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الملخص
الركيزة وتحليل تصميم تم الضوئية. البلورية الركيزة على القائمة الميكروستريب تيراهيرتز هوائيات وتصميم تحليل على الرسالة هذه تركز
CST Microwave Studio المحاكي مع التطوري التحسين خوارزمية من مزيج على تعتمد تقنية باستخدام المركبة الضوئية البلورية
هوائيات من العديد وتحليل تصميم تم ، ذلك بعد التقليدية. الضوئية البلورية و المتجانسة الركيزة على القائم الهوائي ادٔاء مع ومقارنتها
الهوائيات من عليها الحصول تم التي النتائج مقارنة كذلك تم والمهندسة. المعدلة الضوئية الحزمة فجوة ركائز على بناءً تيراهيرتز
اسٔاس على مصمم مصغر هوائي باستخدام MIMO داخلي اتصال نظام في التحقيق تم ، اخٔيرًا مختلفة. بحثية اؤراق مع المذكورة
و SIMO و SISO لنظم شائع داخلي اتصال سيناريو بدراسة متبوعًا التيراهيرتز نطاق في الجرافين مع محسنة ضوئية بلورية ركيزة

اخٔرى. بحثية اعٔمال مع ومقارنتها MIMO و MISO
MIMO ، CST ، التحسين خوارزمية ، الضوئية البلورة الميكروستريب، هوائي ، تيراهيرتز المفتاحية: الكلمات

Abstract
This thesis focuses on the analysis and design of terahertz microstrip antennas based
on photonic crystal substrate. A synthesized photonic crystal substrate is designed
and analyzed by using a technique based on the combination of an evolutionary
heuristic optimization algorithm with the CST Microwave Studio simulator and
compared with homogeneous and conventional photonic crystal substrate-based an-
tennas performance. Then, several terahertz antennas are designed and analyzed
based on different modified photonic bandgap substrates. The obtained results
from the aforementioned antennas are compared with different research papers in
literature. Finally, a MIMO indoor communication system is investigated using a
designed microstrip antenna based on an optimized photonic crystal substrate with
a graphene load at the terahertz band followed by an indoor communication sce-
nario, which is studied for SISO, SIMO, MISO, and MIMO systems and compared
with other researches in literature.

Keywords: Terahertz, Microstrip antenna, Photonic crystal, Heuristic algo-
rithm, CST, MIMO
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Résumé
Cette thèse se concentre sur l’analyse et la conception d’antennes microruban téra-
hertz basées sur un substrat de cristal photonique. Un substrat de cristal photonique
synthétisé est conçu et analysé en utilisant une technique basée sur la combinaison
d’un algorithme d’optimisation heuristique évolutive avec le simulateur CST Mi-
crowave Studio et comparé aux performances d’antennes basées sur un substrat
homogène et de cristal photonique conventionnel. Ensuite, plusieurs antennes téra-
hertz sont conçues et analysées sur la base de différents substrats de bande interdite
photonique modifiés. Les résultats obtenus à partir des antennes susmentionnées
sont comparés à différents articles de recherche dans la littérature. Enfin, un système
de communication intérieur MIMO est étudié à l’aide d’une antenne microruban
conçue basée sur un substrat de cristal photonique optimisé avec une charge de
graphène dans la bande térahertz suivie d’un scénario de communication intérieur
commun qui est étudié pour les systèmes SISO, SIMO, MISO et MIMO et comparé
avec d’autres recherches dans la littérature.

Mots clés: Terahertz, Antenne Microruban, Cristal photonique, Algorithme
heuristique, CST, MIMO
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Chapter 1

General Introduction

1.1 Motivation

Terahertz (THz) research has evolved rapidly over the past 25 years in several fields

including spectroscopy, imaging, and engineering[1]. In fact, THz spectrometers

and imaging systems have been standard research laboratory devices [2] in combi-

nation with recently upgraded terahertz sources and detectors [3, 4]. They have

also been utilized by many sectors and applications like pharmacy quality control

[5], medicine [6], explosive and hidden arms detection, [7, 8] and industry quality

control [9, 10]. Over the last decades, several organizations have taken the possi-

bility of utilizing THz waves as a way to transfer information (Info) into account.

In all the aforementioned interesting applications, the terahertz antennas are the

most crucial component of these systems. Many papers covering various aspects of

the topics such as THz sources and detectors, modulation schemes, and measure-

ments for wireless communication have been published. They also discuss wireless

terahertz networking methods in depth. Specific interpretations of the THz fre-

quency spectrum and applications exist in the literature but further enhancements

are required for effective and efficient terahertz antennas[11].

1.2 Thesis Contributions and Organization

The contributions and outlines of this thesis are ordered as follows:
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In Chapter 2, an overview of THz technology is presented where microstrip an-

tenna importance is discussed and highlighted in this promising technology followed

by a general presentation of photonic crystal structures. Finally, a conventional

THz antenna based on a photonic crystal substrate is analyzed and discussed.

Chapter 3 presents a designed THz microstrip patch antenna based on a syn-

thesized photonic crystal substrate using Computer Simulation Technology (CST)

Microwave Studio combined with the Binary Particle Swarm Optimization (BPSO)

algorithm in MATrix LABoratory (MATLAB) as a modern optimization technique

to synthesize unique photonic crystal structures that enhance the electrical char-

acteristics of the antenna. First, the microstrip antenna is designed based on a

photonic bandgap substrate, using air cylinders embedded in a silicon substrate, by

analyzing and designing the substrate separately, then employing it in a microstrip

antenna. After that, optimization of the microstrip antenna based on the Photonic

Band Gap (PBG) substrate is presented using BPSO and analyzed for two different

optimization merit functions, viz. the return loss with gain, and the bandwidth

with gain. The impact of this published work [12] is presented by comparing it with

literature.

Chapter 4 first presents a designed and analyzed compact THz rectangular mi-

crostrip patch antenna with a thick substrate for operation in the atmospheric win-

dow around 0.65 THz, where the atmospheric path loss is relatively small, followed

by the design of the PBG structure which is employed as the substrate for a conven-

tional microstrip antenna. Then, four different enhancements to the conventional

photonic crystal substrate are presented by introducing aperiodic Photonic Crystals

(PCs) in order to improve the characteristics of the antennas. After that, modifica-

tions of the patch shapes are depicted followed by modifications in the substrate’s

material of Roger-Air and Silicon-Air PCs. The enhancements of these antennas

[13, 14, 15, 16] are presented by comparing it with other research papers throughout

the chapter progression.

Chapter 5 presents the analysis and design of the Multiple Inputs Multiple Out-

puts (MIMO) indoor communication system using a THz patch antenna based on

a photonic crystal with graphene. In this chapter, first, graphene load is analyzed
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and investigated for its interesting characteristic. Followed by MIMO antenna design

based on homogeneous, photonic crystal, and optimized structure with the graphene

load. Then, by applying the designed antennas in an indoor communication scenario

in which its occurrence is most often established, different analyses and studies for

capacity enhancement are conducted [17] and compared with other results in the

literature.

Chapter 6 concludes the presented contributions and provides some suggestions

for further research.
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Chapter 2

Terahertz Antenna Based on

Photonic Band Gap Structures:

State of the Art

2.1 Introduction

The employment of the terahertz band for potential wireless networking solutions

is a fresh field of research aside from the traditional applications [18, 19]. The

need for high data rate connectivity systems is increasing due to the monotonous

rise in demand for fast transmission and reception with an accelerating population

development. In this chapter, an overview of terahertz technology is presented

where microstrip antenna importance is discussed in this technology. Finally, a

conventional terahertz antenna based on a photonic crystal substrate is analyzed

and discussed.

2.2 Terahertz Technology

2.2.1 Terahertz region and characteristics

Indeed, the data rate of wireless communication systems can be increased in two

different ways aside from power limitations. Firstly, when the transmission network’s
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bandwidth increased, but the current devices depend on the narrow bandwidth

where, in most situations, the bandwidth of the interface is just around 10% of

its operating frequency [11]. The next approach to this is the rise in operational

frequency in such a manner that telecom networks will meet the target user with a

large data rate, even with the limited bandwidth such as the 60 and 90 GHz wireless

systems [20, 21, 22] which have been built to fulfill the high bandwidth specifications

but are still inadequate to satisfy the potential demands.

The next possible approach to cope with this issue is for the operating frequency

band to be shifted to the terahertz band, sandwiched between the spectrums of

microwave and far-infrared as shown in Figure 2.1, which is defined as the band

between 300 GHz and 3 THz according to the International Telecommunication

Union (ITU) . In fact, it is defined as the band from 100 GHz or 300 GHz to 3,10,

or 30 THz in literature [23, 24].

Figure 2.1: Terahertz band location in the frequency spectrum [25].

However, the features of the device vary as the operating frequency rises and the

specific aspects of the terahertz wireless communications device need to be evalu-

ated. Besides, since the band sits between the two well-explored spectra systems, all

electronic and photonic routes can be used to develop the terahertz spectrum [26].

Over the last decades, the need for a point-to-point wireless communications

across an amount of space bandwidth has grown rapidly. One means of achiev-

ing these bandwidth criteria is to improve the flexibility of spectral usage by ad-

vanced modulation techniques which results in enabling improved point-to-point

data throughput, enhancing frequency share, and increasing reuse levels within a

space range. The channel bandwidth formula of Shannon indicates a higher limit
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for this strategy even if it is generalized to a wireless network in a shared space

through a multi-inputs multi-outputs approach. In order to have adequate commu-

nication capacity, transmitting bands must be reached at high carrier frequencies

beyond the current level. Under the bandwidth rule of Edholm[27], demand has

increased every 18 months in the last 35 years for the bandwidth of short-range

wireless communication [28].

Mann [29] deems these constraints and points toward a niche in which a very

high data rate is needed on a multipoint to the multipoint basis on short distances,

i.e. the first mile problems with the ones of the last mile, for commercial operation

of terahertz communications networks in cities where the cost of installing optical

cables is prohibitively large, for example, where fast dedicated internet connections

are a potential solution. Mann also claims that terahertz should conform to stringent

community development laws for a streamlined terahertz scheme. A number of high

bandwidth technologies can be allowed by means of a terahertz communication

system of gigabit or higher rates, including [30] cellular broadband fiber optical

networks extensions, a wireless extension to the high-speed wired local network,[31]

a link between low data rates, wireless and high-speed optical fiber networks and

HDTV [32].

It is important to analyze the benefits and drawbacks of the terahertz waves

compared with the microwave and far-infrared before investigating the system char-

acteristics of this work. The different benefits, that this electromagnetic spectrum

band provides, are described as follows[33]:

• The spectrum of the microwave is nearly all filled with various utilities. How-

ever, a wider spectrum is presented in Terahertz band.

• As a result of less free-space wave diffraction, terahertz communications are

inherent to a greater directivity than the micro or millimeter-waves.

• Terahertz communications can be introduced as a connection channel. Tera-

hertz can enable ultra-high frequency bandwidth schemes which can provide secure

communication, wide bandwidth, and security against channel attacks such as jam-

ming.

• Terahertz has poor signal attenuation under some ambient environments such
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as fog, as opposed to IR.

• The time-dependent refractive index of the atmosphere, scintillation, raised

in the IR can be decreased via the terahertz channel.

• For the last and first mile solutions, terahertz is a feasible alternative.

• The greatest allocated frequency given in the latest regulation is 300 GHz so

it is free of permission at terahertz band.

• Due to the need for new cutting edge modulation techniques, including OFDM,

coherent communication, the substantial advancement of the data rate is sluggish

in IR wireless communication systems.

While the terahertz communication channel is persuasive and compelling in the

almost millimeter-wavelength of the electromagnetic spectrum, the associated net-

work limitations must be resolved prior to complete commercialization. The atmo-

spheric path loss remains the biggest obstacle to the introduction of the wireless

terahertz commercial network. This impairment is caused by varying ambient envi-

ronments which are demonstrated by the effects on the spread of the electromagnetic

wave across a broad frequency range as shown in Figure 2.2 [34].

Figure 2.2: Atmospheric path loss in different ambient environments in terahertz
band [11].

According to Figure 2.2, the attenuation of the signal decreases with the increase
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in the wavelength. The legend’s dotted line shows the signal attenuation at sea level

in 4 mm/hr rainy weather. The dotted line displays the water level in the soil at

15 gm/m3. The solid line displays the normal US weather conditions (59% relative

moisture), while the dash-dot line indicates 100 m of fog visibility. Based on Figure

2.2, it is noted that the attenuation in the humid environment is the main downside

to the Terahertz Communication System. This number, however, is comparatively

lower than the IR wave. At 240 GHz, the average foggy attenuation is roughly

200 dB/km and 80 dB/km [35] for the IR and terahertz waves, respectively. In

fact, the terahertz link has often been found to undergo higher losses than the

microwave. However, in extreme weather conditions, it may be a strong choice

against IR. Regardless of the tiny number of contaminants of clouds and pollen in the

atmosphere, terahertz loss is limited up to 1 THz. Terahertz propagation primarily

depends on the state of the atmosphere and shifts in attenuation frequency due to

changes in the height, temperature, etc.

In order to fight against such unfavorable circumstances, it is suggested the need

for robust network architecture, otherwise, terahertz connectivity will be limited to

either indoor wireless [36] or inter-satellite connectivity only [37]. Fortunately, in the

terahertz band, there are several low atmosphere loss windows where wireless connec-

tivity can be built successfully. Such ranges are therefore smaller than 1THz with a

reduced ambient loss at 300GHz, 350GHz, 410GHz, 650GHz, and850GHz,[38] and

less than 100dB/km for short-range communications. In addition, the attenuation

is not important at over 16km where the moister impact is marginal and thus inter-

satellite connectivity is formed at this height.

Terahertz fiber, such as hollow-glass metallic waveguides[39], bare metal wires[40],

and photonic crystal fibers [39], is distinguished by a relatively broad attenuation

as compared to near IR wavelengths, which include low-loss optical fibers. As fiber-

optic transmission networks will hold very large data rates as high as 100Gb/s over

tens of kilometers in length, It is impractical that communication systems with tera-

hertz would use terahertz fibers for long-distance propagation. Terahertz fibers may

be stronger than the inherent attenuation and dispersal of building materials if the

transmission distance is less than a meter, for example through a barrier such as a
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wall. However, the Radio-over-Fiber (RoF) approach will use optical fibers for the

propagation of terahertz modulated optical signals to the outside of buildings before

converting them into terahertz radiation[33].

In free-space, the value of diffractive effects can be analyzed using the Friis

equation. According to Brown analysis [33] the load of the receiving antenna is

supplied by

Pout = Pin(
λ

4πd
)2GrGtFr(θr, ϕr)Ft(θt, ϕt)τϵp (2.1)

where the power supplied to the transmitting antenna is Pin, G is antenna gain, F

is a function of the normalized intensity pattern, τ is the path power transmission

factor, ϵp is the efficiency of the polarization coupling, λ is the radiation wavelength

and d is the spacing between the receiving and transmitting antennas. θ and ϕ are

the angles of spherical coordinates at either the receiver or transmitter.

Two factors eventually lead to the free-space loss factor ( λ
4πd

)2: the presumption

that the aerial measurement of the far-field radiation from the transmitting antenna

contributes to the transmitter being assumed to produce a spherical wave with a

decrease in intensity of 1/d2. Furthermore, the second element, λ2, comes from

the diffraction-restricted directivity Dmax or the solid angle that defines the degree

with which the detector is effective in the diffracting intensity pattern featured as

Dmax = 4πAeff/λ
2 with

Gt =
Prad

Pin
Dt (2.2)

in which Prad is the radiated power, rely on an antenna gain and directivity. Unless

the radiation and the input power are equal, then the antenna gain is identical to

the directivity. Equation 1 may be rewritten as

Pout = Pin
AtAr

d2λ2
Fr(θr, ϕr)Ft(θt, ϕt)τϵp (2.3)

where At and Ar correspond to the transmitter’s and the receiver’s effective areas

respectively. The received power at the detector changes by 1/λ2 according to Equa-

tion 2.3, thereby increasing detection performance as the wavelength decreases or

the frequency of operation rises to terahertz. For calculations of the maximum data
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transfer distance of a 400GHz relative to a 60GHz device, Mann[29] used a simpler

form of Equation 2.3. Although terahertz sources are actually less efficient than

comparatively large microwave sources, the peak distances for data transmission are

1.9 − 2.0km. The low power of a 400GHz network is compensated by a 400GHz

radiation diffraction below that of 60GHz[33].

For the atmospheric attenuation windows of terahertz signals such as the 200−

300GHz or 600− 700GHz, Figure 2.2, are readily accessible for terahertz commu-

nications. Koch[28] states that the realistic terahertz link distances are restricted to

multiple tens of meters by accounting of the high atmospheric attenuation. There-

fore, terahertz wireless networks are expected to be restricted to medium and short

indoor communication implementations as outdoor situations are far less possible

unless unclear weather is uncommon.

As both indoor and outdoor terahertz networks have reduced diffractive effects at

terahertz frequencies compared with microwave frequencies, a line of sight between

the sender and the receiver is likely to be needed. This restriction is less of a

concern for outdoor devices, for instance, where the transmitter and the receivers

were mounted on the roofs of buildings.

For indoor structures, non-line of sight paths like reflections from walls will

have to be considered. Evidently, the transmission path is significantly disrupted by

objects or persons passing along the beam lane. The high gain per antenna demands

a strongly directed terahertz emission and a line of sight detection. It should be

noted that this terahertz-wireless data link paradigm is quite different from the

current wireless indoor communication networks. As an additional illustration of

the need for innovative technologies, obstacles may obstruct the line of sight as

people walking through the space such that suitability of non-line vision paths such

as the reflection of walls is required. Hence, the introduction of indoor terahertz

connectivity should therefore not be merely an application of current technology but

will require the creation of different techniques and innovations to make it feasible.

Nonetheless, considering that a reflection on usually construction materials [41]

causes more losses in the links, highly reflective mirrors are required. Furthermore,

controllable high-gain antennas are needed if the primary route is blocked. The re-
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flective ”wallpaper,” which enhances terahertz reflection [42] from walls when there

is no visibility in room space is a crucial hardware feature for the implementa-

tion of indoor terahertz communications. Real refractive indices 1.7 and 1.59 were

implemented in the first edition of the reflective paper[43]. Stacked alternative lay-

ers provided a comparatively high 76% reflectivity with a bandwidth of 16GHz at

187GHz. One of the advantages of these dielectric mirrors is that they are versa-

tile since they can be constructed of versatile plastics. The maximal reflectivity is

therefore constrained by the index difference of the different layers. An enhanced

mirror version mentioned in reference[44] is composed of alternative polypropylene

n = 1, 53 stacks and silicone n = 3, 418 with high resistivity. These mirrors have

95% high reflectivity for the s-polarization as well as p-polarization and independent

of the angle of incident owing to the tremendous index disparity between adjacent

classes. Subject to the change of the reflecting band in p-polarization with an angle

of incidence, the bandwidth is reduced to 56GHz. Dispersive properties reports of

the mirror show that the group delay is in the range of 5ps, [45] with a variation

between 0.25 and 0.4THz of both the terahertz frequency and polarization. Unfor-

tunately, the crystalline silicon layers of 63µm thickness are not versatile. However,

a flexible high index dielectric may be generated with the combination and coextru-

sion of high resistance silicone or TiO2 powder with polypropylene [46]. This will

increase the efficiency and standardization of the flexible dielectric terahertz mirror.

Studies on terahertz transmission problems rely primarily on indoor and outdoor

channel modeling, propagation impacts analysis, modulation schemes assessment,

and hardware components of terahertz. Compared to microwave or millimeter-

wave networks, the inherent benefit of terahertz communications networks is wider

bandwidth. Yet, what about the other set of opposing frequencies, including IR.

The most common optical transmission carrier with a limited distance of up to

10km is established as the IR free space transmission connection with a 1.5µm wave-

length. The recorded data rate is 155Mb/s [47] as previously stated by Koch,[28]

despite the fact that wireless IR devices are 30 years old. A research review [33]

has found no little progress over the 155Mb/s data rate. Recently, a data limit

of 10GB/s was shown in an atmospheric simulation environment [48]. Improved
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modulation technologies such as orthogonal frequency division multiplexing have

been essential to growing the IR wireless data limit to 10Gb/s. Multi-Inputs multi-

Outputs (MIMO) processing with coherence detection are employed for 100Gb/s per

channel connection [33].

The transceiver misalignment attributable to air turbulence and moisture vari-

ations in the beam trajectory, i.e. scintillation, as well as ambient absorption of

the IR signal are two of the most critical problems for IR free-space connectivity

[49]. Changes in environmental turbulence and moisture induce differences in the

real ambient refractive index in time and space. The position of the IR beam on

the recipient thus continues to shift in time, resulting in a scintillation impact.

Another possible advantage of terahertz is that intensity modulation and de-

tection utilizing IR photodetectors is not as susceptible as terahertz heterodyne

detectors relative to IR communication systems presented in [28]. In comparison,

IR light noise is typically more dominant than terahertz noise. Finally, for IR wave-

lengths, the eye safety concern demands that the transmitted strength of the IR be

restricted to eye-safe intensity [33].

2.2.2 Terahertz channel models

The research in [50] reveals that both the molecular structure of the media and the

propagation length have an intense effect on the terahertz transmission channel.

The main influence on the conduct of terahertz waves is the high absorption from

the molecules of water vapor that not only decreases the emitted signal but also

creates colored noise. The terahertz band can be perceived as a single transmitting

window of 10THz in the very short range, i.e. for a transmitting length of many

tens of millimeters. That is the greatest distinction from current communications

networks that utilize a single transmitting window below 350GHz. In addition to

promoting extremely high transmission speeds, the very high terahertz band channel

capacity allows modern encoding and modulation technologies as well as innovative

networking protocols for resource-limited nano-applications which are more conve-

nient. The researcher realize that a nano-transceiver is still facing multiple obstacles

to incorporate or integrate this communication scheme in a nanoscale system, but it
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is considered that the anticipated effect of nano-networks would undoubtedly inspire

and promote its growth in our society.

Figure 2.3 from [51] demonstrates the layout of the test benches for terahertz

communications. They are divided into three groups and support each category by

the ”averaged” fit, which indicates the development depending on the communica-

tions distance. The data were replicated in part from [52] and augmented by the

latest records. The researcher emphasize on the following three key points in eval-

uating these results. For both shown groups, the reached data rate is continuously

rising. Secondly, the growth rate is then supposed to be inversely proportionate to

the transmission distance. In other terms, the smaller the distance is, the higher

the data rate is reached. Lastly, as can be noted, the midline development, distance

from 1 to 10m, permit us to predict that 100Gbit/s solutions will be possible by

2020.

Figure 2.3: The layout of the test benches for terahertz communications [51].

The terahertz networking standardization began in 2008, with the creation un-

der IEEE802.15 family of a Terahertz Interest Group (IGterahertz). The NTT ,

NICT , AT&T , TUBS, and Intel Alliance explored the inherent shortcomings of

the terahertz spectrum in 2008−2013. The main goal is to create a PHY-MAC layer

approach for communications in the lower terahertz range, 252 − 325GHz,[53]. In

the course of 2014 the IEEE802.13.3d Task Group on 100Gwireless, TG100 G was
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Table 2.1: IEEE 802.15.3d vision of terahertz wireless communications prospective
application summary [53], [53], and [51].

Application Topology Antennas directivity Range m Data rates, Gbit/s
Wireless backhaul Point-to-point Extremely directive (>50dBi each side) 500 10-100
Wireless fronthaul Ad hoc Highly directive (Base station: >20dBi) 200 10-100

Data centers Point-to-point Highly directive (>20dBi each side) 100 1/10/40/100
Kiosk downloading Point-to-point Directive (>10dBi kiosk side) 0.1 1-100
Intra-chip networks Ad hoc Deployment specific 0.03 1-100

updated. Table 2.1 outlines the IEEE outlook on potential terahertz networking

technologies and related technical specifications. The situations vary from wired

communications to backhaul and fronthaul lines for cell networks within 5G and

afterward. The scope of distances from 3cm to 500m is exhibited. The specifica-

tion list, foreseen in the group IEEE802.15.3d, has a gap distance of 0.1 to 100m,

which is remarkable. However, it is believed that the indoor wireless connectivity

through a terahertz-band in the range of 0.1-10m has to be tackled as one possible

application according to the advances in terahertz technology, as well as the growing

demand for higher wireless data rates.

2.2.3 Applications and systems

One of the interesting applications is in the research work [51], the idea of an Ether-

net socket directly configured with a terahertz cable which is a system functioning

in the terahertz frequency range illustrated in Figure 2.4.

Figure 2.4: Terahertz application for Indoor wireless communication systems with
massive data transfer capacity [51]
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Combining a gigabit Ethernet with the proposed wireless terahertz interfaces

will allow massive transfers of wireless data. A step-by-step guide is provided to-

wards the deployment of the planned indoor wireless multi-gigabit connectivity for

first and last-mile access in the terahertz band. In both IEEE802, 15.3d (50GHz

bandwidth and frequency center of 300GHz ) with real terahertz situations where

a huge bandwidth of 500GHz between 1− 1.5THz, the first phase of the proposed

Roadmap are presented [51]. In spite of the target capacity and data bandwidth

values, a strong terahertz attenuation and scattering level limits the transmission

distance and has to be mitigated with adequate directive beam shaping antennas

in both LoS and nLoS situations. The development of these antennas in the at-

tached transceivers reflect the main challenge to seize the advantage of the terahertz

frequency band’s extraordinary ability.

Another application is the conducted study in [54] which revealed a detailed

simulation analysis on the utilization of Terahertz (0.8− 1.2THz) MISO technique

inside human tissues. The skin model is divided into three layers: stratum corneum,

dermis, and epidermis. The impact of sweat ducts and the crudity between layers are

taken into account. As a receiving antenna, one dipole antenna was implanted in the

epidermis layer while the dermis region contains the transmitting antenna with two

dipole antennas. In-vivo channel spatial diversity approaches have been studied.

The spacing between transmitters was chosen to ensure that the interconnection,

coupling, between the antennas is often lower than −17dB. In order to analyze

the distance influence, the distance from the two Tx antennas and the receiver was

varying. Although it is not beneficial to use multiple antenna strategies for Vivo

nano-communications, except under interference circumstances, fading and multi-

path. The MIMO antenna system provides improved data performance. This early

inference illustrates the disparity between in-vivo and traditional communications

networks. The work also presented an analysis of applications and advantages for

the usage of MIMO in terahertz bands for in-vivo nano-communication. Study

to develop terahertz biomedical applications in vivo connectivity with the MIMO

antenna system is still a challenge in order to reach full channel efficiency through

the analysis of the spatial relationship inside the body medium and the deployment
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of MIMO antenna systems in the body.

Furthermore, the application of terahertz radiation for plant control is illustrated

in Figure 2.5 [55], as terahertz propagation offers practically real-time hydration and

dry stress details. Furthermore, the non-destructive property of T rays enables wa-

ter supply monitoring to the plant breeding industry with intelligent irrigation ap-

proaches and control for selective cultivation which was laboratory restricted before.

Figure 2.5: Terahertz application for real time hydration and dry stress details

In most terahertz literary papers either terahertz sources, detectors, or compo-

nents are addressed where they commonly encourage the research with the right to

believe that terahertz could be employed for secure communications. Safe connec-

tion situations may involve stealthy interaction between unmonitored or controlled

cars and personnel. Unmonitored cars need short-haul safe connectivity links to be

able to obtain instructions or data until they deploy and execute their autonomous

or remote operated task. Unauthorized staff would not be able to recognize the data

through eavesdropping on communications networks or the existence of a transmis-

sion link in order to protect the Information (Info) [33].

A primary factor for safe terahertz wireless connectivity within the United States

Department of Defense (DoD) could be for Project [56] of broadband mobile-on the-

move techniques leveraged by both terrestrial and satellite networks. This transition

in strategy represents DoD’s intention to switch from a manual to autonomous for

the spectrum management framework. Through utilizing this latest technology, DoD
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intends a military network that connects land, sea, air, and space operations with

layered flexibility, persistent communication, and adaptable to the situation. High

bandwidth and safe communications are obviously important for such a device.

Terahertz connectivity links may deliver each of these essential characteristics as

part of a full network. These features include highly directive beams in comparison

with microwave transmission, lower radiation scattering in comparison with wireless

IR, restricted atmospheric attenuation propagation range, and channel encryption,

wide link bandwidth for spread spectrum techniques that enable anti-jamming and

low likelihood of sensing systems and activate concealed terahertz signals within the

background noise.

As the frequency of terahertz is greater than microwaves, terahertz radiation

rays can diffract less naturally. Thus, terahertz links are typically a line of sight,

as discussed before. Due to the fact that terahertz transmission beams are strongly

directed, the region in which terahertz radiation can track can be concentrated.

Microwave transmission is less directional; thus, unauthorized workers will more

readily sense side lobes. On the other side of the spectrum, IR transmission with

a higher carrier spectrum and smaller realistic beam width are more spatial than

terahertz. Nevertheless, ambient objects actively scatter IR radiation. Scattered IR

radiation from ambient objects may be measured, thereby undermining the link of

communication.

Inherently atmosphere attenuation of terahertz radiation may also act as an

advantage for safe channels, thus reducing the total range for wireless transmission.

Wave propagation is monitored by air absorption and thus reduces the range for

identification. For secure communications, it might be feasible to use attenuated

wavelengths of IR links 5 − 7m [49]. Due to the strong directive radiation, the

transmission of data to the target detector for a limited distance will easily be

made feasible. Data transmission to the target detector for short distances may be

supported since the emission is strongly directional. The channel is however safe

over longer lengths because the atmosphere attenuates the radiation. Likewise, the

terahertz radiation is heavily absorbed by the environment outside of the desired

propagation space, rendering it very difficult to identify unwanted info. Through
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consuming of such geographical regions, the connectivity of such networks may be

restricted, and the identification and analysis of signals in such regions may become

even more complicated even though the network is operating in a broadcast mode.

A technical benefit of an ultra-bandwidth communication network will minimize the

chances of an adversary to effectively attack a protected channel in addition to the

inherent transmission characteristics that permit safe terahertz communications.

For instance, terahertz’s wide channel bandwidth enables different channel se-

curity measures against numerous standoff threats, such as jamming. In addition

to protection from jamming attempts, the wide bandwidth terahertz systems may

also deliver the possibility of fully shielding the exchange of Info . In fact, three

specific protection classes of techniques can be classified for communications net-

works. Techniques for data encryption are well-known and can only be decrypted

or interpreted by a recipient with the appropriate key. Such an approach will not,

therefore, inform the recipient whether the communication is eavesdropped or not.

Quantum cryptography enables the exchange of data on the basis of entangled par-

ticle states. Such systems reveal probable eavesdropping operations for the target.

However, the sender and recipient sharing of data is conducted as minimum Info for

eavesdroppers and other illegal third parties. A third and modern technique of safe

terahertz communication is the wide terahertz channel bandwidth that enables low

detection probability, such that transmission links are completely concealed and a

third party doesn’t even know that signals are exchanged. A central frequency of

about 240GHz gives a bandwidth of about 100GHz in the atmospheric terahertz

transmitting windows. The distribution of data over 100GHz allows it to be quite

complicated to jam the device as an attacker must produce enough power to defeat

the terahertz received power[33]. The trick to this anti-jamming strategy is to ef-

fectively disseminate data using high-speed modulators and demodulators over the

terahertz wide bandwidth.

For all the discussed applications, the conventional terahertz systems and hard-

ware requires further enhancements. In fact, while a few reduced attenuation win-

dows are below 1THz, the signal attenuation in this band is greater than the typical

microwave channel. To overcome this constraint, the channels of the wireless com-
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munications must be configured with different hardware and software parameters.

However, more researches are needed for higher power emitting sources, sensitive

detectors, high gain antennas, and low-loss interconnects among the hardware equip-

ment. Work in this area will contribute to the creation of a lightweight, cheap tera-

hertz wireless communication network with low profiles. As stated earlier, terahertz

remained a breach since high energy sources were not available.

Different terahertz sources above 1THz were recorded in the science and en-

gineering domain, but they cannot all be specifically included in transmission as

wireless communication in lower attenuation windows below this frequency is re-

quired to be established. Using the optical photo-mixing method, two laser offset

frequencies are combined to create the terahertz signal above 1 THz [57, 58, 59, 60].

The terahertz signal may therefore also be produced by means of a Backward Wave

Oscillator (BWO) below 1 THz [61]. However, owing to the need for a strong mag-

netic field, the volume of the unit is extremely immense. Besides this, several other

instruments may build a terahertz signal with low power [62, 63, 64, 65, 66]. Since

tiny terahertz device specifications are desirable, semiconductor systems must be

engineered because low power systems are inevitably present. Numerous semicon-

ductor systems have historically been utilized for the generations of low to medium

power on microwaves and millimeters, such as the IMPATT, the schottky diode,

the Diode of tunneling, and the gunne diode. Nevertheless, they cannot be used

explicitly at the terahertz frequency due to the manufacturing constraints. At the

floor of the terahertz range, less than 1THz, multiple sources were analyzed, but

with the change in operating wavelength, the output power declines. In Figure 2.6

[67], the difference in the performance of different semiconductor sources are shown

at the terahertz range.

The output power is approximately 0.01mW at 1THz in traditional sources

such as IMPATT diode, Gunn Diode, Tunnel Diode, and Schottky Diode. Schottky

diodes with less than 1THz were recorded [68, 69] that can be used for both modu-

lation and detection. In comparison, the SiC IMPATT diode was able to achieve a

power density of 2.5×10−11W/m2 at 0.7THz [70, 71]. The Quantum Cascade Laser

(QCL) will produce a power of up to 90mW , but it works beyond 1THz [72, 73, 74].
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Figure 2.6: The performance of different semiconductor sources at the terahertz
band [25]

On the other side, the approach of microwave frequency multiplication for terahertz

signal production has been typically employed. This method utilizes solid-state de-

vices to produce a low-frequency output and the carrier frequency is transferred to

the greater value by means of frequency multipliers [75, 76, 77]. Terahertz semicon-

ductor sources are still being optimized in industry and it will definitely eliminate

the terahertz band gap [78]. Moreover, the solid-state broadband mixer has also

been designed for 835 − 900GHz [79]. The mixer’s output is evaluated in 120K

and is higher than the sub-harmonic pumped mixer as introduced in [62]. In fact,

the use of solid-state instruments as the source of scanning radars with 580GHz

was demonstrated [80]. This radar configuration shows that solid-state equipment

can be extended to terahertz connectivity. The production power in the mW scale

is still restricted. Moreover, in terahertz radiation [81, 82, 83, 84] the photocon-

ductive antennas are still utilized but are similarly influenced by poor performance

efficiency and mismatching of the impedance between antenna and the attached

feeding networks. In fact, the terahertz measurement is correlated with the method

of generation. For frequency multiplication methods the signal can be transformed

to the intermediate frequency range and the baseband signal can be restored after

[75, 77, 80]. Besides, multiple detecting methods have been presented by Hirata et al
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[85]. Typically speaking, the reception of the baseband signal through the terahertz

channel is feasible [33] with the implementation of the heterodyne rule.

As stated earlier, the key limitation of the terahertz communication network

is the atmospheric depletion. The high-power transmitters and powerful detectors

have to be established to solve such problems as mentioned above. Though, only

a certain amount of the source power can be increased and the power produced by

most sources is confined to only the milliwatt scale. As the sources are restricted,

there are several folds that are enhanced by the function of the antenna in a wireless

communication network. The essential feature of wireless transmission is the an-

tenna [29], on the other side. The antenna can also be used in the sensory and vision

system [86, 34]. According to the power constraint, antenna gain in the terahertz

network has to be raised in order to extend the signal over a longer range. Though,

many terahertz antennas have been designed for other research purposes long before

the concept of using terahertz in communication was conceived[81].

Different antennas, including planar and lens antennas were also published in

the millimeter or terahertz bands [87, 88, 89, 90, 91, 92]. However, as the length

is expanded, the antenna’s compactness becomes affected and all sorts of primary

sources can hardly be inserted into the lens. Furthermore, the shock wave reflects

an external limitation on the antenna of terahertz lens where material with high

relativity is used. The shock wave is produced by the difference between the per-

mittivity of the air and the substrate.A low permittivity material based antenna

was analyzed [93], which indicates that the size needs to be increased in order to

meet the particular criterion for directivity. In addition, the corner reflector array

antenna was also published at high-frequency [94].

Further, for wide-band applications with terahertz frequencies[95], the central-

fed bow-tie antenna may even be used in bi-conical shape. In addition, the carbon

nano-tube is also expected to be an adequately radiating nominee at the terahertz

frequency[96, 97, 98]. Besides, the integrated horn antenna, which consists of two

stacked wafers, was also developed. Within the first wafer is the horn cavity shaped,

and a dipole is mounted at the end. The second wafer serves as a mirror [99]. This

form of antenna demonstrates high performance. Furthermore, the corner cube
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reflector antenna was addressed in [100, 101]. In [102] a twin slot antenna with

600GHz operating frequency has been published for a hot-electron bolometer.

Though, the key issue with such antennas is the system-on-chip specification

to operate at higher frequencies. Koch [18] has proposed to utilize the waveguide

horn and the planar antennas for the potential wireless communications networks

despite the subsistence of different varieties of terahertz antenna. The planar an-

tenna system has more promise and is consistent with planar equipment. In the

short distance wireless communication network, the implementation scenario of this

kind of antenna was further addressed.

However, the directivity and gain of the antenna are low against the require-

ment. It indicates the need for a complex feeding technique and the low-loss feeding

networks. Nevertheless, the simplicity in design, low cost, and low-profile of the pla-

nar antenna motivate the scientists and engineers to further enhance the directivity

of the microstrip antenna to meet the future wireless communication requirements.

Moreover, various microstrip terahertz antennas have also been studied in the recent

past [103, 104, 105, 106, 107] in which design issues of this kind of antenna have

been addressed. In most cases, the directivity of the antenna has remained low,

yet it can be increased by using the array of antennas in place of a single patch.

The gain and directivity of the antenna are, however, poor. It demonstrates that

a low-loss feeding is important. But, the versatility with which the planar antenna

is built with inexpensive cost and small footprint enable researchers to increase the

gain of the microstrip antenna to fulfill the potential wireless connectivity demands.

The microstrip antenna will find its appropriate employment in the monitoring

services in addition to the usage of wireless communications. In [108], a dual-

frequency band (600 and 800GHz) antenna has been studied. The fact that different

materials are characterized by terahertz as the power level is absorbed differently at

specific frequencies is well known. Thus, it may be utilized to identify the dangerous

hidden substances.

By eliminating the conductor and the substrate losses, the antenna output can be

improved. Because of the presence of the metallic radiator, the loss of the conductor

in any kind of antenna remains. Though, a better selection of the substrate material
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also decreases the loss of the substrate. In the terahertz antenna development, this

defines the specifications for the low permittivity of the substrate. The loss of

substrate is also a challenge to the patch antenna in millimeter and sub-millimeter

range[109]. The photonic band-gap layer would then be employed as the antenna

substrate instead of using the traditional substrate, as the surface wave losses are

minimized due to defects in the substrate, thereby improved the performance of the

antenna. In the development of the microwave and the millimeter-wave antenna,

the photonic bandgap structure is utilized.

Early antenna radiation at the terahertz frequency of this sort was published

in [110]. This sort of 610GHz array antenna is the model in which an air cylin-

der is inserted regularly within a homogeneous substrate to decrease its effective

permittivity[111]. In this study, the effective permittivity of the material was ob-

tained, in addition to an evaluation of the antenna performance, and the benefit of

utilizing the proposed structure as the substrate was addressed over a naturally es-

tablished positive epsilon substrate. The published antenna directivity is similar to

the antenna radiation pattern of the standard substrate in that work. This demon-

strates that when utilizing the photonic bandgap substrate instead of the standard

substrate material can greatly decrease the number of array components. Never-

theless, the multiple layered substrates in contrast to the conventional substrate is

another approach to this challenge where the microwave and millimeter-wave have

studied this principle thoroughly. The multiple layered substrate increases both the

antenna bandwidth and directivity. In the terahertz antenna system, the imple-

mentation of the multi-layered substrate material was discussed[112] where authors

obtained a bandwidth of up to 34% -10 dB, i.e. a wide bandwidth.

The manufacturing of such an antenna typically poses the academic community

with an obstacle. Various engineering methods have been utilized, which is devel-

oped for the design of the nano-meter size, to even fabricate the terahertz microstrip

antennas [113, 114, 115]. Furthermore, the measuring challenge of this sort of sys-

tem can also be overcome by the methods of near-field measurement[116, 117, 118].

Therefore terahertz communication devices will be used in future lightweight high

speed to overcome the shortness of wireless communication networks bandwidth.
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2.3 The Microstrip Antenna

The traditional two-wire transmission lines were simplified to planar structures by

incorporation of the ground plane and by progress in the printed circuit board tech-

nology. Planar designs also created modern microwave techniques. The advantages

of utilizing planar structures such as designs in the microstrip involve low expense,

small-size, small-weight, and particularly excellent electrical and electromagnetic

features. A transmission line from the double-wire transmission system has effec-

tively formed. Figure 2.7 illustrates the principle of the parallel line. When the

ground plate has an infinite size between the two wires, the image theorem indicates

that the top metal picture resides in the bottom metal also. Thus, the bottom con-

ductor may also be dropped. The top conductor can be covered by a strip mounted

on the ground floor, and a dielectric substrate between the ground and the top

conductor can be wedged, creating a microstrip line [119].

Figure 2.7: Evolution of microstrip transmission line; (a) Two-wire, (b) ground plane
bellow a conductor,[119] (c) Microstrip line [120] .

In [119], Grieg and Englemann proposed microstrip patch antennas for the first

time as the extensions of microstrip lines in 1952. The microstrip antenna is shown
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in Figure 2.8. There are also other feeding methods available other than the pre-

sented microstrip line. Microstrip patch antennas have some attractive features

equivalent to microstrip transmission lines. The antennas, for example, are easy

and affordable to manufacture with state-of-the-art printing systems, suitable for

flat and non-planar conditions. Even, conformal antennas with non-electromagnetic

specifications are possible with versatile substrates.

Figure 2.8: The structure of microstrip patch antenna.

Transmission line model, Cavity Model (CM), and full-wave analysis including

incorporated equations and moment method are different approaches to model patch

antenna. The empirical approaches, TLM and CM, offer a more realistic interpre-

tation of the operation mechanism while the computational approaches give more

precise data.

The surface wave effects in the microstrip antenna will enhance the cross-polarization

and scalp the radiation patterns as surface wave diffracts from the edges of the

ground plane. The surface wave is therefore a source of antenna performance degra-

dation.

In fact, surface waves are propagation modes that are assisted by a grounded

substrate which in antennas propagate across the excitement point cylindrically with

a reduction in field intensity with distances r, more precisely 1/
√
r. The refection

of surface waves occurs in the grounded dielectric substrate, that is, as they hit the

ground in the bottom and the dielectric-air interface at the top. The wave becomes

stuck within the substrate and consumes most of the signal energy, decreasing the

target signal strength and lowering the output of the antenna characteristics. Sur-
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face waves only affect radiation efficiency on an indefinitely wide ground. Surface

waves or currents in fact are reflected and diffracted as they extend to the antenna

extremity. A further contribution to radiation is generated by the diffracted waves

by affecting the antenna radiation pattern, creating side lobes, and rising cross-

polarization.

Moreover, there are mainly two types of surface wave modes, TM surface waves,

where the electric field forms loops that spread vertically from the surface of the

ground and TE surface waves, where the electric field is parallel to the ground

surface and the magnetic field forms vertical loops out of the air. All substrate-based

antennas comprise that fact. The lowest TM0 surface wave mode has a zero cut-off

frequency. The cut-off frequencies for the different surface wave modes n = 0, 2, 4, ...

for TM modes, n = 1, 3, 5, ... for TE modes are related as follows:

fc =
n

4h
√
ϵ0µ0

√
ϵrµr − 1

(2.4)

Furthermore, decreasing the dielectric thickness and permittivity results in less cou-

pled energy into the surface waves that reduces the magnitude of the surface waves.

But, low substrate thickness implies a reduction in antenna bandwidth and antenna

efficiency and low permittivity substrate increases antenna size [121].

2.4 Photonic Crystals

The photonic bandgap [121] are periodic structures constructed from either dielec-

tric, metal, or metallodielectric materials that are often referred to as Photonic

Crystals (PCs). These periodic materials are developed artificially to prevent the

transmission of electromagnetic waves in the engineered ”bandgap” frequency band.

Moreover, the lattice constant and the permittivity of the structure are the primary

parameters in photonic crystal design.

Initially, PBG is employed for the control of the optical properties of materials,

i.e. controlling the emission and propagation of light. the first fabrication of the

Yablonovite structure [122] was in 1991 with a complete 2D photonic bandgap. On
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the other hand, photonic bandgaps are scalable structures with frequency. Thus,

shifting from the optical frequency down into the microwave frequency is possible.

PCs are primarily categorized into the following groups: 1D, 2D, and 2D PCs based

on the dielectric periodicity, as can be seen in Figure 2.9.

Figure 2.9: Classification of Photonic Crystals (PCs) 1D, 2D, and 3D structures
[123].

The structure of the lattice, air holes forming a 2D photonic crystal, is de-

termined by the parameters ϵ, a and r, where ϵ is the permittivity, a the lattice

constant and r is its radius. Besides, several research papers have concluded that

modifications in the form and positioning of the periodic elements provide an infi-

nite range of varieties of the lattice. However, two popular forms of 2-dimensional

photonic crystal, square and hexagonal lattices, are widely employed for technical

causes [124, 125].

Many research papers have highlighted the advantages of PCs through time

which have unique and favorable properties that attract different applications in-

cluding their suitability for antenna gain enhancement and radiation pattern shaping

applications.

2.5 Design of Terahertz Microstrip Antenna Based

on Photonic Crystal Substrate

In this section, a terahertz microstrip antenna is designed and analyzed by in-

vestigating a photonic bandgap structure using its different control parameters at
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0.6THz. After that, it is used as a substrate for a traditional microstrip antenna.

In the following subsections. The results are with good agreement with [12, 25] in

Chapter 3.

2.5.1 Photonic bandgap design

The air-cylinder-embedded dielectric substrate unit cell is shown in Figure 2.10.a.

This squared unit cell has a length of 100µm whereas the centered air cylinder that

is embedded in Arlon AR 600 substrate with ϵr of 6.0 and tanδ of 0.0035 has the

same length as the substrate thickness. Multiple duplicates of the unit cell have

been concatenated to form PBG structure as shown in Figure 2.10.b.

(a) (b)

Figure 2.10: Geometry of PBG structure, (a) unit cell (b) PBG simulated structure

In order to simulate this structure, CST microwave studio environment that

is based on Finite Integration Technique (FIT) is used by setting up the electric

boundary condition at the top and the bottom of the structure, also the magnetic

boundary condition is assigned at the front and the back sides, remaining the right

and left sides where the open space boundary condition is established for port exci-

tation of the structure. Simulation results are obtained by sweeping the number of

unit cell through N = 1, 6, and 11 in 0.5− 0.8 THz frequency range.

Simulation results are shown in Figure 2.11. It is noticed that the bandgap

property is not achieved when N = 1 but as the number of the unit cell is increased,

the amount of the insertion loss is also increased that results in the existence of the

bandgap property and the increase in its depth for an enhanced PBG performance.

To investigate the effect of variation in substrate thickness, sweeping of the

thickness h from 50µm to 200µm is simulated. The presented results in Figure 2.12

reveal that there is no significant impact of h on the bandgap property in this range
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Figure 2.11: S11 parameter magnitude in terahertz band for N = 1, 6 and 11 using
CST microwave studio.

Figure 2.12: S11 parameter magnitude in terahertz band for h = 50µm to 200µm

of frequency.

Since the length of air holes do not affect the band stop property, investigation

of the periodicity a and the radii of air cylinders r for their impact is performed. To

do this, the periodicity is fixed and the radius is varied from 5µm to 45µm.

From Figure 2.13, it is shown that the larger the radius is, the deeper the band
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Figure 2.13: S parameter magnitude in terahertz band for r = 5µm to 45µm

stop characteristic with a wider shifted bandgap is, and vice versa. As a result, the

bandgap property of this structure is controlled by parameters a and r.

In order to design a substrate material with the bandgap property at 0.6THz,

the value of r and a are 25 and 100µm, respectively, with h being 50µm. The S

parameters of the design are already shown in Figure 2.11.

2.5.2 Microstrip antenna design

In this section, a microstrip antenna is designed and simulated using the previously

selected PBG structure as a substrate. Figure 2.14.b shows the proposed antenna

structure with PBG structure used as substrate whereas 2.14.a shows the antenna

with a homogeneous substrate. The parameters of the radiating microstrip patch

antenna are calculated using the referenced equations [25] then the length and width

of the patch are optimized and finally the values of each parameter of the antenna

is presented in Table 2.2.

From Figure 2.15 which presents the scattering parameter S11 of both antenna

configurations, it can be seen that the antenna designed on a PBG substrate material

exhibits a narrower −10dB impedance bandwidth and a good resonance is achieved
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(a) (b)

Figure 2.14: Geometry of the presented antenna based on, (a) homogeneous sub-
strate (b) PBG substrate.

Table 2.2: Parameter values of the presented antennas.

Component Parameter Value (µm)

Patch of PBG and homogeneous substrate Width 292 134
Length 280 65

Feeder Width 20
Length 200

Ground Plane Width 1000
Length 1000

Substrate

Width 1000
Length 1000

Thickness 50
a 100
r 25

at 0.609THz compared to 0.713THz for the antenna designed on the homogeneous

substrate. With the decrease in the bandwidth, the quality factor is increased that

results in enhanced antenna’s other electrical parameters like gain and directivity

as shown in Figure 2.16.

From Figure 2.16, it is revealed that in both antenna structures, the maximum

directivity is achieved on H-plane with 9.45dB for the one designed on PBG and

6.62dB for the other one designed on homogeneous substrate material where the

difference is 2.83 as an improvement. The maximum directivity on the E plane is

4.79dB and 2.99dB for the antenna with and without PBG structure, respectively.
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Figure 2.15: S parameter magnitude in terahertz band for the presented antenna
structures.

(a) (b)

Figure 2.16: Directivity of the presented antennas at 0.6 THz on, (a) E plane (b)
H plane.

However, at terahertz band, the directivity of the antenna is the main concern

in comparison with the bandwidth and antenna dimensions because even a narrow

bandwidth of the antenna would be able to support the higher data volume. Besides,

the dimensions are in order of micrometer.
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2.6 Summary

In this chapter, a literature review on the terahertz regime is presented including

its potential impact and the main characteristics and challenges. Then, the tera-

hertz channel is investigated and compared with its neighboring bands by showing

its added value. Besides, several interesting cutting edge terahertz applications are

presented in different fields such as innovative wireless communication networks,

biology, agriculture, security and defense. After that, an overview of terahertz hard-

ware is conducted starting from terahertz sources and detectors to the requirement

for planar antennas to microstrip antennas basics and some published enhance-

ments and fabrication techniques. Then, an introduction of the photonic crystal is

presented followed by simulation work using CST where terahertz microstrip an-

tenna analysis and design procedures are presented and simulated. The photonic

crystal structure is separately designed to exhibit the band stop property at 0.6THz.

Then it is used as a substrate of the antenna to enhance its performance at this fre-

quency where there is a low atmospheric attenuation window that makes it suitable

for mobile and earth communications. Simulated results obtained for this antenna

show that the photonic crystal substrate efficiently enhances the directivity of the

traditional microstrip antenna at this band of frequency.

33



Chapter 3

Analysis and Design of Terahertz

Microstrip Antennas Based on

Synthesized Photonic Crystals

PCs

3.1 Introduction

In the recent decade, the terahertz frequency band has gained various growing appli-

cations such as astronomy, space-science [126], next mobile communication system

[127], imaging of concealed items [128], time domain spectroscopy [129], medical

science [130, 131], and defense applications [132, 133] as discussed in the previous

Chapter.

These broad applications of terahertz spectra are due to its unique properties

[134, 135] high bandwidth, lower diffraction than microwaves spectra, image resolu-

tion, and the fact that terahertz signature of many solid and gaseous materials is in

0.5 − 3THz band. Besides, for wireless communication systems, the bandwidth at

the terahertz band is capable of establishing a channel with a large conveyed volume

of Information (Info) which means higher data bit rates [136].

The microstrip patch antenna is widely used for various applications due to
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its low cost, low profile, compatibility with IC technology, ease of fabrication, and

installation on shaped surfaces [137].

This antenna, which belongs to standing wave antennas, is a good candidate

for terahertz integrated on-chip antenna. The on-chip integrated antenna in silicon

technology is promising in terahertz range as it could be even more cost-effective than

a conventional packaging of an external antenna with transceivers by considering

packaging cost and its compactness at terahertz band. In general, the Terahertz

System-On-Chip (THz-SoC) in silicon is very promising in several applications as it

requires an intensive analog interface and digital logic for signal processing on-chip

for the cost-effective massive production [138].

Nevertheless, the use of the silicon substrate of a conventional digital CMOS

technology as an antenna substrate introduces two main loss mechanisms, conduc-

tion loss which is due to the low resistivity of the silicon substrate, and the surface-

wave mode excitation loss caused by the thick silicon substrate with high relative

permittivity of 11.5 [139]. The advantage of using silicon technology is clear when

the fully integrated system with analog and logic circuits for baseband and Digital

Signal Processor (DSP) is considered.

In order to improve some of the electrical parameters of the microstrip antenna,

various researchers have used high dielectric permittivity or thick substrate material

[140, 141, 142, 143]. However, the application of high dielectric permittivity material

as silicon leads to shock waves at the air-substrate interface in the millimeter and

terahertz range of the spectrum [144]. Further, the application of a thick substrate

leads to surface wave loss due to the trapping of energy within the substrate [25]

and reduction in the substrate thickness reduces the bandwidth and mechanical

strength of the antenna. To reduce the surface wave loss, either effective dielectric

permittivity or thickness of material has to be reduced. To reduce the effective

dielectric permittivity, the property of the material is artificially altered by using the

periodic air-defects in the homogeneous host material. This heterogeneous material

is called photonic crystal material. In general, the dielectric permittivity of the PBG

materials is reduced which is used to enhance its electrical performance [145].

In designing a microstrip antenna at high-frequency, photonic crystal is widely
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used as a substrate material and other employments [136, 146, 147, 148, 149, 150].

Photonic Crystals (PCs) have fascinated scientists and researchers as they interact

with electromagnetic waves, exciting phenomena appear, and amazing features re-

sult. However, due to the complexity of the photonic crystal structures, it is usually

difficult to characterize them through purely analytical methods. Instead, full-wave

simulators such as CST microwave studio which is based on the Finite Integration

Technique (FIT) and HFSS have been used in the analysis. Two-dimensional (2D)

PCs take the interest of researches as they are much easier to fabricate than 3D PCs

[151, 152, 153] and they have promising applications such as planar waveguides and

antennas [154, 155].

MATLAB has become a ubiquitous software package for data manipulation, sig-

nal processing, and graphics. Scientists and engineers, worldwide, use MATLAB to

analyze and design the systems and products in several fields including antennas.

Although electromagnetic simulators can model very complex electromagnetic sys-

tems, they lack some of the powerful analysis functions available in MATLAB for

numerical optimization problems. Thus, linking programming language MATLAB

and electromagnetic simulator CST microwave studio to create a powerful tool for

the design and analysis of microstrip antennas is a promising technique. For exam-

ple, in the design optimization process which involves a large number of parameters.

These parameters can be either continuous, discrete, or both, making the design

process slow and complicated.

Particle Swarm Optimization (PSO) is a heuristic search method that is based

on the idea of collaborative behavior between swarm birds in biological popula-

tions. PSO is similar to the Genetic Algorithm (GA) in the sense that they are

both population-based search approaches and that they both depend on Information

(Info) sharing among their population members to enhance their search processes us-

ing a combination of deterministic and probabilistic rules. Heuristic algorithms have

been used in antenna optimization with different employments [156, 157, 158, 159].

Researchers report that both PSO and GA have equal effectiveness but superior

efficiency for PSO over the GA[160].
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3.2 Antenna Based on Periodic Air Holes Pho-

tonic Crystal Substrate

3.2.1 Photonic bandgap structure

In this section, the photonic crystal structure is made of air-cylinders embedded

in silicon dielectric material whose relative permittivity and electric conduction are

11.9 and 0.00025S/m, respectively. The overall dimensions of the structure are

500 × 500µm2 and the thickness is 50µm for both dielectrics. Besides, air holes

have lattice constant and radius equal to 70µm and 28µm, respectively. Hence the

dimensions of the squared unit cell are 70× 70µm2.

Multiple duplicates of the squared unit cell have been concatenated to form

a PBG structure as shown in Figure 3.1. In order to analyze its properties, the

simulation is performed with CST microwave studio environment. Because of the

structural nature and periodicity, computations can be reduced by setting up the

electric boundary conditions at the top and the bottom of the structure, also the

magnetic boundary conditions are assigned at the front and the back sides, and for

the right and left sides the open space boundary conditions are established.

(a) (b)

(c)

Figure 3.1: Geometry of the PBG structure (a) Simulated PBG structure, (b) Unit
cell and (c) Boundary conditions of the structure

Simulation results are obtained by taking the number of unit cells equal to 7 in
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0.4−0.8THz frequency range. The results are obtained by extracting material prop-

erties from the simulated S parameters. The extracted complex relative permittivity

is shown in Figure 3.2.

(a)

(b)

Figure 3.2: Simulation results of the designed PBG structure (a) S parameters (b)
The extracted relative permittivity
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Table 3.1: Parameter values of Antenna 1.

Component Parameter Value (µm)

Rectangular patch Width 319
Length 245

Substrate

Width 500
Length 500

Thickness 50
Lattice constant 70
Cylinder radius 28

Feeder Width 28

To design a substrate structure of the patch antenna that resonates around

0.6THz, the value of the effective permittivity is taken as 0.44 for next section.

3.2.2 Antenna design

In this section, Antenna 1, namely the patch antenna, is designed and simulated

based on the previously analyzed photonic crystal structure as its substrate. First,

the width Wp and the length Lp of the rectangular patch are calculated and found

to be equal to 295µm and 223µm, respectively from equation (3.1) and equation

(3.2) [145].

Wp =
c

2fr

√
2

ϵreff + 1
(3.1)

Lp =
c

2fr
√
ϵreff

− 2∆l (3.2)

where

∆l = 0.412h
(ϵreff + 0.3)(Wp

ts
+ 0.264)

(ϵreff − 0.258)(Wp

ts
+ 0.8)

(3.3)

Where ϵreff is the effective dielectric constant, fr is the desired resonance fre-

quency, c is the speed of light and ts is the thickness of antenna substrate. Then, an

optimization of the calculated values is performed whereas metals are modelled as

perfect electric conductors. The value of each parameter of the antenna structure is

presented in Table 3.1. Antenna 1 configuration is shown in Figure 3.3.

After that, Antenna 0 namely, a conventional antenna which is based on ho-

mogeneous silicon substrate is designed and simulated for comparison and analysis
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(a) (b)

(c)

Figure 3.3: Geometry of the designed antennas (a) based on PBG substrate (b)
PBG substrate (c) based on homogeneous substrate

purposes. Using equation 3.1 and 3.2, the calculated width and length of the patch

are equal to 90µm and 33µm, respectively.

According to Figure 3.4 which presents the return losses of the presented anten-

nas, it can be obviously seen that the optimized antenna based on PBG substrate

exhibits a wider bandwidth of 56GHz compared to the antenna based on homo-

geneous substrate with 41GHz and a deeper return loss of −64.04dB is achieved

compared to homogeneous substrate antenna with −11.35dB. All the resonance

frequencies are around 0.65THz.

For practical reasons, the perfect electric conductor, which was used for metals

modelling, is replaced with copper annealed. The maintained return losses and

radiation efficiency for copper thicknesses 1.1, 2.1 and 3.1µm including the patch,

feeder and ground metals are shown in Figure 3.5. Indeed, it is found close results
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Figure 3.4: S11 parameter magnitude in terahertz band of Antenna 0 and Antenna
1

Figure 3.5: S11 parameter magnitude in terahertz band of Antenna 1 with different
thicknesses of annealed copper

to the obtained ones in Figure 3.4 with the appropriate copper thickness.

It is observed an achievements in the gain and radiation efficiency of Antenna

1 which is based on PBG substrate with a gain of 9.17dB and radiation efficiency

of 91.08% compared to conventional patch antenna based on the homogeneous sub-

strate with a gain of 3.79dB and radiation efficiency 65.4%. Thus, by taking previ-
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ous results of the achieved return loss into consideration, the employment of PBG

structure is indeed an effective technique to reduce surface waves that results in

worthwhile improvements.

The surface current of Antennas 0 and 1 at their resonance frequencies are shown

in Figure 3.6. As can be seen, the surface current is presented in both the patch

and substrate surfaces due to the fact that the simulated silicon substrate is a lossy

dielectric. When the phase is zero, it is shown that the transmitted power from the

feeder is dispatched through the patch. But after that, the power is transferred from

the patch to out space (air) where most of the power in the substrate is radiated.

The advantage of employing a photonic crystal substrate is that most of the power

is radiated and a noticeable reduction of the reflected power from air-antenna edge

interfaces is achieved. Usually, the reflected power, which is trapped between the

edges of the antenna, causes power loss in the form of heat as silicon is a lossy

dielectric. Thus, by using the enhanced photonic crystal, the loss in the form of

heat is also reduced.

(a) (b)

Figure 3.6: Current distribution frequencies of (a) Antenna 0 at 0.65 THz and (b)
Antenna 1 at 0.63 THz.

Figure 3.7 shows the radiation pattern in dB for Antenna 1 at its resonance

frequency of 0.62THz in XZ and YZ planes. The maximum radiation pattern of

this antenna is at θ = 0°and the maximum directivity is 9.58dB.
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Figure 3.7: Radiation patterns of Antenna 1 based on PBG substrate at 0.62 THz
and Antenna 0 at 0.65 THz .

3.3 Antennas Based on Synthesized Photonic Band

Gap Substrate

3.3.1 Antenna substrate design by Binary Particle Swarm

Optimization (BPSO)

In the present chapter, the researcher uses BPSO to find the best 2D photonic

crystal substrate for the presented microstrip patch antenna. As an effective global

optimization method, the BPSO algorithm searches for the global minimum in a

discrete search space. Hence, the researcher considers a 2D photonic crystal of a

square lattice formed by two different materials namely silicon and air with dielectric

constants 11.9 and 1, respectively.

In order to apply BPSO, the researcher discretizes the unit cell into many pixels

that represent rectangular squares, whereas each square can be filled by one of the

two different materials, silicon or air, represented by a binary value, 1 or 0, in the

BPSO algorithm. The total number of possible structures of 2D Photonic Crystals

increases exponentially with the number of pixels so a full-space search method

would not be practical as the number of the pixels increases, in other words, when
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the pixels are tiny. In this case, the BPSO algorithm is anticipated to be effective.

In the BPSO algorithm, each binary word corresponds to a 2D photonic crystal

unit cell formed by pixels, physically just square rods of dielectric material. Each

unit cell represents a model candidate in the optimization process. Thereafter, each

candidate is analyzed and labeled with a fitness value using a predefined merit

function that will be presented in the next sections. After updating position vectors

of each binary word in each iteration, the algorithm finds the global minimum,

optimal model, of the merit function after a number of iterations. The flowchart of

the BPSO implementation with the connected CST microwave studio simulator and

MATLAB is shown in Figure 3.8.

Figure 3.8: Flow chart of the optimization process

To apply the BPSO algorithm to design a 2D photonic crystal, it is required

to convert the filling pattern of the unit cell of a 2D structure into a binary word.

BPSO steps are used in each iteration to find the global minimum of the merit

function. The unit cell is divided into 2N × 2N pixels, each pixel is filled by either
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air or silicon dielectric materials.

In this work, the researcher supposes that the primitive unit cell which is centered

at the origin, as in Figure 3.9.a, is symmetrical and invariant under the mirror

reflection with respect to the horizontal XZ plane and vertical YZ plane shown in

bold line.

(a) (b)

Figure 3.9: Unit cell optimization grid (frame). (a) The index of each binary word
bit in the unit cell geometry (b) Filling pattern of the presented air cylinder unit
cell

Thus, the whole photonic crystal structure can be designed by the pixel-filling

pattern of a square part of one-fourth of the unit cell, which can be represented by

a binary word of N ×N bit. The total number of the possible structures is 2N×N ,

and even for N = 5, there is 33, 554, 432 different unit cell structure. For such a

large searching space, the full-space search method is not practical for finding the

best model. In this work, the researcher applies BPSO, a heuristic optimization

algorithm, as an effective method for solving this problem. The used BPSO in the

present chapter is described as follows.

In step 1, the researcher randomly constructs the initial candidates ofN×N, 5×5,

binary word, i.e., each bit of the N ×N binary word at the first iteration is set by

0 or 1 randomly. In general, a 2D structure corresponding to a randomly produced

binary word results in weak antenna characteristics. To speed up the search, the

researcher introduces a special binary word as a special model candidate in the initial
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population but the other binary words are all randomly created by the computer.

The structure corresponding to the special binary word is a binary representation

of the PBG substrate presented in section 3.2 whose structure binary filling pattern

is shown in Figure 3.9.b.

In step 2, the researcher computes the fitness value for each binary word. Whereas

the fitness of a binary word is predefined by the merit function based on CST

microwave studio results of antenna characteristics including gain, return loss, or

−10dB bandwidth, the merit function will be defined for each upcoming sections.

In step 3, the researcher updates the position vector of each binary word by: first,

computing velocity vectors. Then, calculating the probability vectors for changing

the elements of the position vector using a translation function. Finally, updating

position vectors, i.e. binary words.

In step 4, the researcher repeats steps 2 and 3 till the optimal structure is reached

which corresponds to the minimum fitness value. As a numerical application, In

order to avoid the optimal structure becoming impractical for fabrication, having

too thin veins or too small holes, and to compromise with computational costs, the

researcher takes N = 5, i.e., the unit cell is divided into 10× 10 pixels. In this case,

each binary word has 25 bit, and the researcher chooses 20 particles for each swarm

and a maximum number of iteration as 1000.

3.3.2 Return loss optimization

The presented method in the previous section is used to guide the design and op-

timization of photonic crystal substrate. In order to optimize the return loss, the

following merit function of BPSO is selected where S is the scattering parameter,

G is the gain and sgn is sigmoid function.

M(S,G) =

[
S3 sgn(−S − 10) + 1

2
+ S

sgn(S + 10) + 1

2

]
×[

G
sgn(−G+ 7.5) + 1

2
+G5 sgn(G− 7.5) + 1

2

] (3.4)

During the BPSO process, the minimum fitness of the binary words of a swarm does

not always decrease. In such a case, the researcher avoids the degradation of the best
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binary word. Hence, the researcher gives more rewards when gain or return loss cross

threshold values in antenna characteristics, these threshold values of the gain and

return loss are assigned in the merit function of 7.5 and −10dB, respectively. After

long evaluations of more than 65 iterations, more than 1300 consecutive simulations,

the achieved minimum of the fitness function is−1.7594×1010. The obtained optimal

structure with the minimum fitness value is shown in Figures 3.10(a,b).

(a) (b)

(c) (d)

Figure 3.10: Geometry of the optimized (a) filling pattern of the unit cell, (b) unit
cell (c) substrate (d) Antenna 2 using silicon (green) and air (yellow) materials.

It is observed that the structure pixels composed from silicon material are well

connected to each other as intended. This photonic crystal structure is used as a

substrate to form Antenna 2 as shown in Figure 3.10(c).

From Figure 3.11, the achieved return loss of Antenna 2 is −67.49dB at 0.6THz

compared to −64.04dB at 0.62 THz with an enhancement of 5.39% and close an-
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Figure 3.11: S11 parameter magnitude in terahertz band of Antenna 2

(a) (b)

Figure 3.12: Current distribution of Antenna 2 at (a) 0.6 THz and (b) 0.65 THz

tenna gain performance to Antenna 1 of 9.17dB. Moreover, another resonance

frequency is achieved at 0.65THz with return loss of −29.25dB. Hence, Antenna 2

becomes dual band antenna around 0.65THz with narrower bandwidth suitable for

different applications.

The surface current of Antenna 2 at 0.6 and 0.65THz are presented in Figure

3.12. The transmitted power from the feeder is dispatched through the patch to out

space (air) where most of the power in the substrate is radiated. The advantage

from employing PCs substrate is maintained as most of the power is radiated and
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Figure 3.13: Radiation pattern in XZ and YZ planes of Antenna 2 based on PBG
substrate at its resonance frequency

a noticeable reduction of the reflected power from air-antenna edge interfaces is

achieved.

In Figure 3.13, it is observed the achieved characteristics of side-lobe suppression

in the YZ plane of Antenna 2 compared to Antenna 1 in Figure 3.7.

3.3.3 Bandwidth optimization

In this section, optimization of the bandwidth is performed with CST microwave

studio controlled by MATLAB using BPSO algorithm as described in previous sec-

tions. In order to optimize the bandwidth, the following merit function of BPSO is

defined as shown in equation (3.5) and (3.6) where BW is the −10dB bandwidth,

FB is the fractional bandwidth, fr is the resonance frequency, G is the gain and

BW is sigmoid function.

FB =
BW

fr
× 100 (3.5)

M(FB, G) = −
[
G
sgn(−G+ 7.5) + 1

2
+G2 sgn(G− 7.5) + 1

2

]
×[

F 2
B

sgn(FB − 10) + 1

2
+ FB

sgn(−FB + 10) + 1

2

] (3.6)

As in the previous section, threshold values of the gain and fractional bandwidth
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(a) (b)

(c) (d)

Figure 3.14: Geometry of the optimized (a) filling pattern of the unit cell, (b) unit
cell (c) substrate (d) Antenna 3 using silicon (green) and air (yellow) materials.

are assigned in the merit function as 7.5 and 10, respectively. After long evalua-

tions of more than 26 iterations, more than 520 structure simulations, the achieved

minimum of the fitness is −7.4307× 1004. The obtained optimal structure with the

minimum fitness value is shown in Figure 3.14.a,b. it is observed that the structure

pixels composed of silicon material are connected to each other as intended. The

antenna based on this photonic crystal structure as a substrate is named as Antenna

3 and is shown in Figure 3.14.c.

The achieved −10dB bandwidth of Antenna 3 is 128GHz with a resonance

frequency of 0.62THz compared to 56GHz of Antenna 1 with an enhancement of

128.57% as presented in Figure 3.15 and close antenna gain performance to Antenna

1 of 9.17dB.
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Figure 3.15: Return loss of Antenna 3 in terahertz band

The surface current of Antenna 3 at 0.62THz is presented in Figure 3.16 where

the advantage from employing photonic crystal substrate is maintained as most

of the power is radiated and a noticeable reduction of the reflected power from air-

antenna edge interfaces is achieved. According to Figure 3.17, it is observed that the

achieved characteristics of Antenna 3 where the reduction of side lobes in Antenna

3 compared to Antenna 1 or 0 in the YZ plane is worthwhile.

The proposed antennas, which exhibit a gain close to 9.17dB, are compared

with the results of the studied antennas in literature offering gain of 7.94dB [147],

Figure 3.16: Current distribution of Antenna 3
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Figure 3.17: Radiation pattern in XZ and YZ planes of Antenna 3 based on PBG
substrate at its resonance frequency

3.8dB [146] and 5.09dB [161] and summarized in Table 3.2. As it is shown, this

work presents an enhanced antennas which can be selected based on the desired

application system requirements.

Table 3.2: Comparison of presented antennas with existing designs

fr (THz) S11 (dB) Bandwidth (GHz)
[147] 0.630 -44.71 36.23
[146] 0.96 -13.05 310
[161] 0.75 -35 50

Antenna 0 0.65 -11.35 41
Antenna 1 0.63 -64.04 56

Antenna 2 0.6 -67.49 32
0.65 -29.25 16

Antenna 3 0.62 -28.42 128

3.4 Summary

In this chapter, the design and analysis of microstrip patch antenna based on syn-

thesized photonic crystal substrate have been carried out by using a technique based

on the combination of BPSO algorithm with CST microwave studio simulator.
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The initial antenna is designed by analyzing air cylinders embedded in thick sil-

icon substrate which has high relative permittivity. Indeed, PBG substrate reduces

the effect of surface wave losses that results in fruitful antenna electrical charac-

teristics. Furthermore, it can be more beneficial when CST microwave studio has

merged with Binary Particle Swarm Optimization (BPSO).

It shows up to be useful to synthesize a well-designed PBG substrate for a ter-

ahertz microstrip antenna with the desired characteristics depending on its future

application. Also, It has been shown that Antenna 2 becomes suitable for dual band

applications around 0.6 and 0.65 THz and the amelioration achieved in return loss

is 5.39% compared to Antenna 1. Also, a remarkable improvement over fractional

bandwidth for the microstrip patch antenna based on synthesized photonic crystal

substrate (Antenna 3), the fractional bandwidth is increased by 128% as compared

to the initial antenna (Antenna 1). Further, both optimization results reveal the

achieved reduction in side lobes compared to the initial antenna. The enhanced

results are due to the presented new synthesized photonic crystal substrates. The

obtained antennas have resonance frequencies around 0.65THz which is the de-

mand of current wireless communication technology and other different interesting

applications.
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Analysis and Design of Terahertz

Microstrip Antennas Based on

Modified Photonic Crystals PCs

4.1 Introduction

The high data rate required for the development of next wireless communication sys-

tems may reach several tens of Gbits per second, as a result, extraordinary real-life

applications will emerge. Hence, increasing the available bandwidth is a necessity

to establish such a high data rate communication link. Fortunately, terahertz radi-

ation, which usually refers to the frequency band that lies between millimeter waves

and InfraRed (IR) light in the electromagnetic spectrum, offers high bandwidth.

Besides, it is an unallocated band which is suitable for different new applications

[162]. This band of frequency has various interesting applications in wireless commu-

nication, medical science [163, 131], imaging of concealed items [164], time-domain

spectroscopy [129] and defense applications [132]. This broad application area of

THz spectra is due to its unique properties [165, 135] such as high bandwidth, lower

diffraction than microwaves spectra, image resolution, and the fact that terahertz

signatures of many solid and gaseous materials are in 0.5 − 3THz band. However,

the main challenge for the realization of a commercial THz wireless communication

system in this band is the atmospheric path loss [135] where the amount of loss of
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the signal power depends on the atmospheric conditions. This is the reason why

terahertz communication systems were limited to space and astronomy applications

as discussed in the second chapter.

Since photonic crystal discovery, it takes a great interest that has grown ex-

plosively in the design of highly efficient electromagnetic and optical devices for

different applications. This new multidisciplinary field of study emerges to have a

great promise in different applications. One of these future applications is to build

a microstrip patch antenna based on photonic crystal structure as a substrate, in

order to suppress the undesirable excited surface waves. As a result, the antenna

efficiency is improved, and a reduced side lobe level is maintained due to the diffrac-

tion of surface waves at the edges of the antenna substrate [166, 121, 167]. This

phenomenon of surface waves is strong when thick substrates are used.

Microstrip patch antenna with a Frequency Selective Surface (FSS) and Pho-

tonic Band Gap PBG structures are implemented by Nejati et al [148] to enhance

the antenna gain in the range of 0.5−0.7 THz. Their results exhibit a resonance fre-

quency of 0.67 THz with a minimum return loss around −18dB and a best-achieved

gain 8.15dB based on previous research on PBG substrate for gain enhancement

[168, 111]. On the other hand, the employment of polyimide substance as an an-

tenna substrate for video-rate imaging and homeland defense applications has been

reported by Mittala et al [169], which results in a gain of 5.22dB and resonance

frequency of 0.67THz with a bandwidth of 40.16GHz. After that, Kushwaha et

al[170] introduce the employment of photonic crystal with polyimide substance in

the terahertz microstrip antenna. Their results reveal in a gain of 7.934dB and

a resonance frequency of 0.6308THz with a 36.25GHz bandwidth. Their antenna

is suitable for the application of explosive detection and material characterization

[16, 15, 161].

Several research papers have been conducted on microstrip antennas based on

metamaterials and electromagnetic bandgap structures [146, 171, 172, 173, 174]

which results in interesting improvements. Also, photonic crystal employments in

other electromagnetic devices than antennas have been studied and reported [175].

However, all these researches have been performed at a lower frequency than the
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Figure 4.1: Geometry of the simulated PBG structure.

terahertz band which is the spectrum for next wireless communication systems and

other quite interesting applications.

4.2 Antenna Based on Photonic Crystal Substrate

4.2.1 Photonic crystal design

In this section, Antenna 1, which is a rectangular microstrip patch antenna, is

designed and simulated based on the photonic bandgap substrate. The substrate is

made from Polyimide with ϵr = 3.5 and tanδ = 0.0027. Figure 4.1 shows multiple

concatenated duplicates of air-cylinder-embedded dielectric substrate unit cell. The

length of the squared unit cell is 100µm, whereas the centered air cylinder has the

same thickness as the substrate (90µm). In order to extract the substrate electrical

properties, simulation results are computed in a 0.5−0.8THz frequency range. The

extracted real and imaginary parts of the permittivity are shown in Figure 4.2.

(a) (b)

Figure 4.2: simulation results of the designed PBG structure (a) S parameters, (b)
extracted relative permittivity.
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(a) (b)

(c)

Figure 4.3: Geometry of (a) Antenna 1 based on homogeneous substrate, (b) An-
tenna 3 based on periodic photonic crystal substrate and (c) photonic crystal sub-
strate.

As a result, for the initial selection of patch width and length to resonate around

0.65THz, the value of the effective permittivity is 1.4.

4.2.2 Patch antenna design

Figure 4.3 shows Antenna 1 and Antenna 3 structures based on homogeneous and

photonic bandgap substrates, respectively. The patch is centered above the sub-

strate and the feed line is designed with a width of 150µm. For conventional mi-

crostrip antennas, the thickness of the dielectric substrate ts should be in the range
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(0.003λ ≤ h ≤ 0.05λ) to avoid surface waves excitation [121]. On the other hand,

it is found that thick substrates improve the electrical performance, viz. the band-

width, of microstrip antennas [121]. However, as the substrate thickness exceeds the

aforementioned range, shock waves at the air–substrate interface are introduced in

the millimeter and terahertz ranges of the spectrum. These surface waves deteriorate

antenna performance [121]. As a contribution of this work, the employment of thick

aperiodic photonic crystal substrate (h ≥ 0.05λ) is used instead of conventional

thick homogeneous substrate to suppress the undesired surface waves and taking

the benefits from employing thick substrates. Therefore, the substrate is selected

thick enough with 90µm that excites surface waves in Antenna 1, which is based on

a homogeneous substrate. The width Wp and the length Lp of the patch are initially

computed using Equation (4.1) and Equation (4.2) [176] where c is the light speed

in free space, fr is the desired resonance frequency, ϵreff is the effective dielectric

constant, and ts is the substrate thickness. As a summary, the dimensions of An-

tenna 1 and Antenna 3 are presented in Table 4.1. The employed metal thickness

is 25µm.

Wp =
c

2fr

√
2

ϵreff + 1
(4.1)

Lp =
c

2fr
√
ϵreff

− 2∆l (4.2)

where

∆l = 0.412h
(ϵreff + 0.3)(Wp

ts
+ 0.264)

(ϵreff − 0.258)(Wp

ts
+ 0.8)

(4.3)

Table 4.1: Parameter values of Antenna 1 based on homogeneous substrate and
Antenna 3 based on periodic PBG substrate

Component Parameter Value (µm)
Antenna 1 Antenna 3

Patch Width (Wp) 160 376
Length (Lp) 60 296

Substrate

Width (Ws) 600
Length (Ls) 600

Thickness (Ts) 90
Lattice constant (a) 100
Cylinder radius (r) 26.5
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Figure 4.4: S parameter magnitude in terahertz band for Antennas 1, 2 and 3.

From Figure 4.4 which represents the scattering parameter magnitude S11 of the

antenna configurations, viz. Antenna 1 and 3 with Antenna 2 being the designed

antenna using graphene instead of copper annealed, it can be seen that Antenna 3

exhibits a wider bandwidth, quite greater than 230GHz, than Antenna 1’s 140GHz

with a noticeable improvement. A deep return loss of −56.81dB is also achieved

compared to Antenna 1 with −22.09dB. All the resonance frequencies of 0.64THz

and 0.63THz for Antenna 1 and Antenna 3, respectively are close to the desired

frequency 0.65THz within the range of 0.6 − 0.7THz. Besides, graphene based

antenna (Antenna 2) exhibits a resonance frequency at 0.603THz and (−10dB)

bandwidth of 93GHz. It is noticed that Antenna 1 based on the employed metal

thickness of 25µm exhibits a wider bandwidth with respect to Antenna 2.

For further analysis, the gain and radiation efficiency are also interesting char-

acteristics of antennas to be taken into consideration, especially for next generation

of wireless communication systems in this band of frequency. The gain is plotted

versus frequency in Figure 4.5.

It is obviously observed the achieved amelioration of the gain and radiation

efficiency of Antenna 2, which is based on photonic crystal substrate, with a gain of

8.95dB and radiation efficiency of 89.31% compared to conventional patch antenna,
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Figure 4.5: Gain versus frequency of Antennas 1, 2 and 3.

(a) (b)

(c)

Figure 4.6: Current distribution of (a) Antenna 1, (b) Antenna 2 and (c) Antenna
3.

which is based on homogeneous substrate, with a gain of 6.11dB and radiation

efficiency of 78.94%. Thus, by taking the previous results of the achieved return loss
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(a) (b)

Figure 4.7: Polar plot of (a) Antenna 1 and Antenna 2 (b) Antenna 1 and Antenna
3, radiation patterns at their resonance frequency for θ and ϕ planes which define
the solid angle of maximum radiation.

into consideration, the employment of PBG structure is indeed an effective technique

to reduce surface waves that results in worthwhile improvements of different antenna

characteristics.

The surface currents of Antennas 1, 2 and 3 are presented in Figure 4.6. The

transmitted power from the feeder is dispatched through the patch to out space

(air) where most of the power in the substrate is radiated. The advantage from

employing photonic crystal substrate is maintained as most of the power is radiated

and a noticeable reduction of the reflected power from air-antenna edge interfaces is

achieved. The far-field radiation pattern is shown in Figure 4.7 for the three antennas

in the planes containing solid angle at which maximum radiation is achieved. It can

be easily seen the advantage of Antennas 3 and 2 over Antenna 1 at their maximum

radiation solid angle.

4.3 Antenna Based on Aperiodic Photonic Crys-

tal Substrate

In this section, the presented structures of antenna are designed based on Antenna 3

but the air cylinders of the substrate are divided into several sets of air holes. Each

set has its own radius as shown in Figures 4.8. Figure 4.8.a represents Antenna 4
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(a) (b)

(c) (d)

Figure 4.8: Geometry of proposed antenna’s substrate based on aperiodic photonic
crystal substrate namely (a) and (b) Antenna 4, (c) and (d) Antenna 5

which has six sets of air holes, Figure 4.8.c represents Antenna 5 which has also six

sets of air holes, Figure 4.9.a represents Antenna 6 which has three sets of air holes

and Figure 4.9.c represents Antenna 7 which has five sets of air holes. By starting

from Antenna 3 substrate geometry where all the air cylinders are identical, an

optimization of holes radiuses of each set with the merit function that takes S11

and gain into considerations is launched for each antenna structure. The results

reveal the best combination of air cylinder radiuses which offers the best antenna

performance and is summarized in table 4.2 for each antenna geometry.

In this part, the conventional antenna has been compared with the presented an-

tennas which are based on optimized photonic crystal substrate. It is observed, from
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(a) (b)

(c) (d)

Figure 4.9: Geometry of the proposed antenna’s substrate based on aperiodic pho-
tonic crystal substrate namely (a) and (b) Antenna 6, (c) and (d) Antenna 7

Table 4.2: The best Parameter values results for the proposed antennas.

R1 (µm) R2 (µm) R3 (µm) R4 (µm) R5 (µm) R6 (µm)
Antenna 3 26.5 26.5 26.5 26.5 26.5 26.5
Antenna 4 19.28 32.87 15.57 24.27 25.27 27.68
Antenna 5 33.52 28.71 29.45 13.60 11.50 33.84
Antenna 6 22.81 13.55 9.64 *** *** ***
Antenna 7 27.94 27.32 24.66 6.84 36.21 ***

Figures 4.10 and 4.11, that all antenna structures including conventional antenna

based on homogeneous substrate resonate close to the desired frequency (0.65THz)

within 0.6 − 0.7THz range. The achieved minimal return loss (S11 ≤ −10dB) of

Antenna 1, Antenna 3 and Antenna 4 are −22.09dB, −56.8dB and −83.73dB, re-
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Figure 4.10: S parameter magnitude in terahertz band for proposed antennas based
on aperiodic photonic crystal.

Figure 4.11: S parameter magnitude in terahertz band for proposed antennas based
on aperiodic photonic crystal.

spectively with an enhancement of more than 279% with respect to Antenna 1. Also,

the achieved gain and radiation efficiency of Antenna 4 based on optimized photonic

bandgap, which are equal to 9.19dB and 90.84% respectively, are clearly greater than

those of the conventional antenna, which are equal to 6.11dB and 78.94%, respec-

tively. On the other hand, Antenna 5 exhibits a minimal return loss of 80.97dB and
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Figure 4.12: Gain of the presented antennas (Antennas 1, 4 and 5).

Figure 4.13: Gain of the presented antennas (Antennas 1, 6 and 7).

gain of 9.08dB with radiation efficiency of 88.48% which are interesting results as a

competitive antenna performance. Antenna 6 reveals good electrical characteristics

with the obtained minimal return loss of −67.79dB and achieved gain of 9.04dB

with radiation efficiency of 90.03%. Finally, Antenna 7 shows a minimal return loss

of −74.45dB and an emulative gain of 9dB with radiation efficiency of 88.72%. Fur-

thermore, the gain of the presented antennas in frequency range 0.5THz − 0.8THz

is shown in Figure 4.12 and 4.13 for proper understanding. It is worthwhile to men-
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(a) (b)

Figure 4.14: Current distribution of (a) Antenna 5, (b) Antenna 6.

(a) (b)

Figure 4.15: Current distribution of (a) Antenna 6, (b) Antenna 7.

tion that the absolute bandwidths of the Antennas from 3 to 6 are quite greater

than the conventional antenna bandwidth of 140GHz as it can be obviously seen in

Figure 4.10 and 4.11.

The surface current of Antennas 4, 5, 6 and 7 are presented in Figure 4.14 and

4.15. The transmitted power from the feeder is dispatched through the patch to out

space, where most of the power in the substrate is radiated. The advantage from

employing photonic crystal substrate is maintained as most of the power is radiated

and a noticeable reduction of the reflected power from air-antenna edge interfaces

is achieved.

According to Figure 4.16 and 4.17, which represents the radiation pattern of the

four optimized antennas, it is clearly seen the achieved directivity compared to the
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(a) (b)

Figure 4.16: Polar plot of (a) Antenna 1 and Antenna 4 (b) Antenna 1 and Antenna
5, radiation patterns at their resonance frequency for θ and ϕ planes which define
the solid angle of maximum radiation.

(a) (b)

Figure 4.17: Polar plot of (a) Antenna 1 and Antenna 6 (b) Antenna 1 and Antenna
7, radiation patterns at their resonance frequency for θ and ϕ planes which define
the solid angle of maximum radiation.

conventional antenna based on homogeneous substrate. Besides, it is noticed that

when the variation freedom of sets radiuses is horizontal as in Antenna 4, the level

of side lobe is the greatest compared to the other designs as can be seen in the blue

curves of Figure 4.16 and 4.17. However, it is also noticed the vanishing of that side

lobe as the variation freedom of sets radiuses is vertical as in Antenna 5 and it is

smaller for the other structures namely Antennas 6, and 7 as they are combination

of vertical and horizontal variation at the same time. As a result, the more directive

the antenna is, the more efficient the communication link can be established.
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The simulated results prove that the antenna performance which is based on

photonic bandgap substrate including the return loss, radiation efficiency and the

gain are effectively improved due to surface wave suppression that exists in the

conventional antenna as it is based on the homogeneous substrate. The novelty of

this section is the approach to enhance microstrip patch antenna based on photonic

crystal substrate as already shown in Figure 4.8 and 4.9. Further exciting results

of the proposed antennas and improvements are obtained from this optimization.

The proposed antennas are compared with the results of the existing antennas in

literature and summarized in Table 4.3.

Table 4.3: Comparison of presented antennas with existing designs.

fr
(THz)

S11

(dB)
Bandwidth

(GHz)
Gain
(dB)

Radiation efficiency
(%)

[167] 0.67 -24 *** 7.3 ***
[111] 0.676 *** *** 5.22 ***
[169] 0.63 -44.71 36.23 7.94 85.71
[172] 0.96 -13.05 310 3.8 ***
[173] 0.75 -35 50 5.09 86.58

Antenna 1 0.64 -22.09 140 6.11 78.94
Antenna 3 0.63 -56.81 >>230 8.95 89.31
Antenna 4

(enhancement %) 0.61 -83.73
(+279%) >>230 9.19

(+50.41%)
90.84

(+15.1%)
Antenna 5 0.62 -80.97 >>230 9.08 88.48
Antenna 6 0.61 -67.79 >>230 9.04 90.03
Antenna 7 0.62 -74.45 >>230 9 88.72

The proposed terahertz microstrip antennas may have applications mainly in

sensing and communication, such as the next generation of wireless communica-

tions due to their resonating frequency close to 0.65THz where there exist a low

atmospheric attenuation window in terahertz range and their electromagnetic char-

acteristics such as high gain, radiation efficiency, return loss and wide bandwidth.

These antennas, which belongs to standing wave antennas, are good candidates for

terahertz integrated System On-Chip (SoC). The on-chip integrated antenna tech-

nology is promising in terahertz range as it could be even more cost-effective than

a conventional packaging of an external antenna with transceivers by considering

packaging cost and its compactness at terahertz band.
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4.4 Antenna Structure of Modified Patch Shapes

4.4.1 Size modifications

In this section, modifications are introduced to patch antenna based on the air-

cylinder-embedded dielectric substrate with squared unit cell shown in Figure 4.1

which has a length of 100µm, whereas the centered air cylinder, that is embedded

in Polyimide substrate with a relative permittivity of 3.5 and tanδ of 0.0027, has

the same length as the substrate thickness (90µm). In order to benefit from the

property of photonic bandgap in surface wave suppression, the substrate thickness

is chosen thick enough to excite these surface waves [121]. To design the substrate

structure of patch antenna that resonates around 0.65THz, the value of the effective

permittivity is taken as 1.07.

In this part, a microstrip antenna is designed and simulated using the previ-

ously selected photonic bandgap as a substrate. Figure 4.18.a shows the antenna

with the PBG structure, viz. Antenna 8, that is used as its substrate whereas the

conventional antenna with the homogeneous substrate is shown in Figure 4.3.a. The

initial parameters of the radiating microstrip patch antenna are selected close to the

calculated ones using the referenced equations in [25] then the length and width of

the patch are optimized. The patch is centered above the substrate and the feed line

is designed with a width of 150µm. As a summary, the values of each parameter of

the antennas are presented in table 4.4.

Table 4.4: Parameter values of the presented Antennas 1 and 08

Component Parameter Value (µm)
Patch of homogeneous

and PBG substrate
Width 160 335
Length 60 110

Substrate

Width 600
Length 600

Thickness 90
Lattice constant a 100
Cylinder radius r 36

In this work, the presented structure is made of the optimized patch antenna

based on photonic bandgap substrate studied previously but the holes are divided
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(a) (b)

(c) (d)

(e)

Figure 4.18: Geometry of terahertz antenna based on photonic crystal substrate
with different patches (a) Antenna 08 (b) Antenna 09 (c) Antenna 10 (d) Antenna
11 (e) Antenna 12.
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into three sets of air holes. Each set has its own radius as shown in Figure 4.18.b

of Antenna 9 for the optimized substrate using the square sets of holes similar to

Antenna 6 but with different patch size. After optimization of holes radiuses, it is

found that R1, R2 and R3 are 38.70, 40.89 and 37.04µm respectively.

4.4.2 Circular Patch Structure

In this subsection, a circular patch microstrip antenna is designed and simulated

using photonic bandgap structure as a substrate. The substrate is also made from

Polyimide with ϵr = 3.5 and tanδ = 0.0027. Figure 4.18.d shows the antenna

with the photonic bandgap substrate, Antenna 11, whereas Figure 4.18.c shows the

conventional antenna with the homogeneous substrate, Antenna 10; the radius of the

circular patch antenna is 155µm. The patch is centered above the substrate and the

feed line is designed with a width of 150µm. The substrate is designed thick enough

with 90µm that excite surface waves in Antenna 10 which is based on homogeneous

substrate. As a summary, the substrate’s dimensions of Antenna 10 and Antenna

11, which is based on photonic crystal substrate, are presented in table 4.4. In this

work, the presented structure of Antenna 12 is designed based on Antenna 11 but

the air cylinders of the substrate are divided into five sets of air holes. Each set

has its own radius as shown in Figure 4.9.c. By starting from Antenna 11 substrate

where all the air cylinders are identical, an optimization of holes radiuses of each

set with the merit function that takes S1,1 and gain into considerations is launched.

The result reveal that R1, R2, R3, R4 and R5 are equal to 13.37, 18.59, 20.68, 32.39

and 26.53µm, respectively.

4.5 Results and Discussion of the Modified Patch

Antennas

From Figure 4.19 which presents the scattering parameter of the antenna config-

urations. It can be seen that the antenna designed on the optimized patch based

on PBG substrate, Antenna 8, exhibits a wide bandwidth of 216GHz compared to
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(a) (b)

Figure 4.19: Return loss of the presented antennas in Figure 18 (a) Antennas 1, 8
and 9 (b) Antennas 10, 11 and 12.

the antenna based on homogeneous substrate, Antenna 1, with 140GHz and a deep

return loss of −47.92dB is achieved compared to homogeneous substrate antenna

with −22.09GHz. All the resonance frequencies are close to the desired frequency

of 0.65THz. The Voltage Standing Wave Ratio (VSWR) is slightly improved to

1.008.

In this part, the antenna based on enhanced photonic bandgap substrate, An-

tenna 9, has been compared with the conventional antenna. It is observed from

Figure 4.19 that the return loss of both the conventional antenna and the an-

tenna based on enhanced photonic bandgap resonate at a frequency of 0.64THz and

achieve the return loss (S11 ≤ −10dB) of −22.09dB and −63.17dB respectively;

also, the absolute bandwidth of 140GHz and 216GHz is maintained, respectively.

The improvement is more than 76GHz.

From Figure 4.19.b which presents the scattering parameter S11 of the antenna

configurations, it can be seen that Antenna 11 exhibits a wider bandwidth (288GHz)

than Antenna 10’s (268GHz) by an improvement of 20GHz. Also, a deep return

loss of −39.67dB is achieved compared to Antenna 10 with −25.34GHz. All the

resonance frequencies, 0.61THz and 0.69THz for Antenna 10 and Antenna 11, re-

spectively, are close to the desired frequency 0.65THz with a shift of 6% but within

the range of 0.6− 0.7THz. The ameliorated VSWR is 1.02.

Besides, the conventional antenna has been compared with Antenna 12 which is
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based on an optimized PBG substrate. It is observed from Figure 4.19.b that both

conventional Antenna 10 and Antenna 12 resonate close to the desires frequency

0.65THz within the range 0.6−0.7THz but Antenna 12 is the closest with 0.658THz

resonance frequency. The achieved minimal return loss (S11 ≤ −10dB) of Antennas

10 and 12 are −25.34dB and −50.88dB, respectively; also, the absolute bandwidths

of Antenna 10 and Antenna 12 are approximately equal to 268GHz. The voltage

standing wave ratio for Antenna 10 of 1.12 is improved by 0.115; the ameliorated

VSWR of Antenna 12 is 1.005.

For further analysis, the gain and radiation efficiency are also interesting char-

acteristics of antennas to be taken into consideration, especially for wireless com-

munication systems in this band of frequency. From Figure 4.20, it can be seen that

the gain of the enhanced photonic bandgap antenna, Antenna 9 gain of 8.77dB and

radiation efficiency 94.05%, is strongly greater than the antenna based on homoge-

neous substrate, 6.11dB and 78.94% respectively, which is also an interesting result

as an improvement. Figure 4.20.b shows the gain of the presented antennas.

(a) (b)

Figure 4.20: Gain versus frequency of presented antennas (a) Antennas 1, 8 and 9
(b) Antennas 10, 11 and 12.

It is obviously observed the achieved amelioration of the gain and radiation effi-

ciency of Antenna 11 that is based on photonic crystal substrate, gain of 8.18dB and

radiation efficiency of 92.75%, compared to conventional patch Antenna 10 which

is based on the homogeneous substrate with a gain of 7.98dB and radiation effi-

ciency of 85.88%. Thus, by taking previous results of the achieved return loss into
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consideration, the employment of PBG structure is indeed an effective technique to

reduce surface waves that results in worthwhile improvements in different antenna

characteristics. It can be seen from Figure 4.20.b that the gain efficiency of Antenna

12 based on optimized photonic bandgap, which are equal to 8.5dB and 92.25%, re-

spectively, are strongly greater than the conventional Antenna 10, which are equal

to 7.98dB and 85.88%, respectively; this is also an interesting result as an improve-

ment. The surface current of Antennas 8,9,10,11 and 12 are presented in Figure

4.21 where the advantage from employing photonic crystal substrate is maintained

as most of the power is radiated and a noticeable reduction of the reflected power

from air-antenna edge interfaces is achieved.

The achieved spatial directivity of the final optimized photonic bandgap antenna

structure at 0.64THz is shown in Figure 4.22.b from which the directivity of the

antenna can be deduced. The more directive the antenna is, the more efficient the

communication link can be established.

The far-field directivity of Antenna 12 based on the optimized photonic crystal

substrate at 0.658THz is shown in Figure 4.22.d which presents the antenna gain

pattern; as a result, the grater the gain of the antenna is, the more efficient the

communication link is.

The simulated results prove that the antenna performance which is based on

photonic bandgap substrate including the return loss, VSWR , radiation efficiency

and the gain are effectively improved due to surface wave suppression that exists in

the conventional antenna as it is based on the homogeneous substrate. The novelty

in this work is the approach to optimize a microstrip antenna based on photonic

crystal substrate as shown in Figure 4.18. Further exciting results of the presented

antennas and enhancements are obtained from this optimization. This part presents

the closest resonant frequency of 0.658THz to the desired frequency of 0.65THz for

wireless communication technologies.

The proposed antenna is compared with the results of the existing antennas in

literature and summarized in Table 4.5. As it is shown, this section presents the

closest resonant frequency of 0.644THz to the desired frequency of 0.65THz for

wireless communication technologies. Besides, the proposed Antenna 9 is compared
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(a) (b)

(c) (d)

(e)

Figure 4.21: Current distribution of the presented antennas (a) Antenna 08 (b)
Antenna 09 (c) Antenna 10 (d) Antenna 11 (e) Antenna 12.

with the results of the existing antennas in literature and summarized in Table 4.5.
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(a) (b)

(c) (d)

Figure 4.22: Polar plot of (a) Antennas 1 and 8 (b) Antennas 1 and 9 (c) Antennas
10 and 11 (d) Antennas 10 and 12 , radiation patterns at their resonance frequency
for θ and ϕ planes which define the solid angle of maximum radiation.

Table 4.5: Comparison of presented antennas with existing designs.

Resonance frequency
fr (THz)

Return loss
(dB)

Bandwidth
(GHz)

Gain
(dB)

Radiation
efficiency (%)

[167] 0.67 -24 *** 7.3 ***
[111] 0.676 *** *** 5.22 ***
[169] 0.63 -44.71 36.23 7.94 85.71
[172] 0.96 -13.05 310 3.8 ***
[173] 0.75 -35 50 5.09 86.58

Antenna 1 0.64 -22.09 140 6.11 78.94
Antenna 8 0.624 -47.92 216 8.73 93.94
Antenna 9 0.644 -63.17 (80%) 216 (25%) 8.77 (36%) 94.05 (08%)

Antenna 10 0.61 -25.34 268 7.98 85.88
Antenna 12 0.658 -50.88 (101%) 268 (0%) 8.5 (6.5%) 92.25 (7.4%)
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4.6 Antenna Based on Different Substrate Dielec-

tric Materials: RT5870-Air and Silicon-Air

The objective of this section is to investigate the employment of the non-periodic

photonic crystal substrate based on materials other than polyimide-air. Rogers

RT5870 and Silicon materials which have lower and higher permittivity than poly-

imide are selected. It should be noted that the antenna based on a homogeneous

silicon substrate is already presented in Chapter 3.

In this part, Antennas 14 and 15, which are rectangular microstrip patch an-

tennas, are designed and simulated based on homogeneous and conventional PBG

substrate, respectively. The substrate is made from Rogers RT5870 with ϵr = 2.33

and tanδ = 0.0012. Figure 4.23 shows the simulated photonic crystal structure

geometry. The length of the squared unit cell is 152µm whereas the centered air

Figure 4.23: Geometry of the simulated photonic crystal structure.

cylinder has the same thickness as the substrate of 186µm with a radius of 53µm.

In order to extract substrate electrical properties, simulation results are computed

in 0.35− 0.75THz frequency range. The extracted real and imaginary parts of the

permittivity with their corresponding scattering parameters are shown in Figure

4.24.

According to Figure 4.25, which shows Antennas 14 and 15 structures based on

homogeneous (Rogers) and photonic bandgap substrates (Rogers-Air), respectively,

the patch is centered above the substrate and the feed line is designed with a width

of 58µm. The substrate is selected thick enough with 186µm that excites surface

waves in Antenna 14, which is based on homogeneous substrate. The width Wp and

the length Lp of the patch are 179µm and 209µm based on square substrate surface

with 760µm length.

77



Chapter 4. Analysis and Design of Terahertz Microstrip Antennas Based on Modified Photonic
Crystals PCs

(a) (b)

Figure 4.24: Simulation results of roger photonic crystal substrate (Figure 23) (a)
Reflection and transmission coefficients (b) relative permittivity.

(a) (b)

(c)

Figure 4.25: Geometry of (a) Antenna 14, (b) Antenna 15 and (c) substrate of
Antenna 15.

From Figure 4.26, which represents the scattering parameter magnitude S11 of

the antennas, it can be seen that Antenna 15 exhibits a wider bandwidth, more

than 287GHz, than Antenna 14’s 182GHz with a noticeable improvement even
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Figure 4.26: Return loss of Antenna 14 and Antenna 15.

(a) (b)

Figure 4.27: Current distribution of Antenna 14 and Antenna 15.

with different substrate material. Also, a reduced return loss less than −15dB

is achievable. All the resonance frequencies around 0.64THz for Antenna 14 and

Antenna 15 are close to the desired frequency 0.65THz within the range of 0.6 −

0.7THz. The surface current of Antennas 14 and 15 are presented in Figure 4.27

where the advantage from employing photonic crystal substrate is maintained as

most of the power is radiated and a noticeable reduction of the reflected power from

air-antenna edge interfaces is achieved.

It is obviously observed in Figure 4.28 the achieved amelioration of the gain and

radiation efficiency of Antenna 15 that is based on photonic crystal substrate, a gain
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Figure 4.28: Gain versus frequency of Antenna 14 and Antenna 15.

Figure 4.29: Radiation pattern of Antenna 14 and Antenna 15.

of 8.6dB and radiation efficiency of 85%, compared to conventional patch antenna

which is based on homogeneous substrate with a gain of 7dB and radiation efficiency

of 75%. Thus, by taking previous results into consideration, the employment of

photonic bandgap structure is indeed an effective technique to reduce surface waves

that results in worthwhile improvements of different antenna characteristics.

The far-field radiation patterns are shown in Figure 4.29 for both antennas in

the planes containing solid angle at which maximum radiation is achieved. It can
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be easily seen the advantage of Antenna 15 over Antenna 14 at their maximum

radiation and the reduced side lobes.

According to Figure 4.30 which shows the substrate of Antennas 16 and 13

structures based on optimized PBG substrate, respectively. The radii for Antennas

16 and 13, viz. R1, R2, R3, R4, R5 and R1, R2, R3, R4, R5, R6, R7, R8, R9, R10,

R11, R12, R13, R14, R15 , R16, has been found to be 57, 57, 15, 64, 47 µm and 29,

14, 25, 30, 22, 27, 25, 15, 29, 29, 25, 15, 30, 27, 24, 19 µm, respectively.

(a) (b)

(c) (d)

Figure 4.30: Geometry of the optimized substrates for terahertz antennas (a) and
(b) Antenna 16, (c) and (d) Antenna 13.

From Figure 4.31, which represents the scattering parameter magnitude S11

of the antenna configurations, it can be seen that Antenna 16 exhibits a wider

bandwidth, more than 291GHz, than Antenna 14’s 182GHz with a noticeable im-

provement for Silicon based antennas where all resonance frequencies are within
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Figure 4.31: Return loss of Antennas 16 and 13 compared to Antenna 14 and con-
ventional silicon based antenna.

0.6 − 0.7THz window even with different substrate material. The surface current

of Antennas 13 and 16 are presented in Figure 4.32, where the advantage from em-

ploying photonic crystal substrate is maintained as most of the power is radiated

and a noticeable reduction of the reflected power from air-antenna edge interfaces

is achieved.

(a) (b)

Figure 4.32: Current distribution of Antenna 16 and Antenna 13.

It is clearly seen, the achieved enhancement of the gain (8.4dB) and radiation

efficiency (88.7%) of Antenna 16 that is based on modified photonic crystal substrate

compared to conventional patch antenna which is based on homogeneous substrate
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with a gain of 7dB and radiation efficiency of 75%, in Figure 4.33. For silicon based

antennas, a gain of 9.75dB and radiation efficiency of 89.7% is achieved compared

to conventional patch antenna, which is based on homogeneous silicon substrate,

with a gain of 5.37dB and radiation efficiency of 70%. Thus, by taking previous

results into consideration, the employment of modified photonic bandgap structure

is indeed an effective technique to reduce surface waves that results in worthwhile

improvements of different antenna characteristics.

Figure 4.33: Gain versus frequency of Antennas 16 and 13 compared to Antenna 14
and silicon based antenna.

(a) (b)

Figure 4.34: Radiation pattern of (a) Antenna 16 and Antenna 14 (b) silicon based
antenna and Antenna 13.
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The far-field radiation patterns are shown in Figure 4.34 for both antennas in

the planes containing solid angle at which maximum radiation is achieved which

corresponds to both silicon and roger based antennas. It can be easily seen the

advantage in directivity of Antenna 16 over Antenna 14 at their maximum radiation

and Antenna 13 over the antenna based on silicon substrate.

4.7 Summary

In this chapter, several terahertz microstrip patch antennas based on optimized

photonic crystal substrate are designed and analyzed. First, the antenna based on

photonic crystal substrate is designed and analyzed in order to enhance its perfor-

mance around 0.65THz by suppressing the undesirable surface waves that renders

it to a more suitable component for the next generation of wireless communication

systems. Simulated results show that the photonic bandgap substrate efficiently

enhances the characteristics of the conventional microstrip antenna at this band of

frequency. Finally, multiple other investigated antennas based on modified pho-

tonic crystal structure are proposed which result in noticeable and worthwhile extra

ameliorations of antenna return loss, bandwidth, gain, and radiation efficiency with

a great enhancement such as 279%, 50.41% and 15.1% in the return loss, gain and

radiation efficiency, respectively.
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Chapter 5

Design of MIMO System for THz

Indoor Communications

5.1 Introduction

Beyond the next generation of wireless communication systems, the transition of

the carrier frequencies to the terahertz band is the viable solution to meet long-

term demand for extra-high transmission data rates [177]. This enables fascinating

real-life technologies to arise. For the establishment of such a high data rate com-

munication links, increasing the available bandwidth is therefore quite important.

However, the terahertz channel has other distinct characteristics, such as a higher

transmission path loss and extra molecular loss of absorption [50], compared to the

lower band systems. This challenge is addressed by many researchers [178] where

highly directional antennas are proposed to defeat the emerged losses and to in-

crease the link capacity for practical indoor environment applications and to build

extra high-speed communication systems. Moreover, the reflection and scattering of

waves at the lower bands are also different [179, 180, 181]. For terahertz rays, the

surfaces of indoor objects should be perceived as rough surfaces rather than smooth

as the roughness of the indoor surfaces such as plaster or wallpaper is comparable

with the traveling wavelength.

The motion of moving objects in the indoor environment is quite slow compared

to terahertz signals through a certain time window. Thus, a moving object can be
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considered as a static object between the transmit antenna and the receive antenna

[182]. Therefore, the channel may be influenced by fading in most situations and this

will impact the bit error rate. Hence, diversity is required for the receive antenna

to catch several redundant waves where the probability that all received waves are

affected instantaneously is excessively diminished. There are several strategies for

raising channel capacity, one of which is to use the MIMO technic to introduce a

diversity scheme in communication systems [183]; nevertheless, as MIMO systems

suffer from limitations of size, isolation of antennas and spacing. It is critical to

tackling other technics to overwhelm such constraints. By using a photonic crystal

substrate-based antennas and making them directional [12] is a promising strategy.

Due to the low profile, low cost, simple deployment on molded surfaces, and

compatibility with Integrated Circuit (IC) technology, microstrip patch antennas

are commonly used for different applications [183]. However, the antenna sub-

strate exhibits two main losses which are the conduction loss of the substrate and

the loss of surface wave due to the employed substrate with high permittivity and

comparatively large thickness [139]. Some researchers have used a high-dielectric

or thick substrate to boost the electrical characteristics of the microstrip antennas

[184, 185, 186, 187]. Nonetheless, adding such high-dielectric-permittivity materials

with considerable thickness contributes to the excitation of shock waves in the fre-

quency ranges of the millimeter and terahertz [188].In fact, the implementation of

a thick substrate contributes to surface waves excitation due to the absorption of

energy within the substrate [25], while a decrease in the thickness of the substrate

deteriorates the antenna’s radiation pattern.

Photonic Crystals (PCs) are commonly employed as a substrate in the design of

microstrip antenna for operation at high frequencies to reduce the aforementioned

surface wave loss [189, 146, 147, 148, 149, 150]. Besides, researchers have been at-

tracted by the two-dimensional (2D) PCs, as they are much easier to manufacture

than three-dimensional (3D) PCs [190, 191, 192] and have wide utilities rather than

antennas and planar waveguides [154, 155]. Nevertheless, due to the complicacy of

photonic crystal, characterizing those using strictly analytical methods is usually

difficult. Alternatively, full-wave simulators such as the finite integral technic-based
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CST Microwave Studio were used for these researches to analyze the designed an-

tennas based on a photonic crystal substrate. Besides, the employment of photonic

crystals in integrated silicon-based on-chip antennas is appealing in the area of ter-

ahertz technology for different applications such as MIMO communication systems

because they are more cost-effective in regards to packaging expenses and com-

pactness compared to traditional packaging of separate antennas and transceivers.

Generally, the System on chip (THz-SoC) technology for Terahertz band is interest-

ing in many applications which includes extremely high analog interfaces and digital

logic for processing and low-cost mass production [138].

Graphene is the first discovered two-dimensional structure made from graphite

which was proposed in the last decade [193]. Several devices have been reconstructed

based on graphene such as optical sensors [194] and filters [195] due to its special

properties. The most interesting feature is that by changing the electrostatic voltage

bias, graphene surface conductivity is controlled. Several researchers conducted

their researches on the utility of graphene in antennas to improve its radiation

characteristics [196, 197, 198, 199, 200, 201].

The scientific community is developing and improving manufacturing techniques.

However, in recent years, some techniques were used to fabricate even the structure

with the nanometer scale, which can be employed in the construction of the THz

microstrip antennas [113, 114, 115]. In addition, the measurement challenges are

also an issue that can be overcome by measuring techniques in the near field [116,

117, 118]. This makes it possible to complete the manufacturing and testing of the

terahertz microstrip antennas and to be utilized in their desired applications.

In this chapter, first graphene load is analyzed and investigated for its interesting

characteristic. Followed by MIMO antenna design based on homogenous, photonic

crystal and optimized structure with the graphene load. Then by applying the

designed antennas in indoor communication scenario which its occurrence is often,

different analysis and studies for capacity enhancement are conducted and compared

with other results in literature. Finally, a summary concludes the work.
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5.2 Graphene properties

Graphene is a single layer of atoms in a two-dimensional material with a surface

conductivity σ(ω,µc,Γ, T ) which is related to the angular frequency ω, chemical

potential µc, phenomenological scattering rate Γ and temperature T . The Kubo

formula [202] describes the graphene conductivity as:

σ(ω, µc,Γ, T ) =
je2(ω − j2Γ)

πh̄2 ×
[

1

(ω − j2Γ)2

∫ ∞

0

ϵ

(
∂fd(ϵ)

∂ϵ
− ∂fd(−ϵ)

∂ϵ

)
dϵ−∫ ∞

0

fd(−ϵ)− fd(ϵ)

(ω − j2Γ)2 − 4( ϵ
π
)2
dϵ

]
(5.1)

Where h̄ and h are the reduced and normal Planck’s constants, e is the electron

charge, KB is the Boltzmann’s constant, and the Fermi–Dirac distribution fd(ϵ) is

described as:

fd(ϵ) = (e(ϵ−µc)/kBT + 1)−1 (5.2)

The carrier density ns is related to chemical potential µc based on the following

relationship [202]:

ns =
2

πh̄2V 2
f

∫ ∞

0

ϵ [fd(ϵ)− fd(ϵ+ 2µc)] dϵ (5.3)

where Vf is the Fermi velocity. Hence, the chemical potential, which is determined

by the carrier density, can be tuned up by application of chemical doping and elec-

trostatic bias voltage [202]. The surface impedance of graphene is introduced in

Figure 5.1 for different chemical potentials. It is noted that graphene has a low

resistance when µc=1 and a high resistance when µc=0. Therefore, graphene can

operates in two different modes which are controlled by adjusting its corresponding

chemical potential µc. In order to tune the chemical potential a FET or graphene-

based electrolytic capacitor should be considered. In fact, the chemical potential is

controlled by the carrier density ns which can be tuned by employing an electrostatic

bias voltage and chemical doping [203]. Several researches have been conducted that

present a strong capability of electrolyte to control the carrier density in graphene
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(a) (b)

Figure 5.1: Graphene properties as (a) µc = 0 (b) µc = 1.

such as [204] and [205].

5.3 Antenna design with graphene load

In this section, the researcher designed and developed three different MIMO anten-

nas which are based on homogeneous and artificial substrates. By introducing a

graphene load in the single antenna structure presented in [13] and exploiting its ra-

diation characteristics in such an orientation and spacing, the final proposed MIMO

antenna is developed as a rectangular microstrip patches based on a PBG substrate.

Figure 5.2 shows the designed MIMO antenna where the width Wp and length Lp of

Figure 5.2: Geometry of MIMO antenna design based on PBG for different µc).

the patch are 376µm and 296µm respectively and the feeder width Wf and length
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Lf are selected to be 150µm and 152µm. The graphene load has a width Wl and a

length Ll of 100µm and 50µm, respectively. The substrate material is chosen to be

polyimide where its relative permittivity ϵr = 3.5 and tanδ = 0.0027 with a size of

600 × 600 × 90µm3. The first MIMO antenna is based on homogeneous substrate.

For the photonic crystal structure, the length of the squared air polyimide unit cell

is 100µm and the air holes have a radius of 26.5µm of periodic PBG concerning the

second MIMO antenna. For optimized PBG, viz. third MIMO antenna, the radii’s

are 19.28, 32.87, 15.57, 24.27, 25.27, and 27.68µm, respectively for each row of holes.

All holes thicknesses are 90µm as the substrate. A copy from the antenna, which is

fed by another port, is shifted by a distance Dis of 123µm and rotated by 180◦.

The introduced three antennas are designed and investigated by using CST sim-

ulator which is based on the Finite Integration Technique (FIT). The simulations

have been performed using CST time domain solver with the number of mesh cells

being 250576, 504300 and 680190 for MIMO antennas based on homogeneous, PBG

and optimized PBG substrates, respectively. The graphene has been modelled using

a volumetric approach with a thickness of 0.02µm.

The scattering parameters, i.e. the reflection coefficients S11 and S22 for port

1 and 2 respectively and the transmission coefficients S21 and S12, are computed

for MIMO antenna based on homogeneous substrate as shown in Figure 5.3 and for

MIMO antenna based on photonic crystal substrate with optimized photonic crystal

substrate as µc = 1 and as µc = 0. It is noticed that the transmission coefficients are

approximately identical because of the presented geometrical symmetry of MIMO

antennas. The same remark still true for reflection coefficients. From transmission

coefficients S21 and S12, it is shown the low coupling power between port 1 and 2

and vice versa.

For reflection coefficients S11 and S22, It is obviously seen the resonance fre-

quency around 0.65THz atmospheric window. Also, the 10dB bandwidths are

151, 266, 336, 287 and 356GHz for Antenna 1, Antenna 2 as µc being 0, Antenna 2

as µc being 1, Antenna 3 as µc being 0, and Antenna 3 as µc being 1. Indeed, the

employment of periodic photonic crystal and optimized photonic crystal, i.e. An-

tenna 2 and 3, enlarge the bandwidth compared to MIMO Antenna 1 which is based
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(a) (b)

(c) (d)

(e)

Figure 5.3: Return loss of the designed MIMO antennas based on (a) homogenous,
(b) PBG for µc = 0 , (c) PBG for µc = 1, (d) optimized PBG for µc = 0 and (e)
optimized PBG for µc = 1

on homogeneous substrate. Moreover, the introduction of the small sized graphene

load has widened the bandwidth which is an important factor for high data rates

transmission.

In Figure 5.4, the gains variation with respect to frequency are plotted for the
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Figure 5.4: Gain versus frequency of the designed MIMO antennas.

different MIMO antennas. It is clearly seen the gain enhancement due to the

suppression of surface waves by the photonic crystal substrate compared to An-

tenna 1, conventional antenna, which is based on homogeneous substrate. Also,

the gain is slightly improved when graphene load operates in low resistance mode

for both Antennas 2 and 3. The maximum achievable gains around 0.65THz are

6.7, 8.55, 8.77, 8.73, and 8.92dB for Antenna 1, Antenna 2 as µc being 0, Antenna 2

as µc being 1, Antenna 3 as µc being 0, and Antenna 3 as µc being 1.

The radiation patterns of the MIMO antennas are shown in Figure 5.5. Accord-

ing to Figure 5.5.a and Figure 5.5.b, the directivity of MIMO Antenna 1 reaches

its maximum at incidence angle theta of 70◦ and −70◦ for port 1 and port 2, re-

spectively at 0.6THz where each port is fed separately. However, the direction of

maximum radiation is shifted (tilted) to be 50◦ and −50◦ according to port 1 and

port 2, respectively for MIMO Antenna 2 and 3 at 0.62THz. It is also remarked

the slightly ameliorated radiation as the chemical potential being 1, which corre-

sponds to the low resistive mode of graphene load. The main lobe beam width

for MIMO Antennas 1, 2 as µc = 0, 2 as µc = 1, 3 as µc = 0 and 3 as µc = 1

are 69.0◦, 73.0◦, 69.2◦, 72.4◦ and 68.6◦.The 2D far field radiation pattern of MIMO
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(a) (b)

(c) (d)

(e) (f)

Figure 5.5: Far field radiation pattern of the designed MIMO antennas (a) Antenna
1 for port 1, (b) Antenna 1 for port 2 , (c) Antenna 2 for port 1, (d) Antenna 2 for
port 2, (e) Antenna 3 for port 1 and (f) Antenna 3 for port 2

Antenna 3 is shown in Figure 5.6.

Furthermore, the dimension for the graphene chemical potential µc of 0.3, 0.7

and 1.3 ev is investigated. The presented results in Figure 5.7 indeed confirm the

previously stated conclusions; the introduced graphene chemical potential enhances
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Figure 5.6: 2D far field radiation pattern of MIMO Antenna 3

(a) (b)

(c)

Figure 5.7: Performance of the designed MIMO antenna based on optimized PBG
for muc=0.3, 0.7, 1.3 (a) the Scattering parameters (b) Gain versus frequency (c)
Main lobe direction
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(a) (b)

Figure 5.8: Performance of the designed MIMO antenna based on optimized PBG
for different hole radii variations (a) Reflection coefficient (b) Gain versus frequency

the bandwidth and the gain. Besides, the main lobe direction curve with respect to

frequency is shifted forward with the increase in graphene chemical potential.

Although the hole radii of the MIMO antenna based on optimized PBG are with

a precision on the second digit, i.e. 10 nm, the fabrication tolerance is in the scale

of micrometers according to Figure 5.8 which presents the scattering parameters

and the gain versus frequency of the presented MIMO antenna based on optimized

PBG. By varying the holes radii by 0.01, 0.1, 1 and 5µm, similar results are obtained

with several micrometers as a threshold where a considerable deterioration in the

performance is noticed.

5.4 MIMO system design

The terahertz channel has been studied by several researchers and gains their in-

terests due to the promising features it offers after banishing its main challenge,

which is the path loss. The losses in terahertz waves includes spreading loss and

molecular absorption loss for line of sight communication systems. However, when

there is no direct path, which is the common situation for T rays, a fading exists

and an introduced extra loss is presented in such situation. The spreading loss, the

molecular absorption loss and the reflection loss formulas are defined as [182]:

Aspread(f, d) = 20log

(
4πfd

c

)
(5.4)
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Aabs = k(f)d10log10e (5.5)

where Aspread is the spread loss in dB, d is the travelled distance, c is the light speed

and f is the operating frequency; the molecular absorption loss Aabs is related to the

medium absorption coefficient K(f) for the different existing gases in air. In spite

of that, the absorption loss includes windows where the loss is very small and can

be ignored. One of these windows is around 0.65THz as the operating frequency of

the presented MIMO antennas in previous section. Besides, the reflection loss Aref

which is due to the collision of waves with the indoor rough surfaces as terahertz

wavelengths are comparable with indoor surfaces. In this work, the scenario shown

Figure 5.9: A scenario of MIMO system model for three MIMO antennas.

in Figure 5.9 is considered due to the fact that moving objects in real word are

quite slow compared to terahertz waves. Thus, it is safely assumed that the moving

object to be static between the transmitters and receivers. Therefore, it prohibits

line of sight communications and allows fadings. According to the scenario of Figure

5.9, Spi is the distance between the transmitter and the corresponding indoor wall,

Spij is the distance between the receiver j and indoor wall i, Lij is the horizontal

distance between transmitters and receivers, dt and dr are the spacing between
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transmitters and between receivers, respectively. Different system configurations

are studied including SISO (1× 1), MISO (2× 1), SIMO (1× 2) and MIMO (2× 2).

In addition to the mentioned losses, there is also the loss of wave’s collision with the

indoor surfaces. Theses variations in the surfaces are in the range of several hundred

of microns. Thus, the wavelength of the radiated waves in terahertz frequencies is

comparable with the roughness of the indoor surfaces [182]. The roughness factor ρ

is approximately as follows [181]:

ρ = e−
g
2 (5.6)

g =

(
2π∆(cos(ΘI) + cos(ΘO)

λ

)2

(5.7)

where the surface deviation coefficient∆ is set to 88µm [179] for plaster indoor walls,

λ is the wavelength, g is the surface variation intensity and the angle of incidence

ΘI and refection ΘO are expressed as follows for the presented scenario in Figure

5.9:

Spitan(ΘIi) + Spijtan(ΘOij) = Lij (5.8)

In this part, as the system is considered with M transmit antennas and N receive

antennas, the time invariant channel can be modeled as an M × N gain matrix H

as follows:

y = Hx+ w (5.9)

Where x and y are transmit and receive signals, respectively and w is the white

Gaussian noise. The gain matrix elements, the gain hij between the ith transmitter

and the jth receiver, can be computed based on the following formula [202]:

hij = −Aspread − Aabs + ρ+GT +GR (5.10)

Where Gt is the transmitter gain and Gr is the gain of the receiver at the angle

of incidence ΘI and the angle of reflection ΘO, respectively. The aforementioned

angles with the travelling distance in the presented scenario are calculated by using
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the following formulas [182]:

Spi
cos(ΘI)

+
Spij

cos(ΘO)
= dij (5.11)

After that, the capacity can be calculated by maintaining the singular values λi of

the gain matrix H as follows [182]:

C =

nmin∑
i=1

log2

(
1 +

Piλ
2
i

N0

)
b/s/Hz (5.12)

Where N0 is the noise power spectral density, Pi is the transmitted power from the

ith MIMO antenna and nmin is the rank of the gain matrix H.

To investigate the degree of mutual coupling, several simulations have been per-

formed by using two MIMO antennas based on optimized PBG with distinct spacing

distances dt of 3000, 6000, and 10000µm between them. Figure 5.10 presents differ-

Figure 5.10: Degree of mutual coupling between the ports of two MIMO antennas
based on optimized PBG for different spacing distances.

ent transmission coefficients between port 3 and 4 of Antenna 2 with ports 1 and

2 of Antenna 1. The results show a quite reduced level of coupling as the spacing

distance is increased. Concerning the condition number, which indicates how well

channel matrix is conditioned, practical results are obtained as dt > 0.05m with
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18.10 dB for 0.1m and very good performance as the spacing dt > 0.2m with 9.92

dB for 0.2m and 7.84 dB for 0.3m. However, by sweeping the distance parameter

dr through 0.1, 0.6, and 1.2m, the condition number is 86.87, 86.22, and 85.68dB

respectively. Furthermore, as the distance lij is varied between 1, 2.5, and 4m, the

maintained condition numbers are 97.78, 87.72, and 96.17 dB with the minimum

being 85.54 dB for 1.5m.

For the first system configuration, a single transmitter with a single receiver are

employed, 1× 1 system, where Sp1 = 1m, Sp11 = 1m, and lij = 2m. The spreading

loss, reflection loss and total loss versus the incidence angle of transmission are

shown in Figure 5.11. It is clearly seen the best incidence angle, where the loss is

minimum, is at 45◦ with 37.32, 11.34 and 48.66dB for the spreading loss, reflection

loss and total loss, respectively.

After computing the different losses and employing the 2D radiation pattern of

(a) (b)

(c)

Figure 5.11: path loss of (1 × 1) configuration, namely spread loss, reflection loss,
and total loss
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Figure 5.12: Capacity of the designed MIMO (1× 1) configuration.

the presented MIMO antennas, namely Antenna 1 based on homogeneous substrate,

Antennas 2 and 3 based on photonic crystal substrate, the capacity (c) is calculated

for SISO system. The results are shown in Figure 5.12 where the enhancement in

the performance is clearly seen when PCs are employed in Antennas 3 and 2 of 16.1

and 16.03bit/s/Hz, respectively compared to 13.83bit/s/Hz for MIMO Antenna 1.

For MISO system, two transmitters and a single receiver are utilized, namely

2 × 1 configuration, where Sp1 = 1m, dt = 0.1mm, Sp11 = 1m, and lij = 2m. The

spreading loss, reflection loss and total loss versus the incidence angle of transmission

are shown in Figure 5.13. It is clearly seen the best incidence angle, where the loss

is minimum, is also at 45◦ with 37.32, 11.34 and 48.66dB for the spreading loss,

reflection loss and total loss, respectively.

After computing the gain matrix for each antenna from the presented MIMO

antennas, the capacity is calculated for MISO system. The results are shown in

Figure 5.14 where the enhancement in the performance is clearly seen when PCs

are employed of 17.10 and 17.03bit/s/Hz compared to 14.83bit/s/Hz for MIMO

Antenna 1 and slight overall improvement is noticed due to MISO configuration.

For SIMO system, a single transmitter and double receivers are utilized, namely

1 × 2 configuration, where Sp1 = 1m,Sp11 = 0.75m, dr = 0.5m and lij = 2m. The

spreading loss, reflection loss and total loss versus the incidence angle of transmis-
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(a) (b)

(c)

Figure 5.13: path loss of (2 × 1) configuration, namely spread loss, reflection loss,
and total loss

Figure 5.14: Capacity of the designed MIMO (2× 1) configuration.
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(a) (b)

(c)

Figure 5.15: path loss of (1 × 2) configuration, namely spread loss, reflection loss,
and total loss

sion are shown in Figure 5.15. It is clearly seen the best incidence angle, where

the loss is minimum, is located around 45◦ with 36.77, 9.67 and 46.48dB for the

spreading loss, reflection loss and total loss, respectively. The capacity is calculated

for SIMO system. The results are shown in Figure 5.16 where the improvement in

the performance is clearly seen when PCs are employed of 18.21 and 17.80bit/s/Hz

compared to 16.06bit/s/Hz for MIMO Antenna 1.

For MIMO system, two transmitters and two receivers are employed, namely

2 × 2 configuration, where Sp1 = 1m, dt = 0.1mm,Sp11 = 0.75m, dr = 0.5m and

lij = 2m. The spreading loss, reflection loss and total loss versus the incidence angle

of transmission are shown in Figure 5.17. It is clearly seen the best incidence angle,

where the loss is minimum, is also around 47◦ with 36.77, 9.68 and 46.48dB for the

spreading loss, reflection loss and total loss, respectively.

The capacity is calculated for MIMO (2× 2) system configuration. The results
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Figure 5.16: Capacity of the designed MIMO (1× 2) configuration.

(a) (b)

(c)

Figure 5.17: path loss of (2 × 2) configuration, namely spread loss, reflection loss,
and total loss
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are shown in Figure 5.18 where the enhancement in the performance is clearly seen

when PCs are employed of 17.91 and 17.8bit/s/Hz compared to 16.06bit/s/Hz for

MIMO Antenna 1. An overall improvement is noticed due to MIMO configuration.

Moreover, the impact of the distance between the receiving antennas in 2 × 2

MIMO system is studied by sweeping dr from 0.1m to 1.2m. The total loss versus

Figure 5.18: Capacity of the designed MIMO (2× 2) configuration.

Figure 5.19: Total path loss of (2× 2) configuration for different receiver’s spacing.
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Figure 5.20: Capacity of the designed MIMO (2 × 2) configuration for different
receiver’s spacing.

the incidence angle of transmission is shown in Figure 5.19 between each transmit

antenna and receive antenna within the system. It is also noticed the conformance

between several paths due to symmetry in the scenario such as the total path loss

between transmit Antenna 1 and receive Antenna 1 with transmit Antenna 2 and

receive Antenna 2. The results in Figure 5.19 reveals that the total loss is reduced

by increasing the spacing between the receivers due to the added diversity scheme

with a slight increase in the best incident angle of transmission. The capacity is

calculated and presented in Figure 5.20, the achieved capacities are 31.85, 29.21 and

27.37bit/s/Hz at the 0dBm transmission power using MIMO Antenna 3.

Furthermore, the effect of the distance between the transmit antennas in 2 × 2

MIMO system using MIMO Antenna 3 is studied by sweeping dt from 0.1m to 0.3m.

The total loss versus the incidence angle of transmission is shown in Figure 5.21 for

every transmit antenna and receive antenna. It is also obtained the coincidence

between different paths due to symmetry scheme in the scenario. The results in

Figure 5.21 affirm that the total loss is reduced by increasing the spacing between

the transmitters also due to the added diversity scheme. A slight increase in the best

incident angle of transmission is noticed. The capacity is calculated and presented in

Figure 5.22, the obtained capacities are 31.5, 30.77 and 28.86bit/s/Hz at the trans-
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Figure 5.21: Total path loss of (2× 2) configuration for different transmitter’s spac-
ing.

Figure 5.22: Capacity of the designed MIMO (2 × 2) configuration for different
transmitter’s spacing.

mission power of 0dBm. Finally, the impact of the horizontal distance between

the transmit antennas and the receive antennas using MIMO Antenna 3 is studied

by sweeping lij through 1, 2.5, and 4m. The total loss versus the incidence angle

of transmission is shown in Figure 5.23 between transmitters and receivers. It is

also maintained the similarity between different paths due to the symmetry scheme.
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Figure 5.23: Total path loss of (2× 2) configuration for different lij distances.

Figure 5.24: Capacity of the designed MIMO (2 × 2) configuration for different lij
distances.

The results in Figure 5.23 confirm that the total loss can be smaller in a scenario

where the horizontal distance is larger with some ceiling. A slight increase in the

best incident angle of transmission is also noticed. The capacity is calculated and it

is shown in Figure 5.24, the achieved capacities at the transmission power of 0dBm

are 29.10, 27.25 and 23.36bit/s/Hz. The achieved maximum capacity with trans-
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mit power of 0dBm for the presented scenario is 18.21bit/s/Hz and 17.91bit/s/Hz

compared to a capacity around 11.5bit/s/Hz in [182] for the same scenario of 2× 2

MIMO terahertz indoor communication system. The aforementioned capacities can

be improved further by manipulating the studied spacings and distances.

5.5 Summary

A novel MIMO antennas based on homogeneous and Photonic Band Gap PBG

substrates with graphene load and fed by two different ports are designed and ana-

lyzed for MIMO terahertz communications. The radiation pattern of the antennas

exhibits a symmetrical pattern for port 1 and port 2 which is exploited in a chal-

lenging scenario within terahertz communication. Besides, the results reveal in a

noticeable enhancement in the bandwidth as it reaches 356GHz with the achieved

gain of 8.92dB. The MIMO system scenario is studied using different configurations

including SISO, MISO, SIMO, and MIMO. The results have revealed that the pro-

posed MIMO system (2× 2) with antennas based on the optimized photonic crystal

substrate has the highest capacity and the lowest total loss where the capacity of

18.21bit/s/Hz is established with a remarkable enhancement of 58.35% compared

with literature. Furthermore, a conducted study is performed concerning the ef-

fect of the spacing between transmit antennas, receive antennas, and the horizontal

distance between transmit and receive antennas.
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General Conclusion

6.1 Conclusion

In this thesis, a terahertz antenna technology literature review is provided with its

probable impacts and key features and obstacles. The terahertz channel is then ex-

plored and its additional benefits are contrasted to its neighboring bands. Besides,

several cutting-edge terahertz technologies are presented in the fields of revolution-

ary wireless communication systems, biology, farming, defense, and security. A

survey on terahertz components was then presented starting from terahertz sources

and detectors to the need for planar antennas such as microstrip antennas and some

developments and amelioration techniques were discussed. Then, the researcher pro-

vided an outline of the photonic crystal and simulation utilizing the CST microwave

studio simulator. The photonic crystal structure is formed for exhibiting the band

gap at 0.6THz separately using direct transmission method. Then, it is employed

to boost microstrip antennas performance, while a small atmospheric attenuation

gap enables extra efficiency for wireless communications systems. Simulated data

for this antenna show that the photonic crystal substrate effectively enhances the

directivity of the conventional antenna on the desired frequency range.

A technique based on a hybrid Binary Particle Swarm Optimization (BPSO)

algorithm with a CST studio simulator has been used to enhance microstrip patch

antennas based on a synthesized photonic crystal substrate. A study of air cylinders

embedded in a thick silicon substrate with high permittivity is used to build the ini-
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tial antenna. PBG substrate, nevertheless, may be more beneficial when the CST

microwave studio has been combined with BPSO because it has proved useful for

synthesizing a splendid built photonic crystal substrate for the terahertz microstrip

antenna with the desired features according to its potential usage. In fact, Antenna

2 has been found to be appropriate for dual-band employment around 0.65 THz and

0.6 THz with a return loss enhancement of 5.39% compared with the initial An-

tenna 1. In comparison, it has dramatically enhanced the fractional bandwidth for

the patch antenna, based on the synthesized photonic crystal substrate, Antenna 3,

by 128% relative to the original antenna (Antenna 1). Their bandwidth is substan-

tially increased. Furthermore, both optimization results decrease side lobes levels.

The improved antenna features are attributed to the introduced photonic crystal

substrates. The antennas have resonance around 0.65THz, which are the request

for the next wireless networking technologies.

A variety of microstrip terahertz patch antennas are built and studied upon an

engineered photonic crystal substrate. First of all, the antenna is designed based

on a photonic crystal substrate in order to increase its efficiency by blocking the

unnecessary surface wave. The analysis of simulated photonic crystal substrates

demonstrates that the characteristics of the classic microstrip antenna in this fre-

quency band are effectively enhanced. Furthermore, many other antennas, that

have been studied based on a modified photonic crystal structure, will result in

substantial and beneficial incremental changes to antenna return loss, bandwidth,

gain and radiation efficiency that would produce significant enhancements as high

as 279%,+64.29%, 50.41% and 15.1%, respectively.

Finally, a novel MIMO antenna is developed and analyzed for MIMO terahertz

indoor communications fed by two separate ports on the basis of homogeneous and

photonic crystal substrates with a small graphene load. The antennas provide a

symmetrical pattern of radiation for port 1 and port 2, which is employed inside in-

door terahertz communication in a challenging situation. Various schemes like SISO,

MISO, SIMO, and MIMO are being utilized with the MIMO system scenario. These

findings demonstrated the highest spectral efficiency of the proposed MIMO (2× 2)

device with antennas based on an enhanced photonic crystal. Furthermore, a study
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is conducted on the influence of the space between transmitting antennas, receiv-

ing antennas, and transmit-receive antennas, horizontally, with respect to spectral

efficiency and channel condition number.

6.2 Suggestions

During research progresses, some interesting suggestions and extensions of this thesis

can be outlined as follows for the future:

• Application of terahertz microstrip antenna on different communication sce-

narios

• Design of terahertz array antennas based on PCs.

• Design of new photonic crystal structures that further enhances antenna fea-

tures and system performance.

• Design of new terahertz antennas based on PCs with graphene.
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 ملخصلا

ة البلورية تركز هذه الرسالة على تحليل وتصميم هوائيات تيراهيرتز الميكروستريب القائمة على الركيزة البلورية الضوئية. تم تصميم وتحليل الركيز 

داء ومقارنتها مع أ CST Microwave Studioالضوئية المركبة باستخدام تقنية تعتمد على مزيج من خوارزمية التحسين التطوري مع المحاكي 

 على ركائز ججوة الهوائي القائم على الركيزة المتجانسة و البلورية الضوئية التقليدية. بعد ذلك ، تم تصميم وتحليل العديد من هوائيات تيراهيرتز بناء  

ا ، تم الحزمة الضوئية المعدلة والمهندسة. تم كذلك مقارنة النتائج التي تم الحصول عليها من الهوائيات المذكورة مع أوراق ب حثية مختلفة. أخير 

 تيراهيرتزالباستخدام هوائي مصغر مصمم على أساس ركيزة بلورية ضوئية محسنة مع الجراجين جي نطاق  MIMOالتحقيق جي نظام اتصال داخلي 

ا بدراسة سيناريو اتصال داخلي شائع لأنظمة   ومقارنتها مع أعمال بحثية أخرى. MIMOو  MISOو  SIMOو  SISOمتبوع 

 

 كلمات المفتاحيةال

 CST ، MIMOتيراهيرتز  ، هوائي الميكروستريب، البلورة الضوئية ، خوارزمية التحسين  ، 

 
 

Abstract 

This thesis focuses on the analysis and design of terahertz microstrip antennae based on photonic crystal substrate. A 

synthesized photonic crystal substrate is designed and analyzed by using a technique based on the combination of an 

evolutionary heuristic optimization algorithm with the CST Microwave Studio simulator and compared with 

homogeneous and conventional photonic crystal substrate-based antennae performance. Then, several terahertz 

antennae are designed and analyzed based on different engineered modified photonic bandgap substrates. The 

obtained results from the aforementioned antennae are compared with different research papers in literature. Finally, 

a MIMO indoor communication system is investigated using a designed microstrip antenna based on an optimized 

photonic crystal substrate with a graphene load at the terahertz band followed by a common indoor communication 

scenario, which is studied for SISO, SIMO, MISO, and MIMO systems and compared with other researches in 

literature. 

 

Keywords: Terahertz, Microstrip antenna, Photonic crystal, Heuristic algorithm, CST, MIMO. 

 

 
 

 

Résumé 

Cette thèse se concentre sur l'analyse et la conception d'antennes microruban térahertz basées sur un substrat de 

cristal photonique. Un substrat de cristal photonique synthétisé est conçu et analysé en utilisant une technique basée 

sur la combinaison d'un algorithme d'optimisation heuristique évolutive avec le simulateur CST Microwave Studio 

et comparé aux performances d'antennes basées sur un substrat homogène et de cristal photonique conventionnel. 

Ensuite, plusieurs antennes térahertz sont conçues et analysées sur la base de différents substrats de bande interdite 

photonique modifiés. Les résultats obtenus à partir des antennes susmentionnées sont comparés à différents articles 

de recherche dans la littérature. Enfin, un système de communication intérieur MIMO est étudié à l'aide d'une 

antenne microruban conçue basée sur un substrat de cristal photonique optimisé avec une charge de graphène dans la 

bande térahertz suivie d'un scénario de communication intérieur commun qui est étudié pour les systèmes SISO, 

SIMO, MISO et MIMO et comparé avec d'autres recherches dans la littérature. 

 

Mots clés : Terahertz, Antenne Microruban, Cristal photonique, Algorithme heuristique, CST, MIMO. 
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