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Abstract

In a wireless communication system, a microstrip patch antenna is gaining impor-
tance as a most powerful technology trend and it is applicable for the development
of minimal weight, low profile, low cost and high-performance antenna. However, the



Abstract iv

designed conventional patch antennas in terahertz encounter several drawbacks in-
cluding narrow bandwidth, low gain due to high atmospheric path loss, low efficiency,
and surface wave excitation. To overcome these drawbacks, microstrip patch antenna
arrays based on photonic crystals are advantageous by providing extra performance.
The main objective of this thesis is to develop and analyze array antennas operating
in the terahertz band (0.1-10 THz) based on photonic crystal structures that satisfy
the important requirements of high directivity, gain and radiation efficiency which will
be candidates for use in high-speed communication, spectroscopy molecular, security
imaging, sensing and medical diagnosis. To achieve this goal, commercial software
such as Ansys HFSS and CST Microwave Studio will be used. Further, a variety
of microstrip terahertz patch array antennas based on modified photonic band gap
substrates are designed and analyzed. The radiation characteristics of the proposed
antennas are compared to previously reported papers. Finally, a novel MIMO indoor
communication system using a graphene-based 1 x 2 microstrip patch antenna ar-
ray is developed and studied based on different substrates, including homogeneous,
periodic photonic crystals and optimized photonic crystals substrates for terahertz
communications channel capacity enhancement. The outcomes showed a remarkable
enhancement compared with previously reported studies.

Keywords: Terahertz, Microstrip patch antenna, Array configuration, Radiation
characteristic, Photonic crystal, MIMO, HFSS and CST.

Résumé

Dans un systeme de communication sans fil, une antenne patch microruban gagne
en importance en tant que tendance technologique la plus puissante et elle est ap-
plicable au développement d’antennes de poids minimal, de profil bas, a faible cotit
et de haute performance. Cependant, les antennes patch conventionnelles congues
en térahertz rencontrent plusieurs inconvénients, notamment une bande passante
étroite, un faible gain di au chemin atmosphérique élevé, une faible efficacité et
une excitation des ondes de surface. Pour surmonter ces inconvénients, les réseaux
d’antennes patch microruban basés sur des cristaux photoniques sont avantageux en
offrant des performances supplémentaires. L’objectif principal de cette these est de
développer et d’analyser des antennes réseau fonctionnant dans la bande térahertz
(0,1-10 THz) basées sur des structures de cristaux photoniques qui satisfont aux
exigences importantes de directivité, de gain et d’efficacité de rayonnement élevées
et qui seront candidates a une utilisation en hautes températures communication
rapide, spectroscopie moléculaire, imagerie de sécurité, détection et diagnostic médi-
cal. Pour atteindre cet objectif, des logiciels commerciaux tels que Ansys HFSS et
CST Microwave Studio seront utilisés. En outre, diverses antennes réseau a patch
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térahertz microruban basées sur des substrats a bande interdite photonique modifiées
sont congues et analysées. Les caractéristiques de rayonnement du projet proposé les
antennes sont comparées aux articles rapportés précédemment. Enfin, un nouveau
systeme de communication intérieure MIMO utilisant un réseau d’antennes patch
microruban 1 x 2 a base de graphene est développé et étudié sur la base de dif-
férents substrats, notamment des cristaux photoniques périodiques homogenes et des
substrats de cristaux photoniques optimisés pour 'amélioration de la capacité des
canaux de communication térahertz. Les résultats ont montré une amélioration re-
marquable par rapport aux études précédemment rapportées.

Mots Clée: Térahertz, antenne patch microruban, configuration réseau, caractéris-
tique derayonnement, photonique cristal, MIMO, HFSS et CST.
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General Introduction

0.1 Motivation

In recent years, the Terahertz (THz) band has experienced rapid growth and research
interest in many fields including radars and next-generation communication networks
[1, 2|, astronomic and atmospheric spectroscopy [3], semiconductor and pharmaceu-
tical industry quality control [4], medicine [5], imaging and sensing [6], material char-
acterization [7], chemical and biological detection [8], defense and security screening
9], etc. As the fundamental component for achieving unidirectional radiation with
a high gain, antennas play an important role in THz research and technology ad-
vancements. The rapid development of THz communication systems has increased
the demand for high-performance THz antennas. For this aim, many researchers have
been conducted to achieve different performance highlights such as wider bandwidth,
higher gain and radiation efficiency, however, there are still challenges in designing
THz antennas with high gain, low profile, low cost, wideband and pattern characteris-
tics (including polarization). Therefore, further improvements are needed for effective

and efficient THz antennas [10].

0.2 Thesis Contributions and Organization

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

In Chapter 1, an overview of the THz frequency band is presented by covering its

major impact, features and main challenges. Next, the importance of the microstrip
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antenna is addressed and emphasized in this frequency band followed by an overview
of Photonic Crystals (PCs) structures. Finally, different THz antenna array configu-
rations including 1x2, 1x4 and 2x8 Rectangular Microstrip Patch Antenna (RMPA)
arrays are designed and analyzed using PCs for improved gain performance and high
radiation characteristics compared to those designed based on the homogeneous sub-
strate around 0.35 THz [11], where there is a low atmospheric attenuation window.
The designed antenna arrays were simulated with the aid of Computer Simulation
Technology (CST) Microwave Studio, which is based on Finite Integration Technique
(FIT), and validated with Ansys High-Frequency Structure Simulator (HFSS), which
is based on Finite Element Method (FEM).

In Chapter 2, high gain novel microstrip patch antenna arrays were proposed
and analyzed based on the PCs around 0.65 THz where the atmospheric path loss
is relatively small in the THz band. The simulation was performed with the aid of
two different simulation techniques, CST Microwave Studio and Ansys HFSS which
showed the convergence. First, a novel 1x2 microstrip patch antenna array is designed
based on a thick silicon substrate having a high relative permittivity and embedded
air cylinder holes, and then the radiation characteristics of this antenna array are
compared to the one that is mounted on the homogeneous substrate. For high ra-
diation characteristics, the proposed antenna array resonated around 0.65 THz and
showed significant improvements. The outcomes of this published work [12] are com-
pared to previously reported works in the literature. Next, a novel 2x2 microstrip
patch antenna array is designed and analyzed around 0.65 THz based on different
substrates including periodic, non-periodic PCs and homogeneous substrates. The
proposed antenna array was first designed based on a periodic PCs substrate in order
to enhance its performance by suppressing the undesirable surface waves that are
found in the homogeneous substrate. Finally, three different enhancements to the
PCs substrate by introducing non-periodic PCs were described to improve the char-
acteristics of the proposed antenna array. The simulated results presented in [13] are

compared with other research papers, which are favorable.

In Chapter 3, several THz microstrip patch antenna arrays based on optimized PC
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substrate are designed and analyzed around 0.65 THz to improve the performance of
the conventional antenna array that is designed based on the homogeneous substrate
by suppressing undesirable surface waves. First, six THz 1x2 RMPA arrays based
on different substrates, including homogeneous, periodic PCs and five new aperiodic
PCs substrates are analyzed. After that, modification of the patch shape is depicted
followed by modifications in the PCs structures resulting in the construction of a
1x2 Circular Microstrip Patch Antenna (CMPA) array based on periodic and non-
periodic air cylinders holes and air cuboids holes. The improvements of these antennas
published in [14, 15] are compared with previously reported papers. The simulation

in this chapter has been performed using CST Microwave Studio.

Chapter 4 covers the design and analysis of a novel Multiple Inputs/Multiple
Outputs (MIMO) indoor communication antenna system with a graphene-based 1x2
RMPA array for THz communications channel capacity enhancement. First, the in-
teresting features of the grapheme load are discussed by varying its chemical potential
(te) from 0 to 1.5 eV. The impact of the graphene load and the PCs on the perfor-
mance of the proposed antenna array were studied for different kinds of substrates
that contain different air holes in square and triangular lattices [16]. Next, MIMO
antenna array is designed in a common indoor communication scenario and analyzed
using three different approaches such as homogeneous, periodic PCs, and optimized
PCs [17]. Finally, the total path loss and channel capacity were numerically calcu-
lated for different system configurations and then compared with other results in the

literature.

The conclusion of this thesis and proposals for further work are presented at the

end of Chapter 4, respectively.



Chapter 1

Terahertz Antenna Array Based on
Photonic Band (Gap Structures:
State of the Art

1.1 Introduction

Beyond the traditional application, the THz band is a key solution to potential wire-
less networking. Due to the exponential rise in population, big data is growing rapidly,
requiring devices capable of transmitting and receiving the highest data rates pos-
sible at low power consumption. In this chapter, an overview of THz technology is
provided by covering its main features, applications and corresponding challenges and
then the importance of microstrip antenna array in this technology is addressed. Fi-

nally, different antenna array configurations based on PCs are studied and discussed.

1.2 Terahertz Technology

In most cases, the device bandwidth is around 10 % of its operating frequency [1].

Therefore, the large available bandwidths make high frequencies very attractive for
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high data rate communication and sensing applications. According to the Interna-
tional Telecommunication Union (ITU), the THz frequency band is located between
microwave and far-infrared and generally covers frequencies between 0.1 and 10 THz

as shown in Fig.1.1.
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Figure 1.1 — THz band location in the frequency spectrum [1].

The far-infrared region is essential due to its outstanding chemical and physical
properties, but due to the lack of important devices such as interconnectors, detectors
and powerful sources, this region has remained untouched for a long time by many
researchers and has been named the “terahertz band gap”. Over the past decade,
semiconductor technology has experienced rapid growth resulting in a significant im-
pact on research into this band gap. With the continuous progress of research, the
THz frequency band has many potential applications in biology /medicine, explosive
and concealed weapon detection, earth and space science, imaging, time-domain spec-
troscopy, imaging of concealed items, semiconductor wafer inspection, agriculture and
quality control. The wide application field of the THz band is because of its excep-
tional features, which are highlighted as follows [18]:

1. Penetration: With different levels of attenuation, a THz wave can pass through

the different materials.

2. Resolution: Resolution in the THz range is much better than that in the mi-
crowave region, because image resolution increases as the wavelength decreases.

The wavelength decreases at higher frequencies such as THz frequencies.

3. Spectroscopy: Many gaseous and solid materials show distinct spectral features

in the 0.5-3.0 THz region, which can be utilized for detection.
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4. Non-ionization: THz radiation shows a low ionization effect on the biological

tissues, because of low-power levels in the microwatt range.

5. Scattering: The scattering is low in the THz band compared to the light wave,

because it is inversely proportional to the wavelength.

6. Intensity: Wave collimation is easier in the THz band compared to the mi-

crowave region.

It should be taken into account that the characteristics of the device change at
higher operating frequencies, so it is recommended to conduct an analysis of the vari-
ous components of the THz wireless communication system. Due to the fact that this
frequency band lies between two already well-explored regimes spectrum, it is feasible
to use all electronics and photonic routes in the THz spectrum [19]. Although the
THz frequency band offers some advantages, it also has some disadvantages compared
to microwave and far-infrared. Therefore, the different advantages of this frequency

band are highlighted as follows:

1. THz communications provide high bandwidth capacity compared to microwave.

2. THz communications provide high-capacity networks, secure communications,

and protection against channel jamming attacks.

3. THz communications are inherently more directional than microwave or mil-

limeter because of less free-space wave diffraction.

4. THz has a smaller signal attenuation compared to InfraRed (IR) under certain

weather conditions such as fog.

5. At THz, the scintillation effect is smaller than that of IR. This effect is due to

time-varying fluctuations in the real refractive index of the atmospheric path.

6. THz communication is a potential alternative to the last-mile and first-mile
issues. These issues refer to the establishment of local, wide-area, multi-user

wireless connections for high-speed networks, such as fiber optics.
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7. Recent developments require new advanced modulation techniques like Orthog-
onal Frequency Division Multiplexing (OFDM) and coherent communications,
but significant advances in data rate are slow in IR wireless communication

systems compared to THz.

Despite all these facts, THz communication suffers from high atmospheric path
loss. This loss is considered as a major obstacle resulting from different atmospheric

conditions as shown in Fig.1.2.
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Figure 1.2 — Atmospheric path loss in different atmospheric conditions over a wide
frequency range [1].

From Fig.1.2, it is noted that as the frequency increases, the signal attenuation
increases. The dashed line in the legend shows the signal attenuation in the 4 mm/h
in rainy weather at sea level. The dotted line shows the water attenuation level in
the soil at 15 gm/m3. The solid line shows the US standard weather conditions (59
% relative humidity), whereas, the dash—dot line shows the visibility at 100 meters
in fog. As seen from Fig.1.2, the attenuation in a humid atmosphere is the main
problem in THz communications, nonetheless, this attenuation is relatively smaller
than the attenuation in the IR region. THz band encounters a higher degree of loss
compared to the microwave region, however, the loss in the THz band is limited up to

1 THz. At 240 GHz ( for THz wave ), the average foggy attenuation is approximately
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8 dB/km. This value is less than the 200 d B/km experienced by a 1.5 um wavelength
infrared signal. Therefore, in extreme weather conditions, THz communication is a
good selection against IR. However, THz propagation is related to the state of the
atmosphere and the shift in attenuation frequency because of the change in temper-
ature, altitude, etc. To overcome such situations, a robust network architecture is
needed, otherwise, THz communication will still be restricted to either indoor wireless
or inter-satellite connectivity only [20, 21]. Fortunately, there are several windows of
low atmospheric attenuation in the THz range, within which wireless communications
can be made. These windows showed low atmospheric loss below 100 dB/km and
could be located around 300, 350, 410, 650, and 850 GHz [22]. These windows can
be used for short range wireless communications. Above 16 km, which is referred to
as inter-satellite communications, the attenuation is not significant since the effect of

humidity is negligible.

The signal attenuation in the THz range is greater than in a conventional mi-
crowave link although there are a number of low attenuation windows below 1 THz.
To combat this restriction, wireless communication channels must be optimized using
different software and hardware parameters. Therefore, among the hardware equip-
ment, further development and research are required in the domain of high-power
sources, low-loss interconnects, sensitive detectors and high-gain antennas. This will
support the creation of a low-profile, lightweight and cheap THz wireless communica-
tion network. THz has remained a band gap due to the lack of high energy sources,
however, with the growth in science and engineering, different THz sources above 1
THz have been reported, among them the optical photo-mixing technique where two
laser offset frequencies are merged to generate a THz wave, but this technique can
not be applied to wireless communication, since a wireless communication needs to
be established in lower attenuation windows of less than 1 THz [23, 24]. Nevertheless,
the THz wave can be generated with the help of Backward Wave Oscillator (BWO)
below than 1 THz, but due to the strong magnetic fields, the size of this device is
overly massive [25]. Furthermore, there are numerous devices capable of generating

a low-power THz signal as a THz system requires miniature and integrated devices
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such as semiconductor devices. THz semiconductor devices are still being improved in
the industry and will clearly eliminate the terahertz band gap. These devices are in-
herently low-power devices that have been used in microwaves and millimeters which
encompass Impact Ionization Avalanche Transit-Time (IMPATT), Schottky diode,
Tunnel diode, and Gunn diode [26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38].
However, due to manufacturing limitations, they cannot be used at the THz band
frequency. Various types of sources below 1 THz were studied, and it was observed
that as operating frequency increases, the output power decreases. The difference
in the output of various semiconductor sources at THz band frequency is shown in
Fig.1.3 [29]. In traditional sources such as IMPATT diode, Gunn Diode, Tunnel
Diode, and Schottky Diode, the output power is approximately 0.01 mW at 1 THz.
For a better generation of THz signal, the Quantum Cascade Laser (QCL) among
the semiconductor sources can produce a power up to 90 mW, but it works above 1
THz, to make it works below 1 THz where the THz link is feasible, further design
modifications are needed [33, 39, 40]. Moreover, microwave frequency multiplication
to generate THz signal has been widely used. This technique uses solid-state devices
to produce low-frequency outputs and the carrier frequency is shifted to a larger value
by a frequency multiplier [35, 41, 42]. In addition, a solid-state wideband mixer is
also designed for 835- 900 GHz [26, 38]. In fact, the use of solid-state instruments
as a source for 580 GHz scanning radars has been studied [43]. In the frequency
multiplication technique, it is feasible to convert the signal to the intermediate fre-
quency level and then recover the baseband signal [35, 43|. Essentially, by applying
the heterodyne principle, it becomes possible to receive a baseband signal using a

THz link.

As mentioned before, the major constraint to THz communications is the at-
mospheric loss. Therefore, high-power transmitters and efficient detectors must be
improved to overcome such constraint. However, only a certain amount of the source
power can be raised where the outpower of most sources is limited to milliwatt scale.
Because of the source’s limitation, the function of the antenna in wireless commu-

nication is growing. Due to power limitations, the antenna gain in a THz network
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Figure 1.3 — Power performances of different sources at THz frequencies [1].

must be increased in order to extend the signal over a longer range. Antennas are
fundamental components in wireless communication systems, they also have applica-
tions in imaging and sensing. Their functionality can be comprehended with the aid
of Friis equation and Brown analysis [44, 45]. The power supplied to the receiving

antenna load is given by:

A
Pout = Bn(m)QGtGrFr(em ¢T‘)Ft(9t7 ¢t>7—€p (11)

where P,,; is the output power. P, is the input power of the transmitting antenna.
G, and G, are the gain of the transmitting and receiving antenna, respectively. d is
the space between the transmitting and receiving antenna. A is the wavelength. ¢,
is the polarization coupling efficiency. 7 is the path power transmission factor. F
is a function of the normalized intensity pattern. 6 and ¢ are the angles at either
the transmitter or receiver in a spherical coordinate system. Based on Eq.(1.1), it
is observed that the output power to the load is directly proportional to the gain
and inversely proportional to the distance between the receiving and transmitting
antenna. Therefore, at THz communication, it is desirable to increase the antenna
gain to cover the longer distance and the constraint of the source power Pj,. The

gain and directivity of the antenna are related as shown in Eq.(1.2) [46], where it is
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noted that directivity is proportional to gain.

Gy =nD, (1.2)

where 7 is the antenna efficiency (or radiation efficiency), which can be written as

the ratio of the radiated power to the input power of the antenna as:

Prad
P;

n= (1.3)

To penetrate the hostile environmental influence, the THz link must be direc-
tional. Therefore, highly directivity antennas are needed to overcome atmospheric
attenuation and path losses in THz communications. To achieve this goal, different
THz antennas have been studied and developed by many researchers including the
corner cube reflector antenna [47, 48], the corner reflector array antenna [49], Bow-
Tie in bi-conical shape antenna [50, 51|, and a twin slot antenna [52]. In addition,
lens antennas were also studied in [53, 54, 55|, however, as the length increases, the
antenna compactness is impacted and it becomes difficult to introduce all types of
primary sources into the lens. These types of antennas are costly and sensitive to en-
vironmental conditions. Moreover, they incur relatively large dielectric losses due to
the high relative material usage resulting in shock waves, which are created between
the substrate and the permittivity of the air. To overcome the limitations of shock
waves and increase directivity, materials with low permittivity can be used, but this

will directly increase the size of the antenna [56].

Nevertheless, the aforementioned antennas are not equally suitable for the com-
munication system for several reasons including complexity, cost, larger size, poor
impedance matching, substrate mode generation, complex fabrication, inability to
integrate into the System-on-Chip (SoC) design for the wireless communication in
THz band. The waveguide horn and the planar antennas are the two most suitable
candidates for establishing wireless communications at THz [1, 35]. The waveguide

horn antennas offer low loss and excellent performance, but their key issue are not
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compatible with the SoC design conception to operate at higher frequencies. On the
other hand, planar antennas offer a greater potential and provide certain benefits
such as low profile, low cost, design simplicity and ease of manufacture, further-
more, they have integration compatibility with other planar device [57]. However,
the main drawbacks of this type of antenna are the low gain and directivity which
cannot be sufficient to meet the requirements. Therefore, further developments and
approaches are required to improve the directivity of this type of antenna. For this
reason, several THz microstrip antennas have been studied and reported over recent
years [58, 59, 60, 61, 62, 63]. Their performance can be improved by using an array
of antennas instead of a single patch or by diminishing the conductor and substrate
loss. However, in any type of antenna, the loss of the conductor still exists since
the conductor loss is related to the metallic radiator. Also, the substrate loss or di-
electric loss is linked to the relative dielectric permittivity of the substrate material,
this loss can be minimized for better substrate material selection. A low permittivity
substrate can be used in the THz antenna development, however, a low permittivity
substrate increases the antenna size. Basically, substrate loss is a major challenge for

millimeter and sub-millimeter wave patch antennas [64].

Instead of using the conventional substrate, the photonic band gap layer as a
substrate of the microstrip patch antenna is used in order to decrease the effective
permittivity of the material in which surface wave losses can be reduced, thereby
improving the performance of the antenna. In the development of the microwave and
the millimeter-wave antenna, this approach was employed. The primary radiation
characteristics of this type of antenna at THz frequency are reported in [65, 66]. In
addition, another approach to address this challenge is to use a multilayered substrate
in contrast to the conventional substrate. This approach has been extensively studied
at microwave and millimeter waves in order to increase both antenna directivity and
bandwidth [67]. In THz antenna design, it has been reported within this approach,
the antenna achieved a 34 % -10 dB impedance bandwidth improvement [67].

Besides the microstrip patch antenna, the planar patch array antenna (Yagi-Uda

type structure) can also be used in THz communications [68, 69]. This type of antenna
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provides a high gain and front-to-back (F'/B) ratio. However, this type of antenna
has a limited frequency range and requires a large number of elements, which may

increase the size of the antenna.

Therefore, THz communication strives to provide low-cost, low-profile, lightweight
and high-performance antennas to overcome the narrow bandwidth of wireless com-
munication networks and high path loss. Hence, further improvements and develop-

ments are needed for effective and efficient THz antennas.

1.3 Microstrip Patch Antenna Array

Antenna design has become one of the most active areas in communications research
over the years. Antennas are essential components of a wireless communication sys-
tem that provide a lower-cost alternative and a flexible way to communicate which
are mainly used to transmit and receive nonionizing Electromagnetic (EM) fields [70].
One common type of antenna is microstrip patch antenna. Microstrip antennas are
currently gaining importance as the strongest technology trend due to their advan-
tages such as low profile, low cost, conformability, ease of design and manufacturing
(71, 72]. Microstrip patch antenna is a single-layer design, its simplest form encom-
passes four major parts: ground plane, substrate, feeding line and radiating patch as

illustrated in Fig.1.4.

Figure 1.4 — The structure of a microstrip patch antenna.



1.3 Microstrip Patch Antenna Array 14

The radiating patch comes in various shapes like square, rectangular, circular,
triangular, and other irregular shapes too that can be fed by various feeding techniques
(73], however, the most commonly used configurations are circular and rectangular.
The ground plane and the radiating patch are usually made from the same conducting
material of high conductivity such as copper, nickel or gold. The substrate material
and its corresponding thickness play a major role in determining the dimensions of
the antenna as well as providing mechanical support between the ground plane and
the patch. To achieve a good response, a variety of substrates can be employed while
the dielectric constants are typically in the range of 2.2 < ¢, < 12 [74]. To avoid
surface waves excitation, the thickness of the dielectric substrate for the conventional
microstrip antennas is usually in the range of 0.003\g < h < 0.05\o [75]. A substrate
with a lower dielectric constant can provide greater bandwidth and better efficiency
but at the cost of a larger element size. However, in some applications, smaller-sized
antennas are needed. For a better selection, a thick substrate with a high dielectric
constant is highly desirable, but in this case, larger losses appear such as surface waves
which degrade the antenna performance resulting in low gain, narrow bandwidth and
low efficiency [74, 75]. These drawbacks can be overcome by constructing multiple

patches forming array configurations.

= B H ]

Figure 1.5 — Feeding method: (a) Series feed (b) Corporate feed (c) Series-Corporate
feed.

Here term array stands for geometrical and electrical arrangements of patch ele-
ments. As we increase the number of patch elements to form an array, improvement

in performance is observed depending on the feeding network [76]. In the microstrip
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array, radiating patches can be fed by a single line or multiple lines in a feed network
arrangement. Therefore, feeding methods are categorized as follows: series feed net-
work, corporate feed network and corporate-series feed network [77, 78| as shown in
Fig.1.5. The corporate feed is widely used in parallel feed configuration, which has
a single input port and multiple feed lines in parallel with the output port. Each
of these feed lines terminates at an individual radiated patch. This technique has
greater control over the feed of each element and is ideal for scanning phased arrays
and multi-beam arrays. The phase of each element can be controlled using phase
shifters while the amplitude can be adjusted using either amplifiers or attenuators
(79, 80]. T-Junction power divider is a common technique used mainly in the con-
figuration of the array antenna, this technique provides that the incident power is
equally split of 2k (where k = 2; 4; 8; 16.....) and distributed to the individual an-
tenna elements. This can be achieved by using either quarter-wavelength impedance
transformers or tapered lines [78, 80, 81]. The series feed technique usually has a
continuous transmission line, through which a small proportion of the power is grad-
ually coupled to the individual element along the line, which may also constitute a
traveling wave array if the feed line is terminated in a matching load [80, 82, 83, 84].
To feed the radiating patches and achieve an input impedance of 50 €2, microstrip

transmission line Eqs.(1.4 ) and (1.5) are used and represented in [85] by:
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=

e24 — 9

(1.4)

for * <2 where
Z re 1 re - 1 0]_1

A= 20 [Cref i B0 Grelf = g 93 4 Dy

60 2 Ereff +1 Ereff

w2 verf — 1 0.61
I B-1-m@2B—-1)+ " (B —1)+0.39 —

h II 2€reff Ereff
w
h

1 (1.5)

> 2 where
37711

B=_-""
2ZO\/‘Ereff



1.4 Photonic Crystals 16

where €57 is the effective dielectric constant and Zj is the characteristics impedance
of the microstrip transmission line of 50 €2. W is the width of the feed line and h is

the substrate thickness. The ratio % is determined according to the equations above.

Although the array configuration provides improved performance compared to
a single patch antenna, however, surface wave excitation remains a major factor
that affects microstrip antenna array performance. The excitation of surface waves
leads to a mutual coupling effect between the adjacent elements of the array. This
effect becomes progressively worse at higher operating frequencies, higher substrate
permittivity and thicknesses resulting in blind spots and confinement of the angular
scanning region in the array [84, 86, 87]. Mutual coupling can be reduced by widening
the gap between the elements, but undesirable grating lobes appear [88]. A variety
of approaches were described by many researchers to reduce mutual coupling in an
array such as Defected Ground Structures (DGS) [89, 90], High Impedance Surfaces
(HIS) [91], Split Ring Resonators (SRR) [92] and Photonic Crystals (PCs) [93]. Thus,
incorporating Photonic Band Gap (PBG) structures in between the array patches is

a hot research topic in the antenna community.

1.4 Photonic Crystals

PCs are one of the fastest materials growing sub-fields in optical physics. PCs are
materials patterned with a periodicity in dielectric constant or metallic cells, which
include various types such as 1D,2D, and 3D structures depending on their periodic
arrangements, and generally possessing ranges of forbidden frequencies called PBG in
which light and electromagnetic waves cannot propagate through the structure [94].

Fig.1.6 represents the classification of the PCs based on the dielectric periodicity [95].

The first artificial PCs with a full PBG were first proposed by Yablonovitch in
1991 [96]. The "Yablonovite structure" was produced by drilling an array of holes in
plexiglass between 13 and 15 GHz. This first demonstration fascinated researchers

and sparked a race for the first PCs to operate at shorter wavelengths [97]. 2D and
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Figure 1.6 — Classification of PCs structures.

3D PCs are an important extension of 1D PCs, however, 2D PCs have been more
extensively examined compared to their 3D counterparts because they are much easier
to design and fabricate. Although their band gap is incomplete, 2D PCs exhibit most
of the properties of their 3D counterparts [98].

2D PCs are formed from air holes having circular, hexagonal, triangular and
elliptical shapes which are drilled in the dielectric substrate. The properties of 2D
PCs are essentially defined by the parameters a, r and €, where a is the lattice constant
and r is the radius, while € is the permittivity of the substrate. The type of lattice
comes in different shapes, but the square lattice and the hexagonal lattice (sometimes
called the triangular lattice) are the most popular lattices in 2D PCs design because
they result in large absolute PBGs which further suppress surface waves [99, 100].
Overall, the PCs structures have been proposed by many researchers at different

frequencies for developing high-performance microstrip patch antennas.

1.5 Design of Terahertz Microstrip Antenna Ar-
rays Based on Photonic Crystals

In this section, different antenna array configurations including 1x2, 1x4 and 2x8
Rectangular Microstrip Patch Antenna (RMPA) arrays are designed and analyzed
using PCs for improved gain performance and high radiation characteristics compared

to the ones that are designed based on the homogeneous substrate in the frequency
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range of 0.25-0.55 THz. The design of the antenna arrays based on the homogeneous
substrate and the PCs structures are made by using the designed single element
RMPA as the basic building element and then they were fed by the parallel feeding
structure. The designed antenna arrays were simulated using CST Microwave Studio
software and validated with the aid of Ansys HFSS simulator. For high radiation
characteristics, the proposed antenna arrays resonated around 0.35 THz which is a
low loss frequency window in the THz band. The main results were obtained in terms

of the gain, bandwidth, return loss and directivity.

1.5.1 Design of a Single Patch Based on Photonic Crystals

The proposed antenna array design was developed from a single element patch to a
16-element patch array antenna in order to increase the gain and perform various
functions which would be difficult to do with a single element RMPA. Therefore,
designing an antenna array with multiple patches is related to determining the di-
mension of a single patch. The single patch antenna is designed based on the PCs
that are embedded in the substrate with a dielectric constant of 2.7 and loss tangent
of 0.002 whose thickness is 84.97 um, however, the air holes have a lattice constant
and radius of 124.45 pum and 26.19 um, respectively. So, the dimensions of the square
unit cell are 124.45x124.15 um?, where the feed line, radiating patch and ground plane
are made of copper of thickness 21.65 um, respectively. In THz and microwave fre-
quency generally, the permittivity has a main role in determining microstrip antenna
geometry aspects. The design of a single element RMPA is initiated by determining

its patch dimension, where W), and L, were initially calculated using Eqs.(1.6) and

(1.7) [101].
c 2
W, = 2fr1/m (1.6)

c

L,=—————2Al (1.7)
b 2fr\/€reff
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where W
(€reps +0.3)(52 + 0.264)

(érefy — 0.258) (52 +0.8)

Al = 0.412h (1.8)

where ¢ is the speed of light in free space, f,. and h are the resonate frequency and
substrate thickness, respectively. €,..¢ is the effective dielectric constant provided
that €5 > 0.258. In the case of the homogeneous substrate, the effective per-
mittivity €..s¢ is equal to the relative permittivity €, of the substrate which is 2.7.
Therefore, the calculated width and length of the rectangular radiating patch based
on the homogeneous substrate are equal to 369 um and 184 um, respectively. After
employing the PBG substrate, the dielectric permittivity of the substrate is reduced
which is taken as the effective permittivity €..¢¢, and the value of €,.¢; is found via
CST Microwave Studio as 2.11. Therefore, the calculated width and length of the
rectangular radiating patch based on the PBG substrate are equal to 344 pm and
214 pm, respectively. Then, optimization of the calculated width and length of the
single patch was performed using the CST Microwave Studio tool. The augmented
dimension of the microstrip feed line is 25.13 um x 105 um. Finally, the configuration

of the single patch antenna based on the PBG structure is shown in Fig.1.7.
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Figure 1.7 — The geometry of the single element RMPA based on PBG substrate.
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1.5.2 Design of 1x2, 1x4 and 2x8 Rectangular Microstrip
Patch Antenna Arrays Based on Photonic Crystals

To obtain enhanced performance over a single patch antenna and to observe the signif-
icance of the PBG substrate structure on the antenna arrays, the designed antenna
arrays are assumed to resonate at the same resonant frequency around 0.35 THz,
mounted on the same PBG substrate structure with the same dielectric constant,
same thickness substrate, same PBG hole radius and PBG cylindrical distance as
single element RMPA. Starting with the 1x2 RMPA array which is designed with the
parallel feed arrangement based on the PBG substrate structure which consists of two
similar patches with the same dimension as a single element antenna. After designing
the 1x2 RMPA array, the design of the 1x4 RMPA array is made, which consists of
four similar elements patches that can be fed by the parallel or the corporate feed
technique, which has a single input port and multiple feed lines in parallel with the
output port. Each of these feed lines is terminated at an individual radiating element
and operates at the same frequency around 0.35 THz. The design specifications of
the 1x4 RMPA array are similar to the 1x2 RMPA array. At the end of this modeling
investigation, the number of radiating patches is increased from 4 to 16 in order to
understand the trends for a large array size, which should outperform the 1x4 RMPA
array in terms of gain and directivity. The design of the 2x8 RMPA array based on
the PBG substrate structure contains 4 similar 1x4 RMPA arrays, that are fed by
the parallel feed method with the same parameters. To compute the width W of the
feed for an impedance of 50 €2 in the case of the homogeneous substrate, Eq.(1.5)
is used where the calculated values of B and W were 7.20 and 229.42 pm, respec-
tively. Again, to compute the width W; of the feed for an impedance of 100 € in
the case of the homogeneous substrate, Eq.(1.4) is used where the calculated values
of A and Wy were 2.39 and 63.73 pm, respectively. Similarly, in the case of the PBG
substrate, the widths W and W; were found using Eqs.(1.5) and (1.4), respectively,
where the final values were optimized. The feeding lines lengths provide impedance
transformation and phase matching on the radiated patches in equal parts, where

their values were optimized using Genetic algorithm in CST Microwave Studio for
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both designed substrates. Finally, the summary results of the design calculations and
optimizations for various parameters of the designed antenna arrays based on the
homogeneous substrate and the PBG substrate structure are presented in Table 1.1
and Table 1.2, respectively. While, Fig.1.8, Fig.1.9 and Fig.1.10 show the geometry
of the designed 1x2, 1x4 and 2x8 RMPA arrays based on the PBG substrate structure

and the homogeneous substrate, respectively.

(a) Homogeneous substrate. (b) PBG substrate.

Figure 1.8 — The geometry of the 1x2 RMPA array.

(a) Homogeneous substrate. (b) PBG substrate.

Figure 1.9 — The geometry of the 1x4 RMPA array.

1.5.3 Simulated Results and Discussion

In order to observe the significance of the PBG substrate and the effect of adding many
patches to form the antenna array, the designed single element RMPA, 1x2, 1x4 and
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(b) PBG substrate.

Figure 1.10 — The geometry of the 2x8 RMPA array.

2x8 RMPA arrays based on the homogeneous substrate and the PBG structure were
simulated with the aid of the CST Microwave Studio simulator tool which is based on
Finite Integration Technique (FIT) in the frequency range of 0.25-0.55 THz. Then,
the comparison is done by analyzing different radiation characteristics like gain (dB),
bandwidth (GHz), return loss Sy; (dB) and directivity (dBi).

Comparison of The Designed Single Element RMPA Based on The Homo-
geneous and The PBG Substrates

Here, single element RMPA based on the homogeneous and the PBG substrates is
analyzed, the results are presented in Fig.1.11 and Fig.1.12, it is observed that the

initial prototype antenna based on the homogeneous substrate provides at a resonant
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Table 1.1 — The calculated geometrical parameters of the proposed 1x2, 1x4 and 2x8
RMPA arrays based on the homogeneous substrate.

Parameters Value(um )
Width of the patch (W),) 369
Length of the patch (L) 184
Distance between the two patches (D) 526.27
Substrate thickness (h) 84.97
Ground thickness (7}) 21.65
Width of 50 €2 microstrip (W) 229.42
Length of of 50 € microstrip (L) 144
Width of 100 © microstrip (W) 63.73
Length of of 100 Q microstrip (L) 125
Length of of 100 © microstrip (Ly2) 60
Length of of 100 © microstrip (Ly3) 130

Table 1.2 — The optimized geometrical parameters of the proposed 1x2, 1x4 and 2x8
RMPA arrays based on the PBG substrate.

Parameters Value(pum )
Width of the patch (W),) 293.94
Length of the patch (L) 217.73

Distance between the two patches (D) 545.64
Distance between the two patches (D) 747.07

Substrate thickness (h) 84.97
Ground thickness (7}) 21.65
Lattice constant (a) 124.45
Cylinder radius () 26.19
Width of 50 §2 microstrip (W) 107.55
Length of of 50 €2 microstrip (L) 225.67
Width of 100 € microstrip (Wy) 25.13
Length of of 100 © microstrip (L) 138.54
Length of of 100 Q microstrip (L) 171.46
Length of of 100 Q microstrip (L) 155.46
Length of of 100 Q microstrip (Ly4) 37.62

frequency of 0.394 THz a return loss (S1; < -10 dB) of -16.98 dB, absolute bandwidth
of 78.4 GHz approximately and a gain of 6.17 dB. After implementing PCs in the
substrate layer, it could be clearly observed that the single element RMPA based
on the PBG substrate resonates at the frequency of 0.351 THz which is close to
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the desired frequency of 0.35 THz and offers a minimal return loss (S1; < -10 dB)
of -35.95 dB, a bandwidth of 44.03 GHz and a gain of 7.68 dB. Thus, there were
remarkable enhancements after implementing the PBG structure in the gain and the
return loss. However, the bandwidth did not show much improvement, this is mainly
due to the resonant frequency. The antenna bandwidth is a certain percentage of its
resonating frequency, therefore, an antenna with a high resonant frequency can offer
high bandwidth. The resonant frequency is that frequency at which most of the power
fed to the radiating patch occurs when the best impedance matching happens between
the feed line and the radiating patch with very less power reflection. The reason why
the resonance frequencies are different in the case of the homogeneous substrate versus
the PBG substrate is due to the different dimensions of the radiating patches, feed

lines as well as the employed substrate that needs more power consumption.

Comparison of The Designed 1x2 RMPA Array Based on The Homoge-
neous and The PBG Substrates

Despite the fact that by using the PBG substrate, the single element RMPA had an
improved performance over the one that is designed based on the homogeneous sub-
strate, however, still with a low gain and narrow bandwidth which may limit its wide
applications, hence the designed 1x2, 1x4 and 2x8 RMPA arrays based on the PBG
substrate assumed to achieve higher radiation characteristics than the single element
RMPA. The results of the designed 1x2 RMPA array based on the homogeneous and
the PBG substrates are presented in Fig.1.11 and Fig.1.12. It is clearly noticed that
the designed 1x2 RMPA based on the homogeneous substrate provides at a resonant
frequency of 0.313 THz a return loss (S;; < -10 dB) of -26.32 dB, a bandwidth of
31.23 GHz and a gain of 8.78 dB. However, by using the PBG substrate, the de-
signed 1x2 RMPA provides at a resonant frequency of 0.315 THz, a deeper return
loss (511 < -10 dB) of -59.04 dB, a wider bandwidth of 215.81 GHz and a higher gain
of 9.72 dB. Thus, by using the array configuration with the PBG substrate, more
enhancements in the gain, bandwidth and return loss are obtained while the resonant

frequency remains near 0.35 THz.
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Figure 1.11 — The return loss of the designed antennas.

Comparison of The Designed 1x4 RMPA Array Based on The Homoge-

neous and The PBG Substrates

The results of the designed 1x4 RMPA array based on the homogeneous and the PBG

substrates are presented in Fig.1.11 and Fig.1.12. It is observed that the increase in

the number of patches leads to a higher gain, larger bandwidth and minimal return

loss, while the resonate frequency remains around 0.35 THz, which means that the

designed antenna arrays are functioning properly. So, the designed 1x4 RMPA array

based on the homogeneous substrate resonates at the frequency of 0.335 THz and

offers a return loss (S1; < -10 dB) of -29.80 dB, a bandwidth of 31.58 GHz and
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a gain of 12.03 dB. However, the designed 1x4 RMPA array based on the PBG
substrate resonates exactly at the frequency of 0.35 THz, with a deeper return loss
(S11 < -10 dB) of -70.81 dB, a bandwidth of 175.10 GHz and a higher gain of 13.11
dB.

Comparison of The Designed 2x8 RMPA Array Based on The Homoge-
neous and The PBG Substrates

The results of the designed 2x8 RMPA array based on the homogeneous and the
PBG substrates are presented in Fig.1.11 and Fig.1.12. It is observed that both
antenna arrays resonate at the same frequency of 0.365 THz, but the designed 2x8
RMPA array based on the PBG substrate exhibits higher performance with a minimal
return loss (S1; < -10 dB) of -62.56 dB, larger bandwidth of 196.57 GHz and higher
gain of 16.75 dB compared to the one that is designed based on the homogeneous
substrate which offers a return loss (S1; < -10 dB) of -12.12 dB, narrow bandwidth
of 18.52 GHz and gain of 14.13 dB.

The radiation characteristics such as the resonance frequency, return loss and
bandwidth of the single element RMPA | 1x2,1x4 and 2x8 RMPA arrays based on the
homogeneous and PBG substrates are validated with the aid of Ansys HF'SS simulator
which is based on FEM. The obtained results were comparable and showed conver-
gence. The small discrepancies between simulation results are due to the different

simulation techniques.

In the case of the homogeneous substrate, it was found that as the number of the
patches increases from 1 to 16, the gain increases proportionally, however, the de-
signed 1x2; 1x4 and 2x8 RMPA arrays based on the homogeneous substrate showed
very limited bandwidth and higher return loss, this is due to the fact that the size of
the antenna became larger and, consequently, more losses such as dielectric and con-
ductor losses appeared, moreover, surface waves excitation which leads to a mutual
coupling effect between the adjacent elements of the array. This effect is very strong

in THz band which contributes to the degradation of antenna array performance.
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This effect is reduced after using of PBG substrate instead of the homogeneous sub-
strate which improves the antenna array performance. Thus, taking into account the
obtained results of the gain, bandwidth and return loss, it is clear that using the PBG
substrate instead of the homogeneous substrate and increasing the number of patches
forming an array at the same time leads to a better gain, larger bandwidth and high
radiation characteristic which is really a powerful method for reducing surface waves

and enhancing antenna performance in THz.

18] 18
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(a) Homogeneous substrate. (b) PBG substrate.

Figure 1.12 — Gain performance of the designed single element RMPA, 1x2, 1x4, 2x8
RMPA arrays in the frequency range 0.25-0.45 THz.

Directivity is a fundamental of an antenna parameter. It is a measure of how
directional an antenna radiation pattern is, so the main objective of an antenna
design is to achieve the highest level of directivity and low side lobe level. Fig.1.13
shows the polar plot of both E-plane and H-plane from a single patch to the 16-
element patches based on the homogeneous and PBG substrates. The directivity
of the designed single RMPA, 1x2, 1x4 and 2x8 RMPA arrays based on the PBG
substrate is 7.76 dBi, 9.87 dBi, 13.54 dBi and 17.40 dBi, respectively. Whereas, the
directivity of the designed single RMPA, 1x2, 1x4 and 2x8 RMPA arrays based on the
homogeneous substrate is 6.88 dBi, 9.16 dBi, 12.43 dBi and 14.62 dBi, respectively.
It is clearly noticed that the directivity has improved a lot, this increase is due to the

utilization of many patches and using the PBG substrate instead of the homogeneous
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Figure 1.13 — Polar plot of E- plane and H- plane for the designed single element
RMPA, 1x2, 1x4 and 2x8 RMPA arrays.

substrate, the higher number of patches based on the PBG substrate leads to higher
directivity.

The beamwidth of an antenna is the angular span of the main lobe of the antenna
radiation pattern, which is the region of the pattern where most of the power is
radiated. The beamwidth is usually measured in degrees relative to the E or H
planes. There is an inverse relationship between antenna gain and beamwidth, a
small beamwidth leads to a higher gain because the power transmission will increase
in a certain direction with a smaller beamwidth. The beamwidth of the designed

antennas is presented in the comparison Table 1.3.

The simulation results demonstrate that in order to increase antenna performance,
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it is efficient to use the PBG substrate structure as a powerful technique and increase
the number of patches at the same time, which yields to better performance com-
pared to a homogeneous substrate in terms of the gain, bandwidth, return loss and
directivity due to the suppression of the undesirable surface waves found in the ho-
mogeneous substrate. The radiation characteristics of the suggested single element
RMPA, 1x2, 1x4 and 2x8 RMPA arrays are finally compared with the existing de-
signs and illustrated in Table 1.3. It is evident that the radiation performance of the
designed antenna arrays based on the PBG substrate is significantly enhanced as as-
sumed compared to the ones that are designed based on the homogeneous substrate.
These THz antenna arrays may have favorable applications in wireless communica-

tions, surveillance and medical diagnosis.

1.6 Summary

In this chapter, a literature review on the THz frequency band is demonstrated by in-
volving its potential impact, key characteristics and corresponding challenges. Next,
an introduction to PCs is demonstrated followed by simulation work using CST and
HE'SS where different THz antenna array configurations including 1x2, 1x4 and 2x8
RMPA arrays are designed and analyzed. The objective of this design was to enhance
the radiation characteristics of these antenna arrays by suppressing undesirable sur-
face waves that are found in the homogeneous substrate around 0.35 THz where
there exists a low atmospheric attenuation window. This window has received great
attention from many researchers in the fields of sensing and next-generation wireless
communications. The main results showed that the designed antenna arrays based
on the PBG substrate structure outperform the antenna arrays based on the homoge-
neous substrate in terms of gain, bandwidth, return loss and directivity. The designed
2x8 RMPA array based on the PBG substrate exhibited excellent performance im-
provement and achieved the highest directivity of 17.40 dBi compared to 14.62 dBu.
Whereas, the designed 1x4, 1x2 RMPA arrays and single RMPA achieved directivity
of 13.54 dBi, 9.87 dBi and 7.76 dBi, respectively, compared to the ones that are



1.6 Summary 31

designed based on the homogeneous substrate that achieved 12.43 dBi, 9.16 dBi, and
6.88 dBi, respectively. Thus, using the PBG substrate structure and increasing the

number of patches improves the performance of the antenna at this band of frequency.



Chapter 2

Design and Analysis of Novel
Microstrip Patch Antenna Arrays
Based on Photonic Crystals in

Terahertz

2.1 Introduction

Over the last decade, the THz band (0.1-10 THz) which is located between mi-
crowave and infrared frequencies has gained a lot of attention from many researchers.
This is because of its inimitability characteristics such as high spectral resolution,
less diffraction than the microwave, high bandwidth which leads to a high data
rate that may reach several tens of Gbits per second and non-ionizing property
(106, 107, 108, 109, 110]. In particular, this frequency band has various interest-
ing applications in wireless communication [111], astronomy and space science [112],
imaging applications [113], surveillance systems [114] and medical science [115]. Un-
fortunately, high path loss and signal attenuation are considered as the main issues
in the THz band, due to the high atmospheric attenuation [116], which restricts the

distance of THz communication. Because of these restrictions, THz communication
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is generally limited to Personal Area Network (PAN) or Local Area Network (LAN)
networks [117]. To overcome the impact of these losses, it is necessary now-a-day to

increase the gain to use THz efficiently, which can be obtained by designing antennas.

In the THz band, antennas are critical components that are able to achieve high
gain, a lot of researchers have discussed various types of antennas such as Yagi-Uda
[118], Bow Tie [119], On-chip antenna [120], Wave Guide antennas [121], Leaky wave
antenna [122] and Lens antenna [123], however, still the structure design and the
size of the antenna the major concerns. To overtake those challenges, the planar
antenna technology is suitable for a greater potential of integration. In THz, the
demand of miniaturization for which the planar microstrip patch antennas are the
best suited. Microstrip patch antennas are widely used for numerous applications
such as satellite and mobile communications [124] due to their low cost, low pro-
file, ease of design and fabrication and compatibility with Integrated Circuit (IC)
technology such as THz System-on-Chip (SoC) technologies based on silicon. The
use of such integrated on-chip antennas in silicon technology is promising in the
THz band, which eliminates the need for sophisticated packaging such as external
transmission line connections and therefore it may be more cost effective than the
conventional packaging of an external antenna with transceivers in terms of pack-
aging cost and compactness [125]. By using a silicon substrate, basically, two types
of modes propagate: slow wave and quasi-TEM. However, increasing the substrate
thickness of the conventional microstrip patch antenna introduces three main loss
mechanisms resulting in deteriorated performance such as narrow bandwidth, low
gain and radiation efficiency: conductor loss (ohmic loss), dielectric or substrate loss,
and radiation loss. The conduction loss is mainly due to the low resistivity of the
silicon substrate and the finite conductivity of the metallization. Dielectric losses
occur mainly due to the substrate material with higher permittivity and larger loss
tangent, these losses lead to serious surface wave loss in the form of sock waves at
the substrate interface. Furthermore, the low resistivity and the high permittivity of
the silicon form phenomena called dielectric relaxation frequency which has an effect

on the cutoff frequency [126, 127, 128]. In addition to those losses, a factor that
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contributes to the degradation of the microstrip patch antenna performance at such
high frequencies and affects the conductivity of the utilized metals in the design is
called surface roughness [129, 130, 131]. To overcome these difficulties and improve
the performance of the microstrip patch antenna, many researchers have been investi-
gated various techniques over the years. One suggested technique is to make changes
in the ground plane which is called Defected Ground Structure (DGS) [132]. Other
techniques are proposed by using an extra layer of a substrate, which is called the
multilayer technique [104], or by using another structure above the patch which is
called metamaterial [133], or by using multiple patches connected to an array [68], or
by employing different periodic and non-periodic air holes in the substrate which is

called PCs [12, 13, 14, 15, 64, 66, 125, 134, 135, 136].

The PBG structures are artificial periodic arrangements of a hollow air cylinder
having a circular, hexagonal, triangular and elliptical shape which can be implanted
in the dielectric substrate material. These structures can open a band gap, which is
a frequency range for which the propagation of electromagnetic waves is prevented.
There are different types such as 1D, 2D, or 3D structures, depending on their pe-
riodic arrangements. The hollow PBG structures which are 2D square lattices are
mostly used, by surrounding the patch antenna with a square lattice of small metal
pads through the ground plane, a substantial suppression of surface waves excited in
the dielectric substrate can be noticed, which enhances the antenna radiation charac-
teristics [137]. Another solution to those surface waves is to design a shorted annular
structure in the radiator that provides a better surface waves reduction in comparison
with the metallic patch [61, 92, 137, 138]. There are several transmission windows
across the THz frequency band where the patch loss is comparatively small, one of
these windows exists around 0.65 THz, where THz transmission could be established

at this low loss frequency to enhance the wireless link reliability.

Previously, a silicon substance was employed as a substrate for a microstrip patch
antenna design by Temmar et al. [125] which obtained a gain of 9.17 dB and band-
width of 56 GHz at a resonance frequency of 0.63 THz. Also, an enhanced flexible

THz microstrip patch antenna based on the modified silicon-air PC was reported in
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[135], which obtained a gain of 9.75 dB and bandwidth of 47 GHz at a resonance
frequency of 0.607 THz. In addition, Hocini et al. [134] designed a single microstrip
patch antenna based on periodic and non-periodic PCs embedded in a polyimide sub-
strate around 0.65 THz and showed promising results compared to the conventional
one, where the gain and radiation efficiency were 8.95 dB, 9.19 dB, 89.31 % and
90.84 %, respectively, and the bandwidth was greater than 230 GHz. Subsequently,
various THz microstrip antennas with different kinds of patches based on PCs for ap-
plications in the detection of explosives, wireless communications and characterizing
materials have been reported in [117, 139, 140, 141]. However, it is noticed that the
performance of the mentioned antennas is still with low gain and narrow bandwidth
which limits their applications. To resolve these issues, two novel microstrip patch
antenna array structures are designed and studied with different substrates based on
PCs for a high gain, larger bandwidth and high radiation characteristics around 0.65
THz. This chapter is organized as the following: In Section 2.2, the performance
of the proposed 1x2 microstrip patch antenna array based on PCs and the homo-
geneous substrates is analyzed around 0.65 THz. In Section 2.3, the performance
of the proposed 2x2 microstrip patch antenna array is analyzed around 0.65 THz
and it is being studied for different substrates including homogeneous, periodic and
non-periodic PCs substrates. Finally, the summary of this chapter is done in Section

2.4.

2.2 Design and Analysis of a novel 1x2 Microstrip
Patch Antenna Array based on Photonic Crys-
tals

In this section, a novel microstrip patch antenna array is designed in the frequency

range of 0.58-0.72 THz based on PCs substrate. The substrate is made of air cylinders

embedded in a silicon dielectric material with high relative permittivity and electri-

cal conductivity of 11.9 and 0.00025 S/m, respectively. The air holes have a lattice
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constant and the same radius of 65.94 um and 26.38 um, respectively, and the same
thickness as the substrate thickness at 47.1 um. Hence, the dimensions of the square
unit cell are 65.94 x 65.94 um?. The patch is made by using two ring resonators sepa-
rated by two annular slots of width 25.93 um, each ring is opened loop in two different
sides by creating a gap distance of 25.93 um. The dimensions of the inner resonating
patch are 159.90 x 159.90 um? which is not directly coupled to the feed line. Hence,
the antenna array is made by using two similar patches which can be fed by using
the corporate feed technique [79]. The corporate feed technique is often utilized for
compact array designs, this type of feed technique leads to constructional simplicity.
However, due to feed radiation and feed resistive loss, unwanted radiation can be cre-
ated which is called spurious radiation. In practice, experimental investigations have
highlighted this problem in [142, 143], which is found that spurious radiation has a
noticeable effect on the antenna array radiation pattern. The feed line is designed to
distribute the power in equal parts and achieve the input impedance of 50 §2. The

width of the feed line Wy, is given by the formula [144]:

Zy 0.8

2.1
87€r + 1.41)5.98h (2.1)

W = exp(

(a) Based on the homogeneous substrate. (b) Based on the PBG substrate.

Figure 2.1 — The geometry of the proposed microstrip patch antenna array.
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where Z; is the impedance of the feed line, h and €, are the height and the dielectric
constant of the substrate material, respectively. Finally, the various geometrical pa-
rameters of the proposed antenna array based on PCs are shown in Table 2.1, while

the structure is shown in Fig.2.1 below.

Table 2.1 — Parameters of the proposed antenna array based on PCs.

Paramerter value (pm)
Length and width of outer ring 367.37
Length and Width of inner ring 263.64
Length and width of square patch (W)  159.90
Gap in outer and inner ring (G) 25.93
Annular slot width (G) 25.93
Substrate thickness (h) 47.1
Ground thickness (71',) 10
Lattice constant (a) 65.94
Substrate width (W) 18x a
Substrate length (Lj) 13x a
Cylinder radius (r) 26.38
Length of feed line (Ly) 115
Width of feed line (W) 30
Length of feed line (L) 185.08

Distance between the two resonator (D) 594.64

The simulation has been performed in the frequency range of 0.58-0.72 THz by
using two different simulators, CST Microwave Studio based on FIT and Ansys HFSS
based on FEM in order to check the accuracy of the proposed antenna array, and then
the performance of the designed microstrip patch antenna array based on PCs and the
homogeneous substrate is analyzed in terms of return loss (Si;), bandwidth (GHz),
VSWR, gain (dB), directivity (dBi), and radiation efficiency (%). To see the effect of
PCs on the antenna array performance and to make a comparison, the same antenna

array that is mounted on the homogeneous substrate has been used.

Fig.2.2 shows the magnitudes of the scattering parameter Si; for the proposed
antenna array based on the homogeneous substrate and the PBG substrate structure
using CST Microwave Studio and Ansys HFSS, which indicates that the antenna
array based on the homogeneous substrate in the case of CST Microwave Studio

resonates at the frequency of 0.606 THz with a return loss (S1; < -10 dB) of -20.49
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Figure 2.2 — The magnitudes of the S1; parameter of the designed antenna array
based on the homogeneous and the PBG substrates using CST Microwave Studio
and Ansys HFSS.

dB and narrow bandwidth of 9.78 GHz. Whereas, in the case of Ansys HFSS this
antenna array resonates at the frequency of 0.601 THz with a return loss (S1; < -10
dB) of -16.60 dB and narrow bandwidth of 3.45 GHz. However, the same antenna
array that is mounted on the PBG substrate resonates at the frequency of 0.601
THz with a deeper return loss (S1; < -10 dB) of -53.66 dB, and exhibits a larger
bandwidth of 113.01 GHz in the case of CST Microwave Studio. Whereas, in the
case of Ansys HFSS this antenna array resonates at the frequency of 0.617 THz with
a minimal return loss (S1; < -10 dB) of -43.4 dB, and exhibits a larger bandwidth
of 115.2 GHz. Due to the strong surface waves in the homogeneous substrate, the
proposed antenna array showed a deteriorated performance like narrow bandwidth,
however, after employing the PBG substrate huge enhancements in the performance

were noticed.

Fig.2.3 shows the Voltage Standing Wave Ratio (VSWR) of the designed antenna
array based on the PBG and the homogeneous substrates at their resonated frequen-
cies using CST Microwave Studio and Ansys HFSS. In the case of the homogeneous
substrate, the values of VSWR are 1.21 and 1.34 obtained by CST Microwave Stu-
dio and Ansys HFSS, respectively. However, the values of VSWR are close to unity
for the case of the PBG substrate of 1.004 and 1.014 obtained by CST Microwave
Studio and Ansys HFSS, respectively. The achieved values of VSWR are less than
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Figure 2.3 — VSWR performance of the designed antenna array based on the homo-
geneous and the PBG substrates using CST Microwave Studio and Ansys HFSS.

2, which satisfied and validated the condition for perfect impedance matching. The
obtained results by these two different simulators are comparable, however, the small
discrepancies between the two simulation results are due to the different simulation

techniques.

Fig 2.4 shows the input impedance characteristic of the proposed antenna array
based on the homogeneous and PBG substrates using CST, which defines impedance
matching between the input signal and the feed line. The value of the input impedance
should be around 50 €2 in real and around 0 €2 in imaginary to properly match the
input signal and the feed line. At their resonant frequencies, the input impedance
is 67.40 Q in the real part and -0.27 € in the imaginary part in the case of the
homogenous substrate and 78.46 €2 in the real part and 9.1 §2 in the imaginary part
in the case of the PBG substrate.

For next-generation wireless communication systems, the gain and radiation ef-
ficiency of an antenna array are very crucial parameters in comparison with others
because of the increased energy loss of the wave in propagation. From Fig.2.5 and
Fig.2.6 by using CST Microwave Studio, it is observed that the antenna array based
on the PBG substrate achieves a high gain of 11.60 dB and radiation efficiency of
86.75 %, compared to 5.87 dB and 73.62 %, respectively, for the antenna array based
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Figure 2.4 — The input impedance characteristics of the proposed antenna array.

on the homogeneous substrate.

—— Homogeneous Substrate
—— PBG Substrate

‘ T T ‘ T ‘ )
058 060 062 064 066 068 070 072
Frequency(THz)

Figure 2.5 — Gain performance of the designed antenna array based on the homoge-
neous and the PBG substrates.

The 2D and 3D far-field radiation patterns of the proposed antenna array are
shown in Fig.2.7 and Fig.2.8 by using CST Microwave Studio, respectively. Fig.2.7
shows the 2D polar plots of the radiation patterns for both antenna arrays at their
resonance frequencies in the plane containing the solid angle at which the maximum
radiation was achieved. The maximum radiation occurs at $=90° in the case of the
PBG substrate, where the maximum directivity was achieved at =17° with the value
of 12.21 dBi. Whereas, the maximum radiation occurs at ¢=0° in the case of the

homogeneous substrate, where the maximum directivity was achieved at #=0° with



2.2 Design and Analysis of a novel 1x2 Microstrip Patch Antenna Array based on
Photonic Crystals 41

0,50 1 Homogeneous Substrate
—— PBG Substrate

T T
0,58 0,60 0,62 0,64 0,66 0,68 0,70 0,72
Frequency(THz)

Figure 2.6 — Radiation efficiency performance of the designed antenna array based on
the homogeneous and the PBG substrates.

the value of 7.18 dBi. After employing the PBG substrate, the side lobes are decreased
at some angles and the directivity increased a lot from 7.18 dBt to 12.21 dBt, which
means that the antenna array based on the PBG performed better than the antenna

array that is based on the homogeneous substrate at the maximum radiation.

—— Homogeneous Substrate phi=0
0 —PBG Substrate phi=90

330 30

300 60

20 1270

Directivity(dBi)

Figure 2.7 — Polar plots of the directivity for the proposed antenna array.

The surface current of the proposed antenna array based on the PBG and the
homogeneous substrates at their resonance frequencies with the phase of 120 is pre-

sented in Fig.2.9. It is clearly noticed that the surface current is distributed over the
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Figure 2.8 — 3D radiation pattern of the directivity of the proposed antenna array
based on the PBG substrate with maximum directivity of 12.21 dBi.
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Figure 2.9 — Surface current distribution of the proposed antenna array.

substrate surfaces and the radiated patches since the simulated silicon substrate is
a lossy dielectric. The transmitted power from the feed line is dispatched through

the radiated patches and then into outer space (air), where most of the power in the
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substrate is radiated. The advantage of using a PBG substrate is maintained as most
of the power is radiated, moreover, a significant reduction in the reflected power from

the antenna-air edge interfaces is achieved.

Thus, considering the obtained results, there were remarkable enhancements in
the performance of the proposed antenna array after employing the PBG substrate
instead of the homogeneous substrate in terms of return loss, bandwidth, VSWR,
gain, directivity and radiation efficiency. These enhancements in the performance
are due to the reduction of the excitation of the surface waves which are modes of
propagation supported by a grounded substrate. The surface wave excitation occurs
because the lowest T'M, surface wave mode has a zero frequency cut-off, where the

cut-off frequencies for the different surface wave modes are expressed by [145]:

Je (2.2)

n
 Ahy/eofio /ety — 1
where n =0, 2, 4, ... for TM modes, n = 1, 3, 5, ... for TE modes and h is the
dielectric thickness. By decreasing the dielectric permittivity, less energy is coupled
into the surface waves and thus reducing the magnitude of the surface waves which
improves the antenna array radiation characteristics. The reduction of the dielectric
permittivity is due to the utilization of the PBG by creating a discontinuity in the

air-substrate interface surface.

Finally, the performance of the proposed antenna array is compared to previously
reported designs in Table 2.2. The proposed antenna array that is designed based on
the PBG substrate, which achieved a high gain of 11.60 dB and exhibited a larger
bandwidth of 113.01 GHz is compared with the results of existing antennas in the
literature that offer the gain and bandwidth of 9.17 dB and 56 GHz, respectively
[125]. 9.75 dB and 47 GHz, respectively [135]. 3.8 dB and 310 GHz, respectively
[139]. 7.3 dB [140], 5.09 dB and 50 GHz [141], respectively. 7.94 dB and 36.23 GHz,
respectively [117]. In addition, the proposed antenna array is compared to the work
in [146] which offers a gain of 19.2 dB, a narrower bandwidth of less than 1 GHz with

a very larger size. For such advantages, the THz devices demand miniaturization for
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Table 2.2 — Comparison of the proposed designed antenna array and previously re-
ported designs.

Antenna fr St BW | Gain D Rad.Eff

size (um?) (THz) | (dB) | (GHz) | (dB) | (dBi) (%)
[125] 500 x 500 0.63 | -64.04 56 9.17 | 9.58 91.08
[135] 500 x 500 0.607 | -67.20 47 9.75 | 10.22 | 89.79
[139] 950 x 950 0.96 |-13.05| 310 3.8 - -
[140] 500 x 500 0.67 -24 - 7.3 - -
[141] 433.2 x 208.98 0.75 -35 50 5.09 | 5.71 86.58
[117] 800 x 600 0.6308 | -44.71 | 36.23 | 7.94 | 8.612 | 85.71

[146] 12500 x 27000 | 0.1 - <1 | 192 ] - -

Homogeneous | 1 cc 00 95799 | 0.607 | 2049 | 978 | 5.84 | 7.18 | 73.62
Substrate
PBG
1186.92 x 857.22 | 0.601 | -53.66 | 113.01 | 11.60 | 12.21 | 86.75
Substrate

which the proposed antenna array is the best suited. This comparison indicates that
the proposed antenna array presented herein is favorable, and may have applications
in sensing and next-generation wireless communication systems technologies. Fur-
thermore, this type of antenna is a standing wave antenna, which is a good candidate

for integrated SoC applications in THz.

2.3 Design and Analysis of a novel 2x2 Microstrip
Patch Antenna Array Based on Periodic and

Non-Periodic Photonic Crystals Substrate

2.3.1 Design and Analysis of a 2x2 Microstrip Patch Antenna
Array Based on Periodic Photonic Crystals Substrate

In this subsection, two antenna arrays are designed and simulated using two EM
simulators CST Microwave Studio and Ansys HFSS, antenna array 1 and antenna
array 0 as a 2x2 microstrip patch antenna array based on periodic PBG substrate

and homogeneous substrate, respectively as shown in Fig.2.10. The antenna array
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1 is designed based on a 2D PCs substrate whose host material is PTFE (€,=2.08,
tan 0 =0.0004) of thickness 135.62 um. However, the air cylinders of a radius of
37.80 um and a period of 131.64 pum are embedded in the host substrate. Hence,
the dimensions of the square unit cell are 131.64x131.64 um?. The substrate of
the microstrip antenna plays a very important role in achieving desirable electrical
and physical characteristics. The aim of using the PBG substrate is to reduce the
surface waves that are found in the substrate of antenna array 0 by either reducing
the effective permittivity or thickness of the substance. Therefore, the width W, and
length L, of the patch were initially computed using Eqs.(1.6), (1.7) and (1.8) [101].

4R

Wg Ws

(a) Based on the homogeneous substrate. (b) Based on periodic PBG substrate.

Figure 2.10 — The geometry of the proposed 2x2 microstrip patch antenna array.

With the design of the single element patch complete, the expansion to a 2x2
array requires a feed network to connect all radiating patches to a single input. In
the microstrip array, elements can be fed by a single line or multiple lines in a feed
network arrangement. Therefore, feeding methods are classified as series feed network,

corporate feed network and corporate-series feed network [78, 147]. In this work, a
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corporate feed network was chosen. The feeding line width W is computed as [148]:

7.475h
W =
ex

—1.25¢ (2.3)

where

ZO\/ € + 1.41
87

Tr =

h and t are the thickness of the substrate and the patch, respectively. Z; is the
characteristic impedance of the microstrip transmission line of 50 €2, and ¢, is the
dielectric constant. The feeding lines lengths L and Ly provide impedance transfor-
mation and phase matching on the patches, respectively, which can be calculated by

the following formulas [148]:

L= (2P +1) x 2 (2.4)
Ly=(2Q+1) x ; +2Al (2.5)

where P and ) are non-negative integers (in our design we chose P = @ = 1).
Then, optimization of the calculated values is performed. Finally, The dimensions of
antenna array 0 and antenna array 1 are presented in Table 2.3. The thickness of the

employed metal was 0.5 pum.

Fig.2.12 shows the magnitudes of the scattering parameter Si; for both antenna
arrays 0 and 1 using two simulators. It reveals that antenna array 0 that is designed
based on the homogeneous substrate in the case of CST Microwave Studio simulation
resonates at the frequency of 0.612 THz with a return loss of -36.49 d B and bandwidth
greater than 166 GHz, whereas, in the case of Ansys HFSS simulation, the resonance
frequency is 0.618 THz with a return loss of -24.48 dB and bandwidth greater than
174 GHz. The relative errors are 29 % and 4.8 % in the return loss and bandwidth,
respectively with a difference of 6 GHz in the resonance frequency. After employing
the periodic PBG substrate, improvements in the return loss and bandwidth are
noticed where the resonance frequency gets closer to the desired frequency of 0.65
THz. So, in the case of CST Microwave Studio simulation, antenna array 1 resonates

at the frequency of 0.654 THz with a minimal return loss of -62.87 d B and bandwidth
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Table 2.3 — Parameter values for antenna array 0 based on the homogeneous substrate
and antenna array 1 based on periodic PBG substrate.

Parameter Value (um)
Antenna array 0 Antenna array 1

Patch width (17,) 185 400.91
Patch length (L)) 50 372.68
Distance between patches (d;) 318.50 455.59
Distance between patches (dy) 587.40 444.20
Substrate thickness (h) 135.62
Lattice constant (a) 131.64
Substrate width (W) 17xa
Substrate length (L) 17x a
Cylinder radius (R) 37.80
Feed line width (W) 252.52
Feed line length (L) 181.36
Feed line width (W) 67
Feed line length (Ly) 243.76 200

greater than 280 GHz, whereas, in the case of Ansys HFSS simulation, the resonance
frequency is 0.658 THz with a minimal return loss of -56.12 d B and bandwidth larger
than 300 GHz. The relative errors are 10.73 % and 7.1 % in the return loss and

bandwidth, respectively with a difference of 4 GHz in the resonance frequency.

Antenna array 0 by ANSYS HFSS
Antenna array 1 by ANSYS HFSS
Antenna array 0 by CST Microwave Studio
Antenna array 1 by CST Microwave Studio
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Figure 2.11 — Magnitudes of the scattering parameter Si; of the designed antenna
array based on homogeneous and periodic PBG substrates using CST Microwave
Studio and Ansys HFSS.
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VSWR should be in the range between 1 and 2. Fig.2.12 shows the VSWR
performance of the designed antenna arrays 0 and 1 using CST Microwave Studio
and Ansys HFSS at their resonant frequencies. It is noticed that antenna array 0
obtained a VSWR value of 1.0304 in the case of CST Microwave Studio and 1.127 in
the case of Ansys HFSS, whereas, antenna array 1 obtained a VSWR value of 1.0014
in the case of CST Microwave Studio and 1.0031 in the case of Ansys HFSS. The
obtained values of VSWR are less than 2 and very close to the ideal value of 1, which

satisfied and validated the condition for perfect impedance matching.

2,44 Antenna array 0 by ANSYS HFSS
Antenna array 1 by ANSYS HFSS
Antenna array 0 by CST Microwave Studio

2.2 Antenna array 1 by CST Microwave Studio

T T T T T T T T T
0,50 0,55 0,60 0,65 0,70 0,75 0,80
Frequency(THz)

Figure 2.12 - VSWR performance of the designed antenna arrays 0 and 1 using CST
Microwave Studio and Ansys HFSS.

The gain and radiation efficiency are essential characteristics of the antenna’s
compression, especially for this frequency band. The obtained results indicated that
the gain and radiation efficiency were clearly enhanced for antenna array 1 that is
designed based on periodic PBG substrate with values of 13.12 dB and 92.15 %,
respectively. Whereas, antenna array 0 that is designed based on the homogeneous

substrate achieved 6.68 dB and 90.13%, respectively using CST Microwave Studio.

Fig.2.13 shows the 2D far-field radiation patterns for both antenna arrays 0 and

1 at their resonant frequencies in the planes containing the solid angle at which the
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= Antenna array 0 as phi=53 by ANSYS HFSS

f=——}Antenna array 0 as phi=84 by CST Microwave Studio|
0 = Antenna array 1 as phi=131 by ANSYS HFSS

20 = Antenna array 1 as phi=90 by CST Microwave Studio
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Figure 2.13 — Polar plots of the radiation patterns for antenna arrays 0 and 1 at their
resonance frequencies using CST Microwave Studio and Ansys HFSS.

maximum radiation was achieved using CST Microwave Studio and Ansys HFSS.
It is clear from the simulated radiation pattern that the directivity has increased
a lot after employing PBG substrate with smaller side lobes effects at some angles
compared to the homogeneous substrate. Therefore, the maximum radiation in the
pattern of antenna array 0 occurs at ¢==84°, # = 37° with a maximum directivity
of 7.48 dBi in the case of CST Microwave Studio and at ¢=53°, § = 80° with a
maximum directivity of 7 dBi in the case of Ansys HFSS. However, the maximum
radiation for antenna array 1 occurs at ¢ = 90°, #=45° with a maximum directivity
of 13.50 dBi in the case of CST Microwave Studio and at ¢ = 131°, #=72° with a
maximum directivity of 13.10 dBi in the case of Ansys HFSS.

Fig.2.14 shows the surface current of antenna array 0 based on the homogeneous
substrate and antenna array 1 based on PBG substrate at their resonance frequencies
with the phase of 120 using CST Microwave Studio. It is clearly noticed that the
transmitted power from the feed line is dispatched through the patches and then into
outer space (air), where most of the power in the substrate is radiated. The advantage
of using a PBG substrate is maintained as most of the power is radiated, moreover,
a significant reduction in the reflected power from the antenna-air edge interfaces is

achieved.
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(b) Antenna array 1.

Figure 2.14 — Surface current distribution.

The results obtained by these two different simulators showed close agreement
between various electrical parameters. The small discrepancies between the two sim-
ulation results are due to the different simulation techniques. Hence, antenna array
1 outperformed antenna array 0 in terms of return loss, bandwidth, VSWR, gain,
radiation efficiency and directivity. This improvement is due to the use of the PBG
substrate, which suppresses the surface waves propagating along the surface of the
substrate and reflects most of the electromagnetic wave energy radiated to the sub-

strate significantly. Thus, the PBG substrate is an effective technique for improving
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the antenna array performance.

2.3.2 Design and Analysis of a 2X2 Microstrip Patch An-
tenna Array Based on Non-periodic Photonic Crystals

Substrate

Previously, the performance of the conventional antenna array based on the homo-
geneous substrate was enhanced after using periodic PCs. In this subsection, the
performance of antenna array 1 is investigated by using non-periodic PCs. The non-
periodic PCs substrate means arranging the different radii of air holes into the di-
electric or using the different distances between the centers of each air hole which
can be arranged in a square lattice and triangular lattice. This technique has been
experienced by many researchers [13, 134, 135] to enhance the bandwidth, gain and
radiation efficiency of an antenna. Therefore, three antenna arrays based on the struc-
ture of antenna array 1 were designed, however, the air cylinders in the substrate were
divided into several sets of air holes. Each set of air holes had a different radius, as
shown in Fig.2.15. Where, Fig.2.15a shows antenna array 2 with three sets of air
holes, Fig.2.15b shows antenna array 3 with three sets of air holes, Fig.2.15¢ shows
antenna array 4 with seven sets of air holes. For better performance, the radii of the
air holes for each set are optimized and summarized as follows: In antenna array 2,
R1=37.8 ym, R2= 35 pum and R3= 40 pm. In antenna array 3, R1=35 um, R2=
31.5 pm and R3= 25 pm. In antenna array 4, R1=33.5 um, R2= 30, R3=35 um,
R4= 5, R5= 50 pum, R6= 6 pwm and R7= 10 um.

Fig.2.16 shows the magnitudes of the scattering parameter S;; of the designed
antenna arrays 2,3, and 4 compared to antenna array 1 using CST Microwave Studio.
It is clear that all designed antenna arrays based on non-periodic PCs resonate around
0.65 THz. Starting by antenna array 2, which resonates at the frequency of 0.652
THz with a return loss of -37.35 dB and bandwidth larger than 280.4 GHz. Then,
antenna array 3 resonates at the frequency of 0.632 THz with the smallest return loss

in this design of -76.11 dB and bandwidth larger than 283 GHz. Finally, antenna
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(c) Antenna array 4

Figure 2.15 — The geometry of the proposed antenna array based on non-periodic PCs
substrate.

array 4 resonates at the frequency of 0.628 THz with a return loss of -63.62 THz and
obtains the highest bandwidth among all designed antenna arrays, which is larger

than 291 GHz. Thus, antenna arrays 3 and 4 performed better than antenna array 1
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Figure 2.16 — The magnitudes of the scattering parameter S1; of the designed antenna
arrays based on periodic and non-periodic PCs using CST Microwave Studio.

in terms of return loss and bandwidth around 0.65 THz.
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Figure 2.17 — Gain and radiation efficiency performance of all designed antenna arrays
in the frequency range 0.5-0.7 THz using CST Microwave Studio.

Fig.2.17 shows the gain and radiation efficiency of all designed antenna arrays in

the frequency range of 0.5-0.7 THz including homogeneous, periodic and non-periodic

PCs substrates, it is clear that antenna array 4 achieves the highest gain and radiation

efficiency among all designed antenna arrays with the values of 13.70 dB and 92.45
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%, respectively. Then, antenna array 3 achieves 13.32 dB and 91.20 %, respectively.
Finally, antenna array 2 achieves 13.20 dB and 92.10 %, respectively.

At the maximum radiation where 6 is 45° and ¢ is 90°, the antenna array 4 achieved
the maximum directivity between all designed antenna arrays with the value of 14.10
dBi, then antenna arrays 3 and 2 achieved 13.80 dBv and 13.60 dB1, respectively.
Thus, the gain and the directivity of the designed antenna arrays 4, 3 and 2 based
on non-periodic PCs were improved compared to the gain and directivity that were
achieved by antenna array 1 with periodic PCs and antenna array 0 with the homo-

geneous substrate.

Fig.2.18 shows the surface current of antenna arrays 2, 3 and 4 based on non-
periodic PBG at their resonance frequencies with the phase of 120 using CST Mi-
crowave Studio. It is clearly noticed that the transmitted power from the feed line
is dispatched through the patches and then into outer space (air), where most of the
power in the substrate is radiated. The advantage of using non-periodic PBG sub-
strate is maintained as most of the power is radiated, moreover, a significant reduction

in the reflected power from the antenna-air edge interfaces is achieved.

As the number of patch elements is increased to form an array, such as 16 elements
(4x4 array) or 32 elements (4x8 array), much improvements in the performance like
bandwidth, gain and directivity could be obtained, however, the size of the antenna
becomes larger. So, complication increases for the feed network resulting in more
power consumption, ohmic losses, mismatch losses and mutual coupling effects be-
tween the adjacent elements of an array [72, 88, 149]. Furthermore, an antenna with
many numbers of radiating patches creates diffraction which can cause high side lobe
level effects [150]. Hence, the performance of the microstrip patch antenna strongly
depends on several factors such as the number of patches, feeding technique, the

dielectric constant of the substrate, the type of substrate and its thickness.

Generally, the PBG reduces the substrate absorption due to the existence of a non-

transmission band of PCs, and by using a different radius of air holes more reduction of



2.3 Design and Analysis of a novel 2x2 Microstrip Patch Antenna Array Based on
Periodic and Non-Periodic Photonic Crystals Substrate 55

1477
1167

. e
ke T £ (f=0.652) [1]
o surface currend =0.|
FAEE 30 Maimum [Afm]: 1477
Frequsncy: n.652
Phase: 120

surface current (F=0.632) [1]
3D Madimum [Ajm]: 1511
Frequency: 0,632
Phase: 120

H B x5 r x - .
o o 3 2 3 0 H A/m (log)
[ ¢ i 2 1600
1264

,;‘
4

-

2

R e R i

i

W E e
>
e

surface current (F=0.628) [1]
3D Maximum [Afm]: 1600
Frequency: 0.625
Phase: 120

(c) Antenna array 4

Figure 2.18 — Surface current distribution.



2.3 Design and Analysis of a novel 2x2 Microstrip Patch Antenna Array Based on
Periodic and Non-Periodic Photonic Crystals Substrate 56

Table 2.4 — Comparison of the proposed designed antenna arrays and previously re-
ported designs.

Antenna fr S11 BW Gain D Rad.Eff
size (um?) (THz) | (dB) | (GHz) | (dB) | (dBi) (%)
2x2 array
104 2000 x 2000 0.6 |-27.70| 60 ] ] :
Periodic
PBG 600 x 600 0.63 |-56.81| >230 | 895 | - 89.31
[134]
Non-periodic
PBG 600 x 600 0.61 |-83.73| >230 | 9.19 | - 90.84
[134]
Non-periodic
PBG 500 x 500 0.607 | -67.32 | 47 | 975 | 10.20 | 89.79
[135]
Antemna | 5537 88 x 2237.88 | 0.612 | 3649 | >166 | 6.86 | 748 | 90.13
array 0
Antemna | 5537 88 x 2237.88 | 0.654 | 6287 | 280 | 13.12 | 13.50 | 92.15
array 1
Antenna | ooqr oo < 9937.88 | 0.652 | -37.35 | 2804 | 13.20 | 13.60 | 92.10
array 2
Antenna o000 oo 993788 | 0.632 | 76.11 | >283 | 13.32 | 13.80 | 91.20
array 3
Antenna | o0 oo 9937.88 | 0.628 | -63.62 | 201 | 13.70 | 14.10 | 9245
array 4

the substrate absorption is created compared to the homogeneous and periodic PBG
substrates. Finally, the radiation characteristics of the proposed antenna arrays are
compared with those for previously reported antennas in Table 2.4. It is evident that
the radiation performance of the proposed antenna arrays is significantly improved
as compared to earlier reported researches because their resonance frequencies were
close to 0.65 THz, which is a low atmospheric attenuation window in the THz range,
and due to their electromagnetic characteristics, including high gain, high radiation
efficiency, and wide bandwidth. These antenna arrays can be useful in next-generation

wireless communication technologies and other interesting applications.
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2.4 Summary

In this chapter, high gain novel microstrip patch antenna arrays were proposed and
studied based on the PCs in THz, which can be employed for next-generation wireless
communication technology and other interesting applications. To validate the accu-
racy of the proposed antenna arrays, two different simulation techniques are used,
CST Microwave Studio based on FIT and Ansys HFSS based on FEM which showed
close agreement between various electrical parameters. First, a 1x2 microstrip patch
antenna array is designed based on a thick silicon substrate having a high relative
permittivity and embedded air cylinder holes, and then the radiation characteris-
tics of this antenna array are compared to the one that is mounted on the homo-
geneous substrate. For high radiation characteristics, the proposed antenna array
resonated around 0.65 THz and showed remarkable enhancements. The simulated
results indicated that the PBG substrate efficiently improved the characteristics of
the conventional microstrip antenna array, which obtained enhancements of 161.88
%, 1055.52 %, 98.63 % and 17.83 % in the return loss, bandwidth, gain, and radiation
efficiency, respectively, obtained by CST Microwave Studio. Next, a 2x2 microstrip
patch antenna array was designed and analyzed around 0.65 THz based on different
substrates including periodic PCs, non-periodic PCs and homogeneous substrates.
The proposed antenna array was first designed based on periodic PCs substrate in
order to enhance its performance around 0.65 THz, by suppressing undesirable surface
waves that are found in the homogeneous substrate. The simulated results indicated
that the periodic PCs substrate efficiently enhanced the characteristics of the conven-
tional 2 x 2 microstrip patch antenna array. Finally, three different enhancements
to the PCs substrate were described to improve the characteristics of the proposed
antenna array. The simulated results showed that the return loss, bandwidth, gain
and radiation efficiency were enhanced further by using non-periodic PCs, which was
noticed in antenna array 4, which obtained a minimal return loss of -63.62 dB at
a resonance frequency of 0.628 THz and a larger bandwidth greater than 291 GHz.
The achieved gain and radiation efficiency were 13.70 dB and 92.45 %, respectively.



Chapter 3

Design and Analysis of Terahertz
Microstrip Antenna Arrays Based
on Modified Photonic Crystals

3.1 Introduction

Over the last decade, large demand for the development of miniaturized devices that
are capable of transmitting and receiving the highest possible data rates at low power.
The THz band plays a key role in the advancement of wireless communication tech-
nologies, which is the least explored communication band. This frequency band is
located between microwave and mid-infrared and generally covers frequencies between
0.1 and 10 THz [151]. The benefits of the THz band include high spatial resolution,
high-speed communications, ultra-wideband, high data rate transmission, and low
power consumption [5, 106, 152, 153]. Because of its unique features, the THz band
is promising applications in the fields of spectroscopy [154], space communication
[155], object imaging [18], medical applications[156] and surveillance systems [114].
Unfortunately, there are certain emerging issues related to the THz band such as
high path loss and signal attenuation due to water and molecular absorption in the

air [157]. There are nine low-attenuation windows in the frequency range of 0.1-3
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THz of the spectrum where the path loss is comparatively small, THz transmission
could be established at these low-attenuation windows to enhance the wireless link
reliability. One of these windows exists around 0.65 THz which has taken interest by

many researchers in recent years [9].

The antenna is one of the important components in the THz band. Among various
THz antennas, microstrip patch antennas which are good candidates for the THz ap-
plications, because of their cost effective, lightweight, easy to design and fabrication.
These types of antennas are standing wave antennas, which are good candidates for
use in THz integrated System-on-Chip (SoC) applications. On-chip antennas are an
integral part of wireless sensor networks for data communication between 1Cs, which
are the last barrier for the true SoC solution, omitting the demand for conventional 50
Q) interfaces, lossy RF interconnects, sophisticated packaging and therefore make con-
gruent manufacture of cost effective in terms of packaging and compactness of the THz
band compared to conventional packaging of an external antenna with transceivers
(158, 159]. Unfortunately, the conventional patch antenna at higher substrate per-
mittivities, thicknesses and operating frequencies suffers from some drawbacks such
as low gain, low radiation performance and narrow bandwidth. The gain of patch
antennas can be increased by using the array configurations. However, the mutual
coupling between the adjacent elements of an array due to the excitation of surface
waves is increased [88]. In addition, a factor that contributes to the degradation of
the microstrip patch and striplines of various lengths at such high frequencies is called
surface roughness, which increases the signal loss and dispersion due to the reduced
effective conductivity of the metal [129, 130]. The reduction of the surface waves
and the enhancement of antenna performance are experienced in this frequency band
by many researchers. Commonly used approaches are multilayered substrate tech-
nique [104], Defected Ground Structures (DGS)[132], metamaterial technique [160],
Epsilon-Near-Zero (ENZ) metamaterials[161], and Photonic Crystals (PCs) structures
(14, 15, 16, 64, 66, 125, 134, 135, 138, 162, 163]. Therefore, a patch array design with

PCs is definitely helpful in improving the performance of the patch antenna.

The PC structures are also known as PBG structures, which are artificial materials
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made of periodic implants within a surrounding medium of a hollow air cylinder hav-
ing circular, square, hexagonal, triangular, and elliptical shapes, which are implanted
in the dielectric substrate material. These structures have been developed in which
electromagnetic wave propagation in any direction is completely prevented for all fre-
quencies within a stop band [58]. There are different structures types of PBG such
as 1D, 2D, or 3D. 2D PCs have gained the most interest from many researchers, as
they are much easier to fabricate and design compared to 3D PCs and have promising

applications in planar waveguides, optical and microwave cloak [164, 165].

Ahmad et al. [166] proposed a novel shape antenna based on a PBG-based crystal
polyimide substrate which obtained optimum performance with a gain of 9.45 dB
and bandwidth of 29.79 GHz at a resonance frequency of 0.63 THz. Also, Kushwaha
et al. [117] employed PCs and a polyimide substrate by designing a novel microstrip
patch antenna in THz to obtain a gain of 7.934 dB, and a bandwidth of 36.25 GHz
at a resonance frequency of 0.6308 THz. Moreover, Hocini et al. [134] investigated
the perforated air cylinders embedded in a thick polyimide substrate by designing
a microstrip patch antenna based on periodic and aperiodic PCs around 0.65 THz,
which yielded the gain of 8.95 dB and 9.19 dB, respectively, whereas, the achieved
bandwidth was greater than 230 GHz which is a really interesting result. Their anten-
nas are suitable for applications in the detection of explosives and sensing, however,
the gain is still low which can not be adequate to meet the challenges imposed by
the high energy loss of this frequency band. In this chapter, another patch is added
for improved gain and radiation characteristics. Therefore, a 1x2 microstrip patch
antenna array with different patches including rectangular and circular is designed
based on a thick polyimide substrate around 0.65 THz where the atmospheric path
loss is relatively low, then the performance of this antenna array was investigated by
using two different substrates, periodic and aperiodic PCs. This chapter is organized
as the following: In Section 3.2, the effect of the periodic and aperiodic PCs on the
performance of the 1x2 RMPA array is investigated. In Section 3.3, the effect of the
PCs that include air cylinders and air cuboids holes on the performance of the 1x2

CMPA array is investigated. Finally, the summary of the chapter is given in Section
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3.4.

3.2 Design and Analysis of a 1x2 Rectangular Mi-
crostrip Patch Antenna Array Based on Mod-
ified Photonic Crystals Substrate

In this section, six THz rectangular microstrip patch antenna (RMPA) arrays based
on different substrates, including homogeneous, periodic PCs and five new aperiodic
PCs substrates are designed and studied in the frequency range of 0.5-0.8 THz. The
proposed antenna arrays are mounted on a thick polyimide substrate where each of
the modified PC substrates is divided into several sets of perforated air cylinder holes
where each set has its particular radius. The simulation has been performed using
CST Microwave Studio for the proposed antenna arrays which resonated around 0.65
THz and showed high radiation characteristics compared to the conventional antenna

array.

3.2.1 Antenna Array Design Based on Periodic Photonic Crys-

tals

In this subsection, two different antennas are designed and simulated, antenna array
0 and antenna array 1 based on homogeneous and periodic PBG substrates, respec-
tively. The host material of the unit cell is made of polyimide where ¢, =3.5 and tan
0=0.0027. Fig.3.1 shows the geometry of the square unit cell dielectric substrate ma-
terial with an embedded air cylinder hole, where the width and length of the square
unit cell are 108.1um. At the center, an air cylinder hole of a radius of 20 um is
embedded. The thickness of the substrate material and height of the air cylinder
holes are equal to 82.33 pum.

Fig.3.2 shows multiple concatenated duplicates of the air cylinder hole embedded

dielectric substrate square unit cell. This 2D PC structure can be fabricated using
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r

Figure 3.1 — The geometry of the square unit cell.

lithographically fabricated using a custom-designed lithographic mask [167]. The sim-
ulations were performed in the frequency range of 0.5-0.8 THz to define the electrical
properties of the substrate, therefore, the extracted real and imaginary parts of the
dielectric permittivity are shown in Fig.3.3. Generally, the real and imaginary parts
of an effective dielectric permittivity have the main role in determining the physical
size of the antenna dimension. Therefore, it is important to mention that with the
reduction in the effective dielectric permittivity of substrate material, the size of the
antenna elements such as patch dimension may be increased [66, 101]. To design a
substrate structure for the patch antenna array with resonance around 0.65 THz, the
value of the effective permittivity is taken as 0.59, which is less than 1 because of
the utilization of the PCs instead of the homogeneous substrate. They are artificial
structures that enable different new properties compared to homogeneous materi-
als. This kind of material also attains negative dielectric permittivity and magnetic

permeability [168].

Figure 3.2 — The geometry of the simulated PBG structure.

The proposed 1x2 microstrip patch antenna array consists of two symmetrical

patch elements which are fed in parallel. The patch width W, and length L, are cal-
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Figure 3.3 — The relative permittivity of the designed PBG.

culated using Eqgs.(1.6), (1.7) and (1.8) [101]. The feeding line width W} is computed
based on the total input impedance Z, of the antenna, which in the current case of

two patch elements fed in parallel, which is given as [169]:

11.96)\
7, = 0

= (3.1)

Finally, Z, is matched with the standard 50 2 impedance through feeding line
length L; with the characteristic impedance as Z,. W is computed as [148]:

7475k

¥ — = 1.25¢ (3.2)
e
where
Zy =1/ Z,.50
and

Zgw/ereff + lZ“
87

Tr =

h and t are the substrate thickness and the ground plane thickness, respectively.

The feeding lines Ly and L¢, provide impedance transformation and phase match-
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ing on the two patches in equal parts, respectively, which can be calculated by using

the following formulas [169, 170]:

L= (2P +1) x Z (3.3)

A

where P and @) are non-negative integers (in our design we chose P = @Q =1). \is
the operating wavelengths and Al is the patch length extension due to the fringing
field effect [170].

At high frequencies, this type of feed structure tends to minimize the feed line
lengths, however, in practice, it is found that the radiation from the feed network
and feed resistive loss due to a number of discontinuities encountered in a typical
antenna feed have a noticeable effect on the antenna array radiation pattern and
lead to a mismatch in the input impedance by creating unwanted radiation, which
is called spurious radiation [171]. Finally, the geometry of the proposed 1x2 RMPA
array based on the homogeneous and periodic PBG substrate structure is shown in
Fig.3.4, where the dimensions are obtained by using the optimization tools of CST

Microwave Studio, which are presented in Table 3.1.

Among the methods of fabrication, one can say that the prototype can be fab-
ricated using micro/nanofabrication processing technology. Therefore, the 2D PC
structure can be fabricated using a lithographic method using a custom-designed
lithographic mask [172], whereas, the 1x2 patch antenna array is generally fabricated
by using the photo-lithographic method which includes the steps of UV exposure,
developing, PCB etching process and assembling [173]. Finally, the experimental
study can be performed by using VNA, or FTIR spectrometer, or the standard THz

time-domain measurement system [14, 160].

Fig.3.5 shows the magnitudes of the scattering parameter S;; for the different
antenna array configurations, which shows that antenna array 1 resonates at the

frequency of 0.647 THz which is close to the desired frequency of 0.65 THz, with a
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Figure 3.4 — The geometry of the designed 1x2 RMPA array.

minimal return loss of -65.96 dB and bandwidth greater than 299.29 GHz, whereas,
antenna array 0 resonates at the frequency of 0.635 THz, with a return loss of -29.73
dB and bandwidth of 62.81 GHz. Thus there was a remarkable enhancement in the

antenna array performance after employing the PBG substrate.
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Figure 3.5 — Magnitudes of the scattering parameter Si; for antenna array 1 and
antenna array 0.
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Table 3.1 — Parameter values for antenna array 0 based on a homogeneous substrate
and antenna array 1 based on a periodic PBG substrate.

Parameter Value (um)
Antenna array 0 Antenna array 1

Patch width (W) 154 304.93
Patch length (L,) 60 236.17
Distance between patches (d) 247 378.19
Substrate thickness (h) 82.33

Ground plane thickness (%) 1.3

Cylinder radius (r) 20

Lattice constant (a) 108.10
Substrate width (W) l4xa
Substrate length (Lj) 9xa

Feed line width (W) 161.8

Feed line length (Ly) 180 162.53
Feed line length (Ly) 160 122.30

The gain and radiation efficiency of the antenna array must be taken into account,
especially in the next-generation wireless communication systems for this frequency
band. It is observed that the gain and radiation efficiency of the designed antenna
array 1 based on periodic PCs substrate were enhanced with the values of 10.43 dB
and 86.35 %, respectively. However, the antenna array 0 that is designed based on the

homogeneous substrate obtained a gain of 8.47 dB and radiation efficiency of 84.21

%.

Fig.3.6 shows the 2D far-field radiation pattern for both antenna arrays 1 and 0
at their resonance frequencies in the planes containing the solid angle at which the
maximum radiation was achieved. It is noticed that the main beam for both antenna
arrays is tilted at some angle from the horizontal plane by the diffraction effects from
the conductive small ground [174], with a high side lobe level. The effects of the high
side lobe level are due to the diffraction of surface waves found at the edges of the
antenna array substrates. Diffraction occurs whenever there is a sharp discontinuity
in a radiating or reflecting surface, and because the antenna arrays have a number of
elements all radiating, which creates diffraction. Hence, larger antennas have more

side lobe level effects [150]. These effects were reduced after employing the PBG



3.2 Design and Analysis of a 1x2 Rectangular Microstrip Patch Antenna Array
Based on Modified Photonic Crystals Substrate 67

substrate. Therefore, antenna array 1 achieved the maximum radiation at 6§ = 40°,
¢»=90° with a maximum directivity of 11.1 dBi. However, the maximum radiation
occurs at 6 = 44°, »=90° for antenna array 0 with a maximum directivity of 9.24

dBu.

Fig.3.7 shows the surface current of antenna array 0 based on the homogeneous
substrate and antenna array 1 based on PBG at their resonance frequencies with the
phase of 120 using CST Microwave Studio. It is clearly noticed that the transmitted
power from the feed line is dispatched through the patches and then into outer space
(air), where most of the power in the substrate is radiated. The advantage of using a
PBG substrate is maintained as most of the power is radiated, moreover, a significant
reduction in the reflected power from the antenna-air edge interfaces is achieved.

Thus, considering the obtained results, antenna array 1 outperformed antenna array
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Figure 3.6 — Polar plots of the radiation patterns for antenna array 0 and antenna
array 1 at their resonance frequencies for the 6 and ¢ planes, which define the solid
angle of the maximum radiation.

3.2.2 Antenna Array Design Based on Aperiodic Photonic
Crystals

The next step in this antenna array design is to analyze and enhance the performance

of antenna array 1 and then compare it to the conventional antenna array based on
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Figure 3.7 — Current distribution.

the homogeneous substrate, therefore, five antenna arrays are designed based on the
antenna array 1 structure with five different PC substrates by using optimized air
holes radii in the substrate in order to distinguish the effect of different optimization
choices such as air holes radii on the antenna array performance, furthermore, the
non-transmission frequency band in the aperiodic PC will further reduce the substrate
absorption and improve the radiation characteristics of the antenna array [14, 135].
Fig.3.8 shows the geometry of the proposed antenna arrays based on aperiodic PCs,
where the air cylinder holes in the substrate are grouped into several sets, each set
having its own radius. Fig.3.8a shows antenna array 2 with five sets of air holes, where
each set contains similar air holes forming a ring. Fig.3.8b shows antenna array 3 with
nine sets of air holes that are horizontally different. Fig.3.8c shows antenna array 4
with five sets of air holes, which are horizontally symmetrical to the center of the

design. Fig.3.8d shows antenna array 5 with seven sets of air holes that are vertically
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symmetrical to the center of the design. Finally, Fig.3.8e shows antenna array 6 with
fourteen sets of air holes that are vertically different. The air cylinders holes radii
of each geometry are optimized for the highest performance as summarized in Table

3.2.

Table 3.2 — The optimized radii air cylinder holes of the proposed antenna arrays.

Radii (um) Antenna array

2 3 4 ) 6
R1 26 26 2511 38 39
R2 33 33 3233 19.87 215
R3 33 33 2511 31.87 40
R4 15 20.95 14.8 2228 38
R5 29 29 2839 2591 20
RO 35 2180 28
R7 ok 38 ok 18.14 20
RS 35 ok R 30.48
R9 2511 K K 12
R10 *k  xx ok *% 939
R11 *k k% Kok ok 36

R]Q kok kk kk kk 40
R13 *kk *k *k *k 24
R14 k% *k * %k *k 40

Fig.3.9 shows the magnitudes of the scattering parameter Si; of all proposed
antenna arrays based on aperiodic PCs substrate and homogeneous substrate where
they resonated close to the desired frequency of 0.65 THz within the range from 0.63
to 0.69 THz, where Fig.3.10 shows the gain and radiation efficiency of all designed
antenna arrays in this study in the frequency range of 0.55-0.75 THz. It is noticed
that the performance of the designed antenna arrays based on aperiodic PCs substrate
improved compared to periodic PCs and homogeneous substrates in terms of the
return loss, gain and radiation efficiency, however, the bandwidth remained closer
to the maximum bandwidth of 299.29 GHz which was achieved by antenna array 1.
Therefore, the obtained return loss, gain and radiation efficiency were -85.61 d B, 10.88
dB and 87.55 % , respectively, for antenna array 2. -71.54 dB, 11.28 dB and 89.24 %,
respectively, for antenna array 3. -83.85 dB, 10.85 dB and 87.84 %, respectively, for
antenna array 4. -91.18 dB, 11.16 dB and 86.11 %, respectively, for antenna array
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Figure 3.8 — The geometry of the proposed antenna array based on an aperiodic PCs
substrate.

5. -92.89 dB, 11.77 dB and 87.63 %, respectively, for antenna array 6. Whereas,
the conventional antenna array based on the homogeneous substrate obtained -29.73
dB, 8.47 dB and 84.21 %, respectively. It is obvious that the antenna array with
more sets of optimized air holes radii, the high radiation characteristics achieved as

found in antenna array 6 and antenna array 3. Hence, antenna array 6 achieved the
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best performance among all the designed antenna arrays. According to the obtained
results, it is clear that these five designed antenna arrays based on aperiodic PCs
outperformed the conventional antenna array based on the homogeneous substrate in

terms of return loss, bandwidth, gain and radiation efficiency.

Table 3.3 — Comparison of the proposed designed antenna arrays and previously re-
ported designs.

Antenna fr S11 BW Gain D Rad.Eff
size (um?) (TH2) | (dB) | (GHz) | (dB) | (dBi) (%)

[141] | 4332x208.98 | 0.75 | -35 50 509 | 571 | 86.58
[175] 208 x 180 0.69 | -64.16 | 26.7 |6.793 | 6.914 | 85.78
[166] 700 x 660 0.63 | -59.15| 29.79 | 9.45 | 10.10 | 90.6
[176] 800 x 600 | 0.6308 | -44.71 | 36.23 | 7.04 | 8612 | 85.71
[134] 600 x 600 063 | -56.81 | >230 | 8.95 - 89.31
[134] 600 x 600 0.61 | -83.73| >230 | 9.19 - 90.84

Antenna | o0 om0 9| 0635 | <2973 | 62.81 | 847 | 924 | 84.91

array 0

Antenna | a0 9799 | 0.647 | -65.96 | >299.29 | 10.43 | 11.10 | 86.35

array 1

Antenna | 4w 00709 | 0.673 | -85.61 | >253.51 | 10.88 | 11.40 | 8755

array 2

Antenna |y oo 00709 | 0.687 | -71.54 | 26340 | 11.28 | 11.80 | 89.24

array 3

Antenna | 210 9709 | 0.668 | -83.85 | 286 | 10.85 | 11.40 | 87.84

array 4

Antenna |y 10 9709 | 0.65 | 9118 | 286 | 11.16 | 11.80 | 86.11

array o

Antenna |y o0 9709 | 0.66 | -92.89 | 282 | 1177 | 12.30 | 87.63

array 6

Fig.3.11 shows the 2D far-field radiation pattern for all designed antenna arrays
based on aperiodic PCs substrate and the homogeneous substrate in the planes con-
taining the solid angle at which the maximum radiation was achieved. The maximum
radiation occurs at 6 = 40°, $=90° for all antenna arrays that are designed based on
aperiodic PCs. Therefore, antenna array 6 achieved the maximum directivity in this
design with the value of 12.30 dBt, then antenna arrays 3 and 5 achieved the same
directivity of 11.80 dBi. Finally, antenna arrays 2 and 4 achieved directivity of 11.50
dBi and 11.40 dBi, respectively, whereas, antenna array 0 achieved only 9.24 dB:.
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Figure 3.9 — Magnitudes of the scattering parameter S1; the proposed antenna arrays
based on an aperiodic PCs substrate.
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Figure 3.10 — Gain and radiation efficiency of all proposed antenna arrays in the
frequency range from 0.55-0.75 THz.

Also, The side lobes were greatest in the antenna array 0 compared to the other an-
tenna arrays, however, the side lobes are reduced after applying the photonic crystal,

as found in antenna array 3 and antenna array 5 as 6 = 40° and ¢=90°, respectively.

The surface current of the proposed antenna arrays based on aperiodic PCs at their
resonance frequencies with the phase of 120 is shown in Fig.3.12. The transmitted
power from the feeder is dispatched through the radiated patches and then into outer
space, in which most of the power in the substrate is radiated. The advantage of
using an aperiodic PBG substrate is maintained as most of the power is radiated,
moreover, a significant reduction in the reflected power from the antenna-air edge

interfaces is achieved.

The simulated results showed the performance of the proposed antenna array im-
proved after employing the PBG substrate in terms of the return loss, bandwidth, gain
and radiation efficiency due to the suppression of the excitation of the surface waves
found in the homogeneous substrate. The novelty of this study is the enhancement of
the radiation characteristics of the antenna array by using optimized PC substrates,
as illustrated in Fig.3.8, which provided extra performance with resonance frequencies

close to the desired frequency of 0.65 THz. Hence, the proposed antenna arrays can
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Figure 3.11 — Polar plot of the proposed antenna arrays radiation patterns.

be useful in the next-generation wireless communication technologies such as imaging,

sensing and detection, because of their high gain, very low return loss, larger band-

width and most importantly their resonance frequencies were determined as close to

0.65 THz, where a low atmospheric attenuation window exists in the THz band. It
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Figure 3.12 — Current distribution.

could be worth interesting to observe that with the change in the air cylinder holes,
the designed five antenna arrays performed better than the antenna array based on
unmodified air cylinders holes in terms of return loss, gain and radiation efficiency,
which can be found in antenna array 6, which achieved improvements of 212.45 %,
more than 349 %, 39 % and 4.1 % in the return loss, bandwidth, gain and radia-
tion efficiency, respectively, compared to the conventional antenna array based on the
homogeneous substrate. Moreover, antenna array 6 achieved improvements of 40.83
%, 12.85 % and 1.48 % in the return loss, gain and radiation efficiency, respectively,

compared to antenna array 1 based on an unmodified PC substrate.
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Table 3.3 presents the overall radiation characteristics of the proposed antenna
arrays in comparison with the existing designs. The highest gain and bandwidth
in this study were 11.77 dB and greater than 299.29 GHz, respectively, which were
achieved by antenna array 6 that is designed based on optimized PCs and antenna
array 1 that is designed based on periodic PCs, respectively. These results show
superior performance compared with the results of existing antennas in the literature
that offer gain and bandwidth of 5.09 dB and 50 GHz [141], respectively. 6.793 dB
and 26.7 GHz [175], respectively. 9.45 dB and 29.79 GHz [166], respectively. 7.94
dB and 36.23 GHz [117], respectively. 8.95 dB, 9.19 dB and greater than 230 GHz
[134]. respectively. And most interestingly 8.47 dB and 62.81 GHz, respectively, for
the conventional antenna array based on a homogeneous substrate. This comparison
reveals that the proposed antenna arrays are favorable based on the requirements of

the desired applications.

3.3 Design and Analysis of a 1x2 Circular Microstrip
Patch Antenna Array Based on Modified Pho-
tonic Crystals Substrate

In this section, a high gain novel 1x2 CMPA array is proposed to operate around 0.65
THz based on different substrates. First, the effects of the PC have been investigated
by using air cylinders holes and air cuboids holes embedded in a thick polyimide
substrate. The simulation results showed that the best radiation characteristics were
achieved when the air cuboids holes were employed. Next, a novel technique for the
gain enhancement of the proposed antenna array is done by mixing the air cylinders
holes with the air cuboids holes with a modified diameter value. This technique

resulted in an enhancement in the gain.
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3.3.1 Antenna Array Design Based on Cylindrical and Cuboid
Photonic Crystal Substrate

In this subsection, a 1x2 microstrip patch antenna array is proposed which consists
of two identical radiating patches which are circular in the shape of a radius 195
pm designed with the parallel feed arrangement and separated by a distance of 690
pm. The parallel or corporate feed has a single input port and multiple feed lines in
parallel with the output port, each of these feed lines is terminated at an individual
radiating patch [13]. Impedance matching techniques can be categorized into two
broad categories i.e. Distributed Method and Lumped Element Method. Distributed
Method can be done by structural modification via stubs and transformer, however,
this method increases the size of the antenna and is not recommended for array
systems. Lumped Element Method can be done by inserting a matching network i.e.
inductor and capacitor, which is introduced to realize impedance matching between
antenna array patches and feed structures [177]. The resonant input resistance of the
edge-fed patch antenna array can be easily tuned to 50 §2. Therefore, the width of
the feed network W is given by [12]:

Z. ) 0.8
87ve, +1.4175.98h

where Z,. is the impedance of the feed line W, €., and h are the dielectric constant

W = exp(

(3.5)

and the height of the substrate material, respectively. The lengths L and L; provide
impedance transformation and phase matching on the radiated patches, respectively,

which can be obtained using Eqgs.(3.3) and (3.4).

The proposed antenna array structure is designed based on the PC substrate
whose host material is also polyimide where €,=3.5 and tand=0.0027 of thickness 85
um. However, the PC structure is made of air cylinders holes and air cuboids holes
embedded in a polyimide dielectric material. The geometric configuration of the
air cylinder hole and air cuboid hole embedded in the dielectric substrate unit cell is
shown in Fig.3.13. The dimensions of the square unit cell for both the air cylinder hole

and air cuboid hole are similar of 109 x 109 um? with a lattice constant and diameter
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(a) The geometry of an air (b) The geometry of an air
cylinder hole. cuboid hole.

Figure 3.13 — The geometry of the unit cell.

Table 3.4 — Parameter values for antenna array 7 based on a homogeneous substrate,
antenna array 8, and antenna array 9 based on a periodic PBG substrate.

Parameter Value (pm)
Antenna array 0 Antenna arrays 1 and 2
Patch radius (R) 180 195
Distance between patches (d) 565 690
Substrate thickness (h) 85 85
Lattice constant (a) ok 109
Substrate width (W) l4dxa 14xa
Substrate length (L) 9xa 9xa
Cylinder /Cuboids diameter (D) ok 44
Width of 50 € microstrip line (W) 235 235
Length of 50 © microstrip line (L) 160 160
Width of 100 € line to the patch ((Wy) 15 15
Length of 100 Q line to the patch (Ly) 150 111.4

of 109 pum and 44 pm, respectively, and a thickness of 85 um. Hence, the proposed 1x2
CMPA array structure is designed based on two different PC substrates, antenna array
8 is designed based on periodic air cylinders holes and antenna array 9 is designed
based on periodic air cuboids holes. Antenna array 7, namely a conventional antenna
array based on the homogeneous polyimide substrate, which is designed and simulated
for comparison and analysis purposes. Fig.3.14 shows the structures of antenna array
7, antenna array 8, and antenna array 9 based on the homogeneous and periodic PBG

substrates, respectively. The physical dimension of each element is shown in Table
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(b) Antenna array 8.

(c) Antenna array 9. (d) Antenna array 9 with a side view.

Figure 3.14 — The geometry of the proposed antenna arrays based on the homogeneous
and periodic PBG substrates.

3.4. The thickness of the employed metal was 0.5 pm. The radiation characteristics
of the proposed antenna arrays 7, 8, and 9 are investigated and analyzed around
0.65 THz using the CST Microwave Studio in terms of return loss, bandwidth, gain,

directivity, and radiation efficiency.

Fig.3.15 shows the return loss versus the frequency for the different antenna array
configurations, which indicates that antenna array 7 had a return loss of -20.75 dB at

a resonance frequency of 0.63 THz and bandwidth greater than 194 GHz, whereas,



3.3 Design and Analysis of a 1x2 Circular Microstrip Patch Antenna Array Based

on Modified Photonic Crystals Substrate

80

07

Return Loss(dB)

Antenna Array 7
Antenna Array 8
Antenna Array 9

. . .
0,50 0,55 0,60

0,%5
Frequency(THz)

Figure 3.15 — Return loss versus the frequency of the proposed antenna arrays.
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Figure 3.16 — Gain and radiation efficiency of all proposed antenna arrays in the

antenna array 8 achieved a return loss of -33.85 dB at a resonance frequency of 0.637
THz and bandwidth greater than 286 GHz. Finally, antenna array 9 resonated exactly
at the frequency of 0.65 THz with a minimal return loss of -74.10 dB and achieved
the largest bandwidth which is greater than 290 GHz. Thus, there was a noticeable

improvement in the return loss and the bandwidth after employing the PC substrate.

The gain and radiation efficiency versus the frequency of all the designed antenna
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arrays in the frequency range of 0.58-0.70 THz are shown the Fig.3.16a and Fig.3.16b,
respectively. The results clearly showed that the gain and radiation efficiency were
enhanced for antenna array 8 and antenna array 9 based on periodic PCs substrate.
So, antenna array 9 achieved the maximum gain and radiation efficiency in this study
with the values of 10.57 dB (20.11 %) and 82.96 %, respectively at 0.65 THz, then,
antenna array 8 achieved a gain of 10.35 dB (17.61 %) and radiation efficiency of 81.96
% at 0.637 THz, compared to antenna array 7 based on a homogeneous substrate that
obtained a gain of 8.80 dB and radiation efficiency of 80.55 % at 0.63 THz. It could
be worth interesting to observe that antenna array 9 designed based on a circular
patch with periodic air cuboids holes has achieved enhancement of 1.34 % and 12.34
% in the gain and return loss, respectively compared to antenna array 1 which is
designed based on a rectangular patch with periodic air cylinders holes in Section

3.2

Fig.3.17 shows the radiation pattern in dB for the proposed antenna arrays at their
resonant frequencies in the plane containing the solid angle # at which the maximum
radiation was achieved. The maximum radiation in the pattern of antenna array 7
occurred at = 45° with a directivity of 9.74 dBi. Then, the maximum radiation in
the pattern of antenna array 8 occurred at 6= 39° with a directivity of 11.20 dBs.
Finally, the maximum radiation in the pattern of antenna array 9 occurred at 6= 40°
with maximum directivity in this study of 11.40 dBi. The directivity has increased
a lot after employing the PC substrate, also it is noticed that the side lobes were

reduced after employing PC substrate compared to the homogeneous substrate.

Fig.3.18 shows the surface current of antenna arrays 7, 8 and 9 at their resonance
frequencies with the phase of 120 using CST Microwave Studio. It is clearly noticed
that the transmitted power from the feed line is dispatched through the patches and
then into outer space (air), where most of the power in the substrate is radiated. The
advantage of using a PBG substrate is maintained as most of the power is radiated,
moreover, a significant reduction in the reflected power from the antenna-air edge
interfaces is achieved. Therefore, considering the obtained results, the performance

of the proposed antenna array improved by using PCs. Also, it could be worth
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Figure 3.17 — The radiation pattern of proposed antenna arrays based on the periodic
PCs and the homogeneous substrate at their resonant frequencies for the 6 plane,
which defines the solid angle of the maximum radiation.

interesting to observe that by using air cuboids holes embedded in the substrate, an
extra performance is observed compared to the air cylinders holes embedded in the
substrate as found in antenna array 9 and antenna array 8, respectively, due to the

reflection of electromagnetic waves falling in the non-transmission range.

For more clarity, the radiation characteristics of a single element patch such as
return loss, bandwidth, gain, and radiation efficiency are shown in Fig.3.19. Antenna
8 is the single element patch of antenna array 8, which is designed based on periodic
air cylinders holes. Antenna 9 is the single element patch of antenna array 9, which
is designed based on periodic air cuboids holes. So, antenna 8 offers at a resonant
frequency of 0.65 THz a return loss of -27.73 dB, a bandwidth greater than 213
GHz, a gain of 7.75 dB, and radiation efficiency of 78.96 %. Whereas, antenna 9
offers at a resonant frequency of 0.656 THz a return loss of -31.42 dB, a bandwidth
greater than 209 GHz, a gain of 7.92 dB, and radiation efficiency of 79.32 %. Clearly,
the performance of an array antenna outperforms a single element patch in terms of

return loss, bandwidth, gain, and radiation efficiency.
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Figure 3.18 — Current distribution.

3.3.2 Antenna Array Performance Investigation

In this subsection, and in order to enhance the gain, two other antenna arrays were

designed based on the structures of antenna array 8 and antenna array 9, but the sub-

strate included mixed air cylinders holes and air cuboids holes at the same time which

are divided into several sets, where each set of air cylinders holes and air cuboids holes
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Figure 3.19 — Single patch element performance based on PCs.

had different diameters, as shown in Fig.3.20. Therefore, Fig.3.20a shows antenna ar-
ray 10 with five sets of air cuboids holes and four sets of air cylinders holes that
are horizontally different, where the values of diameters are D1=52 um, D2=36 um,
D3=60 pum, D4=48.26 um, D5=48 um, D6=10 pum, D7=30 um, D8=70 pum, and
D9=34 um. Fig.3.20b shows antenna array 11 with seven sets of air cylinders holes
and air cuboids holes that are vertically different, where the values of diameters are
D1=98 pum, D2=14 pm, D3=90 pum, D4=11.38 pum, D5=86 pum, D6=38 um, D7=>50
pum, D8=42 pym, D9=40 pm, D10=100 pum, D11=18 pum, D12=70 pm, D13=10 pum,
and D14=100 pm. The performance of antenna arrays 10 and 11 is compared to the
performance of antenna arrays 8 and 9 in order to see the effect of non-periodic PC

substrate on the gain and antenna array performance in the THz frequency band.

Fig.3.21 shows the return loss of the proposed antenna arrays based on the PCs
versus the frequency, the resonant frequency is that frequency where most of the
power fed goes to the radiated patch when the best impedance matching happens
between the feed line and the radiated patch with very less power being reflected
back. Antenna arrays 10 and 11 have almost the same resonance frequency due to
the symmetrical structures with the same feeding method. Therefore, antenna array
10 resonated at the desired frequency of 0.65 THz with a minimal return loss of -69.04
dB, bandwidth greater than 287 GHz, and radiation efficiency of 82.56 %. Whereas,
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(a) Antenna array 10. (b) Antenna array 11.

Figure 3.20 — Geometry of the proposed antenna arrays based on non-periodic PCs.

antenna array 11 resonated at 0.66 THz with a minimal return loss of -70.14 dB,

bandwidth greater than 282 GHz, and radiation efficiency of 82.52 %.
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Figure 3.21 — Return loss of the proposed antenna arrays based on PCs versus the
frequency.

Fig.3.22 depicts the VSWR performance of the proposed antenna arrays. At
their resonant frequencies, antenna array 7 obtained VSWR of 1.2. Whereas, an-
tenna arrays 8, 9, 10, and 11 obtained the values of 1.042, 1.0004, 1.0007, and 1.0006,
respectively. The achieved values of VSWR are less than 2, which satisfied the con-
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Figure 3.22 — VSWR of the proposed antenna arrays.
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Figure 3.23 — The input impedance characteristics of the proposed antenna arrays.

dition for perfect impedance matching. The ideal value of VSWR should be equal to

1 which means 100 % power is accepted and zero reflection[139].

Fig.3.23 shows the input impedance characteristic of the proposed antenna arrays,
which defines impedance matching between the input signal and the feed line. At their

resonant frequencies, the input impedance of antenna arrays 7, 8, 9, 10 and 11 are
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54.86 €2 in the real part and 9 2 in the imaginary part, 59.28 €2 in the real part and
2.18 Q in the imaginary part, 60.34 €2 in the real part and -0.02 €2 in the imaginary
part, 60.27 € in the real part and -0.023 2 in the imaginary part and 60.43 €2 in
the real part and 0.011 €2 in the imaginary part, respectively. The value of the input
impedance should be around 50 €2 in real and around 0 €2 in imaginary to properly

match the input signal and the feed line [178].

There was a remarkable enhancement in the gain by using non-periodic PCs
substrate compared to periodic PCs substrate and the homogeneous substrate. Thus,
antenna array 10 achieved a gain of 11.14 dB with enhancements of 5.4 %, 7.63 %
and 26.60 %, compared to antenna arrays 9, 8 and 7, respectively. Finally, antenna
array 11 achieved the highest gain among all designed antenna arrays of 12.03 dB
with enhancements of 13.81 %, 16.23 % and 36.70 % compared to antenna arrays
9, 8, and 7, respectively. The reason why antenna array 11 achieves the highest
gain in this work, is because antenna array 11 has more sets of optimized air holes
compared to antenna arrays 8, 9 and 10. Also, more sets of optimized air holes with
different diameters create a discontinuity in the substrate which reduces the dielectric
permittivity, thereby causing dielectric loss and conductor loss. These losses will
definitely contribute to a drop in radiation efficiency. The radiation characteristics
such as return loss, bandwidth, and radiation efficiency of antenna arrays 10 and
11 remained close to the maximum radiation characteristics that were achieved by
antenna array 9, however, the gain was enhanced after employing non-periodic PCs
substrate. It could be worth interesting to observe that antenna array 11 designed
based on a circular patch with non-periodic PCs including mixed air cuboids holes
and air cylinders holes has achieved an enhancement of 2.21 % in the gain compared
to antenna array 6 which is designed based on a rectangular patch with non-periodic

air cylinders holes in Section 3.2.

Fig.3.24 shows the effect on the gain with similar and different diameters for
mixed air cylinders and air cuboids in antenna arrays 10 and 11, the value of the
diameters has been varied from 10 to 90 pum, clearly that the gain of antenna arrays

10 and 11 strongly depends on the diameters of the air cylinders and the air cuboids,
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Figure 3.24 — Effect of diameters of the PCs on the gain.

furthermore, distinct diameters leads to higher gain.
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Figure 3.25 — The radiation pattern of the proposed antenna arrays based on periodic
and non-periodic PCs at their resonant frequencies.

Since the gain and directivity are proportionally related, an enhancement in the
directivity also is noticed. Therefore, the maximum directivity is achieved by antenna
array 11 of 12.90 dBi where the maximum radiation in the pattern occurred at 0=

40°, whereas, antenna array 10 achieved directivity of 12 dBi where the maximum
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radiation in the pattern occurred at 6= 39°. The far-field radiation patterns are

shown in Fig.3.25 for all designed antenna arrays based on PCs substrate.

(a) Antenna array 10. (b) Antenna array 11.

Figure 3.26 — Current distribution.

Fig. 3.26 shows the surface current of antenna arrays 10 and 11 at their resonance
frequencies with the phase of 120 using CST Microwave Studio. It can be seen that
the surface current distribution is sort of arrows, which is intense in the transmission
line and radiated patches edges towards the direction of the y-plane where most of the
power in the substrate is radiated. The surface current distribution is also presented
in the substrate due to the fact that the simulated polyimide substrate is a lossy
dielectric. The utilization of the periodic and non-periodic PC structures reduces
the effective permittivity of the substrate which leads to a different variation of the
surface current distribution. The advantage of using a PBG substrate is maintained
as most of the power is radiated, moreover, a significant reduction in the reflected

power from the antenna-air edge interfaces is achieved.

The simulation results indicated that the performance of the proposed antenna
array based on the PC substrate containing air cylinders holes and air cuboids holes
improved in terms of the return loss, bandwidth, gain, and radiation efficiency due to
the suppression of the surface waves that are found in the conventional antenna array
based on a homogeneous substrate. The novelty of this study is the enhancement of
the antenna array gain by using mixed air cylinders holes and air cuboids holes embed-
ded in the substrate as shown in Fig.3.20 causing more suppression of the undesirable

excited surface waves in the substrate which enhances the gain. These results showed
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Table 3.5 — Comparison of the proposed designed antenna arrays and previously re-
ported designs.

Antenna fr S11 BW Gain D Rad.Eff
size (um?) (THz) | (dB) | (GHz) (dB) (dBi) (%)

[176] 800 x 600 | 0.6308 | -44.71 | 36.23 7.04 8612 | 85.71
[134] 600 x 600 0.63 | -56.81 | >230 8.05 - 89.31
[134] 600 x 600 0.61 | -83.73 | >230 9.19 - 90.84
[179] 600 x 300 0472 | -39 435 3.9 - 84
[166] 700 x 660 063 |-59.15| 29.79 9.45 9.99 | 90.6
[175] 208 x 180 069 |-64.16 | 26.7 6.793 | 6.914 | 85.78

Antenna | 10 49799 | 0.647 | -65.96 | 20929 | 1043 | 11.10 | 86.35

array 1

Antenna |y o0 49709 | 0.66 | -92.89 | 282 11.77 | 12.30 | 87.63

array 6

Antenna | o g1 0.63 | -20.75 | > 194 8.80 9.74 | 80.55

array 7

Antenna 10.35

array 8 | 1926 981 0.637 | -33.85 | >>986 (1761 %) 11.20 | 81.96

Antenna 10.57

array o | 1926 % 981 0.65 | -74.10 | >>290 (20.11 %) 11.40 | 82.96

Antenna 11.14

array 10 | 1520 X 981 0.65 | -69.04 | >>287 (26.60 %) 12 | 8256

Antenna 12.03

array 11| 1520 x 981 0.66 | -70.14 | >>282 (36.70 %) 12.90 | 82.54

that the shape of the PC has an influence on the antenna array performance. The
proposed antenna arrays based on periodic and non-periodic PC substrates exhibit
larger bandwidth and higher gain with resonance frequencies close to the desired
frequency of 0.65 THz as required for the next-generation wireless communication

technologies and other interesting applications.

Table 3.5 presents the overall radiation characteristics of the proposed antenna
arrays in comparison with previously reported works. The highest gain achieved
in this study was 12.03 dB which shows superior performance compared with the
results of existing antennas in the literature with the enhancements of 51.51 % [117],
34.41 % [134], 30.90 % [134], 208.46 % [179], 27.30 % [166], 77.10 % [175], and most

interestingly 36.70 % compared to the antenna array 7 based on the homogeneous
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substrate.

3.4 Summary

In this chapter, several THz microstrip patch antenna arrays based on optimized PC
substrate are designed and analyzed around 0.65 THz to improve the performance of
the conventional antenna array that is designed based on the homogeneous substrate
by suppressing undesirable surface waves, which can be useful in the next-generation
wireless communication technologies such as imaging, sensing and detection. First,
six THz 1x2 RMPA arrays based on different substrates, including homogeneous,
periodic PCs and five new aperiodic PCs substrates are analyzed. The simulated
results demonstrated that the designed antenna arrays based on an optimized PC
substrate structure exhibited excellent performance improvement, as compared to the
homogeneous substrate in this frequency band. However, it could be worth interesting
to observe that with the change in the air cylinder holes radii, the designed five
antenna arrays performed better than the antenna array based on unmodified air
cylinders holes radii in terms of return loss, gain and radiation efficiency, which can
be found in antenna array 6, which achieved improvements of 212.45 %, more than
349 %, 39 % and 4.1 % in the return loss, bandwidth, gain and radiation efficiency,
respectively, compared to the conventional antenna array based on the homogeneous
substrate. Next, the effects of the PC have been investigated further by using air
cylinders holes and air cuboids holes with a 1x2 CMPA array. The simulation results
showed that the best radiation characteristics were achieved when the air cuboids
holes were employed as found in antenna array 9 which achieved a minimal return
loss of —74.10 dB, bandwidth larger than 290 GHz, a gain of 10.57 dB, and radiation
efficiency of 82.96 %. Finally, a novel technique for the gain enhancement of the
proposed 1x2 CMPA is done by mixing the air cylinders holes with the air cuboids
holes with a modified diameter value. This technique resulted in an enhancement in

the gain as found in antenna array 11 which achieved a gain of 12.03 dB.



Chapter 4

Design and Analysis of MIMO
System for Terahertz Indoor

Communications

4.1 Introduction

In the long term, the conversion of carrier frequencies to the THz band enables the
emergence of significant real-life technologies and is a key solution that provides a
very wide bandwidth that can reach hundreds of GHz in order to meet the increasing
demands of ultra-high data rate transmission in the communication link [180, 181].
High capacity channels have become a very important trend to keep pace with the
rapid growth of numerous wireless technologies, however, the THz channel has distinct
characteristics compared to the channel of lower band systems [182]. The transmis-
sion path loss, as well as molecular absorption loss are regarded as the main issue
in the THz band, due to the high atmospheric attenuation [116]. To overcome the
impact of these losses at THz frequencies while supporting high data rates, anten-
nas should exhibit both high gain at the radiation angle with the lowest loss and
wide bandwidth [1]. Besides the mentioned losses, the scattering and reflection of

waves behaviors are also different from those in the GHz band [20, 183, 184]. The
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surfaces of indoor objects at THz are regarded as rough surfaces instead of smooth
surfaces because the traveling wavelength is comparable to the roughness of indoor
surfaces such as plaster or wallpaper [185]. Furthermore, the environments change
quite slowly for indoor communications due to slowly moving objects compared to
THz waves through a certain time window. So, it is assumed that moving objects can
be counted as static objects between the transmission antenna and the receiver an-
tenna [136]. In most situations, the channel may be influenced by fading, therefore,
these distinctive features guide new models to characterize the THz channel. The
use of MIMO antenna methods for THz communications may minimize signal fading
concerns in wireless networks, thereby increasing system capacity and building ex-
tra high-speed communication systems for practical indoor environment applications.
However, the MIMO systems have main obstacles that include limited area, antenna
size, isolation and spacing [159, 186]. Therefore, graphene-based directional antennas
using the Photonic Crystals (PCs) substrate can be promising candidates to overcome

such limitations [17, 77, 136, 144].

Graphene is an allotrope of carbon that consists of a single layer of atoms arranged
in a two-dimensional honeycomb lattice nanostructure which initially was introduced
in 2004 [187]. Graphene has outstanding physicochemical properties such as high
thermal and electrical conductivity, high density, good biocompatibility, low electric-
ity consumption, and high resistance, graphene is approximately 200 times stronger
than steel [188, 189]. Due to the great properties mentioned above, graphene has
applicability in numerous fields like medical sensors [190], biosensing [191], flters and
absorbers [192]. In addition, graphene has been used in THz antennas to improve their

radiation characteristics by changing the electrostatic voltage bias [193, 194, 195].

In THz communications, there are various types of antenna designs that are needed
to adapt to the THz channel. Among them, Yagi-Uda [118], Bow-Tie [196], On-chip
antenna [197], Horn antenna [198], MEMS antenna [199], Leaky wave antenna [200)]
and Lens antenna [201]. However, a complicated design procedure and a larger size
are required for these mentioned antennas to function. For this aim, the microstrip

patch antennas are becoming more ubiquitous as planar technology, because of their



4.1 Introduction 94

various advantages, including low cost, lightweight, small size, design simplicity, and
compatibility with integrated circuit technology [178, 202]. Despite their numerous
advantages, the conventional patch antenna suffers from a number of drawbacks,
such as narrow bandwidth, low gain, poor radiation performance, and surface wave
excitation due to the substrate’s high permittivity and comparatively huge thickness
(88, 124, 203]. These drawbacks can be overcome by introducing the concept called
PCs.

A PBG material, also known as a PC, is an artificial material made of periodic
implants within a surrounding medium. The PC is a new class of periodic dielectric
structures that has been developed in which electromagnetic wave propagation in
any direction is completely forbidden for all frequencies within a stop band, these
structures have promising applications such as transmission line for biosensing, optical
gate, optical and microwave [164, 204]. Moreover, it is reported that these structures
have been used in the THz antenna as a substrate for gain and radiation characteristics
enhancement [12, 13, 14, 15, 16, 134, 135, 205, 206]. There are different types of
PCs such as 1D, 2D, or 3D structures, depending on their periodic arrangements.
Two-dimensional (2D) PCs have gained a lot of interest from many researchers in
recent years, because they are much easier to fabricate compared to three-dimensional
(3D) PCs [125, 207, 208, furthermore, characterizing PCs structures using a purely
analytical approach is generally difficult because of their complexity. Therefore, full-
wave simulators such as CST Microwave Studio, which is based on FIT have been

used to analyze microstrip patch antennas based on the PCs substrate [209, 210, 211].

In this chapter, a novel MIMO indoor communication system was developed using
a 1x2 microstrip patch antenna array based on the optimized PCs substrate with a
graphene load in order to enlarge the channel capacity. The proposed MIMO antenna
array was designed around 0.65 THz to offer a high gain to overcome the path losses.
The remainder of this chapter is organized as follows: The interesting characteristics
of the graphene load are described and investigated in Section 4.2. In Section 4.3,
the design and the performance of the proposed 1x2 RMPA array based on the ho-

mogeneous substrate, PCs and optimized PCs with a graphene load substrates are
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explained and investigated. Section 4.4 covered the investigation of the radiation
characteristics of the designed MIMO antenna array based on the homogeneous, PCs
and optimized PCs substrates with the graphene load as well as explained the ap-
plication of the proposed MIMO antenna array in a normal indoor communication
environment by calculating the total path loss and the channel capacity for different
system configurations and spacings, and then compared the obtained results with

other results in the literature. Finally, a summary of the work is given in Section 4.5.

4.2 Graphene Properties

Graphene is an allotrope of carbon composed of a single layer of atoms arranged in
a 2D honeycomb lattice, which can conduct better electricity and heat incredibility

than copper. The equivalent permittivity of the graphene monolayer is given by [212]

as:
J0gTo
e=14+—F—+— 4.1
KA (4.1)
where o0, is the complex surface conductivity of graphene, ny =377 € is the intrinsic
impedance in free space and Ky = 27” is the wave number of the Surface Plasmon

Polaritons (SPP) in the air.

Graphene has become a valuable and useful nanomaterial due to its exceptional
properties such as high tensile strength, and electrical conductivity, it can con-
duct better electricity and heat incredibility than steel. The fabrication methods
of graphene can be done by mechanical exfoliation, graphene oxide reduction syn-
thesis, electrochemical exfoliation, Chemical Vapor Deposition (CVD), and vacuum
arc discharge [213]. The total surface conductivity of graphene o, can be represented
using the well-known Kubo’s equations, and it consists of two terms, intra-band con-

ductivity and inter-band conductivity [214]:

Ug(w7 /fbc) = Uintra(wa ,Uc) + Uinter(wa ,uc) (42)
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where

] 2K T c — _Hc
JC 2B Be | oln(e ®5T + 1)) (4.3)

Tintra 1) = ot 3 77) KT

j€2 ln(2|:uc’ — (w +]/7—))

drh? 2| pe| + (w +j/7)

(4.4)

Ointer (Wa Mc) ~

where p.= chemical potential, w=the angular frequency, T=temperature, 7= relax-
ation time, hA=reduced Planck’s constant, h= normal Planck’s constant, Kz= Boltz-
mann’s constant and e= electron charge. For the present work, e=1.6x10"% C,
T=300 K, 7=1 ps, Kp= 8.62 eVK !, h=6.582x10716 Vs, w= 27 f and p, is changing
from 0 to 1.5 eV to check the conductivity behavior. So, the complex surface conduc-

tivity of monolayer graphene depends on the chemical potential i and the frequency

£l

The total surface conductivity of graphene o, in Eq. (4.2) can be also represented

as [215]:

09 (w7 /LC) =

je2(w — 257) “ 1 /00 6(6fd(e) B 5fd(—e))d€ B /00 (fa(—€) — fd(e))de]
)2 Jo 0

wh? (w—j21 Je de (w—j27)% —4(%)?
(4.5)
where fy;(€) is the Fermi-Dirac distribution which can be represented as [216]:
(e—pc) -1
fale) = (e ¥87 4 1) (4.6)

In the THz band, the intraband conductivity dominates the value of total surface
conductivity, whereas, the inter-band term has no significant effect on the total surface
conductivity which can be ignored. Hence, the conductivity of graphene can be
expressed by using only intra-band terms [214]. In addition, graphene carrier density
ns is described as follows [17]:

2K E°T?  2uc
ns = h];;v?(eKBT —1); Foru. > KgT (4.7)
TV




4.2 Graphene Properties 97

0.18 "
0 x10
0.16
&
@ 0.14 12
= g2
So12 =
3 S-3¢
'g 0.1 -8
5 S-4-
=008 K
oY &L
b= % 5
S0.06| 26l
T I
2004} £ 40
©
0.02f ELl
0 9 . . . . )
0 02 04 06 08 1 1214 16 18 2 0 02 04 06 08 1 12 14 16 18 2
Frequency (THz) Frequency (THz)
(a) Real part. (b) Imaginary part.

Figure 4.1 — Intra-band conductivity of graphene.

or by [217] as:
2 00
ns = 7Tf12Vf2/0 e[fa(€) = fale + 2pc)]de (4.8)

where V; is the Fermi velocity.

The chemical potential p,. is controlled by the carrier density ngs. The graphene
conductivity can be easily inhibited by changing the chemical potential y.. The chem-
ical potential u. can be changed via chemical doping or electrostatically biasing it.
Fig.4.1 shows the effect of changing graphene chemical potential i, on the real and
imaginary parts of the intra-band conductivity. The real part of the intra-band con-
ductivity is increased by increasing the chemical potential u. resulting in a frequency
shift, nevertheless, the imaginary part values of the intra-band conductivity approach
to zero by increasing .. The shift in the frequency is called the chemical shift. In
Nuclear Magnetic Resonance (NMR) spectroscopy, the chemical shift is related to
the molecular structure or composition, therefore, a compound with a strong and
higher conductivity such as graphene provides a frequency shift without changing the

geometric dimensions [218].

The surface impedance of graphene for different chemical potentials in the fre-
quency range of 0.4-1.1 THz is shown in Fig.4.2. It is seen that with the increase of
the chemical potential u., the real impedance of the graphene decreased. Therefore,

graphene can operate in two different modes, a high resistance mode when p. = 0 eV
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Figure 4.2 — Properties of graphene.

and a low resistance mode when p. = 1.5 eV. When p. = 0 €V, graphene conductivity

is almost 1000 times less than the conditions of y. = 1.5 eV [219].

4.3 Antenna Array Design Based on Periodic and
Non-Periodic Photonic Crystals With a Graphene
Load

Previously, various research works conducted on graphene-based antennas were pre-
sented aiming for THz band applications [16, 194, 220, 221, 222|, among them, a
1x2 graphene antenna array which is designed to obtain a gain of 9 dB at 0.51 THz.
In addition, Temmar et al. [136] investigated the characteristics of graphene by de-
signing an antenna based on periodic and non-periodic PCs around 0.65 THz, which
obtained interesting results at u. = 1 ¢V when the non-periodic PCs were used and
obtained a gain of 8.92 dB and a bandwidth of 356 GHz. Unfortunately, all of the
presented antennas showed very limited bandwidth and low gain, which restricts their
application in THz. To resolve these problems, a 1x2 RMPA based on periodic and

non-periodic PCs with a graphene load is proposed to offer an extra performance.

Antenna array 0, namely the conventional 1x2 RMPA array based on the homoge-
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neous substrate, is designed and simulated for comparison purposes which is shown in
Fig.4.3a. The proposed geometry structure of the 1x2 RMPA array based on periodic
PCs with no graphene load is depicted in Fig.4.3b which is labeled as antenna array 1.
By using the planar configuration, the size of the antenna becomes larger, so a large
number of phase shifters is required. Also, complication increases for the design of
the feed network resulting in more power consumption, ohmic losses, mismatch losses,
mutual coupling effects between the adjacent elements of an array and high side lobe
level effects. Hence, for such advantages, the linear configuration is commonly used
by offering more simplicity [13]. The proposed antenna array consists of two symmet-
rical patch elements which are fed by the parallel feeding technique [13]. The patch
width W), and length L, are 360 um and 220 pm, respectively. This antenna array is
mounted on a substrate with a dielectric constant of 2.91 and loss tangent of 0.0001
with a thickness h of 80 um that employs a periodic PBG. The air holes have a lattice
constant and radius of 127.95 um and 15 um, respectively. Hence, the dimensions of
the square unit cell are 127.95 x 127.95 um?. Finally, the width and length of the
substrate are W,=1279.50 um and L;=895.65um, respectively. Similarly, the ground
is made up of a copper conductor with dimensions of 1279.50 x 895.65 x 4.85 ums3.
The separation distance between both the patch structures is 584.80 pm, which is
equal to the operating wavelength A, where A is found based on Eq.(4.9) [134, 139]:

Ao
Veeff

A:

(4.9)

where ) is the free-space wavelength and e.¢; is the effective permittivity. The
extracted real and imaginary parts of the permittivity are presented in Fig.4.4 using
CST Microwave Studio. In order to obtain the separation distance between both the
patch structures and achieve a resonance around 0.65 THz, the effective permittivity

value is taken as 0.756.

The feed network is designed to distribute the power in equal parts to achieve 50
2 impedance. Hence, the width of the feed network W can be found using Eq.(3.5).
The optimum values of W, L, Wy and L are 109.23 pum, 204.47 pm, 6.6 pm and 143



4.3 Antenna Array Design Based on Periodic and Non-Periodic Photonic Crystals
With a Graphene Load 100

Ls

Ws Ws

(b) Antenna array 1.

@OOOQOOQOO

*@|3@@|;5_5.]@@C|@

QAOOOOOOOOO

P

(d) Antenna array 3.

OO o] e Ol o
S N
W A—
ARl el

RS RE R7 R8

3
2
&

R3

(e) Antenna array 4. (f) Antenna array 5.

Figure 4.3 — The geometry of the proposed 1x2 RMPA array based on the homogeneous
substrate, periodic and non-periodic PCs with a graphene load.

um, respectively.

In order to investigate the performance of the proposed 1x2 RMPA array around



4.3 Antenna Array Design Based on Periodic and Non-Periodic Photonic Crystals
With a Graphene Load 101

—— Real part of epsilon
— Imaginary part of epsilon

Permittivity

74
6
54
44
34
2
1
0

-1

-2

T T T T T T T !
040 045 050 055 060 065 070 075 0,80
Frequency(THz)

Figure 4.4 — The effective permittivity of the designed PBG substrate.

0.65 THz, a graphene load is added to each side of the patch structure and is operated
at u.=1.5 eV. Graphene-based nano-patch antennas for THz communications usually
have a dimension on the order of microns. However, characterizing graphene using
strictly analytical methods is generally difficult due to its complexity. Alternatively,
full-wave simulators such as FIT in CST Microwave Studio have been used to analyze
and model graphene, which enables fast and accurate analysis at high frequencies
with different solvers. Therefore, graphene was modeled using a volumetric approach
with an acceptable thickness of 0.34 nm for the graphene monolayer. This thickness
was compatible with the chemical potential tuning of graphene [223, 224]. In antenna
array 2, the graphene load had a width W, of 42.36 pm and a length similar to the
length of the patch of L, 220 pum as shown in Fig.4.3c.

Next, the performance of the proposed antenna array 2 at u.=1.5 eV is inves-
tigated further by employing non-periodic PCs substrate instead of periodic PCs
substrate to enhance its radiation characteristics around 0.65 THz. The non-periodic
PCs substrate technique has been investigated over the years by many researchers
to enhance the microstrip patch antenna radiation features such that bandwidth and
gain [13, 14, 16, 124, 134, 135], which can be made by using different radii of air
holes into the dielectric or by using the different distances between the centers of
each air hole forming a square lattice or triangular lattice. The utilized PC struc-
tures are made using 2D air cylinders embedded in the substrate consisting of lattices

with various shapes. Traditionally, the five 2D Bravais lattice types include oblique,
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square, hexagonal or triangular, primitive rectangular and centered rectangular lat-
tices. These lattices combining simplicity and quasi-isotropy of their Brillouin zone,
allow the opening of band gaps and lead to large absolute PBGs. Mostly, the mi-
crostrip patch antennas are implemented by using square or rectangular lattices,
although the triangular lattice allows the use of fewer air gaps compared to a square
lattice, but it may exhibit several advantages [225, 226]. Therefore, the proposed
antenna array structure is designed and analyzed with three different PC substrate
cases, where the air holes of the substrate are divided into different sets. Each set
has its own radius. For the best radiation performance, the radii of the air holes are

optimized.

In the case of the square lattice, two different antenna arrays are designed. An-
tenna array 3 is designed with seven sets of air holes that are horizontally symmetrical
as shown in Fig.4.3d. The radii of the air holes are R1=50 um, R2=10 pum, R3=14
pm, R4=32 pm, R5=6 pm, R6=23 pum, and R7= 5.4 pm. Antenna array 4 is de-
signed with teen sets of air holes that are vertically symmetrical as shown in Fig.4.3e.
The radii of the air holes are R1=50 um, R2=30 pum, R3=5 pum, R4=25 um, R5=15
pum, R6=10 um, R7= 26 pm, R8=15 um, R9=46 pum, and R10= 30.5 ym. In the
case of the triangular lattice, Antenna array 5 is designed with three sets, each set
contains a subset of three air that form a triangular lattice, two air holes are similar
with a radius of R1=5.4 pum and the third one with a value of R2=23.1 yum as shown
in Fig.4.3f.

The radiation characteristics such as return loss, bandwidth, gain, and directivity
of the proposed 1x2 RMPA array based on the homogeneous substrate, periodic and
non-periodic PCs with a graphene load are compared and presented in Fig.4.5. It
is found that the resonance frequency, return loss, bandwidth and gain are 0.657
THz, -27.1 dB, 164 GHz and 9.25 dB, respectively for antenna array 0. 0.619 THz,
-28.35 dB, 260 GHz and 10.95 dB, respectively for antenna array 1. 0.63 THz, -
73.86 dB, 287 GHz and 11.11 dB, respectively for antenna array 2. 0.63 THz, -73.97
dB, greater than 415 GHz and 11.41 dB, respectively for antenna array 3. 0.636
THz, -75.9 dB, greater than 411 GHz and 11.53 dB, respectively for antenna array
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Figure 4.5 — The radiation characteristics of the proposed 1x2 RMPA array based on
the homogeneous substrate, periodic and non-periodic PCs with a graphene load.

4. 0.634 THz, -78.1 dB, 281 GHz and 11.47 dB, respectively for antenna array 5.
The maximum radiation in the pattern of all the designed antenna arrays occurs at
0=25° at their respective resonating frequencies which is the direction of maximum
radiation. Therefore, the directivity of antenna arrays 0, 1, 2, 3, 4 and 5 is 9.46 d B,
11.50 dBt, 12 dBw, 12.10 dBt, 12.40 dBv and 12.30 dB1i, respectively.

According to the obtained results, antenna array 1 that is designed based on
periodic PCs offered remarkable performance enhancements compared to the conven-
tional antenna array, which achieved enhancements of 4.61 %, 58.54 %, 18.38 % and

21.56 % in the return loss, bandwidth, gain and directivity, respectively. However,
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it could be worth interesting to observe that with the introduction of the graphene
load at pu.=1.5 €V, further enhancements in the performance were obtained as seen in
antenna array 2, which obtained enhancements of 160.53 %, 10.38 %, 1.46 and 4.35
% in the return loss, bandwidth, gain and directivity, respectively as compared to an-
tenna array 1 that is designed based on periodic PCs with no graphene load. After,
employing non-periodic PCs with a graphene load at p.=1.5 eV, it was found remark-
able enhancements in the antenna array bandwidth, gain and directivity. Therefore,
antenna array 4 achieved the highest performance among all proposed antenna arrays,
which obtained enhancements of 2.76 %, more than 43.21 %, 3.78 % and 3.33 % in
the return loss, bandwidth, gain and directivity, respectively as compared to antenna

array 2 that is designed based on periodic PCs with a graphene load.

Table 4.1 — Comparison of the proposed designed antenna arrays and previously re-
ported designs.

Antenna fr St BW | Gain D
size (um?) (TH2) | (dB) | (GHz) | (dB) | (dBi)
[134] 600 x 600 0.63 | -56.81 | >230 | 8.95 -
[134] 600 x 600 0.61 | -83.73 | >230 | 9.19 -
[222] 1x2 array - 0.51 -35 - 9 -
[136] 1323 x 600 0.62 - 287 8.77 -
[136] 1323 x 600 0.62 - 356 8.92 -
[227] 1000 x 1000 0.6929 | -41.65 | 22.47 | 10.43 -
[62] 1000 x 1000 0.852 - 34.3 | 8.248 | 8.789
[228] 1600 x 800 0.809 - 57.96 | 8.28 | 9.77
[105] 1xb array 780 x 2900 0.6127 | -14.75 | 8.34 | 10.3 | 10.70
[104] 2x2 array 2000 x 2000 0.6 -27.7 60 - -
Antenna array 0 | 1279.50 x 895.65 | 0.657 | -27.1 164 9.25 | 9.46
Antenna array 1 | 1279.50 x 895.65 | 0.619 | -28.35 | 260 | 10.95 | 11.50
Antenna array 2 | 1279.50 x 895.65 | 0.63 | -73.86 | 287 | 11.11 12
Antenna array 3 | 1279.50 x 895.65 | 0.63 | -73.97 | >415 | 11.41 | 12.10
Antenna array 4 | 1279.50 x 895.65 | 0.636 | -75.9 | >411 | 11.53 | 12.40
Antenna array 5 | 1279.50 x 895.65 | 0.634 | -78.1 281 11.47 | 12.30

The simulations demonstrated that the performance of the proposed 1x2 RMPA
array based on periodic PCs improved in terms of the return loss, bandwidth, gain
and directivity after employing graphene. The highest radiation characteristics were

achieved when p.=1.5 eV. The novel aspect of this study is the enhancement of the
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performance of the 1x2 RMPA array by using the non-periodic PC substrate with a
graphene load at p.=1.5 eV, as shown in Fig.4.3. The performance of the proposed
antenna array was improved further by optimizing its air holes radii. In particular,
three antenna array structures were examined. Their performance achieved interest-
ing radiation characteristics at resonance frequencies close to the desired frequency of
0.65 THz, where a low atmospheric attenuation window exists in the THz band, which
can be useful in sensing, imaging, detection and wireless communication technologies.
The highest radiation characteristics were obtained by antenna array 4, because of its
minimal return loss of -75.90 dB, larger bandwidth which is greater than 411 GHz,
higher gain and directivity of 11.53 dB and 12.40 dBi, respectively at a resonant
frequency of 0.636 THz. Table 4.1 presents the overall radiation characteristics of the
proposed antenna arrays compared with the previously reported researches. It is ev-
ident that the proposed THz antenna arrays designed based on PCs with a graphene

load provided better output characteristics than other existing works.

4.4 MIMO System Design

4.4.1 MIMO Antenna Array Design and Analysis With a
Graphene Load

In this subsection, the researcher designed and developed three different MIMO an-
tenna arrays which are based on the structures of antenna arrays 0, 2 and 4 as
discovered in the previous section 4.3. The MIMO antenna array structure is made
by a copy of the antenna array structure, which is fed by another port where each
port was fed separately, shifted by a distance (Dis) of 140 um and rotated around its
center. The separation distance (Dis) was made to isolate both antenna arrays to re-
duce the effect of mutual coupling and correlation and also to avoid grating lobes. At
each side of the radiator patches, a graphene load is added which was modeled using
a volumetric approach with an acceptable thickness for the graphene monolayer. The

graphene load had a width W, of 42.36 jzm, a length similar to the length of the patch
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of L, 220 pwm and a thickness of 0.34 nm which was compatible with the chemical
potential tuning of graphene. A change in the electrical conductivity of graphene
leads to an increase in the gain of the MIMO antenna array compared to a simple
MIMO antenna array. Therefore, the first MIMO antenna array was designed based
on a homogeneous substrate which is labeled as MIMO antenna array 0 as shown in
Fig.4.6. The second MIMO antenna array was designed based on the periodic PCs
with p.= 1.5 ev which is labeled as MIMO antenna array 1 as shown in Fig.4.7. The
third MIMO antenna array was designed based on the optimized PCs with p.= 1.5
ev which is labeled as MIMO antenna array 2 as shown in Fig.4.8.

Figure 4.6 — The geometry of the designed MIMO antenna array based on the homo-
geneous substrate.

Figure 4.7 — The geometry of the designed MIMO antenna array based on the periodic
PCs with a graphene load.

The CST Microwave Studio software has been used to calculate the MIMO antenna
array features. The scattering parameters Siy, So1, Si2, and Sss were extracted for
the MIMO antenna array based on the homogeneous substrate and for the MIMO
antenna array based on the PCs with optimized PCs substrates, where the utilized
chemical potential was 1.5 ev as shown in Fig.4.9. The resonance frequencies of the

designed MIMO antenna arrays were observed at around 0.65 THz. Therefore, MIMO
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Figure 4.8 — The geometry of the designed MIMO antenna array based on the opti-
mized PCs with a graphene load.

antenna array () resonated at the frequency of 0.66 THz with a return loss of -25.27 dB.
Whereas, MIMO antenna arrays 1 and 2 resonated at the frequencies of 0.631 THz and
0.638 THz, respectively with return losses of -40.68 dB and -41.30 dB, respectively.
The -10 dB bandwidths were 174, 300, and greater than 614 GHz for MIMO antenna
array 0, MIMO antenna array 1, and MIMO antenna array 2, respectively. Thus,
employing the periodic PCs and the optimized PCs with a graphene load as seen in
MIMO antenna arrays 1 and 2, respectively enlarged the bandwidth compared with
MIMO antenna array 0, which was designed based on the homogeneous substrate,

which is very important for high data transmission rates based on Shannon theorem

[106].

Fig.4.10 displays the gain performance of the designed MIMO antenna arrays
in the frequency range of 0.55-0.75 THz. Clearly, the gain was enhanced when the
graphene load operated in the low resistance mode for both MIMO antenna arrays 1
and 2 due to the suppression of surface waves by the PCs substrate compared to the
conventional MIMO antenna array. Therefore, at their resonating frequencies, MIMO
antenna array 2 achieved the maximum gain with the value of 11.80 dB, whereas,

MIMO antenna arrays 1 and 0 achieved 11.48 dB and 9.44 dB, respectively.

The radiation patterns of the designed MIMO antenna arrays are investigated
with the corresponding resonance frequencies which can be revealed in Fig.4.11. The
directivity of MIMO antenna array 0 was maximized at the incidence angles 6 of 27°
and —27° for port 1 and port 2, respectively with the value of 9.84 d Bi at the resonance
frequency of 0.66 THz. Whereas, the maximum directivity of MIMO antenna arrays
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Figure 4.9 — S Parameters of the designed MIMO antenna arrays.

1 and 2 was achieved at the incidence angles 6 of 30° and —30° for port 1 and port

2, respectively with the values of 12.40 dBi and 12.80 dBi, respectively at resonating

frequencies of 0.631 THz and 0.638 THz, respectively.

The 3D far-field radiation pattern for MIMO antenna array 2 is shown in Fig.4.12.

The radiation characteristics such as return loss and gain of the designed MIMO

antenna array based on the optimized PCs were investigated by changing the different

chemical potentials (u.=0 eV, 0.7 eV, 1 eV, 1.2 eV), then compared them to the case

of pu.=1.5 eV. The results are presented in Fig.4.13 which confirm the previously
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Figure 4.10 — The gain performance of the designed MIMO antenna arrays.

obtained conclusions. The gain was slightly ameliorated by increasing the chemical
potential of the graphene load from 0 eV to 1.5 eV, which corresponded to the low
resistive mode of the graphene load, moreover, the introduction of the small graphene

load widened the bandwidth.

4.4.2 Losses and Terahertz Channel Capacity

THz band communication is considered as a key wireless technology. The THz channel
model has been studied and discussed in several recent works because of its promising
characteristics, alleviating the path loss limitations [136, 217, 229, 230, 231]. In order
to get the capacity of the MIMO system, the total path loss in the THz band should
be studied first. For the line of sight communication systems, losses are mainly due
to free-space path loss which is contributed by two frequency-dependent terms: the
spreading loss Agpreqq and the molecular absorption loss Ags. In addition to the
mentioned losses, the reflection loss A,.; which is due to the collision of waves with
indoor rough surfaces. The surfaces of indoor objects, which can be considered as
smooth surfaces at the GHz frequency, are now regarded as rough surfaces at the THz
frequency band. The formulas for the spreading loss, molecular absorption loss, and

reflection loss are defined as follows [12, 231]:
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Figure 4.11 — The far field radiation patterns of the designed MIMO antenna arrays.

Am fd

Aspread(f7 d) = 20[09( ) (410)

Aups = k(f)d10logyee (4.11)
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Figure 4.13 — The performance of the designed MIMO antenna array based on the
optimized PCs with different chemical potentials.

where Agpreqq is the spread loss in dB, f is the operating frequency, d is the traveled
distance and ¢ is the speed of light. Ay, is the molecular absorption loss in dB,
K(f) is the medium absorption coefficient and equals the sum of weighted coefficients
of each gas in the air. Since the total band is segmented into several transmission

windows, the molecular absorption is very small and it can be ignored at the window
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around 0.65 THz. The roughness factor p is given as follows:

p=e? (4.12)

g (27TA(COS(9]))\ + cos(0o)) 2 (413)

where g represents the intensity of the surface variation, A is the standard deviation
coefficient of the surface roughness (88 um for plaster), ; and 6o are the angles of

incidence and reflection, respectively.

The gain matrix H comprises the gain between the ¢th transmit antenna and the

jth receive antenna which is obtained from the following formula [232]:

hij = _Aspread - Aabs +p+ GT + GR (414)

where G and G are the transmitter and the receiver antenna gain at the angle of
incidence #; and the angle of reflection ¢, respectively. These angles were calculated
for the length of the radiation path d;; based on the scenario presented in Fig.4.14
using the following formulas [17, 217]:

Sp; sz'j
cos(0r)  cos(0p)

Spitan(é’h-) + Spijtan(e()ij) = Lz’j (416)

where Sp; is the distance between the transmitter and the corresponding indoor wall,
Spi; is the distance between the receiver j and indoor wall 4, L;; is the horizontal
distance between the transmitters and receivers and d;; is the length of the radiation
path between the i, transmit antenna and the j;, receive antenna. Whereas, d; and

d, are the spacings between the transmitters and between the receivers, respectively.

Finally, for the channel computation, a system with M transmit antennas and N
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receive antennas are considered, where the channel can be represented as an M x N

matrix. The time-invariant channel is described as:

y=Hzr+w (4.17)

where z is the transmit signal, y is the receive signal and w is the white Gaussian
noise. The capacity is given by maintaining singular values \; for the gain matrix H

as follows [232]:

Nmin i>\i2
C=> l0g2(1+p A ) b/s/Hz (4.18)
i=1

where n,,;, is the rank of the matrix H, p; is the transmitting power from the i,
MIMO antenna array, A; is the singular value of the matrix H and N, is the noise

power spectral density which is taken as 0.01 nWV.
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Figure 4.14 — A scenario based on the MIMO antenna array.

4.4.3 Results and Discussion

Now, channel capacity will be investigated for the defined scenario given in Fig.4.14.
First, the total path loss that includes the spreading loss, molecular absorption loss,
and reflection loss should be estimated. Therefore, it is important to have the main
direction of the radiation pattern of the designed antennas towards the angle with the

lowest total path losses. Hence, to calculate the channel capacity in this design, the
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Figure 4.19 — The capacity of the proposed MIMO system (2x2 system configuration).

gain that was achieved by the MIMO antenna arrays at the incidence angle with the
lowest loss is considered. The total path loss versus the incidence angle of transmission
for a MIMO (2x2 system configuration) is shown in Fig.4.15, where Sp;=1m, Spy1=
0.75m, L;;=2m, d;=0.1m and d,=0.5m. For the first transmit antenna and the first
receive antenna, which is equivalent to the case of the second transmit antenna and
the second receive antenna, the best incidence angle was observed at 47° with a total
path loss of 46.46 dB. For the first transmit antenna and the second receive antenna,
the best incidence angle was observed at 45° with a total path loss of 47.73 dB.

Whereas, for the second transmit antenna and the first receive antenna, the best
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Figure 4.21 — The capacity of the proposed MIMO system (2x2 system configuration)

for different L;; values

incidence angle was observed also at 45° with a total path loss of 46.72 dB.

The channel capacity for the 2x2 MIMO system configuration with different trans-
mit power is shown in Fig.4.16, the capacity was 23.64 and 23.42 bit/s/H z for MIMO

antenna arrays 2 and 1, respectively, compared with 21.42 bit/s/Hz for MIMO an-

tenna array 0. Based on the obtained results, the capacity performance was enhanced

when the PCs were employed as seen in MIMO antenna arrays 2 and 1. Therefore, a

2x2 system based on MIMO antenna array 2 has achieved the maximum capacity.

The capacity for different system configurations based on MIMO antenna array

2 comprising SISO (1x1), MISO (2x1) and SIMO (1x2) was investigated and com-

pared to the 2x2 MIMO system configuration. The results are presented in Fig.4.17.
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The capacities were 13.64, 14.59, and 14.85 bit/s/Hz for SISO, MISO and SIMO
system configurations, respectively compared to 23.64 bit/s/Hz for the MIMO sys-
tem configuration. Hence, an overall enhancement in the capacity performance was
obtained with the MIMO system configuration compared to the MISO, SIMO, and

SISO system configurations, respectively.

The effect of the distance between the transmitter antennas d; and the receiver
antennas d, on the total path loss and the channel capacity in the MIMO system
configuration using MIMO antenna array 2 were investigated by sweeping d; from
0.1m to 0.3m and d, from 0.2m to 1m, respectively. Fig.4.18 shows the total loss
versus the incidence angle of transmission between each transmission antenna and
receiver antenna. It is clear that the total path loss was increased by increasing
the spacing between the transmitters and the receivers due to the added diversity
scheme, moreover, a slight increase in the best incident angle of transmission was
noticed. Fig.4.19a shows the capacities for different transmitter spacing as 23.64,
24.85, and 24.69 bit/s/Hz at a transmission power of 103uW. Whereas, Fig.4.19b
shows the capacities for different receiver spacing as 22.5, 23.64, and 23.16 bit/s/Hz
at a transmission power of 103uW. The results indicate that the capacity can be

improved by varying the transmitter and the receiving spacing.

The impact of the horizontal distance between the transmitter antennas and the
receiver antennas using MIMO antenna array 2 for the MIMO system configuration
was investigated further by sweeping L;; from 1m to 4m. The total path loss versus
the incidence angle of transmission is shown in Fig.4.20. It is noticed that the total
path loss was reduced when the horizontal distance was larger with a slight increase
in the best incident angle of transmission. Fig.4.21 shows the capacities at a trans-
mission power of 103uW which were found as 17.13, 23.64, and 17.08 bit/s/H z, so,

the capacity decreased by increasing the horizontal distance.

For the scenario presented in Fig.4.14, the maximum capacity was 23.64 bit/s/Hz
at a transmission power of 103uW for the 2x2 system configuration using the MIMO
antenna array based on the optimized PCs. For the same scenario, this capacity

clearly is favorable compared to 11.5 bit/s/Hz (enhancement of 105.57 %) by [231],
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18.21 bit/s/Hz (enhancement of 29.82 %) by [136] and 22.3 bit/s/Hz (enhancement
of 6.01 %) by [217]. This capacity can be improved further by using larger system
scales or by manipulating the spacings and distances between the transmit and the

receive antennas.

4.5 Summary

This chapter focused on channel capacity enhancement in THz communication sys-
tems, and to this end, the researcher developed and analyzed a novel MIMO system
using a graphene-based 1x2 RMPA array through the use of different substrates, in-
cluding homogeneous, periodic PCs and optimized PCs substrates. First, systematic
analysis has been conducted on the graphene load conductivity by determining the
operating modes related to its chemical potential. The employed graphene load op-
erated in a low resistive mode where the chemical potential . is used as 1.5 eV.
The targeted MIMO antenna arrays have been compared with their radiation char-
acteristics such as return loss, bandwidth, and gain. The obtained results in CST
simulations of the proposed graphene-based 1x2 patch antenna array using the opti-
mized PCs substrate exhibited excellent performance improvements as compared to
the homogeneous substrate and the periodic PCs substrate around 0.65 THz, which
achieved a peak gain of 11.80 dB and broad bandwidth greater than 614 GHz. Next,
an indoor communications environment based on the THz band was studied and an-
alyzed where the scenario of a 2x2 MIMO system using the mentioned target MIMO
antenna arrays was considered. The total path loss and channel capacity were numer-
ically calculated. The obtained results showed that the proposed 2x2 MIMO system
with the MIMO antenna array based on the optimized PCs substrate achieved the
highest capacity and the lowest total loss compared to a simple MIMO antenna array
based on a homogeneous substrate. The capacity was calculated as 23.64 bit/s/H z,
and this was a remarkable enhancement compared with previously reported studies.
Finally, this capacity was investigated further for different system configurations and

different spacings between the transmission and receiver antennas.



General Conclusion

Initially, a literature review on the THz band is demonstrated by involving its poten-
tial impact, key characteristics and corresponding challenges. Next, the effect of the
PCs was investigated by designing different THz antenna array configurations includ-
ing 1x2, 1x4 and 2x8 RMPA arrays. The objective of this design was to enhance the
radiation characteristics of these antenna arrays by suppressing undesirable surface
waves that are found in the homogeneous substrate around 0.35 THz where there
exists a low atmospheric attenuation window. The simulation was performed using
CST and validated with the aid of HF'SS. The main results showed that the designed
antenna arrays based on the PBG substrate structure outperform the antenna arrays
based on the homogeneous substrate in terms of return loss, bandwidth, gain and di-
rectivity. Therefore, the 1x2 RMPA array achieved improvements of 124.32 %, 591.03
%, 10.71 % and 7.75 %, respectively. The 1x4 RMPA array achieved improvements
of 137.62 %, 454.46 %, 8.98 % and 8.93 %, respectively. Finally, the designed 2x8
RMPA array achieved the highest radiation characteristics and exhibited excellent
performance improvement of 416.17 %, 961.39 %, 18.54 % and 19.02 %, respectively.

A novel 1x2 microstrip patch antenna array based on a silicon-air PC substrate
is designed and analyzed around 0.65 THz, where a low loss atmospheric window
exists in the THz band. The aim of this study was to improve its performance by
suppressing undesirable surface waves that are found in the homogeneous substrate.
The simulation was performed with the aid of two different simulation techniques,
which indicated that the utilization of PBG substrate efficiently improved the ra-

diation characteristics of the conventional microstrip antenna array, which obtained
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enhancements of 161.88 %, 1055.52 %, 98.63 % and 17.83 % in the return loss, band-
width, gain, and radiation efficiency, respectively. Next, a novel 2x2 microstrip patch
antenna array is designed and analyzed around 0.65 THz based on different substrates
including periodic, non-periodic PCs and homogeneous substrates. The simulation
was performed also using two different simulation techniques and showed that the
designed antenna array based on periodic PCs performed much better than the con-
ventional antenna array, which obtained improvements of 72.29 %, 68.67 %, 91.25
% and 2.24 % in the return loss, bandwidth, gain, and radiation efficiency, respec-
tively around 0.65 THz. Subsequently, three different enhancements to the PCs were
made by introducing the non-periodic PCs. The simulated results showed that the
return loss, bandwidth, gain and radiation efficiency were further improved using non-
periodic PCs substrate compared to periodic PCs substrate as found in antenna array
4, which obtained improvements of 1.19 %, 3.93 %, 4.42 % and 0.33 %, respectively,

in the return loss, bandwidth, gain, and radiation efficiency around 0.65 THz.

A variety of microstrip THz patch antenna arrays based on enhanced PCs were de-
signed and analyzed around 0.65THz with the goal of minimizing the effect of surface
waves found in the homogeneous substrate. First, six THz 1x2 RMPA arrays based
on different substrates, including homogeneous, periodic PCs and five new aperiodic
PCs substrates are studied. The obtained results showed that the designed antenna
arrays based on periodic PCs substrate achieved much better radiation characteristics
as compared to the homogeneous substrate around 0.65 THz with improvements of
121.86 %, more than 376.50 %, 23.14 % and 2.54 % in the return loss, bandwidth,
gain and radiation efficiency, respectively. Later, it was found that aperiodic PCs
substrate yields further performance improvements over periodic PCs substrate as
found in antenna array 6, which achieved improvements of 40.83 %, 12.85 % and 1.48
% in the return loss, gain and radiation efficiency, respectively. Next, four THz 1x2
CMPA arrays with new PCs structures were introduced. These structures include air
cylinders holes, air cuboids holes and mixed air cylinders holes with air cuboids holes
with a modified diameter value. This novel technique demonstrated a significant im-

provement in the gain as found in antenna array 11 which achieved 12.03 dB ( 36.70
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%) compared to the conventional 1x2 CMPA array which achieved 8.80 dB.

Finally, a novel MIMO system was developed using a graphene-based 1x2 RMPA
array using different substrates, including homogeneous, periodic PCs and optimized
PCs substrates. The obtained results in CST simulations of the proposed graphene-
based 1x2 patch antenna array using the optimized PCs substrate exhibited excellent
performance improvements as compared to the homogeneous substrate and the PCs
substrate around 0.65 THz, which achieved a peak gain of 11.80 dB and broad band-
width greater than 614 GHz. Later, a 2x2 MIMO system scenario was studied and
analyzed using the aforementioned targeted MIMO antenna arrays by calculating the
total path loss and the channel capacity. The capacity was compared with different
schemes such as MISO, SIMO and SISO. The outcomes demonstrated that the pro-
posed 2x2 MIMO system with a MIMO antenna array based on the optimized PCs
substrate achieved the highest capacity of 23.64 bit/s/Hz in the highest transmit
power compared to 23.42 bit/s/Hz and 21.42 bit/s/Hz obtained by the same 2x2
MIMO system using MIMO antenna array based on the periodic PCs and the homo-
geneous substrates, respectively. These results also showed a significant improvement
compared to previously reported studies. Ultimately, an interesting improvement in
the channel capacity was achieved by manipulating the geometric parameters of the

indoor environment.



Suggestions

As the research advances, there are some interesting suggestions about this thesis

which can be highlighted as follows for the future:

1. Design of THz antenna array based on PCs in other low-attenuation windows in
the frequency range of 0.99—-1.09 THz, 1.21-1.41 THz, 1.42-1.59 THz, 1.92-2.04
THz, 2.05-2.15 THz, and 2.47-2.62 THz.

2. Design of larger THz array configuration based on PCs such as 8 elements (8x1
array), 16 elements (4x4 array), 32 elements (4x8 array) or 64 elements (8x8

array).

3. Design new PCs structures that improve further the antenna array radiation

characteristics.

4. Design of new THz antenna arrays with different types of radiated patches based
on PCs with graphene.

5. Design of different communication scenarios with larger system scales such as

4x4 and 8x8 for THz MIMO system implementation based on antenna arrays.
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