, and folded profiles is investigated see Table 6. The
proposed antenna is examined based on human tissue under three scenarios with four
layers: skin, fat, muscle, and bone tissues. Since the proposed antenna is designed
for biomedical applications, the biological effects from exposure to electromagnetic
radiation of the human body are investigated in this thesis as indicated in Table 7.
The field strength from the proposed antenna array is measured at different human
body locations with different scenarios using a 3D axis field strength meter. The
other significant aspect of this research is reducing the patch size to be suitable
for wearable devices. Therefore, a cylindrical substrate is utilized for bending the
proposed antenna structure. The proposed antenna design shows a gain of 4.73 dBi
and 2.5 dBi for the planar and folded antenna profile, respectively. The proposed
antenna based on an EBG array is introduced to enhance the antenna gain. The
proposed antenna achieved peak realized gain of 4.15 and 4.73 dBi at 5 GHz for two
PIN diode states without EBG structure ; however, with the integration of EBG with
the proposed antenna, the antenna gain increased to 7.5 and 8.6 dBi, respectively. The
performance of the proposed antenna with and without the EBG array is shown in
Table 8. The obtained results indicated that the antenna performance in terms of S11
spectra and the realized gain had been improved after introducing the EBG structure
with the proposed antenna array. In comparison between the proposed work with
related work published in the literature, my proposed work has novelty: simplicity of
controlling the switching mechanism, high gain, low profile, simple, easy to fabricate,
easy to control the phase-shifting and activation of the antenna, and easy to integrate
with other devices. Finally, an excellent agreement is found between the obtained
numerical results and measurements. The publication associated with Thesis IV is
[J1], [C4].

Table 5: Comparison between planar and folded antenna performance.

Antenna profile Frequency (GHz) |S11|(dBi) Bandwidth (MHz) Gain (dB) Phase

Planar (SW1−ON ) 5 -10.55 334 4.15 173.2◦

Planar (SW2−ON ) 5 -12.6 1190 4.73 -7.4◦

Folded (SW1−ON ) 5.03 -55 752 2.45 -111.6◦

Folded (SW2−ON ) 5.03 -62 646 2.50 61.7◦
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Table 6: The proposed antenna performance based on planar, bent, and folded profile.

Antenna Type Frequency (GHz) S11 (dB) Gain (dBi) Bandwidth (MHz) Phase shift (degree)

Planar (SW1−ON , SW2−OFF) 5.15 -14 4.15 612 173.2◦

Planar (SW1−OFF, SW2−ON ) 4.85 -31.5 4.73 775 -7.4◦

Bent (SW1−ON , SW2−OFF) 4.65 -14 4.7 375 132.6◦

Bent (SW1−OFF, SW2−ON ) 4.34 -26.5 4.82 675 -41.9◦

Folded (SW1−ON , SW2−OFF) 4.58 -11.8 2.45 525 -111.6◦

Folded (SW1−OFF, SW2−ON ) 4.5 -21.5 2.5 1125 61.7◦

Table 7: Comparison between the field strength leakage at different scenarios from the
human body parts.

Location Profile Field strength (mV /m) Location Profile Field strength (mV /m)

Arm Planar 50 Thigh Planar 140

Arm Bended 45 Thigh Bended 150

Head Planar 199 Chest Planar 207

Head Bended 188 Chest Bended 189

Table 8: Comparisons of the proposed planar antenna performance with and without
EBG.

Antenna Type Frequency (GHz) S11 (dB) Bandwidth (MHz) Gain (dBi)

without EBG (SW1−ON , SW2−OFF) 5 -10.55 334 4.15

without EBG (SW1−OFF, SW2−ON ) 5 -12.6 1190 4.73

with EBG (SW1−ON , SW2−OFF) 5.09 -19 992 7.5

with EBG (SW1−OFF, SW2−ON ) 4.92 -29.1 754 8.6
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5.5 Thesis V : A NOVEL UWB MONOPOLE ANTENNA WITH RE-
CONFIGURABLE BAND NOTCH CHARACTERISTICS BASED
ON PIN DIODES

In this thesis, two types of reconfigurable antenna with and without EBG struc-
ture have been discussed which reconfigurability in frequency and bandwidth
parameters. A frequency reconfigurable ultra-wideband (UWB) monopole antenna
was developed numerically and experimentally. The proposed antenna is com-
pact, low cost, lightweight, and easy to control bandwidth and frequency UWB
reconfigurable antenna based on PIN diodes. The proposed antenna is comprised
of a modified circular patch and a partial ground plane. The proposed antenna
covers the entire UWB spectrum from 1.7 GHz to 11 GHz. The reconfigurability
of the frequency is accomplished by adjusting the effective electrical length of the
proposed slot antenna. The reconfigurability is based on three PIN diodes inserted
within a slotted ground plane. The frequency reconfigurability is employed based
on the eight PIN diode states with UWB, dual, and triple operating bands, which
can be obtained by changing the PIN state from ON -OFF and vice versa. The
research is extended to introduce the EBG structure to improve the proposed
antenna’s bandwidth, directivity, and realized gain. An EBG array consisting
of 3 × 3 circular SRR unit cells is designed and placed in close to the proposed
monopole antenna for antenna gain enhancement and frequency reconfigurability.
To provide the desired antenna qualities of frequency reconfigurability, high
gain, and directivity, the proposed antenna based on the EBG structure has been
developed. The reconfigurability of the frequency based on EBG structure is
accomplished by integrating two PIN diodes placed within each inner and outer
SRR unit cells. By adjusting the EBG-based PIN diodes, triple, quadruple, and
quintuple operating bands can be obtained by changing the PIN diodes from
ON -OFF and vice-versa. The final proposed antenna prototype is compact, as
well as it enhances antenna gain for all operating bands by five dBi. The proposed
antenna is fabricated, measured, and tested using VNA and an anechoic chamber.
The associated publications are [J6].

The fifth thesis presents two types of reconfigurable antenna with and without EBG
structure. The proposed antennas are compact, high gain, low cost, lightweight, easy
to control bandwidth and frequency notch UWB reconfigurable antenna based on PIN
diodes. The proposed antenna is comprised of a modified circular patch and a par-
tial ground plane. The proposed antenna is designed to cover the entireUWB spec-
trum from 1.7 GHz to 11 GHz. The first reconfigurable antenna system based on the
insertion of three PIN diodes placed within a slotted ground plane. The frequecny
reconfigurable is achieved by switching three PIN diodes ON -OFF states. The recon-
figurability is accomplished by adjusting the effective electrical length of the proposed
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slot antenna which is employed based on the eight PIN diode states with UWB, dual,
and triple operating bands, which can be obtained by changing the PIN state from
ON -OFF and vice versa.

Due to the biasing circuit’s simplicity, ease of selecting the position to connect the
biasing circuit, little impact on antenna bandwidth, gain, and radiation efficiency,
the proposed PIN diodes as a switching device are mounted within the ground plane
instead of the antenna patch body. The main reason to choose three PIN diodes as
switches is to change the proposed antenna’s effective electrical length to achieve the
frequency reconfigurability. A UWB, dual, and triple operating bands can be obtained
by altering the PIN diode state switches between forward and reverse conditions.
When all the switches are in the OFF state, the proposed antenna performed is in a
UWB operation band (1.85-10.9) GHz. The proposed antenna operates in dual-band
mode (2.7-3.5) GHz and (5.4-6.46) GHz when all switches are in the ON state. The
other six diode conditions, the operating band 2.7-3.5, 5.4-6.4, 7.5-8.4, and 8.87-10.05
GHz, are achieved. Therefore, a systematic parametric study based on numerical
analysis is invoked to refine the proposed performance. The proposed antenna is
fabricated on FR-4 substrate with dimensions of 50 × 60 × 1mm3 and connected to a
bias tee circuit through the SMA port of 50 Ω input impedance. The PIN diodes are
connected to the DC source, power supply, through the positive negative electrodes
that come out from the bias tee to ensure no interference between the DC and the RF
sources. The proposed antenna performance is tested experimentally and compared
to the simulated results from a commercial software package based on CSTMW
with a FIT algorithm. The experimental results are found to agree very well with
simulated results. Next, a frequency reconfigurable monopole antenna based on EBG
structure was designed and developed numerically. An EBG structure consists of
circular 3 × 3 SRR unit cells invoked and placed in close to the proposed monopole
antenna to improve the antenna’s performance in terms of bandwidth and realized
gain. The EBG structure is utilized with the proposed antenna to provide the desired
antenna qualities of frequency reconfigurability, high gain, and directivity. The final
proposed antenna prototype is compact, as well as it enhances antenna gain for all
operating bands by almost 5 dBi. It is found that the proposed antenna design is
simple geometry and easy to control the frequency bands to suit the applications of
WiMAX and WiFi systems. Finally, the proposed antenna could serve as a practical
multimode application such as UWB and military reconfigurable frequency antennas.
The publication associated with Thesis V is [J6].

6 Summary of the Research Results and Conclusions

In this dissertation, my first contribution group covers the design of several antennas
based on EBG structures for enhancing the antenna performance in terms of gain and
radiation, and aperture efficiency. Several EBG structures are utilized to develop the
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microstrip antenna and address highly directive microstrip antennas, broad-band,
and end-fire radiation for wireless and wearable applications. An EBG structure con-
sisting of a single layer is developed to enhance the gain of the proposed microstrip
antennas. The EBG lens demonstrates a remarkable improvement in the boresight
gain and radiation and aperture efficiency. Next, my second contribution group
focused on using a novel EBG structure based on two planar monopole antennas to
improve the antenna mutual coupling for the MIMO applications. The second part
of this dissertation focused on the reconfigurable antenna designs. Two types of
reconfigurable antenna with and without EBG structure have been discussed which
reconfigurability in frequency and phase reconfiguration. For this work, different
antenna designs are considered for frequency and phase reconfiguration. Therefore,
the operating frequency bands selectivity are directly controlled based on PIN diodes
for frequency reconfiguration application. Then, the research is oriented toward the
phase reconfiguration to obtain antennas-based DAM; which is controlled using two
PIN diodes to obtained DPSK digital modulation. Therefore, the modulation process
is controlled directly using two PIN diodes. The new results can be summarized as
follows.

1- My first group of contributions deals with an improvement of the MPA per-
formances, which can be obtained in terms of antenna gain, antenna radiation, and
aperture efficiencies after introducing the EBG structure-based antennas.

1-1 I designed, fabricated, and tested a circular truncated slotted square patch
antenna based on a novel EBG array of 5×5 unit cells for gain enhancement. A remark-
able improvement in the bore-sight gain, from 5.6 dBi up to 11.1 dBi at 2.45 GHz with
an F/B exceeds the 22 dB have been obtained after introducing the EBG array [C5][J4].

1-2 I presented an array of 5 × 5 slotted EBG structure based on the conventional
MPA for gain and aperture efficiency enhancement. Single-layer of EBG structure
located above the radiating antenna patch. An improvement in the antenna gain from
6.3 dBi to 13.4 dBi at 2.45 GHz and apperture efficiency from 8.7% to 45.1% have
been obtained after introducing the EBG array [C1].

1-3 I introduced a uniform planar array of 3 × 3 EBG layer placed on top of
an MPA for bandwidth, radiation patterns, boresight gain, and aperture efficiency
enhancement. The proposed MPA and EBG unit cells are designed to be operating
at 5.2 GHz for WiMAX applications. The antenna performance is enhanced in terms
of realized gain from 3.4dBi to 8.95dBi, and from 188 MHz to 244 MHz in terms of
bandwidth, and in terms of the aperture efficiency from 12% to 43% after adding the
EBG structure with the proposed antenna [J5].

1-4 I designed a single layer of 3 × 3 EBG array placed on a conventional square
patch microstrip antenna for gain and radiation efficiency enhancement. The EBG
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unit cell is inspired from asterisk shape and structured as square geometry with 8
pins. The proposed EBG unit cells and antenna are designed to operate at 5.8 GHz
for WLAN applications. An improvement in the antenna gain from 1.5dBi up to
11.2dBi at 5.8GHz with aperture efficiency from 4.1% to 38.8% have been achieved
after introducing the EBG array [C3].

1-5 I demonstrated of the feasibility of using the EBG structure based MPA for gain
and aperture efficiency enhancement. To improve the proposed antenna gain, a 3 × 3
array based on EBG is implemented as a single planar array to covers the radiating
patch antenna. The proposed antenna and EBG unit cell are designed to operate at
5.8 GHz to match the WLAN and WiMAX applications. The antenna based on EBG
structure is provided boresight gain enhancement from 1.8 dBi to 11.4 dBi. Another
achievements have been obtained after introducing the EBG array by enhancing the
aperture efficiency from 3.2% to 29.6% and increased the bandwidth by 85 MHz
and improving the HPBW from 112◦ to 34◦ and 136◦ to 66◦ along the elevation and
azimuth directions, respectively [C2].

The simulated results have been compared with measured results and proved that the
proposed antenna design-based EBG structure is better than the published results found in
the literature.

2- In my second contribution group, I introduced new contributions regarding
using EBG structure based on printed monopole antenna to enhance the antenna gain
and orient the antenna radiation, mostly from the boresight to end-fire directions. It is
found that the antenna shows end-fire radiation patterns with a gain of 2.88 dBi and
5.8 dBi at 1.85 GHz and 3.3 GHz, respectively, after introducing the EBG structure.
The measured results of the proposed antenna design show good agreement with the
simulated results. The proposed antenna design is suiting the applications of GSM
and Wi-Max bands in portable wireless systems [J2].

3- In the third contribution group, I elaborated a technique for mutual coupling
reduction based on using the EBG structure. For this, I designed a low-profile and
closely spaced two-element antenna for the MIMO application. The antenna is de-
signed based on the combination of novel slotted EBG structures to reduce the mutual
coupling between antenna elements.

3-1 For the first antenna design, I designed, fabricated, and tested an array of
slotted antenna elements based on EBG structure. The EBG structure positioned
between two planar monopole slot patch antennas to enhance the mutual coupling
of the MIMO system. An isolation improvement is achieved from -6 dB to -29 dB for
the first operating band (2.5 GHz) and from -10 dB to -25 dB for the second operating
band (5.8 GHz) after introducing the EBG structure. An improvement in MIMO
antenna system has been obtained in terms of ECC, DG, TARC, MEG, and CCL after
introducing the EBG structure with the proposed antenna array. It is found that ECC
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is less than 0.0005, DG close to 10 dB, TARC less than 0.25, MEG is touching 0 dB,
and CCL is less than 0.2 (bits/sec/Hz) for the two operating bands [J3].

3-2 Using the EBG structure positioned between the monopole antenna elements,
I demonstrated the applicability of improving the mutual coupling for the proposed
antenna based on the BME Logo. An isolation improvement is achieved from -7 dB to
-39 dB for the first operating band (2.5 GHz) and from -12 dB to -23 dB for the second
operating band (5.8 GHz) after introducing the EBG structure. An improvement
in MIMO antenna system has been obtained in terms of ECC, DG, TARC, MEG,
and CCL after introducing the EBG structure with the proposed antenna array. It is
found that ECC is less than 0.0008, DG close to 10dB, TARC less than 0.25, MEG is
touching 0 dB, and CCL is less than 0.2 (bits/sec/Hz) for the two operating bands [J7].

Unlike other mutual coupling reduction methods, the proposed antenna design increases
the antenna gain by 0.4 dB and 0.5 dB at 2.5 GHz and 5.8 GHz, respectively, in addition,
reducing the separation distance of 0.06λ◦ between the antenna array elements.

4-In the second part of this dissertation, I proposed new techniques for DAM. For
this, I designed, implemented, and experimental evaluation of the direct antenna
Differential PSK digital modulation. The proposed antenna design consists of two
branches and delayed by a phase shift of 180◦ at different frequencies. Via controlling
the PIN diodes state, the phase shift of the proposed reconfigurable antenna can be
controlled directly by changing the PIN diodes within two statuses: ON and OFF. In
the developed prototype, the two antenna branches wave phase is directly changing
according to the baseband control signal based on (ON -OFF) diodes states. The
proposed antenna is examined based on human tissue under three scenarios with four
layers: skin, fat, muscle, and bone tissues. The biological effects from exposure to
electromagnetic radiation of the human body were investigated using a 3D axis field
strength meter. The proposed antenna-based PIN diodes are fabricated to realize and
test the DPSK modulation process experimentally. The proposed antenna invoked
EBG structure consists of square SRR unit cells to improve the antenna gain. The
obtained results indicate that the EBG structure enhanced the antenna performance
by increasing the antenna gain and bandwidth. The proposed antenna achieved a
peak realized gain of 4.15 and 4.73 dBi without EBG; however, by integration the
EBG structure with the proposed antenna, the antenna gain increased to 7.5 and 8.6
dBi, respectively. The obtained results measurements show good agreements with the
proposed model and CSTMWS simulations. Therefore, the proposed antenna design
is a good candidate for multiple wireless communications systems such as wearable
applications [J1][C4].

5-The last group of contributions focuses on the new strategy based on novel
reconfigurable based on PIN diodes to control the bandwidth and achieve notched
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UWB band characteristics. Two types of reconfigurable antenna with and without
EBG structure have been discussed which reconfigurability in frequency and band-
width parameters. The first reconfigurable antenna system is achieved by switching
three PIN diodes ON -OFF states. The frequency reconfiguration is accomplished
by adjusting the effective electrical length of the proposed slot antenna. An UWB,
dual, and triple operating bands can be obtained by altering the PIN diode state
switches between forward and reverse conditions. When all the switches are OFF
state, the proposed antenna performed is in a UWB operation band (1.85-10.9) GHz.
The proposed antenna operates in dual-band mode (2.7-3.5) GHz and (5.4-6.46)
GHz when all switches are ON state. The other six diode conditions, the operating
band 2.7-3.5, 5.4-6.4, 7.5-8.4, and 8.87-10.05 GHz, are achieved. Next, a frequency
reconfigurable monopole antenna based on EBG structure was designed and de-
veloped numerically. An EBG structure consists of circular SRR unit cells invoked
and placed in close to the proposed monopole antenna to improve the antenna’s
performance in terms of bandwidth and realized gain. The EBG structure is utilized
with the proposed antenna to provide the desired antenna qualities of frequency
reconfigurability, high gain, and directivity. The proposed frequency reconfigurable
antenna based on EBG was utilized to obtain triple, quadruple, quintuple oper-
ating bands with improvement in antenna gain about 5 dBi at all the operating
frequency bands. Therefore, the proposed antenna could serve as an effective mul-
timode application such as UWB and military reconfigurable frequency antennas. [J6].

7 Recommendation for future research

Based on the obtained findings from the current work, the following recommendations
and feature aspects are suggested:

1-Beam splitting based on reconfigurable novel EBG structure of microstrip
antenna. In this dissertation, the microstrip antenna based on the EBG lens is used
to enhances and implements high microstrip antenna gain. The proposed EBG
lens-based antenna can split the radiation pattern into beams that are usual for radar
applications. In this work, the reconfigurable antenna can be developed using the
beam splitting process, using an EBG structure instead of the conventional beam
splitting technique.

2-In this work, a moderate gain monopole antenna was designed to suit the GSM
and Wi-Max applications. An EBG layer was ultimately introduced to the antenna
structure to enhance the antenna performance and oriented the antenna radiation
to the end-fire directions. Therefore, the antenna can be designed to demonstrate a
remotely controlled, reconfigurable performance by modifying the light intensity on
an array of photo-resistors integrated with the EBG array.
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3-The designed UWB antenna provides only the frequency reconfigurable charac-
teristics. Therefore, the proposed antenna could be further extended to develop and
evaluate the designed UWB circuit antenna based on artificial material for RF Energy
harvesting for IoT applications and WSNs.

4-The designed UWB antenna is only included the frequency reconfigurable fea-
tures. Based on different tuning methodologies, such as frequency bands, polarization,
and radiation patterns, the reconfigurable antenna may also be utilized for modern
wireless devices..

5-For DAM this study examined the modulation of electromagnetic signals in the
antenna circuitry design directly on planar and cylindrical antennas to perform a
DPSK modulation for wearable applications. Therefore, the proposed antenna could
explore the modulation process for ASK and QPSK modulation of electromagnetic
signals.
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