N° d’ordre :

Genid) bl ae) & 85 &y seod)
République Algérienne Démocratique et Populaire
bl Eodly Ll wdedi 3515
Ministére de L'enseignement Supérieur et de La Recherche Scientifique
oy gl cadsl e Al
Universite Ain Témouchent-Belhadj Bouchaib

Faculté : Sciences et technologie
Departement : Electronique et
Télecommunications
Laboratoire : Structures intelligentes

THESE

Présentée pour 1’obtention du dipléme de DOCTORAT
Domaine : Sciences et Technologies
Filiére : Télécommunications
Spécialité : Systeme de Teléecommunications
Par : MOULFI BOUCHRA
Intitule
Etude et conception des nano-antennes optiques micro-rubans

Soutenue publiquement, le 10 /07 2024 devant le jury composé de :

Nom & Prénom(s) Grade Qualité Etablissement de rattachement
Dr Sekkal Mansouria MCA  Présidente Université d'Ain Temouchent
Belhadj Bouchaib

MCA  Rapporteur Universiteé d'Ain Temouchent
Belhadj Bouchaib

Ecole Nationale Supérieure
des Télécommunications et
Dr Ziani Kerarti D_]alal Co-rapporteur des Techno|0gies de
I'Information et de Ila
Communication (ENSTTIC)

Dr Boukhobza Abdelkader MCA  Examinateur Université d’Ain Temouchent
Belhadj Bouchaib

Dr Benosman Hayat MCA  Examinateur Université Abou Bekr Belkaid
Tlemcen

Dr Bousalah Fayza MCA  Examinateur Université Abou Bekr Belkaid
Tlemcen

Dr Moulessehoul Wassila MCA  Invité Université d'Ain Temouchent
Belhadj Bouchaib

Dr Ferouani Souheyla

Année Universitaire : 2023 /2024


 10   07 2024


N° d’ordre :

Bpmid) Abl Al & S &y seadd
People's Democratic Republic of Algeria
A oty L e 51
Ministry of Higher Education and Scientific Research
by ks cadof (e dnalr

University Ain Temouchent Belhadj Bouchaib

Faculty of Science and Technology
Department of Electronic and
Telecommunications
Smart Structures Laboratory

THESIS

Presented to obtain the 3rd cycle DOCTORAL diploma
Domain: Science and Technology
Sector: Telecommunications
Specialty: Telecommunications systems
By MOULFI BOUCHRA

Title of the thesis
Study and design of microstrip optical nano antennas

Supported publicly, the .../... /2024, in front of the jury composed of:
Name & first Names(s) Grade Quality Establishment of attachment
Dr Sekkal Mansouria MCA  President University of Ain Temouchent
Belhadj Bouchaib

MCA  Supervisor University of Ain Temouchent
Belhadj Bouchaib

National Higher School of
. Telecommunications and
Dr Ziani Kerarti D_]alal CO-SUperVISor Information and
Communication Technologies
(ENSTTIC)

Dr Boukhobza Abdelkader MCA  Examiner University of Ain Temouchent
Belhadj Bouchaib

Dr Benosman Hayat MCA  Examiner University of Abou Bekr
Belkaid Tlemcen

Dr Bousalah Fayza MCA  Examiner University of Abou Bekr
Belkaid Tlemcen

Dr Moulessehoul Wassila MCA Guest of Honor University of Ain Temouchent
Belhadj Bouchaib

Dr Ferouani Souheyla

Année Universitaire : 2023 /2024




Acknowledgements

In the first place, I thank Almighty God for not only fulfilling my dream, which seemed
almost miraculous, but also for giving me the strength to endure and the courage to overcome
all difficulties.

I would like to express my sincere gratitude to my thesis advisor, Dr. Souheyla Ferouani
from the University of Ain Temouchent, for guiding my work throughout. She has always
been attentive and highly available during the realization of my project. I warmly thank her
for her valuable support and the time she willingly dedicated to me, without which this work
would never have come to fruition. I also want to thank her for her constant kindness, trust
in me, encouragement, and invaluable advice. I have learned a great deal from her technical
expertise and her consistently sincere and coherent feedback.

I must also thank my co-Director, Djalal Ziani-Kerarti, from the Institute of Telecommuni-
cations and ICT of Oran, for his valuable advice.

I also thank Dr Sekkal Mansouria, MCA at University of Ain Temouchent Belhad]j
Bouchaib, for accepting to chair the jury. This demonstrates the trust he places in my
work and honors me with his availability.

By agreeing to be part of my jury, Dr. Benosman Hayat, MCA at Abou Bekr Belkaid
University of Tlemcen, Dr. Bousalah Fayza, MCA at Abou Bekr Belkaid University of Tlem-
cen, and Dr. Boukhobza Abdelkader and Dr. Moulessehoul wassila, MCA at University of
Ain Temouchent Belhadj Bouchaib, have bestowed upon me a great honor. May they find
heremy deepest gratitude.

[ want to extend my heartfelt thanks to the friends and colleagues who have offered me

their moral and intellectual support every step of the way.



I dedicate this work to :

To my parents, whose sacrifices, love, tenderness, encouragement,

and prayers have been unwavering throughout my studies.

To my dear grandmother,who dreamed and prayed to see me

become a doctor and wished to be with me on that day .

To my dear sisters, for their encouragement, I wish them success

and happiness in their lives.

To my esteemed mentor, Madame Souhayla Ferouani, for her

sacrifices and efforts from the Master’s degree to this day.
To my dear colleagues.

To all the professors who have generously imparted their

Knowledge and wisdom to us.
To everyone who has encouraged me and believed in my success.

Thank you from the bottom of my heart!

Bouchra Moulfi



g AW

P Aaline Olacdail suel g Aodiss Ay g3ldl Al guall OLAI ggdl O ygls
Ol s miouad 92 d> g ,b¥l ola e Jo¥! Bugdl 35 sl pad Blias
Ll jo »2 98 483 ) aSlew LIS HAlE ) aw (5Bl Jal1 e 2ailE 4o yiny 4 9310
LAl Slmdd) Jo abild P (ASLEGWY) (8l yad) jaSlod oo 3o ,8
Ol ggdl 08 muaad (Sau (S22, Blaill joluaiely Juaaill dLla
JLaS¥) Sladatd pols S Luskin miay SI1 ¢35 1 5! BLad o3 Jaall
O 5 98 2181 (e e Aad S Ao lawdl il 5 juso 1 Joad . SSLw I
e pS pladd Jladll O J8Y Jgad g SO @l 5395 IS
e AelLal & g3l Ay jay Ol 98 meouad 58 Al 31 008 (po I CBugd)
caldl yglas L padall Ldodlg dAcdall Olacdaill 483 ) uelgd aw caldl
Llice alamy Lo 35 a0 5cldl BUa b 2 35! Slas il 2 Ly gd Lelas
eu) duaiess Aad ) deladll Jead . Baledly ¢ guall (o OMelail o jadd
(S 9 eiald cdlaln g 5 9 Lgiwaid (8 GBI @S i 9 ol
Blad 2 Jlad oo Gra=it Olelaoel) calidned anlin duwl ys OLSIg¢l oo
IR e g 3l gadl pailas g (Al gell slani I3 B Les ¢35yl o

Ol Y Belass

(b SN «Lofall byl SlgRebopo) 31gD)) (Awlide SlelS
699120} Gy W ol Guppgn j3ll - tigs ) cSuSpn = lysg JT)



Abstract

Nano-optical antennas have emerged as a promising technology for var-
ious applications in the terahertz band. The first objective of this thesis is
to design nano-optical graphene-based antennas with thin epesser substrates
that offer unique advantages due to the exceptional properties of graphene,
such as its high carrier mobility, tunability, and broadband absorption. These
antennas can be designed to operate in the terahertz frequency range, which
is particularly suitable for wireless communication applications. The thin
epesser substrate enhances the performance of the antenna by providing me-
chanical support and facilitating efficient coupling of the terahertz radiation.
The seconde objective of this thesis is to design gold-based nano-optical an-
tennas with thin epesser substrates for medical and spectroscopy applica-
tions. The Gold exhibit strong plasmonic resonances in the terahertz regime,
making them ideal for enhancing light-matter interactions. The thin epesser
substrate serves as a platform for supporting the gold and enables precise
control over their geometry and arrangement. The design and optimiza-
tion of these antennas require careful consideration of various parameters to
achieve efficient operation in the terahertz band, including antenna dimen-
sions, material properties, substrate thickness, and coupling efficiency.

Key words: Optical Antennas, Microstrip Antenna, Nano-antenna,

Optoelectronics, Plasmonic Resonances, Metallic Nanoparticles.



Résumé

Les antennes nano-optiques sont apparues comme une technologie pro-
metteuse pour diverses applications dans la bande térahertz. Le premier
objectif de cette these est de concevoir des nano-antennes optiques a base
de graphene avec des substrats d’épaisseur minces qui offrent des avantages
uniques en raison des propriétés exceptionnelles du graphene, telles que sa
mobilité élevée des porteurs, sa capacité de réglage et son absorption large
bande. Ces antennes peuvent étre congues pour fonctionner dans la plage de
fréquence terahertz, ce qui est particulierement adapté aux applications de
communication sans fil. Le substrat d’épaisseur minces améliore les perfor-
mances de 'antenne en fournissant un support mécanique et en facilitant le
couplage efficace du rayonnement terahertz. Le deuxieme objectif de cette
these est de concevoir des nano-antennes optiques a base d’or avec des sub-
strats d’épaisseur minces pour des applications médicales et de spectroscopie.
L’or présente de fortes résonances plasmoniques dans le régime terahertz,
ce qui les rend idéales pour améliorer les interactions entre la lumiere et la
matiere. Il sert de plateforme pour supporter l'or et permet un controle précis
de leur géométrie et de leur disposition. La conception et I'optimisation de
ces antennes nécessitent un examen minutieux de divers parametres pour
obtenir un fonctionnement efficace dans la bande térahertz, notamment les
dimensions de ’antenne, les propriétés des matériaux, I’épaisseur du substrat
et lefficacité du couplage.

Mots clés : Antennes Optique, Antenne microruban, nano-antenne,

optoélectronique, résonances plasmoniques, nanoparticules métalliques.
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General introduction

Introduction and backround

The realm of Nano Optical Antennas designed for Terahertz (THz) Applications stands as a
dynamic and swiftly progressing domain of exploration, blending the frontiers of nanotech-
nology and photonics. Terahertz radiation, positioned amidst the electromagnetic spectrum
between microwaves and infrared light, spanning the range from 0.1 to 10 THz, has emerged
as a focal point of intense scrutiny. This radiation possesses extraordinary attributes that
have captivated the imagination of researchers, offering boundless potential in arenas ranging
from imaging, sensing, and communication to the realm of spectroscopy. However, terahertz
waves are challenging to manipulate and transmit efficiently due to their long wavelength
and weak interaction with matter. Nano optical antennas offer a promising solution to over-
come these challenges by enhancing the interaction between terahertz waves and matter at
the nanoscale. These antennas are typically made of metallic or dielectric materials and are
designed to resonate at specific frequencies within the terahertz range.Through precise ad-
justments to the antennas’ dimensions, morphology, and material constituents, scientists gain
the ability to manipulate the characteristics of terahertz waves. These manipulations encom-
pass controlling factors like absorption, scattering, and radiation properties. Crafting nano
optical antennas optimized for terahertz transmission entails a multifaceted approach, en-
compassing theoretical modeling, numerical simulations, and experimental methodologies.In
recent years, several fabrication techniques have been developed to realize nano optical anten-
nas for terahertz transmission. Among these methodologies are electron beam lithography,
focused ion beam milling, nanoimprint lithography, and self-assembly techniques. Each of
these methods possesses distinct merits and constraints concerning factors such as resolution,

scalability, and compatibility with materials.

Goals

The goals of this thesis are as follows:

1. Design and Optimization: Develop a comprehensive understanding of the design

principles and optimization techniques for nano optical antennas operating in the THz




General introduction

frequency range.

2. Characterization: Characterize the performance of nano optical antennas for THz
applications, including their radiation patterns, resonant frequencies, and near-field

interactions.

3. Applications:Explore and evaluate potential applications of nano optical antennas in

THz communication, imaging and spectroscopy.

4. Performance Enhancement: Investigate methods to enhance the efficiency and func-
tionality of nano optical antennas, including advanced materials, geometries, and fab-

rication techniques.

Thesis Outline

The thesis will be structured as follows:

Chapter 1:Terahertz domain and application

Chapter 1 will be devoted to the presentation of terahertz band and its properties, followed
by its advantages, disadvantages and the different fields of applications used in this band.

Chapter 2:Nano optical terahertz antenna

Chapter 2 introduce optical antennas by discussing the choice and challenges of the ter-
ahertz band, as well as the type of materials chosen for this band and the way in which
materials are used to manufacture nano-antennas. However, prior knowledge of antenna
theory and characteristics is essential to enable us to propose compact, high-performance
structures for terahertz band applications.

Chapter 3:Wireless applications THz antenna

Chapter 3 details the designed of nano optical antennas for wireless communications
in terahertz band [0.1-10] THz using Graphene radiating element with polymer and High-
Frequency Laminate substrates because of their flexibility, light weight and low cost to in-

crease performances of antennas.

Chapter 4:WBAN THz antenna
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Chapter 4 details the design of optical nano antennas for WBAN applications such as
medical imaging and spectroscopy, combining different materials with high conductivity com-

patible with the terahertz band.
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1.1 Introduction

There has been increasing interest in terahertz optical waves due to their ability to provide
more valuable information in fields such as wireless communication, imaging, spectroscopy,
and security.

In this first chapter, the terahertz band and its properties are presented. We then discuss

its advantages, disadvantages and the different fields of applications used in this band.

1.2 Terahertz band

The term terahertz (THz) consists of two words:

o The suffix hertz (Hz) refers to the International System of Units (SI) frequency unit,

which is defined as the number of wave cycles per second.

o The prefix Tera (T) which means monster comes from the ancient Greek word Teras.

As a result, the latter increases by one trillion Hz units. Therefore, we can express 1 THz
=10'2 Hz, which is equivalent to millions of millions. THz frequencies are a thousand times
greater than the GHz frequencies utilized in microwave devices [1].

The terahertz (THz) frequency range is a part of the electromagnetic (EM) spectrum
located between the infrared (IR) frequencies and the electronic microwave range. Terahertz
waves are also called T-rays (T-rays) or far infrared waves due to their longer wavelengths
than IR and smaller wavelengths than microwaves.

Specifically, the terahertz frequencies are between 0.1 and 10 THz, or in terms of wave-
length between Imm and 30 pm with data rates ranging from 10 to 160 Gbps with a trans-
mission range of ten metres . It is possible to visualize where the THz spectrum is located

in relation to the spectra of more known regions by observing the figure 1.1 [2]
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Figure 1.1: The terahertz domain in the electromagnetic spectrum [2].

In order to enhance spectral efficiency and increase data throughput within the terahertz
(THz) band, it is imperative to develop new transceiver [3]. Furthermore, you can find a

comprehensive estimated comparison in Table 1.1.

Technology Frequency Ranges | Transmission Range | Peak Data Rate
Bluetooth Low Energy (BLE) 2.4 GHz 100 m 1 Mbps
Low Power Wide 868 MHz, 0.9 Ghz, 10 Km 50 Kbps
Area Network(LoRaWAN) Sub 1 GHz
NarrowBand-Internet 0.7 to 0.9 GHz 10 Km 200 Kbps
of Things (NB-IoT)
Millimeter Wave (mmWave) 24 to 100 GHz 100 m 10 Gbps
Communication
THz 0.1 THz -10 THz 10 m 10 Gbps
Communication to 160 Gbps

Table 1.1: Comparison between THz and other wireless technologies [4].

Only a limited number of researchers, primarily in fields such as chemical spectroscopy,

astronomy, and solid-state physics, have explored this particular realm within the terahertz
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(THz) spectrum. However, microwave bands suffer from a limitation in bandwidth, typi-
cally below 10 GHz. This results in a limited capacity for carrying data simultaneously.
Thus, applications that require extremely high data rates and massive data transmission
may find microwave bands insufficient. As a result, the evolution of microprocessing requires
miniaturized antennas that are difficult to achieve in the GHz band.

To address this issue, researchers have turned to exploring millimetre frequency bands in
electronics. The use of millimetre frequencies offers a solution to the growing demand for data
rates in wireless communications, thanks to the wide bandwidths available at these frequen-
cies. Additionally, the birth of nanotechnology has made it possible to achieve smaller sizes
and less energy consumption [5]. For this reason, it is useful in many fields of applications

including imaging and spectroscopy, biology and medicine, security and communication [6].

1.3 Advantages and Disadvantages of the terahertz THz
band

1.3.1 Advantages of THz Band

The Terahertz communication offers several advantages over other systems (microwave and

infrared). Here is a summary of these advantages:

o It offers a possibility of increasing the throughput and bandwidth, compared to other
systems and can be used to transmit several channels simultaneously in high defini-

tion [7].

o Terahertz waves are non-ionizing and do not pose a health risk due to their previously
mentioned low photon energy, which makes THz deployable with less strain than X-

rays [1].

o Dielectric materials used in the terahertz band are less susceptible to Mie and Rayleigh

scattering [8].
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e The use of terahertz waves allows to obtain a higher resolution than microwaves due

to their short wavelength [9].

o Can be considered as a secure communication for several reasons, among which the fact
that the THz wave has a directional propagation and that it propagates on a distance

limited to a few tens of meters, considering the strong absorption by water [8].

o Under certain atmospheric conditions, THz waves are less attenuated than infrared

waves [10].

e The THz frequency band is not yet allocated, the band 0, 275—0,450 THz in the United
States is reserved for mobile communication [11]. The frequencies above 0,275 GHz in

Europe are available for communication [12].

These advantages over the various existing technologies make THz an interesting choice for

many applications.

1.3.2 Disadvantages of the terahertz THz band

Despite the incredible advantages, the terahertz band suffers from several challenges:

o Emitted terahertz waves are strongly absorbed by water vapor molecules, once trans-

mitted through the Air [13] .

o A great difficulty in manufacturing detectors sensitive to the optical band: The Tera-
hertz detectors must be able to convert electromagnetic waves at terahertz frequencies
into detectable electrical signals. This requires specific materials and devices that can

react sensitively to changes in the electromagnetic field at optical frequencies [14] .

o Great difficulty in manufacturing powerful, inexpensive, easy to integrate optical an-
tennas: Compared to conventional antennas used for radio frequency transmissions,
optical nano antennas are substantially smaller [15]. so the fabrication and integration
of these antennas necessitate advanced lithography techniques and specialized equip-

ment to generate nano-scale structures, which is more expensive [16].
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o The absence of microscopic equipment to manufacture this nano antenna: The terahertz
(THz) range can present technical challenges due to the need to work at very fine scales.
Fabrication of optical nano terahertz antennas requires advanced lithography techniques

and specialized equipment capable of producing nano-scale structures [17].

o The antenna range is limited : The THz waves have an extremely short wavelength,
on the order of a few hundred micrometers to a few millimeters. As a result of their
short wavelength, the Terahertz waves are subject to strong attenuation and dispersion

when they propagate through the air and encounter obstacles [18].

1.4 Applications Domain

1.4.1 The biomedical Applications

The reason for the low non-ionizing energy per photon makes far-infrared radiation of great
interest for all medical applications because it poses no threat to biological media. In addition,
the wavelengths in the terahertz band are shorter than those of microwaves, so THz radiation
provides much lower spatial resolution than microwaves [19]. THz imaging thus allows to
visualize objects in different ways with a better spatial resolution [6] than X-rays, which use
photons with quantum energy higher than one hundred eV (molecular ionization requiring
several eV ) [20] . One of the most widely used applications is the identification of a tumor by
measuring the reflection, diffraction and transmission indices of a biological tissue as shown

in Figure 1.2 [21].

10
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(a) Image optic. (b) Absorption 2 THz.

(c) Absorption 0.6 THz .

Figure 1.2: (a) Optical image of a tumor tissue ; (b) 2 THz imaging by transmission ; (c) 0.6

THz transmission imaging [21].

Figure 1.3 showcased how THz reflectometry imaging (TRI) effectively differentiated be-
tween cancerous and normal regions within brain tissue . Regions with relatively high inten-
sity (shown in red) exhibited a strong spatial correlation with the tumor areas identified in

green [22].

11
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(g)

Figure 1.3: Distinguishing brain tumors using various imaging methods:(a) Magnetic Res-
onance Imaging (MRI) ; (b) White Light Imaging ; (¢) Green Fluorescent Protein (GFP)
Imaging ; (d) Hematoxylin and Eosin (H&FE) Stained Imaging ; (e) Optical Coherence To-
mography (OCT) Imaging ; (f) Terahertz Reflectometry Imaging (TRI) ; (g) 5-Aminolevulinic
Acid (5-ALA)-Induced ppIX Fluorescence Imaging [22].

THz radiation has the ability to penetrate organic materials to a shallow depth, making
it valuable in certain fields of medicine and biology. This non-destructive characteristic
makes THz radiation an advantageous alternative for studying living organisms. Medical
applications for THz radiation include disease diagnosis, body monitoring, cancer detection,
identification of protein structural states, and studying the effects of radiation on biological

samples and processes [6].

12
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1.4.2 Pharmaceutical applications

The pharmaceutical sector, dedicated to healing and treating ailments, cannot reasonably
employ X-ray technology, which emits ionizing radiation, a known hazard to both human and
animal well-being. In this context, Terahertz rays and THz-imaging emerge as distinctive
and secure alternatives.

In 2003, the initial investigation into terahertz mapping of illicit drugs in Japan took
place. During this study, spectral fingerprints at seven different frequencies were utilized to
differentiate between 20 mg of methamphetamine, MDMA, and aspirin concealed within a
polyethylene bag inside envelopes, as illustrated in Figure 1.4. The analysis involved applying
component spatial pattern analysis to the seven spectral images, enabling the extraction of

each of the three components independently [23].

4
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Figure 1.4: (a)From left to right, the small polyethylene bags contain MDMA, aspirin, and
methamphetamine ; (b) The extracted spatial patterns for MDMA (yellow), aspirin (blue),
and methamphetamine (red) are displayed. It’s evident that all three drugs are distinctly

discernible, with corresponding spatial patterns obtained for each [23].

A similar research effort employed pulsed terahertz technology in reflection mode to iden-
tify powders such as lactose and sucrose within the frequency range of [0-2] THz. This study

revealed the potential to acquire the spatial distribution of individual chemical constituents

13
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within a mixture [24].

Conversely, a different study was conducted to distinguish between four chemical com-

pounds using a transmission configuration through samples that were 1 cm thick, as depicted

in Figure 1.5. The ability to differentiate the powders was achieved based on a coefficient

that was directly related to a spectral feature’s weight within the absorption spectra [25].

50

Lactose Aspirin

20+ 40+

* . Ml | - ‘

10+ 204 .

5t 10+

Fam
]
0 o
0 5 10 15 20 ] 10 20 30 40 50
Sucrose Tartaric acid
40 a0l
]
]
30 30+ I
|
20} ] o0l
u '
10+ | 10+
0 0
0 10 20 30 40 ] 10 20 30 40 50

Figure 1.5: (a) Image of the sample with four pellets containing various chemicals ; (b) An

image depicting the amplitude of THz transmission [25].

1.4.3 The Security and defense Applications

Airport scanners are widely used for security purposes. Recently, newer systems that utilize

frequencies near the THz range have been introduced to enhance image accuracy and reso-

lution. These scanners are capable of detecting weapons or drugs by seeing through clothes.

What sets these machines apart from X-rays is their ability to differentiate between various

materials. Additionally, real-time imaging is possible due to the faster speed of terahertz

radiation. It is worth noting that far-infrared waves have also been utilized in the military

to identify potential targets, as depicted in the accompanying figures 1.6.
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Figure 1.6: Automatic detection with terahertz RADAR for security applications [26].

The terahertz band provides fast transmission speed and high data rate, making it use-
ful for a variety of applications including RADAR (Radio Detection And Ranging), target
detection, precision guidance, and missiles. The directivity and energy concentration of
terahertz waves allow for the development of high-resolution and elevation tracking radars.
Additionally, the hardware imaging capability can detect hidden, obscured, or smoke-covered
objects.

The optical RADAR higher precision imaging due to the wider bandwidth, can allows the
control of people in an application. The scanning of a person with the far infra-red wave was
effected with a fast speed of scanning minimum 5000 pixels/second, a distance more than
20 meters and a clear image that provides more security [27] ,as shown in Figure 1.7 An
Example of an image of a razor blade hidden in a polyethylene foam, imaged at 0.650 THz
[28].

15
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Embedded
cutter blade

Figure 1.7: Image scanned at 650 GHz in transmission mode of a cutter blade embedded in

polystyrene construction foam[28].

1.4.4 Archaeology applications

Terahertz radiation has a higher penetration capacity than X-rays and gamma rays in certain
materials due to its specific electromagnetic properties. It can penetrate materials like plas-
tics, textiles, paper, ceramics, and some paint layers without causing damage. This makes
it possible to read books that have not been opened, including historical books that are
impossible to access due to natural factors. This feature of the far-infrared zone is unique
and valuable for accessing information that has been otherwise inaccessible [29] as shown in

Figure 1.8.
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Figure 1.8: Explanatory scheme for reading a book its opening (a) The confocal terahertz
(THz) time-domain spectroscopy (THz-TDS) measurement is conducted ;(b) The sample
consists of nine compacted paper layers ;(c) Nine Roman letters, T, H, Z, L, A, B, C, C,
and G, are written on the nine pages ;(d) The technique employs kurtosis of the time-gated

Fourier transform to enhance the contrast of the content [29].

The examination of THz pictures gives insight into the painting process and the detection
of characteristics that are not present in the visible image. The THz picture, in particular,
delivers a "texture feel" of the painting, in which the strength of the stroke, the density of the

paint, and the structural elements of the canvas all come together [30] as shown in Figure 1.9.
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(a) Image in visible.

(c) 100% THz image.

Figure 1.9: "Sacrifice to Vesta' composition at various transparency levels of visible and THz

pictures [30].

1.4.5 The Wireless communications Applications

Recently, as wireless communications developed rapidly, traditional microwave communica-
tions have been unable to meet the need for high-speed wireless communications, while the
terahertz optical band, which can transmit data at high speed, offers several advantages [31].

A future generation of cellular networks: The Terahertz Band transmission can

18
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be employed in future generations of small cells, such as hierarchical cellular networks or
heterogeneous networks . The terahertz Spectrum will enable very small cells to communicate
at ultra-high speeds within coverage spans of as long as 10 meters [32].Furthermore, directed
optical Band lines are able to used to offer ultra-fast wireless transport to small cells as
described in figure 1.10a [33].

Terabit Wireless Local Area Networks (T-WLAN): Represent a vision and plan
for large-scale, ultra-fast Wi-Fi networks with terabit-per-second data rates. This speculative
technology goes much beyond the capacities of current wireless networks [34].

T-WLANSs are frequently promoted as a future wireless networking solution, particularly
in high-density environments such as urban areas, stadiums, shopping malls or university
campuses. They could enable bandwidth-intensive applications such as virtual reality, on-
line games with massively multi-player capabilities, massive real-time data transmissions,
autonomous vehicles and more as shown in figure 1.10b [35].

Terabit Wireless Personal Area Networks (T-WPAN): Terabit-scale wireless per-
sonal area networks (T-WPANSs) are a speculative application for ultra high-speed mobile
networks in short-distance communications. T-WPANSs, as opposed to terabit-scale wireless
local area networks (T-WLANS), focus on small-scale communications between personal de-
vices(figure 1.10c) [36].

T-WPANs are believed to be capable of much higher data rates, allowing for more
bandwidth-intensive applications. This could include large Large transfers of data between
personal devices, mobile virtual or augmented reality connections, short-range communica-
tions between autonomous vehicles, and many others [37].

Secure Terabit Wireless Communication: In the military and defense domains,
the optical terahertz Band can also provides ultra-broadband secure communication net-
works [35].

The Terahertz optical band has promising features for ensuring communication secu-
rity(figure 1.10d). TIts signals are weakened by the atmosphere and barriers, making them
less susceptible to interception and disturbance. This helps to strengthen communication

security in situations where data privacy is vital [38].
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Figure 1.10: The Wireless communications Applications domain [35].

1.4.6 Solar Energy collection Applications

In a very general way, the solar panels use the incident solar radiation to generate electricity
by exploiting the photovoltaic effect, that is to say by inducing an electric voltage between
the two electrodes. Since the incident solar radiation is an electromagnetic wave with a
terahertz wavelength, it can be captured with optical antennas, as is usually the case with
radio waves and microwaves [39]. The Optical antennas is a device designed to used in the far
infrared frequency range capable of converting freely propagating solar energy into localized
energy [40].

To generate the electricity an electromagnetic wave from the sun is incident on a nano-
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antenna, An alternating current will be induced on the surface of this nano-antenna, and
thus a voltage will be generated at the feed point of the terahertz antenna which contains
an appropriate rectifier to obtain a direct current (DC), These types of systems that allows
energy recovery are called "rectennas"; which essentially contains antennas connected to a

rectifier is converts the received signal into direct current and produces electricity [41] as

shown in the figure 1.11.

04/28/2007  07-0423-2B South

Figure 1.11: Solar Energy collection antenna [42].

1.5 Conclusion

The terahertz band’s wide array of applications spans various domains, encompassing imaging
and sensing, communication and wireless technology, spectroscopy, material characterization,
security and defense, as well as biomedical applications. Continuous research and advance-

ments in technology are poised to reveal even more possibilities in utilizing the distinctive
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attributes of terahertz waves. The next chapter looks at nano-optical antennas in the tera-

hertz band, offering unique possibilities for manipulating and controlling terahertz radiation

at the nanoscale.
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2.1 Introduction

Nano optical antennas have gained significant attention in recent years due to their ability to
manipulate light at the nanoscale. These antennas are designed to enhance the interaction
between light and matter, enabling various applications in fields such as sensing, imaging,
communication, and energy harvesting. In the terahertz (THz) frequency range, nano opti-
cal antennas offer unique opportunities for advancing THz technology by enabling efficient
manipulation and control of THz waves.

The aim of this chapter is to introduce optical antennas by discussing the choice and
challenges of the terahertz band, as well as the type of materials chosen for this band and the
way in which materials are used to manufacture nano-antennas. However, prior knowledge
of antenna theory and characteristics is essential to enable us to propose compact, high-

performance structures for terahertz band applications.

2.2 Basic antenna theory

To start with the fundamentals of antennas, it is essential to gain an understanding of their
fundamental characteristics in general. When designing an antenna (figure 2.1), there are

several fundamental parameters that require exploration.
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Figure 2.1: Antenna designing.

The specific parameters that need adjustment vary depending on the intended application,
as different goals necessitate the tuning of different factors. This section provides an overview

of some commonly discussed basic parameters in the context of antennas.

2.2.1 The impedance

Each antenna is characterized by its impedance Z,, which consists of a real part Ra and an

imaginary part X,. The impedance is defined by the expression 2.1 [43]:
Zy = Ry + j X, (2.1)

The real part as shown by the expression 2.2 consists of the resistance R, corresponding
to the energy radiated by the antenna, and the resistance R; corresponding to conduction

losses, dielectric losses, and surface wave losses of the antenna.
Z,=R,+ R, (22)

In transmission, a generator connected to the antenna also has an output impedance Z,,

consisting of a real part R, and an imaginary part X, as shown by the expression 2.3:

Zg = Iy + X, (2.3)
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In most cases, we have: Ry, = 50w et X, = 0.

2.2.2 Adaptation - Reflection coefficient (S11)

Adaptation is the process that allows the antenna, in transmission for example, to accept the
maximum power provided by the generator. It is generally characterized by the parameter
S11, which is the ratio of amplitude between the incident wave applied at the antenna’s input
(Pinc) and the wave reflected back to the source ( Pp,.s) due to discontinuities between the
circuit and the antenna.

The reflection coefficient S11 is used to characterize the antenna’s adaptation to the
preceding circuit. The better the antenna is adapted, the lower this coefficient becomes.
For instance, with a reflection coefficient at -10 dB, 90% of the power is transmitted to
the antenna. The reflection coefficient is measured by a network analyzer as a function of
frequency. Expressions 2.4 and 2.5 represent the value of S11 in linear and dB scale [44].
The reflection coefficient ranges between 0 and +1.

IS11P =T = ];Tef (2.4)

mc

PT'S
$11(dB)2 = 20log —<L (2.5)

inc

2.2.3 Beamwidth

If G is the maximum gain of a given antenna in a specific plane, then its beamwidth in that
plane is the angle between two directions in that plane that have half of the maximum gain

(gain at -3 dBi), which is G/2.

2.2.4 (Gain and Directivity

The gain G(0, ¢) of an antenna in a direction (#, ¢) is the ratio of the radiated power in a
given direction P(6,¢) to the power that would be radiated by an isotropic antenna with
the same losses as in the case under consideration. Generally, the gain G is associated with

the direction of maximum radiation (6, ¢o). This property indicates the antenna’s ability
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to focus radiated power in a specific direction. Therefore, the gain is given by the following

expression 2.6 [45]:
P, ¢)
Py

P,:The average power density radiated by the lossy isotropic antenna (in W/m?).

G(0,¢) = 4m

(2.6)

The directivity D(6, ¢) of an antenna in a direction (6, ¢) is calculated in the same way

as the gain compared to a lossless isotropic antenna given by the following expression 2.7.

(2.7)

P, the average power density radiated by the lossless isotropic antenna (in W/m?). The

maximum gain is determined from the radiation patterns measured in an anechoic chamber.

2.2.5 Efficiency

Efficiency is the ratio of the power radiated by the antenna to the power supplied at the
antenna’s input. While total efficiency takes into account mismatch losses, radiated efficiency
is an intrinsic parameter of the antenna. It depends solely on the geometric structure of
the antenna, determined by its dimensions, shape, as well as the thickness and width of
the metallizations, and also the losses in the dielectric substrate. It can be defined by the
expression 2.8 [46]:

Tot = Nray * (1 — S117) (2.8)

Knowing the gain and directivity of an antenna, one can deduce the efficiency of the antenna

under test using the following relationship 2.9:

G(Qv ¢) = Ttot * D(Q, Cb) (29)

A radiated efficiency of 50% is a typically acceptable value for miniature antennas.

2.2.6 Radiation Pattern

The radiation pattern is characterized by the power radiated by the antenna in all directions
in the far-field space around it. This parameter depends on the overall structure of the

antenna and is not controllable by the designer. It helps identify the areas in space and
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the directions around the antenna where radiation is strong or weak. Two typical forms of

radiation patterns can be distinguished [46]:

Omnidirectional Radiation: Characterized by the ability to radiate equally in all

directions within a plane, as shown in Figure 2.2.

Figure 2.2: Omnidirectional Radiation.

Directive Radiation: An antenna that concentrates the energy it radiates in a preferred

direction in space, as depicted in Figure 2.3.

Figure 2.3: Directive Radiation.
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2.2.7 Bandwidth

The bandwidth of an antenna refers to the frequency range where the transfer of energy from
the feed to the antenna (or from the antenna to the receiver) is at its maximum. It typically
corresponds to the frequency range over which 90% of the incident power is transmitted,
which corresponds to the reflection coefficient S11 = -10dB, provided that the radiation
pattern does not change within this range as shown in figure 2.4 and calculated by the

following relationship 2.10 [47] .
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Figure 2.4: Bandwidth and Reflection Coefficient.
B =Af = fra — fmin (2.10)
We also define the fractional bandwidth using expression 2.11:
B
By = ? (2.11)
fo:Being the center frequency, calculated using the following relationship 2.12:
fc: fma:c+fmin (212>

2

fmaz and frepresent, respectively, the high and low frequencies of the antenna’s operating
band. The fractional bandwidth is sometimes expressed as a percentage relative to the centre

frequency using expression 2.13:
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Af
Je

An antenna can be considered wideband’ when it covers 5% of the bandwidth or even an

(2.13)

octave, depending on the criteria one chooses to apply.

2.3 Historical background of optical terahertz antenna

The optical band research was started in the 19th century. But it was not studied as a
separate field due to the lack of an ideal THz source capable of providing a few milliwatts of
tunable power over a wide THz frequency range. It was not until the mid-twentieth century
that scientists began to develop terahertz studies of millimeter waves [48]. In April22,1928

Edward Hutchinson Synge described to Albert Einstein a letter demonstrating a microscopic

method in which a field scattered by a fine particle can be used as a light source as shown in

the figure 2.5 [49].

Figure 2.5: The letter of Edward Hutchinson to Albert Einstein [49].

In the 1980's a terahertz radiation source appeared which allowed the use of THz waves
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in practical systems . In the early 1980’sAuston invented the technology of THz radiation
sources with femtosecond laser linked to photo-conductive antennas [50], and gave his name

to this type of antenna. As shown in figure 2.6 .

Cone
d'émission THz

Impulsion laser
femtoseconde

Semi-conducteur
Electrode

Figure 2.6: Photo-conductive antennas [51].

Since the beginning of the 21st century, wireless communication technology has developed
very rapidly, and the demand for information and the development of communication devices
have made the data rate requirements of communication increasingly stringent [52, 53].
The technological development of the 21st century that born high data rate of gigabits per
second, and the development of communication devices have imposed requirements to the
data transmission rates leads to problems of spectrum congestion that push many compa-
nies will use MIMO technique to increase the system capacity and spectral efficiency by
multiplexing.

With the development of 5G network [54], the data transmission speed of each user will
exceed that of GPS doc the data traffic of base stations will be increased significantly as well.
In this case, traditional communication systems using millimeter wave and microwave links
will not be able to handle these huge data streams. Then the terahertz band can provide

a much higher communication capacity than microwaves because the terahertz frequency
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range is about 1000 times higher than traditional mobile communications. Thus, using the
far infrared range to build ultra-fast wireless communication is a promising solution to solve
the problem of high-speed data transmission. In addition the terahertz band has a wide
bandwidth and higher throughput that cannot be expected with the millimeter spectrum.
Therefore, the establishment of the terahertz communication system has attracted the atten-
tion of all countries in the world and many studies have been conducted. Optical terahertz
antennas were also rapidly developed as an important part of the THz communication system.

The first terahertz band telecommunication system was successfully established in 2004
at the frequency 0.12 THz, and the realization of a terahertz antenna was made in 2013 at the
frequency 0.3 THz [55] . In 2004 in Japan Nippon Telegraph and Telephone Company (NTT)
introduced two cases of antenna configuration in short and long distance with Gaussian lens
based optical antennas to improve the gain to more than 50 dBi [56], furthermore in 2012
they are improving a telecommunication system of frequency 0.3 THz and optimizing the
transmission rate to more than 100 Gbps [57].

Previous research on optical antennas in the last few years has focused on improving
the gain of the antenna by different methods using dielectric lens, use of more powerful
materials etc., increasing the bandwidth, facilitating the manufacture of terahertz sources,

and searching for algorithms that allow increasing the efficiency of communication.

2.4 The need of Nano antenna for THz domain

The terahertz antennas provide various unique advantages that make them indispensable in
particular circumstances Here are a few reasons why terahertz antennas are preferred over

alternative approaches for specific fields:

1. Optical waves operate in a specific frequency range that enables them to penetrate
deep in biological tissue without damaging it. This means that they can be used for
non-invasive medical imaging applications [58], contrary to lasers which may necessitate

direct skin contact or more invasive procedures [59].

2. Terahertz antennas can be used to provide high spatial resolution, enabling the identi-
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fication and imaging of minute details in biological structures. This is extremely bene-

ficial in fields like RADAR, medical imaging, and the detection of material faults [60].

3. The optical terahertz waves are very sensitive to the chemistry of materials. They
can be used to investigate the composition of substances, detect subtle variations in
samples and identify specific compounds. This chemical detection capacity is invaluable
in applications such as pharmaceuticals analysis [61], the detection of toxic substances

and the identification of biological compounds [62].

4. The terahertz waves are considered to be safe for medical applications [63]. Contrary to
some lasers, optical waves have no major thermal properties and therefore do not present

any substantial risk to health when used in compliance with all safety requirements [64].

It is important to never forget that any technique has positive effects and limitations, so
the ideal method is determined by the application’s specific needs. Other treatments, such

as lasers,X-rays, or ultrasound, may be more appropriate in some situations.

2.5 Challenge of THz antenna

2.5.1 Fabrication of terahertz antenna

2.5.1.1 Size of terahertz antenna

The dimensions of optical terahertz antenna structures are of the order of far-infrared wave-
length, which is generally of the order of 3 mm to 30 um wavelength [65]. These modest
dimensions are determined by the frequency of the antenna’s resonance. The figure 2.7 shows
the size of the antenna in the frequency range from 0.5 to 3.5 THz, if the antenna frequency
is changed to a higher frequency in the optical spectrum, the antenna size becomes very

smaller.
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Figure 2.7: A terahertz antennal66].

2.5.1.2 Shape

1. Geometry: The specific shape of the Nano-structure has a significant impact on its
plasmonic properties. Common shapes include spheres, rods, triangles, cubes, and
more complex geometries. Different shapes have different plasmonic resonances and

field enhancement capabilities.

2. Symmetry: Symmetry in the shape of the nano-structure can lead to enhanced per-
formance characteristics. For example, symmetric nano-antennas often exhibit more

predictable and efficient light-matter interactions.
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In the table 2.1 below, we present researches work on Nano antennas with various shapes:

References | Frequency band (THz) Nano antenna design
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References

Frequency band (THz)

Nano antenna design

Patch

Microstrip edge
feed line

Substrate

Ground

[71] 2.67-2.92
[72] 2.6
1 Substrate
L
(73] 2
[74] 1.12

36



Nano optical terahertz antenna

References | Frequency band (THz) Nano antenna design
[75] 2.8-4.2
[76] 5.963
[0 Silicon
| Graphene
\
[77] 2 and 5

Table 2.1: Researches work on Nano antennas with various shapes.
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2.5.1.3 Fabrication

Due to their nano dimensions, the precise manufacture of optical antenna structures can be
technically difficult. Traditional manufacturing techniques may not provide the resolution
necessary to produce these structures with precision. Therefore require a high degree of
dimensional accuracy for optimum operation, in suite require a high level of dimensional ac-
curacy for optimum operation. Deviation from specified dimensions can lead to performance
degradation, such as energy losses, incorrect radiation angles or reduced bandwidth . It is
essential, for this reason, to control the dimensions of the structures with high precision when
manufacturing terahertz antennas [78]. The fabrication process for a micro-meter antenna

for terahertz applications is composed of several steps [79]:

e Choosing the appropriate substrate material: This step has to consider the
properties of the substrate material as well the properties of the substrate material
such as the required thermal resistance, mechanical stability, electrical conductivity,

and the dimensions of the chosen substrate.

o Preparation of the substrate material: The substrate material must be thoroughly

cleaned to remove all kinds of impurities, dust and other particles.

e Thin film deposition: A thin film made by chemical vapor deposition is deposited

on the substrate to be bonded to the patch .
e Preparation of patch material

o patch deposition: The material of the patch must be deposited on the substrate by

dry transfer or by wet transfer.

2.5.1.4 Integration

The integration of nano optical terahertz antennas into a micro-meter circuit, as shown in
the figure 2.8, presents a several difficulties and challenges [65]. Firstly,terahertz transmis-
sions are sensitive to attenuation and interference, which can complicate the interaction and
transfer of signals from the antenna to electronic circuits or sensing equipment.System per-

formance can be affected by electromagnetic interference,energy losses,and dispersion effects.
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Therefore, careful design of feed circuits, wave guides or lenses is often required to optimize
coupling and minimize losses. Impedance matching between the optical terahertz antenna
and associated electronic circuits is crucial to maximize power transfer and ensure optimum
transmission efficiency. However, due to the specific characteristics of the terahertz band,
impedance matching can be more complex than at lower frequencies. Innovative impedance
matching techniques, such as matching networks and filter design techniques, may be required

to overcome these challenges [80].
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Figure 2.8: Micro-graph of the chip with terahertz antenna [81].

2.5.1.5 Measurement

The challenge of measuring nano terahertz antennas lies principally in the particular charac-
teristics of this optical frequency range [82]. The following describes some of the particular

challenges involved in measuring terahertz antennas:
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Signal sources and detectors: Terahertz signal detectors and sources are less frequent
and more expensive than those used in traditional radio wavelength frequencies.

Antenna characterization: Terahertz antennas have small dimensions, often of the
order of the terahertz wavelength (a few tens of micrometers to a few millimeters). Precise
manufacturing and characterization of antennas at these scales are technological challenges,
which can make measuring terahertz antennas complex.

Equipment availability : The specialized equipment necessary for terahertz measure-
ments needed for terahertz measurements schow in figure 2.9, such as terahertz generator

and detectors, can be limited in terms of commercial availability and cost. This can make ter-

ahertz measurements difficult to access for laboratories or researchers with limited resources.
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Figure 2.9: THz antenna measurement system [83].

2.5.2 Propagation

Terahertz signal transmission presents several unique challenges due to the unique character-
istics of this frequency range. Here are some current propagation challenges associated with

terahertz antennas.

e The interaction with the atmosphere considerably attenuates terahertz vibrations. The

terahertz signals are strongly absorbed by water and oxygen molecules, resulting in
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considerable power loss over very short distances. This limits the range of terahertz
communications and can complicate the transmission of terahertz signals in certain
atmospheric conditions. This attenuation can lead to significant signal losses and reduce

the overall gain of the terahertz antenna [84].

o Terahertz waves are deformed and dispersed when they travel through the air and
contact objects or surfaces. This can result in variations of the spatial profile of the
terahertz signal as well as in time domain distortions, making it difficult to discern
the precise direction of arrival of information or to establish a stable communication

link [85].

o Terahertz signals propagate along multiple routes, resulting in differences in the ar-
rival times of the reflected signals. This multi-route interference can lead to temporal

spreading of the signal, reducing the coherence and quality of the received signal [86].

These terahertz propagation challenges can limit the range, antenna gain, spatial resolu-
tion and quality of terahertz signals in terahertz antenna applications. propagation condi-
tions.To address these issues, researchers are developing a variety of techniques and technolo-
gies, including as antenna arrays, enhanced focusing techniques, adaptive signal processing,

and precise modeling of propagation circumstances.

2.5.3 Choosing the appropriate materials for Nano optical anten-

nas in terahertz band

The choice of materials for Nano terahertz antennas should be guided by the specific applica-
tion requirements and design goals. To make informed choices, researchers frequently employ
experimentation and simulation methods to assess and enhance material performance within
the THz frequency domain. These assessments consider critical factors such as permittivity,

losses, and dispersion properties [87].
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2.5.3.1 Plasmonic Materials

Materials with plasmonic properties can establish robust interactions with THz waves by
virtue of surface plasmon resonances. Metals like gold (Au), silver (Ag), and Graphene find
frequent application in plasmonic THz antennas. The deliberate manipulation of the metal’s
shape and dimensions allows for the fine-tuning of plasmonic resonances to achieve desired

THz frequencies.Some of the materials commonly used in THz applications include:

1. High mobility semiconductors: Due to their capacity to operate efficiently at high
terahertz frequencies, high mobility semiconductors such as gallium arsenide (GaAs),
indium phosphide (InP), Teflon (PTFE), quartz, and silicon are often employed for
terahertz applications. These materials can transmit THz frequencies due to their high

electrical conductivity, low electron density, and low resistance [88].

2. Graphene material: Due to their amazing mechanical, electrical, and optical char-
acteristics, graphene is an attractive material. It is regarded as the material meter
in communication systems operating at extremely high frequencies (terahertz band)
[0.1- 10] THz between the optical and microwave bands. As the main disadvantage of
Nano systems is the limited mobility of electrons in metallic structures such as copper,

graphene has a high ability to sustain surface plasmon polaritons (SPP) [89].

Graphene is one of the minor electric charge conducting materials existing in the world
due to its high electron mobility (2x 105 cm?/V'S), high room temperature conductivity
with a resistance of 31w/sgand a conductivity of 160 S/m [90]. Graphene material

characteristics The Graphene characteristics are:

e Surface Plasmon’s:Copper is a renowned choice of material for crafting anten-
nas intended for radio frequency (RF) and microwave applications. The design
of metal antennas has undergone thorough exploration within the RF and mi-
crowave frequency spectrums, leading to the development of systematic antenna
design techniques. Nevertheless, when considering copper-based antennas operat-
ing in the terahertz (THz) band, their design diverges significantly from that of

conventional microwave metal antennas. Traditional microwave metal antennas
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are energized using various types of feed lines, such as microstrip, coaxial cable,
and coplanar wave guide (CPW). On the other hand, terahertz (THz) antennas
are alimented using fiber optics or air and requires bias voltage. Plasmonics can be
likened to electronics in its reliance on plasmons, which are quantum phenomena
in physics that characterize the collective excitation of unbound electrons within
materials. Due to the characteristics of the dielectric-metal boundary between the
medium and the particles, plasmonic nano-particles possess an electron density
that allows them to interact with electromagnetic (EM) radiation having wave-
lengths longer than the size of the particle. Nevertheless, at the junction between
a metal and a dielectric material, there are specific conditions that facilitate the
precise matching of the electron wave, enabling it to oscillate and interact with

light effectively [91].
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Figure 2.10: The phenomenon in terahertz materiel.

This phenomenon is commonly known as surface plasmons (SPs) or surface plas-
mon polaritons (SPPs). It originates at the metal surface and travels along the
interface between the metal and the dielectric material. These phenomena can
manifest in various ways, ranging from electron density waves freely propagating
across metal surfaces to localized electron oscillations occurring on metal nano-
particles. Their distinctive characteristics enable a wide range of applications,
such as nano-scale manipulation, the detection of biological analytes at the single-

molecule level, and the enhancement of molecular resonances.
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« Graphene conductivity: The conductivity of graphene in the terahertz band

has three important properties:

— A negative real permittivity , the existence of plasmon and infrared which can

create plasma nano-antennas with lower loss and higher binding [92] .

— The possibility to adjust the conductivity of graphene this technique is used

to create optical modulators [93].

— The ability to generate a non-reciprocal magneto-static field in order to pro-

duce non-reciprocal devices such as insulators [94].

+ Relaxation time and Chemical potential: Graphene offers ideal conditions
for the propagation of surface plasmon polaritons (SPPs), which are electromag-
netic waves guided along the interface between a metal and a dielectric, typically
generated by incident high-frequency radiation. In fact, a standalone graphene
layer can support transverse magnetic modes. Certainly, within graphene, the
edges of the graphene patch serve as mirrors, and graphene itself functions as a

resonator for surface plasmon polariton (SPP) modes.

The minimum essential relaxation time consistently falls within the few hundred
femto-seconds range, and it diminishes as the chemical potential (symbolized by
e ) increases. This decrease is attributed to the greater availability of charge
carriers with an elevated chemical potential, leading to an increase in conductivity.
To achieve a distinct antenna response, it is imperative for graphene to possess
both adequately high relaxation times and chemical potentials.

The researchers also studied the dependence of the minimum relaxation time on
the chemical potential and were able to find a figure of merit v for the functionality

of graphene-based antenna devices using expression 2.14 [95]:

() = pe * T} (2.14)

3. Gold material:Gold is the most famous material in the world because of its excellent
characteristics, stainless metal and high electrical conductivity 0f45.2010% S/m with an

energy close to the energies of the free states of the conduction band, strongly influence
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the optical properties because of the complex set of d-bands located very close to the

Fermi level (some eV) [96].

Here are some key characteristics of gold for THz transmission [96, 97] :

« High Electrical Conductivity: Gold demonstrates remarkably high electrical
conductivity within the THz frequency range. This attribute plays a crucial role
in facilitating the efficient propagation of THz waves, making it especially valuable

in the construction and optimization of THz wave guides and antennas.

e Low Absorption: Gold exhibits comparatively minimal absorption within the
THz frequency spectrum, particularly when contrasted with metals such as cop-
per. This characteristic offers distinct advantages in scenarios where minimizing
signal attenuation is of paramount importance, notably in THz imaging and com-

munication applications.

o Good Reflectivity: Gold’s high reflectivity within the THz spectrum can be
harnessed for the creation of mirrors and other reflective components, serving as
a valuable asset in the development of THz optical systems and imaging technolo-
gies.

« Bio-compatible Nature: Gold’s bio-compatibility and non-toxicity render it
well-suited for THz applications in fields like biology and medicine. Its safe usage

in THz spectroscopy and imaging of biological specimens ensures minimal harm.

o Utilization of Surface Plasmon Resonance: The THz range sees gold nano
particles and thin films capable of exhibiting surface plasmon resonance, a feature
skillfully employed in THz sensing and imaging applications. This characteristic

enhances detector sensitivity, offering substantial benefits.

« Simplified Fabrication: Gold can be readily deposited as thin films or precisely
patterned into intricate shapes through conventional micro-fabrication methods.

This practicality simplifies the process of crafting THz devices.

« Robust Chemical Stability: Gold’s chemical stability safeguards it against
corrosion and tarnishing, bolstering its longevity and consistent performance in

THz devices over extended periods.
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« Temperature-Resilient Properties:Gold maintains its inherent properties across
a broad temperature range, a pivotal attribute for applications susceptible to tem-

perature fluctuations. This stability ensures reliability in diverse THz scenarios.

4. Silver material: The electrical conductivity of silver is exceptionally high, making it
one of the most conductive metals known. At room temperature (around 20°C or 68°F).
Due to its high conductivity, silver is extensively used in various electrical applications,
including wiring, electronics, and circuitry, where efficient transmission of electricity is

crucial [98]. Here are some key characteristics of Silver for THz transmission [99, 100]:

o Conductivity: Silver possesses high electrical conductivity, even in the terahertz
frequency range. This property allows silver to efficiently transmit THz waves

without significant loss, making it suitable for THz transmission applications.

o Reflectivity: Silver exhibits high reflectivity in the THz band. While this prop-
erty can be advantageous for certain applications, such as THz mirrors or re-
flectors, it may also lead to signal loss in transmission scenarios if not properly

managed.

o Surface Roughness: The surface roughness of silver can affect THz transmis-
sion properties. Smooth surfaces are generally preferred for minimizing scattering

losses and maintaining transmission efficiency.

e Dielectric Properties: Silver’s dielectric properties, including its permittivity
and loss tangent, can impact THz transmission. Understanding these properties
is crucial for designing and optimizing THz devices and systems involving silver

components.

2.5.3.2 Substrates

The careful selection of a suitable substrate material is of paramount importance in the con-
text of terahertz transmission. This is because the distinctive characteristics and challenges
inherent to this frequency range make the choice of substrate material a pivotal factor that
can substantially influence the effectiveness and functionality of terahertz communication

systems. In making this selection, several key factors warrant consideration [101]:
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1. The dielectric constant: Also known as relative permittivity, plays a significant
role in terahertz wave behavior, which shares similarities with both microwaves and
optical waves. The choice of substrate material’s dielectric constant influences how
waves propagate and their phase velocity in the terahertz range. To mitigate signal
attenuation, it is common practice to opt for low-loss dielectric materials possessing an

appropriate dielectric constant suited for terahertz frequencies.

2. Minimizing Absorption: Terahertz (THz) signals are particularly prone to being
absorbed by materials, particularly at specific frequencies. To mitigate signal losses, opt
for a substrate material with minimal absorption in the THz spectrum. Suitable choices
encompass materials such as quartz, sapphire, or specific polymers acknowledged for

their low THz absorption properties.

3. Dielectric Loss : Assess the dielectric loss tangent (tan «y) of the substrate material,
aiming for lower values to reduce signal attenuation. Materials such as polyethylene,
polypropylene, and polytetrafluoroethylene (PTFE) are known for their low dielectric

losses in the THz frequency range and are thus advantageous choices.

2.5.3.3 Compatibility with Fabrication Techniques

Consider the suitability of the selected substrate material with respect to the fabrication
methods intended for use in creating antenna or circuit components. Recognize that various

materials may demand specific procedures or treatments during the manufacturing process.

2.5.3.4 Frequency Range

Confirm that the substrate material’s characteristics align with the precise terahertz (THz)
frequency range you plan to operate in, as material properties can exhibit variations at

different THz frequencies.

2.5.3.5 Hybrid Structures

Some nano terahertz antennas employ hybrid structures that combine different materials to

achieve specific properties. For example, a plasmonic nano structure on a dielectric substrate
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can offer improved performance. Combining materials with complementary characteristics

can enhance the overall antenna performance.

2.5.3.6 Thermal Properties

Materials with plasmonic properties can establish robust interactions with THz waves by
virtue of surface plasmon resonances. Metals like gold (Au), and silver (Ag),find frequent
application in plasmonic THz antennas. The deliberate manipulation of the metal’s shape
and dimensions allows for the fine-tuning of plasmonic resonances to achieve desired THz

frequencies [87].

2.5.4 Terahertz source

Due to the absence of an ideal THz source capable of delivering power of a few milliwatts
over a wide THz frequency range [102], optical antennas have used light at visible, infrared
and near-infrared wavelengths as shown in figure 2.11 . These technologies generate the far-
infrared range, thanks to slides such as quantum cascade lasers [56, 57] , laser diodes [55] ,
optical fiber or various devices based on nonlinear optics [103]. This technique suffers from

important challenges:

» Optical antennas require a significant quantity of optical energy to function correctly.

The power source must be powerful enough to generate this energy [104].

o Optical antennas are frequently created from materials with special optical character-
istics, such as plasmonic metals or semiconductors, which may have unique optical
properties. The power source must be compatible with these materials and antenna

structures, while avoiding unwanted interference or disruption [105].

e The terahertz antennas are generally designed at the nano-scale, which means that
power sources need to be small and easy to integrate into the system as shown in
the figure 2.11 [106]. This can be a technological challenge, as it can be difficult to

miniaturize energy sources without compromising their efficiency or power.
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Figure 2.11: Terahertz source [51].

2.6 THz antenna classification

Plasmonic materials are widely used in terahertz antenna design due to their unique optical
characteristics at this frequency range. For improved terahertz antenna efficiency, Gold
and graphene are the best materials to use for nano-antennas as they exhibit high electron
mobility and plasma effects. Selection of the plasmonic material will depend on the specific
requirements of the terahertz antenna, the required performance, the domain of application
and the type of antenna used.The terahertz antennas can be classified into different categories

according to their design.

2.6.1 Metal antenna

The development of the terahertz antenna began in 1928 by Edward Hutchinson Synge who
first proposed the use of metallic nanoparticles to limit the optical field [49]. In 1985 John
Wessel showed that these nanoparticles behave like a metallic antenna [103], he also showed
that we can limit the diffraction in the resolution of optical devices and predict its resolution
down to 1 nm if using a single plasmon particle; these nano-antennas are called mono-pole

antennas in the current literature. The horns are conceded to be metallic antennas as shown
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in the figure 2.12 operating in the optical band this type of antenna have many advantages

including a high gain of 20 to 30 dBi, and efficiency of 97% to 98% [107] .

Figure 2.12: Terahertz horn antenna [108].

Given the terahertz band the size of the horn antenna becomes very small, which makes
the processing of the antenna at the end very difficult and the realization very complex
with a production cost becoming very high, Optical waves therefore impose a number of
technological constraints for these antennas, both in terms of manufacture and use. Due to
these difficulties to reduce the manufacturing cost, the production complexity and increase
the radiation performance of the antenna, a simple horn antenna was used. Another simple
dipole antenna has been designed to ease the complexity of the horn antenna [109]. Tt features
low manufacturing requirements and generally uses frequency bands above 0.6 THz.A major
drawback of terahertz dipoles is their low radiation efficiency figure 2.13.

The Yagi antenna, also referred the Yagi-Uda antenna, is a type of directional antenna
widely used in terahertz wireless communications because it offers increased directivity, higher
gain, better interference rejection, longer range, low sensitivity to multipath interference and
greater frequency selectivity than the dipole and the horn antenna [111] as show in figure
2.14.

The metal used in these types of antennas is gold because this optical band requires a
material with high electron mobility.Nano-antennas made from conventional materials such as

copper would make communication between low-power nano-machines practically impossible.
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Figure 2.14: Yagi-Uda antenna [112].

2.6.2 Dielectric antenna

Dielectric antennas are antennas based on semiconductor materials combining a radiating
element and a dielectric substrate, these antennas have the advantages of a simple process,
easy integration with low manufacturing cost. In recent years several works have appeared on
the design of nano antennas with optical response that are suitable for weak sensors, dualn
antennas [113; 114], butterfly antennas [115, 116], and periodic sinusoidal antennas [117].
Why are researchers interested in dielectric nano-antennas? Firstly, dielectric materi-

als are characterized by a particularly low power loss in the optical range. Second, there
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is a frequency range in which a dielectric material with a high dielectric constant exhibits
both electrical and magnetic resonance. Thanks to this, it is possible to create the Huy-
gens element with a single particle. However, the disadvantage of dielectric nano-antennas
is the combination with the dielectric substrate which is responsible for the surface wave
effect generated when the frequency tends towards the THz band and causes a high energy

dissipation [55].

2.6.2.1 Substrate Gold antenna

Gold (Au) provides potential advantages in certain domains such as optical applications,
plasmonics and biomedical applications, generally used as the main material in terahertz
antennas waves has the frequency optical spectrum base due to its electrical properties at
these frequencies [118].

The first gold-based antennas in the submilimeter band are bow-tie antennas, named after
their characteristic bow-tie-like shape figure 2.15. Gold bow-tie antennas in the terahertz
band offer several advantages: wide bandwidth, high directivity and low losses, but the main
difficulty with this band is that gold bow-tie antennas are more difficult to manufacture and
require a complex manufacturing technique that demands precision and concentration in the

event of a small offset, the antenna loses its radiation characteristics.

Figure 2.15: Butterfly gold antenna [119].

Other type of antenna with simple shape schow in figure 2.16 has been proposed for
facilitating fabrication, this type of antenna suffers from poor radiation characteristics it’s
for this reson an antenna network has been introduced for increased performance of proposed

antenna and facilitate the fabrication.
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Figure 2.16: Rectangular gold antenna [120].

However, the choice of material for an antenna will depend on the specific requirements

of the application, the desired performance and manufacturing constraints.

2.6.2.2 Substrate graphene antenna

A graphene antenna is a high-frequency antenna made of graphene, a two-dimensional carbon
crystal one atom in thickness, which can generate an electrical signal wave, enabling antennas
one micron long and 10 to 11 nanometers wide to perform the function of much larger
antennas.

Graphene-based antennas are a promising area of research that explores the use of graphene
to further enhance far-infrared antenna performance and meet high-gain, wide-bandwidth re-
quirements [121].

one of the major challenges in the use of graphene-based antennas is your manufacture
for this reason the antenna network has been used to improve performance and make the
antenna realizable figure 2.17 and figure 2.18.

Researchers are interested in integrating innovative high-conductivity materials such as
graphene to achieve significant improvements in antenna performance, opening up new pos-

sibilities for wireless communication applications.
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Figure 2.18: Graphene antenna [123].

2.6.2.3 Properties Comparison between gold and graphene antenna

Here’s a comparison of the main properties of gold and graphite in the context of antennas:

o Electrical Conductivity: The Gold material has a higher electrical conductivity
than graphene, making it more effective for applications requiring high radiation effi-

ciency [124].

e Operating frequency: Graphene is a particularly promising material for optical ap-
plications due to the fact that it can operate at considerably higher frequencies than
characteristic metals such gold and copper. In fact, graphene, graphene can operate at

frequencies in the terahertz range [125].

o Fabrication: Gold is easy to produce and include into traditional electronic circuits,
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while graphene antenna production necessitates more complex nano fabrication pro-

cesses [126].

o Transparency: Graphene is more transparent than gold, making it more suitable for

optical applications [127].

o Weight and flexibility: Graphene is more suited for mobile and embedded applica-
tions than gold due to it is lighter and more flexible [124].

« Heat Resistance: Graphene is more heat resistant than gold, allowing it to operate

at higher temperatures [128].

o Cost: The cost of graphene is relatively high compared with that of gold, which can

limit its use in certain applications [129].

Gold antennas are frequently employed in terahertz applications that demand excellent ra-
diation efficiency with fast frequency response, whereas graphene antennas are more suited
to mobile or integrated applications [55].

The table 2.2 provides an extensive comparison between gold and graphene concerning

their application as terahertz antennas.

Gold antenna Graphene antenna
A bandwidth limit < 1 THz High bandwidth> 1 THz
Acceptable gain< 5.5 dBi Higher gain >5 dBi
Low cost High cost
Better interference resistance acceptable interference resistance
terahertz low frequencies 0.1 THz to 6 THz | higher frequencies more then 5 THz

Table 2.2: Comparison of gold and graphene antenna.

2.7 Conclusion

This chapter gives an overview of the state of the art of optical antennas and the various chal-

lenges they face. Nano antennas offer significant advantages for applications in the terahertz
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band. Their ability to concentrate electromagnetic energy into subwavelength volumes, tun-
ability, and compatibility with hybrid structures make them highly promising for terahertz
technology. With further advancements in fabrication techniques and material engineering,
nano optical antennas are expected to play a crucial role in the development of advanced

terahertz devices and systems.

56



CHAPTER 3

Wireless applications THz antenna




Wireless applications THz antenna

3.1 Introduction

A terahertz wireless antenna operates in the terahertz frequency band, offering a promising
frontier for high-speed wireless communication. Terahertz frequencies provide a substantial
increase in bandwidth compared to conventional microwave communication, enabling faster
data transmission rates.

In this chapter, we designed nano optical antennas for wireless communications in ter-
ahertz band [0.1-10] THz using graphene radiating element with polymer,Dielectric and
High-Frequency Laminate substrates because of their flexibility, light weight and low cost

to increase performances of antennas.

3.2 Terahertz antenna characteristics in wireless appli-
cation

Terahertz antenna characteristics in wireless applications refer to the specific properties and
features of antennas designed to operate in the terahertz frequency range for wireless com-
munication purposes.Wireless terahertz (THz) transmission is typically situated within the
terahertz frequency spectrum, covering a broad range from roughly 100 gigahertz (GHz) to
multiple terahertz (THz). This spectrum encompasses frequencies ranging from 100 GHz to
10 THz. The precise frequencies employed in wireless terahertz communication can differ
based on the specific application and technological considerations.

Terahertz-band communication will be crucial in satisfying the requirements for ultra-
high data rates in future wireless communication systems. To achieve these extremely high
data rates, antennas with high gain (greater than 5 dBi) and wide bandwidth (up to 100
GHz) are required.

3.3 Nano optical antenna design

To design Nano optical antennas in wireless terahertz band, the choice of radiant element

and substrate materials is crucial. In the following section, we briefly describe the choice of
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materials used in the design of the optical antennas proposed in our thesis:

3.3.1 Radiating element material choice for wireless terahertz trans-
mission

Terahertz (THz) transmission emanates from the distinctive characteristics and promising
applications found within the terahertz frequency range. This range occupies the interme-
diate space between the microwave and infrared segments of the electromagnetic spectrum.
The radiating element of optical antenna must be with very high electron mobility and con-
ductivity at room temperature. The researchers have identified Graphene as the best material
to use in wireless communications due to several unique properties that make it stand out in

this specific frequency range.

3.3.1.1 Graphene conductivity

Due to its remarkable mechanical, electrical, and optical characteristics, graphene is a promis-
ing material. It is considered as the material meter in communication systems operating
at very high frequencies (terahertz band)[0.1- 10]THz, Between the optical and microwave
bands [130]. Graphene has a high capacity for surface plasmon polaritons (SPP) because the
major drawback of Nano systems is the low mobility of electrons in metallic structures such
as copper [131].In general, the SPP wavelength is expressed as a function of frequency,As
a result, the SPP wavelength in the terahertz frequency region is of the order of a few mi-
crometers,corresponds to the size of the nanometer antenna and the comparatively short
wavelength.in effect the propagation length of a graphene based antenna is less than the
wavelength [132].In the realm of effective index, the SPP dispersion of Grapnene relation

may be represented as 3.1 [133]:

4
V=0 772\/772 — 02t ?U\/l - ngf\/ﬁ2 —n2p =0 (3.1)

Where ¢ is the conductivity of Graphene and c is the speed of light .7 is the refractive index

,and 7.s¢ the complex effective index can be expressed with the following equation 3.2:

po 1
Neff =4[ 1 = 459 (3.2)
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The dispersion relation can also be expressed in terms of Ky, as shown by the equation 3.3

and 3.4 [134]:
o

=—Jj— (3.3)

i K=
spp c2 spp 2 €

Where ¢, is the dielectric constant of the substrate material and effective index Kp):

1+ € 2tw

Kspp = € 9 7 (34)

Graphene is a material of two-dimensional monolayer structure in which carbon atoms
are provided in the form of infinitely honeycomb. Graphene conductivity can be given of the

Kubo formula 3.5, 3.6, 3.7 and 3.8 [135, 131]:

e w wj [ Hw)— H(%)
inter = —H 4—= — 27 3.5
Oint 4h (2>+ w Jo w? 4 (35)
sinh(2%5)
H(e) = (3.6)
cosh(£%) cosh (%)
2kTq?j
intra — - 21 h—— 3.7
Tintra = 4 (T—=Thj +wh) " 2TK (37)
Os = Ointra T Ointer (38>

os:surface conductivity consists of two terms , ;4. and intraband conductivity and ;e

interband conductivity .

At terahertz frequencies we have room temperature, and generally hw << 2pu. in this
case we have either in the ohmic domain or in the plasmonic domain, and inter-band(c;p4yq)
transitions can be neglected.

Moreover, the condition g, >> kBT is generally very small, allowing a low temperature

approximation. Thus, the final approximate formula is 3.9:

2kTq%j
77 2 In cosh

(T hj + wh) TR (39)

Og =
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3.3.1.2 Graphene modeling

CST Microwave Studio, a computer simulation software, offers Graphene as a material option
specifically designed for antenna applications. The relaxation time and chemical potential
as well as the total conductivity are changed due to chemical doping or electrostatic polar-
ization,which results in the modification of the resonance characteristics of Graphene using
equation 3.9 we presented with Matlab the simulation result of graphene conductivity prop-
erties.Figure 3.1 represents the real and imaginary part of Graphene conductivity for u. =0
eV and 7 = 0.1 ps at T=300 K. Figure 3.2 represents Graphene conductivity variation with
respect to chemical potential (p.) for 7 = 0.1 ps at T = 300 K and figure 3.3 represents
Graphene conductivity curve variation with respect to relaxation time (7) for p. = 0 eV at
T = 300 K. The antenna operates in the terahertz frequency range using surface-plasmon
polariton wave propagation in graphene. Simulation results demonstrate the conductivity of

Graphene and structured has the potential to be used as a tunable terahertz antenna .

%104

4.5
Imag(«)
a4 Re(z)
\.
T
35
\\
Ny
3 \
—~ 25 ™
o ~
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L=} 2 |- \
i \
. —
e
—_—
0.5
o | | | | | | | | | |
o 1 2 3 4 5 6 T 8 9 10
frequency(HZ) «10'2

Figure 3.1: Graphene conductivity curve with properties y. = 0 €V and 7 = 0.1ps at T=300
K.
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Figure 3.2: Graphene conductivity curve variation with respect to chemical potential(y,) for

7 =0.1ps at T=300 K.
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Figure 3.3: Graphene conductivity curve variation with respect to relaxation time (7) for

e =0eVat T =300 K.

3.3.2 Substrates material choice for wireless terahertz transmis-
sion

Choosing the right substrate material for wireless terahertz band applications is a crucial de-
cision since it has a substantial impact on the performance of terahertz devices and antennas.
When selecting a substrate material, it’s essential to consider various factors, including the

target operating frequency, mechanical demands, thermal properties, and compatibility with
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other components or technologies [136]. Here are some common types of substrates used with
graphene antennas: Dielectric Substrates ( Quartz, Sapphire, Silicon,Arlon AD250C), Poly-
mer Substrates(Polyimide, Polyethylene (PE) or Polypropylene (PP)...), Photonic Crystal
Substrates, Metamaterial Substrates, Semiconductor Substrates, Graphene Substrates and
finally High-Frequency Laminate (Composite) [137, 138].

Typically, engineers rely on simulations and experiments to fine-tune the substrate selec-
tion for a specific graphene antenna design, aiming to attain optimal performance aligned
with the intended application. In this thesis work, we opted for polymer and High-Frequency
Laminate (Composite) subsrates because of their flexibility, light weight and low cost, making

them suitable for flexible, conformal graphene antennas [138].

3.4  Circular Graphene Optical antenna design

We designed using CST software a nano terahertz circular patch antenna using graphene as
conducting material (figure 3.4) with the following characteristics: chemical potential p.=2
eV, room temperature T =300 K relaxation time 7 = 1 ps and thickness 0.6nm. A microstrip
line with an impedance of 50 €2 feeds the antenna. PTFE (¢, = 2.1), Polyimide (¢, =
3.5), Roger RO3003(e, = 3),Arlan AD250C(¢, = 2.5), and Roger RO4003(¢, = 3.4) were
employed as substrates. The dimensions of the antenna are computed using the calculations

below 3.10, 3.11, 3.12, 3.13 and 3.14 [139)] :

(8.791 x 10°)

F = 3.10
NG (3.10)
F
a= — — (3.11)
1+ 255 + 1.7726]
2h | ma
ae = a\/l +— ln(ﬁ) + 1.7726 (3.12)
Lg =1l + 2ae + 6h (3.13)
Wg = 2ae + 6h (3.14)
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ae: Radius of the crescent patch.
Lg: Length of both substrate and ground plane.
Wg: Width of both substrate and ground plane.

8\v+p/v=Il

(a) (b)

Figure 3.4: (a) Front view of the Circular Proposed Graphene patch antenna with DGS ; (b)

rear view of the Circular Proposed Graphene patch antenna with DGS .

3.4.1 Circular patch antenna with different materials as substrate

Figure 3.5 shows the simulation results of the Graphene circular printed antenna with two
type of substrates:

Polymer : PTFE (¢, = 2.1), Polyimide (e, = 3.5).

High-frequency laminates : Roger RO3003(¢e, = 3), Roger RO4003(e, = 3.4).

Dielectric substrate : Arlon AD250C(e, = 2.5).
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DGS is inserted in the ground plane to increase the bandwidth of the circular patch

antenna, all the results are summarized in Table 3.1:

S-Parameters [Magnitude in dB]

: ; : ! = : : : : : Arlan AD 250C
A0 =2 . AT A PN T s St~ SRS Polymide

20 frvr N = N

. . . : : ! : ! : Roger RO3003
'30'5 """""" T cTTTTTTT T AR R poTTTT Roger RO 4003C

40 Hi---

dB

Q (5.59,-25.915 )

50 - @ (7.39, -65.882) . . RN S — S
80 b

70 : : ; ; ; ; ; . .

4.9733 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

Frequency / THz

Figure 3.5: Reflection coefficient parameter S11 of circular graphene antenna for different

substrates material.

Substrat Frequencies (THz) | S11(dB) | Gain (dBi) | BP(GHz)

PTFE 7.15 —19.91 3.34 073.8
7.92 —28.23 3.964 232

8.69 —12.5 2.265 573.84
Polyimide 5.74 —33.403 2.11 298.18
7.55 —32.391 2.8 2118.1
Arlan AD250C 6.4 —21.082 3.932 048.2
7.31 —13.857 3.789 206.67
9.41 —23.57 2.07 0.852
Roger RO3003 5.82 —17.36 2.269 729.62
8.63 —32.5 4.51 1869.2
Roger RO4003C 5.6 —25.559 2.1 675.11
7.39 —65.88 2.759 2016.9

Table 3.1: Results comparison substrate for circular Graphene antenna.
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As shown in Table 3.1, the change in substrates material from polymer to High-frequency
laminates change antenna performances with greater changes in antenna return loss, gain and
bandwidth. Rogers RO4003C substrate produces superior performance and the circular an-
tenna operate around the desired resonant frequencies of 5.6 THz with -25.559 dB and 7.39
THz with -65.88 respectively. The bandwidth achieved is 675.11 GHz and 2016.9 GHz respec-
tively. Regarding antenna gain, we obtained values around 2 dBi as shown in figure 3.6, so
This antenna can be used for applications that do not require high gain, such as spectroscopy

and imaging.

Gain (IEEE),3D,Max. Value (Solid Angle)

—&— Gain (IEEE),3D,Max. Value (...

(5.6, 2.1402 )
g (7.39,2.759)

1 2 3 - 5 6 7 8 9 10
Frequency / THz

Figure 3.6: Gain of circular antenna with Roger RO4003C substrate.

Figures 3.7 and 3.8 presents the radiation pattern of circular patch antenna, the angular

widths are 150deg and 115deg for 5.6 THz and 7.39 THz respectively.
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Type
Approximation
Component
Output
Frequency
Rad. Effic.

Tot. Effic.

Gain

farfield (f=5.6) [1]
Farfield

enabled (kR >> 1)
Abs

Gain

5.6 THz

-0.9503 dB
-0.9623 dB

2.140 dBi

(a)

Farfield Gain Abs (Phi=1)

— farfield (f=5.6) [1]

Phi=181

0
Phi= 1 30
60
%0
120 1
150 150

180

Theta / Degree vs. dBi

(b)

Frequency = 5.6 THz
Main lobe magnitude =

2.05 dBi

Main lobe direction = 162.0 deg.
Angular width (3 dB) = 150.9 deg.

Side lobe level = 4.2 dB

Figure 3.7: (a) 3D radiation pattern of circular antenna with Roger RO4003C substrate at

5.6 THz frequency ; (b) polar radiation pattern of circular antenna with Roger RO4003C

substrate at 5.6 THz frequency .

farfield (f=7.39) [1]

Type
Approximation
Component
QOutput
Frequency
Rad. Effic.

Tot. Effic.

Gain

Farfield
enabled (kR >> 1)
Abs

Gain

7.39THz

-2.252 dB

-2.252 dB

2.759 dBi

(a)

Farfield Gain Abs (Phi=150)

0 —— farfield (f=7.39) [1]

Phi=150 30 Phi=330

Frequency = 7.39 THz

Main lobe magnttude =  2.76 dBi
Main lobe direction = 115.0 deg.
Angular width (3 dB) = 82.9 deg.
Side lobe level = -4.8 dB

Theta / Degree vs. dBi

(b)

Figure 3.8: (a) 3D radiation pattern of circular antenna with Roger RO4003C substrate at

7.39 THz frequency ; (b) polar radiation pattern of circular antenna with Roger RO4003C

substrate at 7.39 THz frequency .
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3.4.2 Circular Antenna optimisation with Chemical potential vari-

ation

To optimize the performances of the circular graphene patch antenna such as the gain and
bandwidth, we changed the values of the chemical potentiel which dictates the presence of
carriers (either electrons or holes) within graphene, and these carriers, in turn, influence
both the electrical conductivity and the electromagnetic characteristics of the graphene an-
tenna. We used Rogers RO 4003C substrate, which has good radiation characteristics, and
we changed the chemical potential of graphene material in figure 3.9 and figure 3.10 to get
more performances. All the results are resumed in in Table 3.2.

As demonstrated in Table 3.2, we achieved a high gain of 6.62 dBi at 6.95 THz, 5 dBi
at 4.69 THz and 3.43 dBi at 3.26 THz. The bandwidth obtained is very large: 653.45 GHz,
2472.9 GHz and 2120.5 GHz for 3.26 THz, 4.69 THz and 6.95 THz respectively, so we can
use this antenna for wireless applications that need high gain an bandwidth with minimum

losses like sensing, communication and security.

S-Parameters [Magnitude in dB]

; ; H ; ; ; H ; — 0.2 ev
e e s e s s —o0sev

30.706 )| , : : [ .
(4.69, 55.54) [...} i i S I - B S S
( 6.95, -26.815) | : : : : : :

A7.a3a [T gy
(5.82, -35.511)|
(7.72, -28.481 )|

(9.68, -17.68) [

dB

PoRuP 20O
o
ol

Frequency / THz

Figure 3.9: S11 Parameter with chemical potential values of 0.2 eV and 0.8 eV of circular

graphene antenna.
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Figure 3.10: S11 Parameter with chemical potential values of 1.6 eV, 1.8 eV and 2 eV of

circular graphene antenna.

Chemical Potential (eV) | Frequency (THz) | S11(dB) | VSWR | Gain (dBi) | Bp(GHZ)
2 5.6 —25.559 | 1.1117 2.1 675.11
7.39 —65.88 | 1.0016 2.759 2016.9
1.6 7.02 —22.958 | 1.011 2.628 563.52
5.45 —45.202 | 1.1532 1.726 2084.9
1.8 5.53 —21.573 | 1.665 2.03 536.5
7.24 —45.629 | 1.105 2.86 2084.9
0.8 5.82 —35.51 | 1.0342 0.196 849.8
7.72 —28.48 | 1.0783 1.734 1120.4
9.68 —17.68 | 1.3005 1.66 492.97
0.2 3.26 —30.706 | 1.0603 3.437 653.46
4.69 —55.54 | 1.0034 5.008 2472.9
6.95 —26.812 | 1.0956 6.62 2120.5

Table 3.2: Simulations Results of Chemical potential variation for proposed circular graphene

antenna.
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Gain (IEEE),3D,Max. Value (Solid Angle)

—e— Gain (IEEE),3D,Max. Value (...
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& (6.95,6.6204)

Frequency / THz

Figure 3.11: Gain of terahertz antenna with chemical potential 0.2 ev.

Farfield Gain Abs (Phi=92)

[ — farfield (F=3.26) [1]]

0
Phi= 92 30 Phi=272
60
90 90
farfield (f=3.26) [1]
Type Farfield
Approximation enabled (kR >> 1) 120 Frequency = 3.26 THz
gomponent éhs y Main lobe magnitude =  3.43 dBi
utput ain . AT
Frequency 326 THz 150 Main Iobe‘drecmn = 62.0 deg.
Rad. Effic. 1281 dB 180 Angular width (3 dB) = 119.5 deg.
Tot. Effic. -1.285 dB
Gain 3437 dBi Theta / Degree vs. dBi

(a) (b)

Figure 3.12: (a) 3D radiation pattern of the antenna at 0.2 ev for 3.26 THz ; (b) Polar
radiation pattern of the antenna at 0.2 ev for 3.26 THz.
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Farfield Gain Abs (Phi=95)

[ — farfieid (7=4.69) 11|

Phi= 95 30

Phi=275

90 a0
Frequency = 4.69 THz

farfield (f=4.69) [1] Main lobe magnitude =  5.01 dBi
P o TN 1205 Main lobe drection = 67.0 deg.
éﬁzf:;""{e':f“" o\ Angular width (3 dB) = 80.3 deg.
Output Gain Side lobe level = -10.5 dB
Frequency 469 THz
Rad. Effic. -1235dB 180
Tot. Effic. -1.235dB
Gain 5.008 dBi Theta / Degree vs. dBi

(a) (b)

Figure 3.13: (a) 3D radiation pattern of the antenna at 0.2 ev for 4.69 THz ; (b) polar
radiation pattern of the antenna at 0.2 ev for 4.69 THz.

Farfield Gain Abs (Phi=84)

. | — farfieid (7=6.95) [1] |
Phi=84 30 30 phi=264
60
90 90
Frequency = 6.95 THz
farfield (f=6.95) [1] Main lobe magnitude =  6.62 dBi
Type Farfield 120 Main lobe direction = 88.0 deg.
Approximation enabled kR >> 1) Oy Angular width (3 dB) = 62.1 deg.
SRl . Side lobe level = -8.9 dB
utput ain
Frequency 6.95 THz 150 150
Rad. Effic. -1738dB 180
Tot. Effic. -1.747 dB
Gain 6.620 dBi Theta / Degree vs. dBi

(a) (b)

Figure 3.14: (a) 3D radiation pattern of the antenna at 0.2 ev for 6.95 THz ; (b) Polar
radiation pattern of the antenna at 0.2 ev for 6.95 THz.

Figure 3.12, 3.13, 3.14 presents the 3D and polar radiation pattern of Graphene circular
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patch antenna with 0.2 eV of chemical potential. The main lobe value is 62 deg for 3.26

THz, 67 deg for 4.69 THz and 88 deg for 6.95 THz respectively. The antenna radiations is

directional which is very satisfactory for sensing, security and communication applications in

terahertz band.

3.5 Crescent Graphene patch antenna design

Using the CST software, we designed a small crescent terahertz microstrip antenna (Fig-

ure 3.15 ) fed by microstrip line with a 50 w impedance. We used graphene material for radi-

ating element with the following properties: Temperature 300 k, chemical Potential (u.=2ev)

, relaxation Time( 7= 1ps )and thickness 60 nm. The patch antenna dimensions are calcu-

lated from the equations (3.10) (3.11) (3.12) (3.13) (3.14).

| ok

ae=A/2

T T T T

I

EEE

EEEEEEEE

Figure 3.15: The Crescent Graphene patch antenna design.
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3.5.1 Crescent patch antenna with different materials as substrate

In this section, we simulated in figure 3.16 the crescent patch antenna using various substrates
such as PTFE( ¢,= 2.1), polymide (¢, = 3.5), Roger RO3003 (¢, = 3) , Roger RO4003C (e,
= 3.4) and Arlan AD250C (¢, = 2.5) to evaluate the performance of the nano crescent patch

antenna.
S-Parameters [Magnitude in dB]
-0.52253 - ; N T T T ; T T
i ! : ; , ; ; ; ' — Arlon AD250C
51 """"" """""" """""" /’ """" """""" Polymide
40 fefreseeeee R e T i SR e
: : : : : ; : : ! : Roger RO3003
o 151 i i ko ( 6.9633, -28.543 ) """""" — Roger RO4003C
P & S— SR Y (R S— e AL ] @ (7.0275, 3225 ) e
225 : : : : : ST A S S [ S
: : : : : : G‘)' (7.011, -33.692 ) :
30 b e R oo - @ (6.4005, -23.032) s R
| | | | L |4 ' - - |
-35 ; ; ; ; -|>. t : : :
5.968 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 7.9963

Frequency / THz

Figure 3.16: Reflection coefficient parameter S11 of crescent Graphene antenna for different

type of substrate material.

The figure 3.17 show the stands for Voltage Standing Wave Ratio(VSWR) of crescent

graphene antenna for different type of substrate material.
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Voltage Standing Wave Ratio (VSWR)
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Figure 3.17: VSWR parameter of crescent graphene antenna for different type of substrate

material.

Table 3.3 summarizes the simulation result of reflection coefficient:

The substrate Frequency (THz) | S11(dB) | Gain (dBi) | VSWR | BP(GHZ)
Arlan AD250C (€,=2.5) 6.9615 -28.592 5.24 1.07 350.63
RO3003(e, =3) 7.011 -33.692 4.803 1.04 441.777
Polymide (€, =3.5) 7.0275 -32.25 4.568 1.05 418.99
Teflon (e, =2.1) 7.0935 -16.323 4.417 1.36 168.52
RO4003C(e, =3.4) 6.9945 -13.152 2.287 1.57 124.11

Table 3.3: Results comparison substrate for Crescent graphene antenna.

Table 3.3 demonstrates that Arlan AD250C is the best material substrate, producing
high gain of 5.24 dBi at 6.9615 THz as shown in figure 3.18. The return loss of the crescent
antenna is -28.592 dB and the bandwidth is 350.63 GHz.

Figure 3.18 and 3.19 shows the radiation pattern of the crescent patch antenna at 6.96
THz :

The angular wide obtained is 69.7 deg with a main lobe magnitude of 5.24 dBi, so the

radiation pattern is directional and the antenna can be used for wireless applications.
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Frequency / THz

Figure 3.18: Gain of the cresent antenna with Arlan AD250C substrate.

Farfield Gain Abs (Phi=90)

0 —— farfield (f=6.96) [1]

Phi= 90 Phi=270

farfield (f=6.96) [1]
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs e

Frequency = 6.96 THz
Main lobe magnitude =  5.24 dBi
Main lobe direction = 2.0 deg.

Output Gain Angular width (3 dB) = 69.7 deg.
Frequency 6.96 THz Side lobe level = 7.5 dB

Rad. Effic. -2.342 dB

Tot, Effic, -2.349 dB

Gain 5.223 dBi

Theta / Degree vs. dBi

(a) (b)

Figure 3.19: (a) 3D radiation pattern of the crescent antenna with Arlan AD250C substrate

; (b) polar radiation pattern of the crescent antenna with Arlan AD250C substrate.
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3.5.2 Crescent Antenna optimisation with Chemical potential vari-
ation

Crescent patch antenna is designed to be used for integrating into compact devices for wireless
data transfer at terahertz frequencies, so the bandwidth and the gain must be with high
values. In this section, We used Arlan AD250C substrate (¢,=2.5) which is the best material
chosen and we changed in chemical potential value to get more performances. The simulation

results of return loss S11 are given in figure 3.20.

S-Parameters [Magnitude in dB]

0
— 0.2 ev
=N — 1.5ev
-10 1 — 1.8ev
-15 2ev
8 20 ji (7.28,-37.962) |71 B 2 e
96 b A L O e .
0 ________________ % (6.6, -22.046 ) _______________________ _______________________ _______________________
; 9 (6.9615, -28.693)| i ; v ; ;
35 e ; R B foocesananene s
40 + t t t t t
3.9528 5 & 7 8 9 9.9882

Frequency / THz

Figure 3.20: Return loss S11 with 0.2 eV, 1.5 eV,1.75 eV and 3ev of chemical potential for

proposed Crescent graphene antenna.
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Voltage Standing Wave Ratio (VSWR)

I Ry / ____________ ﬂ —— VSWR1_(0.2 ev)

—— VSWR1_(1.5 ev)
G (7.28,1.025) | )

Gi (6.38, 1.2309 ) — VSWR1_(2 ev)

6.4667

( 6.9615, 1.0763 )

3.972 9.9446
Frequency / THz

Figure 3.21: VSWR with 0.2 eV, 1.5 eV,1.75 eV and 3ev of chemical potential of the Crescent

graphene antenna.

ChemPotential(ev) | Frequency (THz) | S11(dB) | Gain (dBi) | BP(GHZ)
2 6.9615 -28.592 5.24 350.63
1,8 6.6 -22.046 4.55 322.18
1.5 6.38 -19.701 4,573 252.29
0.2 7.28 -37.962 7.134 1767.3

Table 3.4: Simulations Results of Chemical potential variation of the Crescent graphene

antenna

As shown in Figure 3.20, 0.2 ev of chemical potential gives better gain of 7.13 dBi (fig-
ure 3.22) , high bandwidth of 1.769 THz and VSWR less then 2 (figure 3.21) with means that
all the energy is transmitted without reflection. The return loss of the crescent patch antenna
is -37.962 dB at 7.28 THz of frequency. Table 3.4 summarizes all the results obtained with

variation of chemical potential:
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Gain (IEEE),3D,Max. Value (Solid Angle)

H ! : : ! : : ! H —e— Gain (IEEE),3D,Max. Value (...
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75 e S

6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2 8.4
Frequency / THz

Figure 3.22: Gain of crescent antenna at 0.2 ev of Chemical potential.

Farfield (Array) Gain Abs (Phi=90)
[ — farfield (f=7.28) 111 |

0
30
60
90 -90
farfield (f=7.28) [1]
Type Farfield (Array) Frequency = 7.28 THz
Approximation enabled (kR >> 1) d Main lobe magnitude =  7.14 dBi
Component  Abs 120 Main lobe direction = 86.0 deg.
Output Gain Fo Angular width (3 dB) = 63.9 deg.
Frequency 7.28 THz 150 Side lobe level = -11.9 dB
Rad. Effic. -1.908 dB pId
Tot. Effic. -1.909 dB
Gain 7.134 dBi - Theta / Degree vs. dBi

(a) (b)

Figure 3.23: (a) 3D radiation pattern of the crescent antenna with 0.2 ev of chemical potential

; (b) polar radiation pattern of the crescent antenna with 0.2 ev of chemical potential.

As shown in figure 3.23, the radiation pattern is directional with an angular wide of 63.9

deg at 3dB.
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3.6 Comparison of proposed work with previous liter-

ature

To evaluate the quality of our research, we compared in Table 3.5 our simulation results with

other previous and recent literature’s:

Referance | Frequencies (THz) | S11(dB) | BP(GHz) | Gain (dBi) Antenna design
Ws
[140] 2.05 -22 500 5.02
Graphene coated silico
\
\
[141] 4104 -40 130 3.8
e FNA,E, =
[142] 0.434-1.684 -39 1250 5.72 Fds o4 !
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Referance | Frequencies (THz) | S11(dB) BP(GHz) Gain (dBi) Antenna design
| [ 7 ',—l
q ¥
- a -
5 w
b —[‘D—d Jisy
Wy szﬂ:il -
| w
I 1
- W
v.al Metallic Gate
”_?r 3 Graphene Patch
h Foed
[143] 1 18 100 431 ! FEC
L
[144] 2.14 -24.65 658 47
5.41 -25.86 6.61
[95] 2.58 -33.7 | Not mentioned 2.58
4.41 -10.56 1.22
Graphene
[145] 3.5 -30 245 Not mentioned
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Referance Frequencies (THz) | S11(dB) | BP(GHz) | Gain (dBi) Antenna design
Wg=A

Circular Graphene antenna 3.26 —30.706 | 653.46 3.437
with DGS 4.69 —55.54 2472.9 5.008
6.95 —26.812 | 2120.5 6.62

[

JN NN

Crescent Graphene antenna 7.28 -37.962 1767.3 7.134 | ‘

Table 3.5: Comparison of proposed work with previous literature.

The authors in [141] and [95] have used graphene-based patch antennas with a circular
shape to improve radiance. In addition, the antennas proposed in [142],[140],[143] and [145]
have used rectangular antennas which widen the bandwidth, while [144] propose an hexagonal
antenna with high gain and small bandwidth. In our work, we have obtained a very good
performances with circular and crescent antenna. The gain exceeds 6 dBi and the bandwidth
is between 1 and 2 THz.The results are very satisfying for terahertz wireless transmission
such as spectroscopy and immaging, security and sensing and finally for communication. if
we compared our works, with circular patch antenna, we have used DGS in the ground plane
and we changed in chemical potential value to increase the gain and the bandwidth for using
in majority of applications in wireless terahertz band. The second antenna with crescent

shape gives more performances with his simple structure and the antenna can be used for
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communication application in which we need high gain and bandwidth.

3.7 Antenna fabrication

The fabrication and characterisation of a graphene patch terahertz antenna is a complex
process, needing a very high degree of competence in this sector, hence consulting with
professionals in this field or professional assistance for patch antenna production and char-
acterization is strongly advised.

Once the antenna design has been optimized, the antenna can be fabricated and charac-

terized as follows [146, 147]:

o Preparation The substrate material: To eliminate all kinds of impurities, dust

and other contaminants.The material must be be properly cleaned.

e Thin film deposition: A thin film made by chemical vapor deposition is deposited
on the substrate to be bonded to the graphene.

« Preparation of graphene:Graphene may be produced by a variety of processes, such
chemical vapor deposition (CVD), epitaxial growth, and mechanical exfoliation. Chem-
ical Vapor Deposition (CVD) involves developing a thin layer of graphene on a metal
substrate in a high-temperature furnace by adding a hydrocarbon gas, such as methane
or ethylene, in a high-temperature furnace. Then, the carbon atoms in the gas are de-

posited on the metal substrate, creating a graphene layer.
o Graphene deposition: Graphene must be put on the substrate by dry or wet transfer.

o Patch antenna fabrication: Standard photolithography procedures such as spin

coating, mask alignment, and etching are used.

« Patch antenna characterization: In this stage, we can use a network analyzer, far-
field radiation pattern measurement, and impedance measurement to characterize the

proposed patch antenna.
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3.8 Conclusion

The design of nano crescent and circular terahertz antennas shows great potential for a
multitude of applications spanning diverse fields. These antennas mark a notable progres-
sion within the realm of terahertz technology, unlocking new and unparalleled possibilities
in sectors including communication, imaging, spectroscopy, and sensing. While these nano
terahertz antenna design offers significant promise, it is not without its challenges in both
production and deployment. Their fabrication and implementation demand highly accurate
manufacturing processes to attain the desired nanostructures. Additionally, signal propaga-
tion within the terahertz range can be susceptible to interference from atmospheric absorption

and scattering, further complicating their practical use.
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4.1 Introduction

Wireless Body Area Networks (WBANS) represent specialized wireless networks tailored for
human body-centric applications. They employ wearable or implantable devices to track and
gather diverse physiological data, including metrics like heart rate, body temperature, blood
pressure, and muscle activity. An emerging frontier in WBAN research and innovation re-
volves around harnessing terahertz (THz) technology to explore diverse applications.Among
the highly auspicious applications of terahertz technology within WBANSs, medical imaging
stands out prominently. Terahertz waves possess the unique capability to permeate a wide
range of substances, encompassing attire and biological tissues, while remaining completely
non-ionizing and harmless to the human body. This property makes them ideal for non-
invasive imaging techniques. THz spectroscopy is another important application of terahertz
technology in WBANS, it encompasses the examination of how THz waves interact with
substances, with the aim of discerning both the chemical composition and physical charac-
teristics of these materials. THz waves exhibit distinctive absorption spectra, which serve as
a valuable tool for distinguishing and identifying various molecules and materials.

In this chapter, we designed two nano optical antennas for WBAN applications. The
first rectangular antenna has been designed to operates at 0.74 THz, 1.148 THz, and 1.734
THz frequencies for medical imaging . The second circular antenna has been designed to
radiates at the frequency 3.93 THz for spectroscopy applications. To improve more the radi-
ation characteristics performances of the antennas, we combined different types of substrates

materials with Gold radiating element.

4.2 Terahertz Nano patch antenna design for WBAN
applications

The process of crafting antennas for Wireless Body Area Network (WBAN) applications
demands careful deliberation to guarantee dependable and effective communication within
the unique context of the human body, so we tacked account some key aspect like: frequency

range, size and form factor, bio compatibility, radiation pattern and bandwidth. The human
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body has a significant impact on the performance of WBAN antennas. The presence of the
body can detune the antenna, alter its radiation pattern, and introduce signal attenuation.
Antenna designs should account for these effects to ensure reliable performance in realistic
usage scenarios [148].

In all cases, the use of antennas in medical technology requires a reliable communica-
tions network with sufficient bandwidth above 50GHz to transmit medical data in real time
without interfering with other wireless networks, such as Wi-Fi figure 4.1. Minimal power
consumption to prolong the life of medical device batteries, gain of no more than 6 dBi and
greater than 2 dBi as it is primarily intended for short-distance communication, small size of
around 1 mm for easy integration into the human body, resistance to interference caused by

the human body [149, 150].
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Figure 4.1: Wireless Body Area Networks application [151].
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4.3 Material chosen for WBAN applications in terhertz
band

For successful WBAN applications within the THz range, it is crucial to select materials
that have been tailored for THz applications, minimizing their absorption of THz frequen-
cies. These materials are engineered to reduce signal loss. Researchers in the realm of THz
for WBAN frequently employ such specialized materials to guarantee superior outcomes in
medical contexts.

The contribution of this work is to design nano terahertz optical antenna combining
gold material radiating element for its favorable important characteristics [152] such as high
conductivity and low absorption with thin substrates thickness such as: Alumina (¢,=9.9),
Rogers R04003C (€¢,=3.5), RT Duriod 5880 (¢,=2.2), RT Duriod 3210(¢,=10.8),Silicon (¢,=2.1)
to minimize signal loss and reduce the overall size and weight of the optical antenna in the
system [153].

The first antenna resonate from 2 THz to 4 THz and it can be used for spectroscopy
applications in terahertz band [154]. The second antenna resonate from 0.5 THz to 2 THz

and it can be used for medical imaging application in terahertz band [155].

4.4 Nano circular antenna design for spectroscopy ap-
plications

In this section, we designed a circular nano patch antenna in figure 4.2 for spectroscopy ap-
plications for [2- 4] THz band. In biological and biomedical THz spectroscopy applications,
the antenna is designed to optimize the interaction between THz radiation and the biolog-
ical samples while ensuring minimal disturbance to the samples. It satisfied the following

specifications:

« Radiant element shape: Circular.

e Power supply: Microstrip line suitable for 50 €.
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o Substrate Silicon: €, = 11.9; h=5.4um.

« Radiating element material : Gold ; t=3.205 pum.

Wg=A

+Y=

- )

(4

Figure 4.2: Nano circular patch antenna.

The formulae given in the previous chapter (3.10) (3.11) (3.12) (3.13) (3.14) are used for

calculating the antenna’s parameters.

4.4.1 Simulation result of circular antenna

The simulation results of return loss parameter (S11) for the Gold antenna with Silicon
substrate (¢, = 11.9) are shown in Figure 4.3 . We can see that the circular antenna have
an amazing return loss of -54.964dB with a bandwidth 309.72 GHz at the desired frequency
of 3.93 THz . The Voltage Standing Wave Ratio (VSWR) of proposed antenna as shown in
Figure 4.4 is less than 2 means that all electromagnetic energy is transmitted through the

antenna without being reflected . We can see also in figure 4.5, The radiation from the rear
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lobes, the gain is very low, so we can say that the proposed antenna is very suitable to use

in spectroscopy applications.

S-Parameters [Magnitude in dB] d=0.30972

— Silicon

220 4
_25 i
_30 i
_35 i
-40
45 1 ‘ : ‘ :
B ISUNE WU M. S—
-54.964 : : : : r | " | = :| |4
0.5 1 1.5 2 2.5 3 3.736 4 4.0457 B.5 5
|Gﬁ (3.93, -54.964 )| Frequency / THz

dB

Figure 4.3: Reflection coefficient parameter ofcircular antenna with Silicon substrate.

Voltage Standing Wave Ratio (VSWR)
’ ’ —— VSWR1

Freguency [ THz

Figure 4.4: VSWR ofcircular antenna with Silicon substrate.
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Farfield Gain Abs (Phi=90)

[ — farfield (7=3.93) [1] |

Phi=270

an
Frequency = 3.93 THz
Main lobe magnitude = 5.43 dgi| farfield (f=3.93) [1]

Main lobe direction = 62.0 deg. Type Farfield

Angular width (3 dB) = 89.3 deg. Approximation enabled (kR >> 1)
Side lobe level = 4.6 dB e L A
Output Gain
Frequency 393 THz
Rad. Effic. -1.644 dB
Tot. Effic. -1.644 dB
Theta / Degree vs. dBi Gain 5.419 dBi
(&) (b)

Figure 4.5: Radiation pattern of circular antenna with Silicon substrate (a) Polar radiation

pattern ; (b) 3D radiation pattern.

4.4.2 Simulation result of circular antenna with different type of

substrates material

The substrate used for a patch antenna is very important as it affects the antenna’s perfor-
mances. Opting for a high dielectric substrate when conducting THz spectroscopy in the 2-3
THz frequency range can exert a substantial influence on the spectroscopic procedure. It
affects the confinement of the electromagnetic field, interactions with the sample, resolution
capabilities, signal fidelity, and the overall efficacy of the spectroscopic arrangement. In this
section, we simulated the circular gold antenna with high dielectric substrates as : Alumina
(¢, = 9.9),RT Duriod 3210(e,=10.8) and with low dielectric substrates as RT Duriod 5880
(e,=2.2), RT Duriod 4003C (€,=3.5) for analyzing radiation characteristics.

Figures 4.6, 4.7 and 4.8 shows all the simulation results obtained:
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Figure 4.6: Reflection coefficient parameter of circular antenna for each substrate substrates.

As shown in the figure 4.6, several frequencies are obtained by changing the substrate
material such as 3.24 THz, 2.76 THz ,4.085 THz,3.93THz and 4.01 THz with the use of
Rogers RO4003C, RT Duriod 5880,Alumina, Silicon and RT Duriod 5880 respectively. The
return loss obtained for each one of them is:-48.771 dB, -23.317 dB,-41.464 dB,-54.964 dB

and -63

.102 dB respectively.

Voltage Standing Wave Ratio (VSWR)

4.1928 1

3.5 7
34
2.5
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Figure 4.7: VSWR of the circular antenna.
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(4.01, 1.0034 )
( 3.93, 1.0036 )
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As shown in figure 4.7, the VSWR (Voltage Standing Wave Ratio) in all frequencies

obtained with different substrates is less than 2 which indicates that no part of the energy is

reflected.
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1D Results\result

—— Alumina

Rogers RO4003C
—— RT Duriod 5880
—— RT Duroid 3210
Siicon

180

270

Theta / Degree vs. dBi

Figure 4.8: Polar radiation pattern of circular antenna for each substrate.

dBi

3.3
-0.764
-6.83
-12.9
-18.9
-25
-34.7

Figure 4.9: 3D radiation pattern of circular antenna for each substrate.

As we can see in figures 4.8 and 4.9, The radiation from the back lobes is very low with the

chosen substrates, so we can say that the antenna is directional for spectroscopy applications.
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Table 4.1 resume all simulation results obtained with each substrate material , we can
result that the use of high dielectric substrate material gives amazing performances in term
of high gain and excellent reflection coefficient. For example, RT Duroid 3210 and Silicon
achieved -63.10 and -54.96 of return loss with 5 dBi of gain respectively. On the other hand,
the use of low dielectric substrate material gives amazing performances in term of bandwidth,
for example, the use of Roger 5880 achieved a very large band of 1166.7 GHz, so The choice
of substrate depends on the spectroscopy application to be used.

Furthermore, the simulation results demonstrate that antennas crafted with etched sub-
strates exhibit characteristics conducive to medical applications. This conclusion arises from
the observation that these antennas showcase SAR parameters below 1.6 W /kg, meeting

safety standards.

Antenna parameters Proposed antenna
substrates Silicon(e,=11.9) | RT Duroid 3210(¢,=10.8) | Alumina (¢,=9.9) | Roger 4003C(¢,=3.55) | Roger 5880 (€,=2.2)
a(pm) 15.66 16.198 16.7 24.77 30.36
fr (THz) 3.93 4.01 4.085 3.24 2.76
S11(dB) -54.96 -63.10 -41.32 -48.77 -23.317
Gain (dBi) 5.40 5.06 5.25 4.346 4.504
Directivity 7.574 6.637 6.719 5.294 7.229
Bp (GHZ) 305.91 280.59 280.59 559.07 1166.7

Table 4.1: The simulation result of circular antenna with different type of substrates material.

4.5 Nano rectangular antenna design for medical ap-
plications

In this section, we designed in figure 4.10 a rectangular nano patch antenna for [0.5- 2] THz
band that can efficiently generate and receive THz radiation for medical imaging applica-

tions [156]. It satisfied the following specifications:

o Operating frequency: 0.74 THz, 1.148 THz, and 1.734 THz.

» Radiant element shape: Rectangular.
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o Power supply: Microstrip line suitable for 50 2.
» Substrate Roger RO4003C : ¢,= 3,55 ; h = 15 um .

o Patch material : Gold ; t=8um

The dimensions of the proposed antenna are determined in relation to the frequency [45] of the

specified application using the following formulae 4.1, 4.2, 4.3, 4.4, 4.5, 4.6 and 4.7 [157, 158]:

1 2
N 2f7“\/ Ho€o | € + 1

w

&+1 -1 h_
€eff =~ + 5 (1+125) 0.5

(5£ 0412 (Eeff + 0.3)(% + 0.264)
h 7 T (eery — 0.258)(L 4 0.8)

L=0412—S  _25L
2F7«1/€eff
Leps = L — 26L

Lg =1l + 2L + 6h

Wg=2L+6h

(4.1)

(4.4)

(4.5)

(4.6)

(4.7)

Where h:substrate thickness ,fr : the resonant frequency,e, :dielectric constant ,ll:the length

of the line,Lg: length of both substrate and ground plane,and Wg: width of both substrate

and ground plane.

94



WBAN THz antenna

Wg=A/2 I

a\v=1

lI=A/2+A/4

(a) (b)

Figure 4.10: (a) Front view of the rectangular proposed patch antenna ; (b) rear view of the

rectangular patch antenna.

4.5.1 Simulation and results of the rectangular patch antenna

We presented in figures 4.11 and 4.12 the return loss and the VSWR of the rectangular Gold

patch antenna:
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Figure 4.11: Reflection coefficient S11 of antenna matching mechanism.
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Figure 4.12: VSWR of proposed rectangular gold antenna.

As shown in Figure 4.11, the simulation results of the antenna gives in initial states:
several peaks that have lower return loss. To reach peaks in the medical imaging terahertz
band, we created two slots in the patch and two slots in the ground plane. Three frequencies
of 0.74 THz, 1.148 THz, and 1.734 THz, which have excellent reflection coefficients of —41.408
dB, —43.918 dB, and —29.92 dB, respectively, The bandwidths obtained are 27.4 GHz, 108.9
GHz, and 89.76 GHz for the frequencies respectively. Figure 4.12 shows that the voltage
standing wave ratio (VSWR) in all frequencies obtained with RO4003C substrate (e, = 3.55)

is less than 2 which is very satisfactory.
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Figure 4.13: Gain of rectangular gold antenna.

As shown in Figure 4.13 The proposed antenna has an excellent gain of 5.32 dBi, 6.21
dBi, and 4.851 dBi at THz at frequencies obtained respectively.

97



WBAN THz antenna

farfield (f=0.74) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Gain

Frequency 0.74 THz

Rad. Effic. -1.339dB

Tot. Effic. -1.339dB
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Frequency = 0.74 THz
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Side lobe level = -0.6 dB

Figure 4.14: (a)3D radiation pattern of rectangular gold antenna in frequency 0.74 THz ; (b)

Polar radiation pattern of rectangular gold antenna in frequency 0.74 THz.
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Figure 4.15: (a)3D radiation pattern of rectangular gold antenna in frequency 1.148 THz ;

(b) Polar radiation pattern of rectangular gold antenna in frequency 1.148 THz.
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(a) (b)

Figure 4.16: (a)3D radiation pattern of rectangular gold antenna in frequency 1.734 THz ;

(b) Polar radiation pattern of rectangular gold antenna in frequency 1.734 THz.

In figures 4.14, 4.15, 4.16, the angular widths at 0.74 THz, 1.14 THz and 1.73 THz are
59 deg, 45.2 deg and 46.6 deg respectively and the radiation pattern from the back lobes is
low compared to the front lobe. The antenna is directional and is suitable to use for medical
imaging applications.

Figure 4.17 represents the current density of our proposed antenna at all deferent fre-

quencies 0.74 THz, 1.148 THz, and 1.734 THz.
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current (f=0.74) [1] current (f=1.148) [1] current (f=1.734) [1]
Component Abs
Fr ncy 0.74 THz

6=

Component Abs
Frequency [1.734 THz
=

Maximum (Solver) 443417 A/m*2

(a) (b) (c)

Figure 4.17: Current density of rectangular gold antenna : (a) in frequency 0.74 THz ; (b)
in frequency 1.148 THz ; (¢) in frequency 1.734 THz.

4.6 Comparison of proposed work with previous liter-
ature

In this section, we presented a comparison of the Two nano Gold patch antenna for WBAN
application with other references.

The table 4.2 summarizes all the simulation results with the various current WBAN
terahertz antenna works. If we compare the rectangular nano antenna with the different
references [159] [162] [164] and [165] we will see that our proposed antenna has a wide
dimension (some micrometers) but that has an excellent characteristic of return loss, gain
and directivity with three frequencies that allow us to use each frequency in a different
medical applications.

In order to compare the second circular nano antenna to the references [160] and [161]
we will observe that our proposed antenna has a small dimension with excellent radiation
characteristics as the gain that exceeds 5 dBi, a reflection coefficient more than -54 dB, and
a directivity more than 6 dB. Finally compared to the reference [163] the size of our antenna

is a little larger but it has better radiation characteristics.
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Substrate material Frequency (THz) Size (um) S11(dB) | Gain (dBi) | Directivity (dB)
[159] RT Duriod 6010(¢, = 10.2) 0.852 200x200x50 —20 2.5 2.6
[160] RT Duriod 6010(¢, = 10.2) 2.270 100x100x10 -22.39 4.8 3
Silicon(e,=11.9) 3.254 42.67 5.3 3.1
[161] Glass(e,=6) 2.150 250%x400%5 15 4.97 Not mentioned
[162] FR-4(e, = 4.3) 1.684 150 x150%9.6 -39 5.72 Not mentioned
[163] FR-4(e, = 4.3) 3.734 60x50x0.52666 | -52.97 2.13 4
[164] Polyimide(e, = 4.3) 0.445-0.714 300x300x45 -26.4 5.4 5.7
[165] Quartz (e, = 3.78) 1.02 180%212x10 -28.76 1.44 9.58
proposed rectangular | Roger RO4003C (¢, = 3.55) 0.740 288.9x412.06x15 | —41.408 5.32 6.659
gold antenna 1.148 43.918 6.21 7.502
1.734 29.92 4.851 6.566
proposed circular Silicon(e,=11.9) 3.930 63.72 x83.47x5.4 | -54.96 5.4 7.574
gold antenna Duroid 3210(e,=10.8) 4.010 81.95x110.85x5.4 | -63.1 5.06 6.637
Alumina (€,=9.9) 4.085 65x85x5.4 -41.32 5.25 6.719
Roger 4003C(e,=3.55) 3.24 81x110x5.4 -48.77 4.346 5.294
Roger 5880 (¢,=2.2) 2.76 81x110x5.4 -23.317 4.504 7.229

Table 4.2: Comparison of our results with others work researches.

4.7 Conclusion

Nano optical terahertz antennas have been designed in this chapter for medical imaging

and spectroscopy, taking account several factors like size, bandwidth, radiation pattern and

high-conductivity materials to achieved a good performances.

The combination of high conductive radiating element and thin laminate substrates im-

prove significantly radiation characteristics performances of the terahertz optical antennas.
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Thesis objective

The objective of this thesis is to propose and design nano optical antennas with small size,
high performance and efficient antenna structures for Wireless communication and Medical

applications.

Work in progress

The occupation of the microwave spectrum is a significant concern due to the immense
potential it holds for various applications. The terahertz spectrum, positioned between mi-
crowaves and infrared, offers a wide array of applications. The ability to operate within the
terahertz frequency range provides distinct advantages, including high bandwidth, high res-
olution, deep imaging capability, low power consumption, compact size, and safety in terms
of health impact. The primary objective of this thesis was to investigate the novel nano
optical terahertz antenna technology across different types of applications. Nano-optical an-
tennas in the terahertz band have shown great potential in various fields, including wireless
communication, medical imaging, and spectroscopy.

Our contribution is This thesis was the combination of Graphene material with thin sub-
strates for wireless applications and Gold material with thin substrates for medical imaging
and spectroscopy applications. One of the key advantages of using graphene-based antennas
is their exceptional electrical and optical properties. It exhibits remarkable conductivity,
high carrier mobility, and broadband absorption characteristics, making it an ideal candi-
date for terahertz applications. By integrating graphene into the design of nano-optical
antennas, it is possible to enhance their performance in terms of efficiency, bandwidth, and
radiation pattern control. Furthermore, the use of thin epesser substrates in conjunction with
graphene-based antennas offers additional benefits. Thin epesser substrates are dielectric ma-
terials that provide mechanical support and insulation for the antenna structure. By theirs
using, the overall size and weight of the antenna can be significantly reduced while main-
taining its functionality. This is particularly advantageous for wireless applications where

compactness and portability are crucial. The terahertz frequency range offers higher band-
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width and faster data transfer capabilities compared to traditional microwave frequencies.
In the context of medical imaging and spectroscopy applications, gold-based nano-optical
antennas have demonstrated promising results. Terahertz radiation is non-ionizing and can
penetrate biological tissues with minimal harm, making it suitable for medical imaging and
diagnostics. the use of thin epesser substrates in gold-based nano-optical antennas provides
mechanical stability and compatibility with biological systems. This is particularly relevant
for medical applications where the antennas need to be biocompatible and non-toxic. The
combination of gold and thin epesser substrates offers a versatile platform for various med-
ical imaging techniques, such as photoacoustic imaging and optical coherence tomography,
as well as spectroscopic analysis of biological samples. In conclusion, nano-optical antennas
in the terahertz band, including graphene-based antennas with thin epesser substrates for
wireless applications and gold-based nano-optical antennas with thin epesser substrates for
medical and spectroscopy applications, hold immense potential for advancing technology in
multiple domains. The unique properties of graphene and gold nanoparticles, coupled with
the advantages of using thin epesser substrates, enable the development of high-performance,
compact, and versatile devices. Further research and development in this field are expected

to unlock even more opportunities for innovation and practical applications.

Prospects and future work

1- Research in The future of wireless communication could lead to the development of
terahertz-based wireless networks capable of handling the growing demand for data-intensive
applications, such as augmented reality, virtual reality, and the Internet of Things (IoT).

2- The outlook is one of improved access to healthcare and enhanced patient monitoring,
especially in underserved or remote areas.

3- The miniaturization of terahertz antennas and their integration into various devices
and systems is an exciting prospect. As these antennas become smaller and more energy-
efficient, they can be seamlessly incorporated into smartphones, wearable devices, and even
autonomous vehicles. This integration outlook promises improved capabilities for sensing,

communication, and navigation.
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4-The future of nano-optical antennas in the terahertz band will likely involve increased
collaboration between researchers from different fields. Engineers, physicists, chemists, and
medical professionals may work together to explore new applications and possibilities. This
interdisciplinary outlook underscores the importance of diverse perspectives in driving inno-
vation.

5- Advancements in fabrication technologies continue to play a critical role in improving
the efficiency and performance of these antennas for various applications, So We try to man-
ufacture our proposed antennas with precision and collaboration across multiple disciplines,
including materials science, nanotechnology, and electromagnetic engineering, to achieve suc-

cessful results.
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