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Abstract

The main objective of this thesis is to design and simulate a new horn
nanoantenna that operates in THz region. It includes several applications of
infrared and optics wireless communication, such as smart lighting, sensing,

Imaging, energy harvesting and other applications required wideband.

The horn antenna is used in engineering because of the attractive
properties, such as directivity, gain and broadband. Many researchers have
studied this type of antennas, including the conical and the pyramidal. The
proposed designs have the same general shape, but it is different in the
sidewall and studies the effect of the shape on characteristic of an antenna.
We use the cylindrical and square vias and different in material used to reduce

the leakage of signal through waveguide.

In this thesis, we have designed and simulated four Horn Nanoantenna
designs, where the proposed designs operate in terahertz range and have
multiband or broadband of frequencies. All the proposed four-horn antennas
are composed of two layers of gold metal because it represents a perfect
electric conductor which does not change the characteristics at nan scale, the
thickness of gold layer is 50nm. The waveguide port is used to excite this type
of horn nanoantenna through the transmission line. The dimension of the two
layers of gold used for the four proposed antenna designs are in the same

range: the length of waveguide (¢,,4is 4000nm; the length horn (1£},,,,) is
2000nm; width of waveguide (w,,4)is 2500nm; and the thickness is 50 nm. In

order to implement the performance of each proposed Horn Nanoantenna, a

\Y



commercial available software simulator called CST STUDIO SUITE 2018 is

used to reach the desired goal.

The first Horn Nanoantenna design consists of only two layers of
transmission line called Simple Horn Nanoantenna (SHNA). This antenna
gives multiband with three resonant frequencies, where the range bandwidth
are (29.3-36) THz, (49.3-57.3) THz and (67.6-75.7) THz.

The second design consists of two layers of gold by inserting square
and silicon vias inside the transmission line. This design is called Gold-
Silicon Horn Nanoantenna (G-SHNA). This Nanoantenna gives a broadband.
The range of bandwidth is from (200 - 300) THz.

The antenna designs of the third and fourth horn nanoantenna are made
of two layers of gold with an addition of cylindrical vias inside the
transmission line, but the latter design is different. The material uses a
dielectric between the two layers of gold. Drill holes into the insulating
material are made and then filled with the same conductive material so to get
the best match. Therefore, it is called a Cylindrical-Gold Horn Nanoantenna
(C-GHN) and Substrate Integrate Waveguide Horn Nanoantenna (SIW-
HNA). These two types give the same bandwidth range of (200-300) terahertz.

VI
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

In the last few decades, there has been a rapid development
involving satellite and wireless communications because the world
communication depends on it. Therefore, the current trend in the evolution
of the communications system commercial and government entities focuses

on small size and low cost. [1].

Antenna is defined in different ways. The Institute of Electrical and
Electronics Engineers (IEEE) defines it as "a means of transmitting and
sending radio waves". The other definition of antenna is "a device that
converts electrical energy into electromagnetic energy to be transported

through free space™ [2].

Communications in both fields (wire and wireless) have been enabled
among devices with polymorphous in the abilities and the dimensions,
beginning from the center computer devices and laptop computers to the
electronic devices used in buildings, sensing elements and mobile phones.
Alongside diminish in the device’s measurements. In this time,
nanotechnology provides new collections for designing and fabricating small
components, such as physical, chemical fields and nano sensors relating to
biology. Most of the modern devices need to exchange information, among
themselves, to wireless communications.

1
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The world trend to reduce the size of devices leads to minimize the
size of antenna. So, we have to reduce the size of antennas to some of the
micrometers within a wide range of high frequencies that start from infrared

bands to optical frequencies [3].

Nano science was far from being a reality. In 1959, Richard Feynman
delivered his speach at the yearly meeting of the American Physical Society,
under the title “There's a lot of room at the base”. In his speach, Feynman
foresaw the greater part of the exploratory fields and issues of concern. Over
twenty years, they have ended up as key issues in the comprehension of
phenomena at the nanometer scale. Discussing the likelihood of building
nanoscale electric circuits, the question was whether it was possible to emit
light from the full set of antennas. For example, an organized group of

antennas emits radio waves to carry radio programs to Europe [4].

Which is similar to emit light out in a definite direction with very
high intensity. Today it can be said that Feynman's proposal has become a
reality and the research on nanoantennas working in optical frequencies has
been developed particularly in nano-optics. The aim of based on this
research is to explain the current understanding of optical antennas from the

background of evolution in antenna engineering [5].

The most important topic in this field is the subject of feeding or the
extraction from the electromagnetic energy sent by the transmitter or
receiver of nanoantenna. Many applications are related to this subject (like
energy harvesting and wireless communication) as mentioned above [6] [7].
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Optical energy also can be focused around the antenna because of its
resonant behavior in the receiving state where the energy extraction from the

antenna itself is not a simple task at all [8].

The purpose of this thesis is to design new horn nanoantennas. These
intended to achieve high frequencies operating in the field of infrared and

optical frequencies, taking into account the gain and directivity.

1.2 Horn antenna

The horn antenna is one of the simplest antennas or perhaps the most
widely used in optical and infrared frequency range. It was found in the late
19" century. Although neglected at the beginning of 1900s, it was almost
restored in the late 1930's because of the interest in microwave and
transmission lines waveguide during World War Il. Since 1939, many
papers have been written describing optimal design methods, radiation
mechanism and applications. Papers deal to the principle of work and the

basic theory as well as century horn designs [9].

The horn antenna is a hollow tube of different cross sections. It has
eventually, be taper or flared into a larger opening. The overall performance
of the element as radiator affect with respect to direction, types and amount

of curvature of opening end of antenna. [10].
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The horn antenna is used as a feeder called (horn feed) for larger
antennas as the parabolic antennas. It is used as standard for measuring the
gain of other antennas, and directive antennas for devices such as radar guns,
automatic door opening. The horn antenna provide wide bandwidth, high
gain and low voltage standing wave ratio (VSWR), it is used in space

applications in the Megahertz, Gigahertz to currently in Terahertz [11].

The horn nanoantenna is composed of the same structure as the
standard structure of horn but with a compact size up to several nanometers.
The Horn Nanoantenna has many uses especially in near infrared and visible

region, for example harvesting energy and radar.

1.3 Applications of the Nanoantenna

The nanoantenna at present has entered into many fields. Several

applications will be briefly listed as follows:

e In microscopy: Many researchers have been able to develop near-field
optical microscopy because of nanostructures. This technique of optical
imaging can be used to break the diffraction limit around. It is also used
in near-field microscopic optical mapping distribution of nanoscale
antenna that can be attained by detecting the scattering response from a

sharp probing end [12].

e In communication: Because of the increasing demand for high-speed

communications and data high rate speed, there has a need to use the

4



Chapter One Introduction
(A T —

higher operating frequency of the electromagnetic spectrum. High
operating frequencies are set for communication link in the Terahertz
(THz) area. The nanoantenna plays a large and important role in wireless
communication, which is extended in THz frequencies zone. To improve
communication link, the gain of antenna is an important factor [13]. The
techniques of THz antennas with the special attention to the planar
techniques, which leads to the compact, inexpensive, and low - profile

future THz wireless communication system design [14].

e In sensing: The nanostructure makes antenna more sensitive to
environmental changes, and therefore any change in the refractive index
of the surrounding medium leads to a change in the position of the signal
of the far field region [15].

e In energy harvesting: The nanoantenna array includes many

applications [16]:

1- Through the body radiation generating electricity.

2- Heating and cooling processes within clothing.

3- Cooling systems through the conversion of infrared thermal radiation
IR to another type of radiation.

4- Energy collectors and cooling electronic devices such as that is used to
reduce the heat of personal computers (Laptops) instead of traditional

fans.
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1-

In solar plane: The nanoantenna have many advantages:

Photovoltaic cells must be thick for better absorption of the
solar spectrum. However, a large part of the solar spectrum, especially
between wavelengths between 600-1100nm, the absorption is weak. The
use of dense photovoltaic cells reduces efficiency, so the use of solar
cells nanoantenna can be reduced while maintaining the optical

thickness constant [17].

Solar photovoltaic cells rely on a fundamental principle in their
operation. The process relies on the generation of hole - electron pairs
which are limited to certain band. Solar radiation that reaches the earth
contains photons that have higher energy than the hole in silicon.
Therefore, the solar cells will absorb the higher energy photons. Waste
of energy can cause as heat because of the difference between the hole
and the electron in the silicon. However, the solar nanoantenna cells can
absorb our entire energy without any problem. It is with noting, that the
reception of the nanoantenna characteristics are almost constant during

all operating frequencies [18].

The proposed designs can be applied in wireless communications,
power harvesting, smart lighting and other applications according to the

resonant frequencies obtained.
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1.4 Motivation of work

Antennas consist of different shapes and types. All types of antenna
operate according to the same electromagnetic principle. However, horn
antenna is distinguished from another type with some characteristics, such as
wide bandwidth and high directivity. In recent years, the horn nanoantenna
has been used in many applications of wireless communications including
radar and energy harvesting.. Many researchers have implemented different
types of nanoantennas to solve the problem between the minimize size of the
antenna and the high gain because the gain is reduced with respect the
effective area. So, in this thesis decided to design four horn nanoantenna to

operate in THz range to cover the visible region and infrared.

1.5 Aims of the work

The present work aims to:
1. Design four new horn nanoantennas with extreme frequency in

Terahertz and wide band to include a range of applications.

2. Evaluate a comprehensive study of the results in terms of gain,

bandwidth, reflection coefficient and efficiency.

3. Comparing between the types of proposed aperture horn
nanoantennas, by using the commercially available EM simulator the
Microwave Studio (CST-2018).
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1.4 Thesis Contributions

The main contributions in this work are:

e Design and Simulate different shapes of horn nanoantennas so as to
obtain high directivity as well as wideband and multiband for different
resonant frequencies which can be applied in many applications.

e Comparing the obtained results of the different proposed designs in
term of gain, bandwidth and efficiency. In order to choose the highest
bandwidth to include a range of applications in terms of easy of

manufacturing in the future.

1.5 Thesis Layout
This thesis consists of five chapters each chapter is arranged as follow:

Chapter One: It is a general introduction about antenna and nanoantenna,
horn antenna, application of nanoantenna, motivation of work, aim of the

work, thesis contribution, and summary about the thesis content.

Chapter Two: It includes an introduction to the horn antenna and literature
review.
Chapter Three: It covers theory of the horn antenna and deals with the

proposed design of horn nanoantennas.

Chapter Four: It includes the simulation process, results and discussion of

the proposed horn nanoantennas.

Chapter Five: It obtains the conclusion of the results in this work as well as

future recommendations.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

This chapter deals with an introduction to nanoantenna and review of
literatures. Modern wireless communications need a wide range of
bandwidth and high data rate because of its congestion in conventional
spectrum levels. In recent times, researchers face task to design a miniature
size antenna with excellent characteristics for energy consumption taking

into consideration the cost [19] [20].

Antenna illustrates a key-component in the scheme of wireless
systems and the most part its physical measurements are corresponding for
using wavelength. Little scales, equivalent to the wavelength of visible
beam, describe optical antennas. In these days, we can come with the
utilization of novel best down nanofabrication devices (e.g. centered particle
pillar processing and electron-shaft lithography) and base up self-get

together plans [21].

Nanoantenna is also known as optical antenna. The only difference is
that it works at the optical frequencies of the electromagnetic spectrum, this
depends on the wavelength measurements of the antenna. This is achieved
by making antenna measurements in nano scale in order to obtain resonance

in optical frequencies [22] [23].
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Currently, most of the efforts have been made in the field of
nanoantenna propose innovative designs that have the ability to give better
matching impedance with free space, efficiency, higher gain, directivity and

wide bandwidth of operation.

In this work, it is intended to design more than one new optical horn
nanoantennas and compare them depending on the results from the first
design and other designs. The proposed design are applied to achieve
effective results such as gain and bandwidth as well as directivity and

suitability for modern wireless communications applications.

2.2 Literature review

It is divided into two sections, the first section deals Gigahertz range
frequencies and the other section deals Terahertz range.

A. Literatures review for Gigahertz range frequency

e In 2009, Majid Abbas-Azimi et al, [24] suggested a new conical
corrugated-horn antennas. The design proposed constant beamwidth and
wideband taking into consideration design and construction with less
complexity. For a corrugated-horn antenna, the frequencies are of 8 to
18 GHz operating. Electromagnetic performance was measured where
the results obtained for the design of the antenna confirmed that they
achieved the required antenna in terms of verifying the validity of the

design procedure required.

10
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In 2010, Hao Wang et al, [25] proposed sectorial horn antenna, (SIW)
substrate integrated waveguide. Loaded dielectric and the horn antenna
Is integrated by utilizing the same substrate, a substrate with dielectric
constant &, of 4.8,thickness of 2.5 mm, the length of 22mm, the width of
waveguide 5.5mm and a working frequency of 27 GHz. Two antennas
are designed with elliptical and rectangular shapes and fabricated by
loaded dielectric. These antennas have two shapes E-plane and H-plane,

the same qualities in terms of high gain and narrow beam width.

In 2014, Mahdi Oliaei and Mohammad Sadegh Abrishamian, [26].
proposed design substrate integrate waveguide (SIW) coaxial feeding
technique used. The corrugated SIW H-plane sectoral horn antenna is
used Substrate of Rogers RT/5880 with relative permittivity ¢,-2.2 and
loss tangent 6=0.0009 has been used for this antenna.
The design have good and suitable gain 10 dB and overall bandwidth
2GHz from (23.8 - 25.7 GHz) and radiation efficiency about 95%.

In 2016, J.-P. Adam and M. Romier, [27] proposed corrugate horn
antenna cover quad band (18GHz, 28GHz, 38GHz and 48GHz). This
design split into two parts, the first which design consist of proper mode
converter capable of produce low cross polarization and hybrid modes in
the bands (28GHz, 38GHz and 48GHz), so corrugated design used to the
pure polarization at high frequencies. The second part at low frequency
(18GHz) band the design operated as smooth wall to achieve high
efficiency for aperture antenna.

11
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In 2016, Bing Zhang et al, [28] studied the use of the metallic three
diminution (3D) technology of printing for the operating antennas up to
325GHz. The use of two techniques and materials printing different.The
develop series of conical horn antenna by choosing a polished material
Cu-15Sn, the horn antenna work at multi bands E (60-90GHz) ,D (110-
170GHz ) and H band (220-325GHz). Three-dimension (3D) metallic
printed horn antenna have some features low cost, short turnaround time
and environmental friendliness compared with conventional metallic
horn antenna, it used injection molding and micromachining for
implementation. Another compared with nonmetallic three-dimension
(3D) printed antenna technique, where the (3D) metallic printed antenna

technology characterized by simply and mechanical.

In 2017, Muhannad A. Al-Tarifi and Dejan S. Filipovicl, [29]
suggested a square horn antenna with radiation pattern is stable and the
frequencies are almost alternating within the entire W-band from (75-
110 GHz) is demonstrated. The flaring of horn antenna designed to
support two perpendicular polarization, the radiation patterns very
similar in both polarization. The horn antenna fabricated in two

techniques: by using 3D metallic printed (DMLS) Direct Metal Laser.

In 2017, Ariffuddin Joret et al, [30] studies the use of the Ground
Penetrating Radar GPR system to detect underground objects, as this
system is known as a non-destructive technical (NDT) system where it
does not need to dig the surface of the earth. GPR technology depends
on the reflection of the electromagnetic wave signal produced and

detected by the transmitter and receiving antenna. Use a horn antenna as

12
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transceiver antenna to study the GPR technique. The current signal of an
antenna with a Gaussian signal with a frequency band of 8-12GHz

produces electromagnetic signal.

B. Literatures review for Terahertz range frequency

In 2011, D. Ramaccia et al, [31] proposed a horn nanoantenna
composed of two layers of metal thickness of 50nm Ag-air-Ag
nanoscale of transmission line in tapered horn and used silver pillars
cylindrical organized in triangular lattice to get a lateral confinement of
the field inside the transmission line. The length of waveguide and
opening horn 6000nm and 2000nm respectively, the width of waveguide
was 3250nm and the height was 2000nm. This design operated at near
infrared (NIR) frequencies. The results obtained from the proposed
design include broadband frequencies and the gain of antenna was
greater than 10 dB. These results can be applied in many technical and
scientific fields such as optical wireless communications and smart

lighting.

In 2011, Davide Ramaccia et al, [32] studies characteristics of
radiation and electrical of horn nanoantenna. The proposed design
composed of Ag-Sio2-Ag nano scale of transmission line in tapered
horn, the lengths of the waveguide and the horn respectively, are 1000
nm and 500 nm, respectively. The vertical aperture h is set to 300 nm. It

working at near infrared (NIR) frequencies. The results of design in
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terms of gain and bandwidth are involved in some applications as

energy harvesting and telecommunications.

In 2012, Davide Ramaccia et al, [33] suggested pyramidal horn
nanoantenna to achieve broadband nano optical concentration. The
pyramidal horn nanoantenna is assumed to be excited by a plane wave
normally impinging on the aperture. The plane wave is progressively
transformed by the horn into a guided mode that impinges on the PV
converter placed at its end. This design operated through bands are
150THz and 320 THz. Although this approach leads to reasonable gain
levels (around 11 dB).

In 2013, T.V. Bondarenko et al, [34] studied the development radiating
antennas for THz source’s radiation. They suggested circular antenna is
the most conventional type of antenna. The opening angle was varied
while the horn length was kept L=1 mm and taken another case change
the length L=2 mm to study effective with electrodynamics
characteristics. The second type of considered horns are variable cross-
section (transfer from circular to rectangular). The horn is attached
directly to the coated capillary. The transition from circular to
rectangular cross-section is done directly inside the opening. the
maximum case study when  setl5 degrees opening angles in both
planes. The results of design directivity equal 22.5 dB with the horn
length 2 mm, band of 0.7-1.1 THz and the reflection coefficient -20 dB.
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In 2014, Yuanging Yang et al, [35] suggested plasmonic sectorial nano
horn antenna working in near infrared frequencies wavelength about
1550nm.The plasmonic antenna still has some attractive features, for
example, the simplicity of manufacturing, high directivity that are
compressible and easy to couple with waveguide. As a specific
application is to exploit these results of the proposed plasmonic horn
nanoantenna to develop optical nano link wireless are used, the received

power increased about 60 % compared with dipole antennas.

In 2014, Sumukha Prasad.U et al, [36] Presented design of a horn
Nanoantenna for operating at near infrared NIR range, with a good
directivity and return loss, as well as the range of bandwidth 200 to 300
THz. In this paper, the researchers sought to address the problem of
Plasmonic a combination the Silver (Ag) and Silicon Dioxide (SiO2)
was considered for the antenna, the flaring angle and the radius of
aperture of antenna were changed for the considered range of bandwidth.
The best results were obtained after several antenna riterations are:
Directivity is 14.22dBi, Radiation efficiency is 66.93%, S;; is below -15
dB, and Side lobe level is -10 dB.

In 2016, Zhongyu Li et al, [37] presented novel design and good
performed of Terahertz horn antenna with microstrip feed. The overall
proposed shape is divided into two parts, the horn antenna and
microstrip feed. Where the horn antenna can radiated well during open
space with new microstrip feed of graded shape stimulating it. The

results obtained of design high frequency. This design presented small
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scale, so the characteristic of reflection coefficient less than (-10 dB )
and the gain more than (5 dB ), as well as, the design work at wide band
from (0.7-0.765) THz.

e In 2016, Adeel Afridi and Sukru Ekin Kocabas, [38] suggested a
plasmonic horn nanoantenna consist of two wire transmission line
(TWTL) are formed and flare in the end of horn. They analyze the effect
of the thickness of the substrate on the antenna radiation pattern and
show the beam steering in a wide range of elevation angle. In addition,
they analyze the impact of ground plane on impedance matching
between TWTL and the antenna. the directivity pattern of the antenna
which has a maximum value of 14.5 dB at wavelength 1550nm and the

total radiation efficiency is around 0.61.

All the previous studies of the above-mentioned references have
been cleared for some basic factors such as Fraction Bandwidth (FBW),
resonant frequency, type of design and design shape. They have been
classified by frequency band, Gigahertz band frequency as shown in

Table 2.1 and Terahertz band frequency as shown in Table 2.2.
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Table 2.1: The horn Antenna designs references at Gigahertz band

GHz

frequencies

Conical

(corrugate)
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18,28,3
[27] | 2016 | 8,1, 2, 8,48 conical
6 % GHz
(60-90)
(110-
40,37, | 160)
[28] | 2016 Conical
38 % (220-
325)
GHz
square square
feed apertur,
J =«
75-110 _
[29] | 2017 | 37% Pyramidal
GHz
8-12 _
[30] | 2017 | 40% Conical
GHz
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Table 2.2: The horn Antenna designs references at Terahertz band

frequencies

160-
[31] | 2011 |--- 240 | H-plane
THz

185-
[32] | 2011 |37% |270 | E-plane
THz

150-
[33] | 2012 |70% |320
THz

Pyramid
al
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[34]

2013

44%

0.7-
11

THz

conical

[35]

2014

193
THz

E-plane

[36]

2014

40%

200-
300

THz

E-plane
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0.7-

[37] | 2016 | 8% 0.765 zlyram|d
THz

[38] | 2016 | --- ﬁz?ﬁT Hoplane
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CHAPTER THREE
THEORY AND DESIGN CONFIGURATION

3.1 Introduction

This chapter, an introduction to define nanoantenna as well as analysis
nanoantenna structure and definition of the basic parameters of antenna,.
Then discuss the design of four shapes horn nanoantennas by using
waveguide port to excite the transmission line. The effect different shapes
of horn nanoantenna are discussed and analyzed to choose the best one. The
performance of the proposed nanoantennas is evaluated all of the presented
nanoantennas by CST STUDIO SUITE software version 2018.

The first and second designs have two layers of transmission line
flared at end opening. The first design consists of only two layers, but the
second proposed design has square gold and silicon vias arranged alternately
in geometric shape. The third and fourth proposed designs have the same
two layers of transmission line; they have cylindrical gold vias arranged in
geometry lattice. However, the difference between them is stuffed the
material inside transmission line. The third design consists of Au-Air-Au,
but the last design consists of Au-Roger RT5880-Au.
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3.2 Analysis of nanoantenna structures

Nanoantennas are optical wave radiating structures working based on
the same physical principles equivalent to fundamental of their radio
frequency. However, in the optical range of frequency the physical
properties of materials are caused different response to the incident

electromagnetic field appearing a new application in this field [39].

The conventional methods for the design and analysis of antennas
requirement to be modified for nanoantenna structures. In this section, using
the complex shape Green’s function technique is used to model the optical

wave interactions with nanoantennas in multi-layer media [40].

Using the optical properties of metals, metallic nanostructures are
able of connecting with the free space propagating optical waves with
plasmonic resonances to concentrate the incident waves by several orders of
magnitude in the areas the wavelength much larger. These structures can
applied many applications especially in bio sensing, nanolithography and

also be used to the nonlinear effects and radiation efficiency [41].

To design complicated structures, the method is needed accurate and
fast. Different schemes have been proposed to design and optimize
nanoantennas. Considering some the concept of antenna impedance, optical
Nano circuit elements are used steering to optimize their performance [42]
[43].
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In this thesis is presented a fast and accurate analysis method for a
general configuration of nanoantennas. The method as described below is
based on dyadic Green’s functions with complex images, which will be

used in the method of moments [44].

The total electric field can be described by the magnetic vector
potential (A) and the electric scalar potential (¢) and flux density as shown
in 3.1 and 3.2 equations following:

B=VXA- ... (3.1

jw
E=—jwA—Veo+E;, ...(3.2)

Where E;,. is define the incident field which placed the Maxwell’s
equations in the layered media in the absence of nanoantennas.
Replacement the nanoantennas by the volume current/ .¢¢, the Green’s
functions for a two layers media. The modify equations of the magnetic

vector potential and the electric scalar potential in the two layers are written

as
VZA+KLA= -l ... (3.3)
k? = wluee,,, (m=12) ..(3.4)
];lff =wa°(ET - Ern)E . (3.5)
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Where:

k.,: is the wavenumber

n: is number of layers

€, relative electrical permittivity of the nanoantenna
The Lorentz gauge condition is represented by equation 3.6:
V.A=—jwue€, @ ... (3.6)

The total electric field in each region can be achieved through the

mixed potential integral equation (MPIE) as (3.7):

E=—jo[ G r).wiyp@)dv =V [ GI"(r,r)pi(r")dv" + Ep,
(3T

Where: The antenna regionsG,"" and G, are denoted the dyadic
Green’ function of (A) and the Green’s function of (¢), respectively. The
mth layer due to an electric dipole placed in the nth layer of the two layers

and v-directed electric dipole source placed in the nth layer.
The charge density is defined in equation (3.8)

p=-=V.]/jw ... (3.8)

Where the numerical evaluation for all possible source and field
points is a very time consuming process. This is one of the major challenges

in solving the (MPIE) for the unknown current distribution/, .
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3.3 Basic definitions of antenna parameters

Some parameters of antenna will be explained in this section.

3.4.1 Reflection coefficient

Reflection coefficient (or known amplitude reflection
coefficient) is defined as the ratio between power reflections to
power incident. It shows characteristic of antennas' operation by
using figure of merit. This parameter calculates amount of
electromagnetic wave (voltage) or power reflected from interface
between two mediums different impedance [45]. The amplitude

reflection coefficient is represented by:

Ir'= IE—/E+ 1 ... (3.9

Where:
E- Represents amplitude of power reflection.
E+ Represents amplitude of power incident.
Another equation is used to calculate reflection coefficient
shown in equation (3.10) [46].

_Z1-Zp
o Z1+Zo

... (3.10)

Where:

Z,; =load impedance

Z, =Characteristic impedance
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342 VSWR

Standing Wave Ratio is the ratio of the maximum voltage
(Vs )to the minimum voltage (V,,;,). The transmission line is
terminated by impedance. When this impedance is not matched with
the characteristics impedance, the new signal incident to transmission
line collides with the part reflected back to it from the previous
signal. This is caused by the so-called standing wave ratio as shown
in the following equations [47], where V; is incident voltage and V. is

reflected voltage.

Vo = Vi + Vo .. (3.11)
VSWR = - ... (3.13)

There is also another relationship between the standing wave ration

and reflection coefficient.

1+I"

VSWR = =L ... (3.14)

1-r
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3.4.3 Current distribution

When the source of microwave is connected with Microstrip
antenna, the charge will establish distribution in the lower and the

upper planes of the antenna.

There are two mechanisms: that are used to control the charge
distribution: attractive and repulsive. The attractive force is between
the opposite charges on the ground plane and patch; it creates a
current density at the bottom of the patch inside the dielectric. The
repulsive force is between the same charges; it pushes the charges
from the bottom of patch around the edge of the patch to the top of

the patch. So as to that is create another current density [46].

3.4.4 Radiation pattern

The antenna radiation pattern can be defined as a geographical or
mathematical representation of the radiation characteristics of the
antennas determined in the far field as function special coordinates

usually spherical.

The radiation properties include: power pattern, directivity,
polarization or filed pattern. The power pattern of antenna shown in Fig
3.1 is a function of spherical coordinate system, where: r is considered

magnitude, @ is considered azimuth angle, 6 is considered elevation
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angle. The radiation pattern has two parts; major lobes and minor lobes

2].

ran 0 Jdo

r? sinn 0 40 deo

Elevation plan

Major
lobe

‘ \
Minor lobes - 3 -
//‘, ° : -
/ — p— .I ’ -
P // \Illll\llh.()].;l' ¥ e
>
Fig 3.1: Power Pattern (radiation pattern)
345 Gain

Antenna gain can describe by the ratio of the power intensity
transmitted in the direction of peak radiation to the power intensity
of an isotropic antenna, as shown in equation 3.15. Gain is more

common than the directivity of antenna characteristics in papers
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because it takes into account the actual losses that occur. The power
intensity radiation of an isotropically antenna can be calculated

from the power accepted (input) divided by4m [10].

¢ =24 ... (3.15)

Pin

Where:
U : Power intensity

P;,, :input power (accepted power)

3.4.6 Directivity

Directivity is one of the most important parameters affecting
the design and analysis of the antenna, through which the antenna
operations are recognized [2].

Directivity can be defined as the ratio between the angular
radiation intensity in special direction to the angular radiation

intensity in general direction as shown in the following equation:

D(6,0) = 4n (P(0,9))/Prad ... (3.16)
Where:
P (6, ®) : represents the angular radiation in one (special) direction.
Prad : represents the angular radiation in all (general) direction.

0, @ : represents elevation angle and azimuth angle alternately.
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3.4.7 Efficiency

Antenna efficiency can be calculated from the ratio of the total
power radiated by the antenna to the net acceptable power by the
antenna as shown in equation 3.17. The losses at the input terminals;
the losses within the structure of the antenna; the loss caused by the
mismatched between the transmission line and the antenna as well as
the loss of the dielectric and conductor material are taken into

account when calculating the efficiency of the antenna [48].

Prad Prad
= = ... (3.17
Mraa Pgce Prada+Pra ( )

Where:
P,..: Net power accepted.

P; 4: Losses antenna.

In addition, there are other ways to calculate efficiency, It can

be calculated from the gain and directivity.

Efficiency can calculate the radiation efficiency from another
relationship, the relative between gain to directivity as shown below
[49]:

gain

Radiation efficiency = x100% ... (3.18)

directivity
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3.4.8 Bandwidth

The antenna bandwidth can be defined as a range of
frequencies or difference between maximum frequency and
minimum frequency including antenna performance and certain
characteristics which correspond to a specific standard. Bandwidth
can be considered on both sides of the central frequency where
antenna characteristics (such as pattern, directivity, beam width, side
lobe level, gain, beam direction, radiation efficiency...etc.) are

acceptable values within central frequency [2].

The Fraction Bandwidth (FBW) can be calculated in the
percentage of ratio between the upper frequencies minus the
minimum to the central frequency as shown in the equation below

[50]:

FBW = f"”‘fﬂ ... (3.19)

Where:
fmax: the maximum frequency
fmin: the minumm frequency

f: the center frequency

Bandwidth can calculating, which is defined by [22]

Bw =202t (3.20)
fntfi

Where f;, and f; represent the higher and the lower frequency

operational of antenna frequencies respectively.
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3.4 The proposed first model: Simple Horn Nanoantenna

The first design of Simple Horn Nanoantenna (SHNA) consists of two
metallic layers representing waveguide shape and increasing the physical
aperture at the end of transmission line. Waveguide port is used to excite
transmission line and the expected forward propagation of the fundamental

mode has been correctly obtained at the design frequency.

In proposed antenna, the Au-Air-Au symmetric transmission line

represents, Fig 3.2 show the diagram of transmission line.

Ai

Fig 3.2: Transverse section of transmission line

The plasmonic antenna behavior of gold at Terahertz frequencies let
to obtain the required series inductance behavior along the transmission
line, while the dielectric (air) returns the shunt capacitance. Therefore, such

a configuration supports a fundamental forward mode restricted between
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the two metal layers. Gold is represended by the complex permittivity
model that is presented in a Drude model with damping and plasma
frequencies set to 4.35 THz and 2175THz, while the dielectric (air) is
considered permittivity function model. According to these models, both

dispersion and material losses are taken into account. [25] [26].

To have propagation in the terahertz frequencies, the thicknesses of

gold and air layers have been set to 50 nm and 500nm, respectively.

The length of waveguide ¢,,,and length horn ¢, are set to

4000nm and 2000nm respectively and the height h is set 1500nm, Fig 3.3

shows the dimension in the table 3.1.

g {) N
’g horn

IdAu

dair }h

Fig 3.3: Horn Nanoantenna Geometry
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Table 3.1: The dimensions of SHNA.

No. parameters symbols amounts
1 Length waveguide lyg 4000 nm
2 Length horn lhorn 2000 nm
3 Width of waveguide Wyvg 2500 nm
4 Height h 1500 nm
5 Thickness of gold day 50 nm
6 Thickness of air dair 500 nm
7 The radius of curvature rf 1500 nm
8 Angle of flare a 45°

3.4.1 Parametric study of SHNA design

The study parameter of the proposed design will changing
dimension of parameter. There are several results selected the best

them with respect gain and efficiency, are explaining:

3.4.1.1 The effect of different thickness of air

One parameter of the proposed antenna is changed to a
different thickness of air layer as shown in table 3.2. It is clear that
when increasing thickness of air layer (dg;, = 500nm) the

smoothness harmonic signal will be obtained. In addition, efficiency of
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radiate and gain are enhanced from other thickness suggested and
amount of reflection coefficient increased where -22.28 dB,-
41.09dBand -24.27dB at frequencies 32.9, 53.49 and 71.35 THz
respectively. So it is significant to show that the antenna parameters
(reflection coefficient, efficiency of radiation and gain) can be
enhanced by increasing the thickness of air layer. The reflection
coefficient S;; calculated at different frequencies for different

thickness of air layer are shown in Fig 3.4.

Table 3.2: Comparison of proposed antenna design based on thickness of air
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S-Parameters (Magniude in dB|

. A\M\,‘,

dBe
&

|

40 « dmr:wc
dair=400

dmr:SOG

Fig 3.4: The different thickness of air for the proposed antenna

3.4.1.2 The effect of various radius of flare or curvatures

The radius of curvatures rf is optimized to achieve the best
reflection coefficient and we can note the effect of rf alteration on the
proposed design performance as summarized in Table 3.3. Initially, the rf
value is taken 1500nm and increased by 100nm until reaching 1700nm. It
IS noted that when rf is equal to 1500nm, the best reflection coefficient
S11 values can be achieved. Also, a comparison of reflection coefficient

S1; at various frequencies for different values of rf is shown in Fig 3.5,
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Table 3.3: Compression results for different radius of flare of SHNA

antenna

S-Parameters [Magnitude in dB]

o

A

|
\

A

¥

AVaVay

— 51,1 (F=1500)

— 1,1 (=1600)
— 51,1 (=1700)

50 100 150 200 250
Frequency [ THz

Fig 3.5: Simulate reflection coefficient for various radius of
flare for proposed design
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Although the proposed antenna obtains the result of the Terahertz,
but there are some disadvantages: for example, the signal has harmonic,
and the bandwidth is very narrow and low directivity. Accordingly, we
conclude that there is signal leakage so, we will do some new techniques
to get a better result and we will elaborate in detail the second proposed

design.

3.5 The second proposed model: Gold -Silicon Horn
Nanoantenna (G-SHNA).

The first goal to be considered in the new design of Gold-Silicon
Horn Nanoantenna (G-SHNA) is calculated parameters of the
transmission line because the feeding of the horn depends on it. It is
obtain propagation in the high frequencies (near infrared and optical
frequencies). Waveguide port is used to excite transmission line. The
proposed design, consisting of two layers of gold, intersects the air and
inserting set of square vias as shown in Fig 3.6. The thicknesses of gold
layers have been set to 50 nm and the air layer to 400nm, the lengths of
the horn (£4,) is 2000 nm and the lengths of waveguide (¢ ) is 4000

nm, as shown in Table 3.4.
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Fig 3.6: Overview G-SHNA design

Table 3.4: The dimensions of G-SHNA design

Length waveguide 4000 nm
Length horn Chorn 2000 nm
Width of waveguide Wiy 2500 nm
High h 1500 nm
Thickness of gold day 50 nm
Thickness of air dair 400 nm
The radius of curvature Ty 1500 nm
Angle of flare a 45°
Length of the square side a 140 nm
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The arranged of set of square via conductive material and dielectric

material alternately are arranged in a geometrical shape, as shown in Fig

3.7. The internal confinement of field through the boundary of the sides

during the waveguide is shown in Table 3.4.

gold silicon T

! N BB NS A

R RS

Hﬁ ﬂili_!—!_t—l I*I Iﬁlllllllll_lLll_Lll
| 7 l { { } U {[ } i i % )

Fig 3.7: Gold-silicon square vias have shaped in the proposed
geometrical lattice
3.5.1 Parametric study of the proposed antenna design

The study effect changing the dimension of length of square

gold with respect some characteristics.

3.5.1.1 The effect various of the length of square gold side (a)

A comparison between different values of square gold side
(a) is shown in Table 3.5. It is obvious that when a is 140nm, we can
realize the best reflection coefficient value from other values.
Therefore, this value of (a) is utilized in the implementation of
antenna as a length of square side. Also, a comparison of reflection

coefficient for different values of (a) is illustrated in Fig 3.8.
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Table 3.5: Comparison between different values of the length square side

S-Parameters [Magritude in dB)]

—

H H H H H H |

a=120nm

a=130nm

— a:140|’]|’]"|

>

230

240

250

260

7 280 20 300 30 30 110
Frequency [ THz

Fig 3.8: Comparison of reflection coefficient for different values of

the length square side.
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It is obvious that the resonant frequencies are affected when
changing amount of (a). It is noted that reflection coefficient tends to

decrease as value of (a) parameter increase.

3.6 The third proposed model: Cylindrical-Gold Horn
Nanoantenna (C-GHNA)

The proposed horn nanoantenna (C-GHNA) consists of two gold
layers at one-end of the waveguide representing transmission line and
flared at the end opening. The dimension of the proposed design
represents the thicknesses of the gold and the air layers have been set to

50 nm and 400nm respectively, as shown in Fig 3.9.

Fig 3.9: C-GHNA only two layers of Gold
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The shape of horn antenna consists of metallic waveguide in such a
way to increase the physical aperture thus, the antenna gain and
progressively the impedance matching of the waveguide to free-space.
The length of the horn(#;,,) 1S 2000 nm and the length of waveguide
(Ywg) is 4000 nm. The height vertical aperture (h) is set to 1500 nm, the

radius of curvature and angle of flare is very important parameters which
effect on the directivity and the gain of antenna results. Which are set
1500nm and 45° respectively. Cylindrical gold vias are arranged in the
geometrical lattice as shown in Fig 3.10 a, b to reduce leakage of the
electromagnetic signal during the waveguide. The dimension of the

proposed design is shown in Table 3.6.

Qo0
Qo0
OO o
(ol Le]
[slalelslal
D0COOQO0
SGO0CGOo0O00
OO0 O00o0C00o
(pleieisialslalelslaisiolatsialalslalsloiatslalalsfalols)
0000000000000 000C0O00000
OQ0O000000000000
OO0 CDDODOCOD
Q0000000000000 000D0D000
0000000000000 000000DO0AD0C0O0
lelolsleivRoTolnio ol ale)
CO0D00L200
SO0CO00CO
[slakelolal
Q00
[sleLe]
o000
lsRola]

(a)

44



Chapter Three Theory and Design Configuration
P —

S - e

I

(b)

Fig 3.10: C-GHNA design (a) cylindrical gold vias have shaped in this
geometrical lattice. (b) C-GHNA design over view

Table 3.6: The dimensions of C-GHNA

Length waveguide 4000 nm

Length horn Lhorn 2000 nm

Width of waveguide Wivg 2500 nm

Height h 1500 nm
Thickness of gold day, 50 nm
Thickness of air dyir 500 nm

The radius of curvature T¥ 1500 nm

Angle flare a 45°

Diameter of cylindrical via d 45 nm
Pitch p 60 nm
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In order to ensure radiation free from leakage loss or less leakage loss
through waveguide section, they effect of p and d parameter is studied.
These parameters can be determined according to equations (3.20 and 3.21)
[51], [52]. To make it more comprehensible the analysis, conductor and
dielectric losses are neglected, only the loss comes from radiation. In order
to minimize the leakage losses or signal return can be used metal vias, the
diameter of via should be within the permissible limits of geometric

according to the following equations [53].
d<: = ..(3.20)
p<2d ... (3.21)

Where:

d: diameter of hole or via

p :pitch or distance between two holes

A: operating wavelength.

The similarity between rectangular waveguide and Substrate
Integrate Waveguide SIW can produce empirical relations; these relations
have been obtained due to the effective widths of rectangular waveguide

werr and geometrical dimensions of the SIW with safety of the same

propagation characteristics [54].

2

0.95p

Where d is the diameter of the metal vias, p is longitudinal spacing

and w represents transverse spacing as shown in Fig.3.11 [55].
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dielectric
sbstrate

Fig 3.11: Geometric of SIW

This relation can be defined in another form [56] in the following

equation:

d? d?

3.6.1 Parametric study of C-GHNA design

In this section study effect characteristics of proposed design

when selected different values of radius of via.
3.6.1.1 The effect various of radius of via (r)

The radius of via or hole (r) value is selected. Three readings
are taken to explain results of the proposed antenna, as shown in
Table 3.7. The radius of via is taken three different values 25nm,
35nm and 45nm. It is the good impedance matching at 45 nm.
Comparison of reflection coefficient at different frequencies as
shown in Fig 3.12.
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Table 3.7: Comparison proposed module for different the radius of via

S-Parameters [Magnitude in dB]

e Y a— -
i R N7/ R WA A
=== E I S T . V/AS S S

200 210 20 230 240 250 260 70 20 290 300
Frequency [ THz

Fig 3.12: Simulate reflection coefficient at different radius of via (r)
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3.7 The fourth proposed model: Substrate Integrate
Waveguide Horn Nanoantenna (SIW-HNA)

A new technique which is called substrate integrate waveguide
(SIW) is used in fourth design of horn nanoantenna in this thesis. This
technique represents the performance of fundamental metallic
waveguide, and is fabricated by using two layers of metal; one at the
top and the other is below. Two rows of vias are located at the sidewalls
to achieve compact size and low weight waveguide antenna as an
alternative to conventional metallic waveguide. The proposed design
SIW-HNA consists of two metallic layer representing transmission line
excited by waveguide ports and progressively the impedance matching
of the waveguide to one free-space. The thickness of gold 50nm
inserting between the two gold layers dielectric layer of Rogers RT5880
thickness of it is 800nm, permittivity er = 2.2 and loss tangent 6 =
0.0009 as shown in Fig 3.13.

Fig: 3.13: SIW-NHA two gold and Rogers RT5880
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Table 3.8 illustrates the dimension of the proposed antenna. In the
substrate layer is done holes in the form of specific geometrical shape.
These holes are filled with a conductive material called vias, preferably
from the same type of layers to obtain a more matching as shown in Fig
3.14 a, b.

Table 3.8: The dimension of SIW-HNA

Length waveguide twg 4000 nm

Length horn Chorn 2000 nm

Width of waveguide Wwg 2500 nm

Height h 1500 nm
Thickness of gold dau 50 nm
Thickness of substrate ts 800 nm

The radius of curvature Ty 1500 nm

Angle of flare o 45°

Diameter of cylindrical via d 45 nm
Pitch Y 60 nm
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Fig 3.14: Geometric lattice of via through dielectric material

(a) The holes are worked dielectric material

(b) The vias are used to fill holes

3.7.1 Parametric study of the proposed antenna design

The study parameter for different thickness of dielectric to note

affect with respect reflection coefficient.
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3.7.1.1 The effect various of dielectric thickness (ts)

Thickness of dielectric material is investigated by selecting three
values. It is obvious that at the thickness 800nm the reflection
coefficient S;; has the best value equal to -44.37dB, -42.4dB, -
29.63dB, -27.09dB at the resonant frequency of (203.61, 234.7, 250
and 282.68) THz and bandwidth equal 100 THz. In addition, a
comparison of various thickness of dielectric is shown in Fig 3.15 to

identify the reflection coefficient characteristic.

S-Parameters [Magnitude in dB]
-10 -

-15

-20

- SN /_\ / \
/ \ / \/ \ / ~
s /\\/
- ‘ ‘ 3 :
\ { —51.1 ;:eou; U
40 — 51,1 (ts=700)
V —— 51,1 (5=800) V
200 210 ZQU 230 240 25‘0 ZéO 27‘0 ZSU 2‘;0 300
Frequency / THz

dB

45

Fig: 3.15: Simulated reflection coefficient for various thickness of
dielectric

We conclude from the study parameter for various thickness of
dielectric, when the thickness of the material changes 600 and 700 there isn’t
resonant frequency but when changed the thickness 800 note to give wide
band of frequencies.
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CHAPTER FOUR
RESULT AND DICCUSSION

4.1 Introduction

This chapter presents the calculated characteristics of the four
proposed horn nanoantennas, which include reflection coefficient Sy,
VSWR, 2D radiation pattern, 3D directivity, 3D gain, radiation efficiency,
bandwidth and current distribution. A comparison of all proposed horn
nanoantennas in terms of reflection coefficient Si;, resonant frequencies,
impedance bandwidth, radiation efficiency, gain, directivity and their

applications are presented.

4.2 Characteristic of Simple Horn Nanoantenna (SHNA)

The simulation results of the first proposed antenna for various

parameters are dealt with presented in the following sub sections:

4.2.1 Reflection coefficient (S11)

The relationship between the reflection coefficient wave Si; to
frequency in Terahertz of the first proposed antenna SHNA is shown
in Fig 4.1. Simple horn nanoantenna resonates at 32.9THz,
53.49THz and 71.32THz with reflection coefficient values of —22.28
dB,-41.09 dB and -24.27dB respectively.
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S-Parameters [Magnitude in dB]

— 511

50 100 150 200 250 300
Frequency | THz

Fig 4.1: Simulated reflection coefficient of the SHNA

422 VSWR

35

30

25

20

15

10

The VSWR wave of the proposed antenna with respect to
frequency (THz) is shown in Fig 4.2. It has an acceptable value
according to standard value less than 2 at resonant frequencies 32.9
THz, 53.49 THz and 71.32 THz according to the value of reflection

as showen in the previous chapter.

Voltage Standing Wave Ratio (VSWR)

— VSWRL

50 100 150 200 250 300
Frequency / THz

Fig 4.2: Simulated VSWR of SHNA
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4.2.3 Current distribution

The simulated current density generation for the first proposed
design at different resonant frequencies is shown in the Fig 4.3, where
Fig 4.3 (a) illustrates the current distribution at first resonant
frequency 32.9 THz. It is obvious that most of the current
concentration are in two regions only of the waveguide of horn
antenna. Figure 4.3(b) shows the current distribution at the second
resonant frequency 53.49 THz. The current distribution increases in
the largest region; it operates about three zones. However, the third
resonant frequency 71.32 THz shows the current distribution in figure

4.3(c) the current density distributed along path of waveguide of horn

antenna.
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()
Fig 4.3: Simulated current distributions of proposed horn antenna (a) the
current distribution at 32.9THz (b) the current distribution at 53.49THz
(c) the current distribution at 71.32THz.

4.2.4 Radiation Pattern

The characteristic of far-filed radiation pattern of the proposed horn

nanoantenna is shown in Table 4.1.

Table 4.1: The characteristic of far-filed radiation pattern of SHNA

Main lobe
) 15.7dB | 6.51dB | 15.7dB
magnitude(dB)
Main lobe direction 0° 0° 71°
Angular width (3dB) 82.4° 72.7° 118.2°
Side lobe level (dB) -9dB -2.3dB -
Main lobe
] 20.6dB 10.9 20.6dB
magnitude(dB)
Main lobe direction 0° 180° 99°

Angular width (3dB) 55.8° 54.1° 98.9°
Side lobe level (dB) -13.8dB - -

Main lobe
) 245dB | 11.5dB | 24.5dB
magnitude(dB)
Main lobe direction 0° 180° 90°
Angular width (3dB) 40.7° 41.8° 75.4°
Side lobe level (dB) -18dB -25.6dB | -12.5dB
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The simulated far- field radiation patterns for the total electric field

in the X-y plane (6=90), the x-z plane (®=0), and the y-z plane

(®=90) at frequencies of the three resonant bands of proposed

nanoantenna are shown in Fig 4.4.
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(b) 53.49 THz
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Farfield E-Pattern Abs (Theta=90) Farfield E-Pattern Abs (Phi=90)
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Farfield E-Pattern Abs (Phi=0)
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(c) 71.32 THz
Fig 4.4: Far-field radiation patterns for the total electric field of simple

horn nanoantenna
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425 3D Gain

The simulated 3D far-field gain of simple horn nanoantenna for
three resonant frequencies are as follow: the gain at the first frequency
32.9THz is 1.02dB the second frequency 53.49 THz has gain 5.99dB
and the last frequency 71.32 THz has gain 9.79dB. Note that gain

increases with the increasing frequency value as shown in Fig 4.5.
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|
=
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(b) Gain at 53.49THz
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(c) Gain at 71.32THz
Fig 4.5: Simulated 3D far-field gain patterns for SHNA

4.2.6 3D Directivity

The simulated 3D far filed radiation pattern directivity of simple
horn nanoantenna design at three resonant frequencies 32.9THz has
directivity1.42dB, increases at second frequency 53.49THz is 6.46dB
and directivity 10.3 at the last resonant frequency 71.32THz, as shown
in Fig 4.6. It is clear that the directivity is increased with the increase
of the value of frequency.

[
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(a) Directivity at 32.9THz
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(c) Directivity at 71.32THz
Fig 4.6: Simulated 3D far-field directivity pattern of SHNA

4.2.7 Efficiency and bandwidth

From the directivity and gain values, we can calculate the radiation
efficiency and bandwidth of SHNA according to equation (3.18, 3. 20)

In the Table4.2 below is demonstrated the efficiency at three resonant

frequencies as well as the bandwidth of the proposed design.
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Table 4.2: The efficiency and bandwidth for SHNA

Frequency THz 32.9 53.49 71.32
Efficiency % 72 93 95
Bandwidth THz 6.78 7.77 8.38
4.3 Characteristic of Gold -  Silicon Horn

Nanoantenna(G-SHNA)

The simulation results for important parameters of the second
proposed antennas, which have gold-silicon vias horn nanoantenna, are

presented and discussed in the following sections.

4.3.1 Reflection coefficient (S11)

The reflection coefficient wave of the second proposed antenna
(G-SHNA) is illustrated in Fig 4.7. Simulation results reveal that the
antenna demon started a wideband behavior with resonant frequency at
about 276.47 THz, 298.21THz and 230.98THz with reflection
coefficient -25.48 dB, -32.29 dB and -26.09 dB respectively.
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S-Parameters [Magnitude in dB]
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Fig 4.7: The simulated reflection coefficient S;; of G-SHNA

43.2 VSWR

The VSWR of the proposed model G-SHNA is shown in Fig 4.8.
It has value at three resonant frequencies 276.47 TH z, 298.21THz and
320.98 THz located below standard value of VSWR 2 (VSWR<2).

Voltage Standing Wave Ratio (VSWR)

I -
NN / a
[\
el A Vo
Voo J/

220 230 240 250 260 270 280 290 300 310 320 330
Frequency / THz

Fig 4.8: The simulated results of VSWR for G-SHNA
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4.3.3 Current distribution

The current distribution simulation of the nanoantenna for different
resonant frequencies is shown in Fig 4.9. Where Fig 4.9 (a) illustrates the
current distribution at 276.47THz, which indicates the current
concentration, is along the transmission line and arrived to the end of
nanoantenna. Also, Fig 4.9 (b) illustrates the current distribution at
298.21THz which indicates the concentration of the current from the
starting transmission line and extended to the flare end. Finally, Fig 4.9
(c) illustrates the current distribution at the last frequency 320.98 which
IS concentration the starting waveguide and decreased to zero value at the
end but is spreading more widely from other frequencies. The current
distributed same along wave guide for three resonant frequencies but

different in extreme current at each frequency.
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Fig 4.9: The simulated results of current distribution for different resonant
frequency of G-SHNA

4.3.4 Radiation pattern

The simulated radiation pattern of the second proposed
nanoantenna (G-SHNA) for different resonant frequencies is shown in
Fig 4.10. The characteristic far field radiation pattern at 276.49THz,
298.21THz and 320.98THz frequencies is shown in Table 4.3. It is

illustrated in x-y plane, x-z plane and y-z plane.
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Table4.3: The simulated radiation pattern characteristic for three

resonant frequencies of G-SHNA.

Main lobe
magnitude(dB)
Main lobe direction 0° 175° 90°

Angular width (3dB) 13.7° 21.1° 450

Side lobe level (dB) -1.3dB -1dB -6.3dB

Main lobe 24.3dB 1.94dB 24.3dB
magnitude(dB)
Main lobe direction 0° 0° 90°

Angular width (3dB) 16.9° 22.9° 42.3°

Side lobe level (dB) -2dB -2.7dB -7.2dB

Main lobe 24.8dB 3.08dB 24.8dB
magnitude(dB)
Main lobe direction 0° Q° 90°

Angular width (3dB) 14.6° 18° 39.3°

Side lobe level (dB) -1.7dB -3.7dB -9.5dB
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Fig 4.10: The simulated far field radiation pattern of G-SHNA at three
resonant frequencies 276.47THz, 298.21THz and 320.98THz.
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4.3.5 3D Gain

The simulated far field gain pattern is shown in Fig 4.11 for
different three resonant frequencies where gain is 9.79dB at 276.47THz,
9.79 dB at 298.21THz and the last value is 10.2dB at320.98THz. We
note that the first and second resonant frequencies of the value of gain is

constant but rather increases at last frequency.
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(c) Gain at 320.98THz
Fig 4.11: The simulated gain for different frequencies

4.3.6 3D Directivity

Figure 4.12 shows the simulation of far field directivity pattern at
different frequencies of the (G-SHNA). The value of directivity for the
first and second resonant frequencies is equal to 12.1dB at 276.47THz
and 298.21THz .However, for the last resonant frequency 320.98THz,
the directivity value is 12.5dB.

(a) Directivity at 276.47THz
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(c) Directivity at 320.98THz

Fig 4.12: The simulated directivity of G-SHNA.

4.3.7  Efficiency and bandwidth

Radiation efficiency can be calculated from gain and directivity as
illustrated above. Table 4.4 illustrates the efficiency for the second
proposed antenna G-SHNA for different frequencies and shows the
bandwidth for wide band frequency based on equation (3.18, 3.20)
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Table 4.4: The results of efficiency and bandwidth for G-SHNA

81 82

100

4.3.8 Compression between the first (SHNA) and second (G-
SHNA\) proposed antenna

The results simulation of two proposed antenna can be
compared based on the reflection coefficient s;1, resonant frequencies,
gain, directivity, efficiency and bandwidth as shown in Table 4.5.

Table 4.5: The compression between the two proposed antennas

Multi
53.9 -41.09 | 5.99 6.46 93 bands6.

78

71.23 -24.27 | 9.79 10.3 95 1.77
8.38

276.47 -25.48 | 9.79 12.1 81 Wide

298.21 -32.29 | 9.79 12.1 81 band
320.98 -26.09 | 10.2 12.5 82 100
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From the comparison results of the two proposed designs, it is clear
that the second proposed antenna is better than the first antenna in terms of
gain, directivity and bandwidth because we use vias that reduces the leakage
process and locks the signal within the waveguide and high directional

signal.

4.3.9 The proposed designs validation

Table 4.6: The compression the proposed designs and other references

100

32.49 2228 | 1.02 1.42 72 Multi
bands6.78
53.9 41.09 | 599 | 6.46 93
7.77
71.23 2427 | 9.79 10.3 95 8.38
276.47 2548 | 9.79 12.1 81
Wide
298.21 32.29 | 9.79 12.1 81
band 100
320.98 -26.09 | 10.2 125 82
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4.4 Characteristic of Cylindrical-Gold Horn Nanoantenna(C-
GHNA)

The simulation results of the third proposed design cylindrical-gold

via horn nanoantenna (C-GHNA) are discussed in the following sections:

4.4.1 Reflection coefficient Si1

dB

The simulated results reflection coefficient of C-GHNA are shown

in Fig 4.13. It is illustrates the resonant frequency at 239.3THz,
263.52THz and 289.32THz with reflection coefficient -23.59dB, -
23.89dB and-23.96 dB respectively.

S-Parameters [Magnitude in dB]
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b1
0

210 220 230 250 270 290

Frequency [ THz

260 280 300

Fig 4.13: The simulation of reflection coefficient of C-GHNA
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442 VSWR

The VSWR of the third proposed model C-GHNA is shown in Fig
4.14. 1t has an appropriate value at three resonant frequencies 239.3
THz, 263.52THz and 289.32 THz located at below 2. Where VSWR< 2

represents the standard value as illustrated in Chapter Three.

Voltage Standing Wave Ratio (VSWR)
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200 210 220 230 240 250 260 270 280 290 300
Frequency / THz

Fig 4.14: VSWR of the proposed model C-GHNA

4.4.3 Current distribution

Figure 4.15 shows the simulated results of the current distribution
of C-GHNA where Figure (a) shows the current distribution at
239.3THz frequency concentrated inside waveguide and the side of
design in narrow shape; Figure (b) at 263.52THz frequency illustrates
the current distribution concentrated the starting of waveguide to the
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flare end more broadly than other frequencies for the proposed antenna.
and Moreover, Figure (c) at 289.32THz shows the current distribution
concentrated along the transmission line but less than the second
frequency towards the end of the flare.
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Fig 4.15: The simulated results current distribution for different

resonant frequency of C-GHNA
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4.4.4  Radiation pattern

Table 4.7 shows the simulation result of characteristic far field
power radiation for different resonant frequencies. Besides Fig 4.16
shows the results of two dimension of radiation pattern for three
resonant frequencies 239.3THz, 263.52THz and 289.32THz.

Table 4.7: The characteristic of far field power radiation of C-GHNA

Main lobe
) 22.9dB | 6.76dB | 22.9dB
magnitude(dB)
Main lobe direction Q0 114° 90°
Angular width (3dB) 25.4° 68.6° 58.4°
Side lobe level (dB) -1.1dB -1.3dB | -11.5dB
Main lobe
] 22.8dB | 4.56dB | 22.9dB
magnitude(dB)
Main lobe direction 2° 115° 74°
Angular width (3dB) 22.2° 107.5° 56.7°
Side lobe level (dB) -1.4dB -1.3dB | -11.2dB
Main lobe
) 23.1dB | 5.95dB | 23.4dB
magnitude(dB)
Main lobe direction 2° 110° 74°
Angular width (3dB) 19.8° 58.7° 52.9°
Side lobe level (dB) -1.1dB -1.5dB | -11.3dB
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Fig 4.16: The simulated radiation pattern for proposed antenna
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445 3D Gain

The 3D far field simulated gain is shown in Fig 4.17. The gain
value is 8.23 dB at a lower resonant frequency of 239.3THz. The gain is
8.31dB at the second resonant frequency 263.52THz, and 8.8 dB at a
higher resonant frequency of 7.9GHz. The value of gain for three
resonant frequencies increases with respect of increasing of frequency
value.
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Fig 4.17: 3D far-field gain of different resonant frequencies

4.4.6 3D Directivity

The 3D polar plot the simulated directivity for three resonant
frequencies are shown in Fig 4.18. The directivity value is 9.81 dB at a
lower resonant frequency of 239.3THz. It increases to 10.1dB at the
second resonant frequency 263.52THz, and the higher value of
directivity of proposed design is 10.6 dB at the last resonant frequency
of 289.32THz.

(a) 239.32THz
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bW
B0

(C) 289.32THz

Fig 4.18: 3D far-field directivity of three resonant frequencies of
C-GHNA

4.4.7 Efficiency and bandwidth

Efficiency of the third proposed design can calculated based on
directivity and gain simulated results as shown in Table 4.8. Also,

bandwidth can calculated from high frequency and lower frequency as
in equation 3.18 and 3.20.
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Table 4.8: Efficiency and bandwidth

4.5 Characteristic of Substrate Integrated Waveguide
Cylindrical-Gold Horn Nanoantenna (SIW-HNA)

The following sections highlight simulation result of the forth proposed
antenna, as we use the substrate roger 5880 between the gold transmission

line.

45.1 Reflection coefficient S11

Figure 4.19 illustrates the reflection coefficient wave of SIW-
HNA at different resonant frequencies 203.7THz, 220 THz, 234.75
THz, 264 THz, and 282.79 THz with reflection coefficient -44.58dB,-
33 dB,-42.2 dB,-33.3 dB,-27 dB respectively.
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Fig 4.19: The simulated reflection coefficient S;; of SIW-HNA

452 VSWR

The VSWR of the last proposed model (SIW-HNA) is shown in
Fig 4.20. It has an appropriate value at five resonant frequencies
(203.7, 220,234.75, 264,282.79) THz that should lie below to 2. When
VSWR value is higher 2. This means a high mismatch between input
Impedance of antenna Zinand the characteristic impedance of

transmission line. Therefore, the antenna does not work effectively.

Voltage Standing Wave Ratio (VSWR)

— VSWR1

:;: ~
IVA ~ N\ \_ /O
\\/ \M\/ ~ \/ \

200 210 220 230 240 250 260 270 280 290 300
Frequency [ THz

Fig 4.20: Simulated VSWR of the proposed model
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45.3 Current distribution

The simulated current distribution of SIW-HNA at different
resonant frequencies is shown in Fig 4.21. The current distribution
varies according to different frequencies. The current is distributed at
the first frequency (203.7THz) on a regular basis starting from the
beginning of the transmission line to the end. The second frequency
(220THz) begins with the difference in the center area of the
transmission line. The third frequency (234.75THz) is a clearly
different distribute at the beginning and then becomes tight in the
region and back to be distributed more widely. In addition, the fourth
and fifth resonant frequencies (264, 28279) THz the current
distribution concentrates the starting of transmission line and then

narrows and finally expands to come out of the end of horn antenna.

(a) 203.7THz (b) 220THz
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Fig 4.21: Simulated current distribution of the proposed model

4.5.4 Radiation pattern

The 2D Radiation pattern of the forth-proposed antenna for five
resonant frequencies (203.7, 220, 234.75, 264, and 282.79) THz is

shown in Fig 4.22. In addition, we illustrate the characteristic of the
power radiation in Table 4.9.
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Table 4.9: The characteristic of radiation pattern of SIW-HNA

Main lobe
) 21.8dB 6.82dB | 20.1dB
magnitude(dB)
Main lobe direction 345° 90° 90°
Angular width (3dB) 25.2° 88.6° 28.2°
Side lobe level (dB) -11.9dB -1dB -11.6dB
Main lobe
) 22.7dB 0.04dB | 19.8dB
magnitude(dB)
Main lobe direction 20° 90° 90°
Angular width (3dB) 15.7° 36.3° 33.6°
Side lobe level (dB) -8.8dB -1dB -8dB
Main lobe
) 23.2dB 6.79dB | 23.2dB
magnitude(dB)
Main lobe direction 358° 81° 90°
Angular width (3dB) 39.3° 52.7° 31.5°
Side lobe level (dB) -9.8dB -4dB -7.3dB
Main lobe
] 23.6dB 7.87dB 20dB
magnitude(dB)
Main lobe direction 349° 90° 90°
Angular width (3dB) 21° 47.3° 23.3°
Side lobe level (dB) -5.3dB -2.6dB | -6.6dB
Main lobe
) 24.9dB 10.7dB | 19.7dB
magnitude(dB)
Main lobe direction 350° 90° 90°
Angular width (3dB) 12.9° 34.5° 22.2°
Side lobe level (dB) -6.1dB -3.3dB | -2.3dB
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Fig 4.22: The simulated result of 2D radiation pattern
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455 3D Gain

Figure 4.23 illustrats the far field gain simulation. The gain value
is 7.05dB at a first resonant frequency 203.7THz, increases to 7.99dB
at second resonant 220THz. Also the gain value is 8.48dB at third
resonant 234.75THz. At the fourth resonant frequency 264THz the
gain increases to 8.89dB and the higher value of gain is10.2dB at the

last resonant frequency 282.79THz.
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Fig 4.23: Simulation Gain at three various frequencies
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4.5.6 3D Directivity

The simulation far field of directivity pattern is shown in Fig
4.24. The directivity value is 8.49dB at a lower resonant frequency
203.7THz. Then directivity is 9.57dB increases at second frequency

220THz. Increased value of directivity is 10.1dB at third frequency
234.75THz and the values of directivity increase to 10.6dB and
12dB at fourth and the last resonant frequencies 264THz and
282.79THz respectively.

(b)220THz
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(C) 234.75THz
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Fig 4.24: The directivity for different frequencies
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4.5.7  Efficiency and bandwidth

Table 4.10 illustrates the efficiency of the last proposed design.
It is calculated on the basis from directivity and gain simulated
results. Also, Bandwidth can been calculated for different frequencies
(203.7, 220, 234.75, 264, 282.79) THz .it is based on equation 3.18
and 3.20.

Table 4.10: The simulated results of efficiency and bandwidth for

various frequencies.

Frequency (THz) | 203.7 220 | 234.75 264 282.79

Efficiency (%) 83 83 84 84 85

Bandwidth (THz) 100

4.5.8 Compression between the third (C-GHNA) and
fourth (SIW-HNA) proposed antenna

Based on the simulated results of the last two proposed
antennas, we can compared the results with respect to reflection
coefficient s;1, resonant frequencies, gain, directivity, efficiency
and bandwidth as shown in Table 4.11.
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Table 4.11: The comparison between the last two proposed designs

4.5.9 The validation of the two design with other reference

Table 4.12: Comparison between the last two proposed designs

85
230 -16 9.31
275 -64 - 14.2 66.93 100
239.6 -23.59 | 8.23 9.81 84
Wide
263.9 -23.89 | 8.31 10.1 82
band 100
289.5 -23.96 | 8.8 10.6 83
203.7 -4458 | 7.05 8.49 83
220 -33 7.99 9.57 83
Wide
234.75 -42.2 | 8.48 10.1 84
band 100
264 -33.3 | 8.89 10.6 84
282.79 -27 10.2 12 85
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4.6 Comparison of the four proposed antennas

Result and Discussion

A comparison of the four proposed antennas is illustrated in Table

4.13. This comparison is made of different shapes and material that are

included in the transmission line (between the two layers of gold) and

observation of differences in terms of gain, directivity and other factors.

Table 4.13: The simulation results of the four proposed horn antenna designs

Wireless
nano link
-22.28, - 32.49, 1.42 72, Multi bands 9.13.8 Photo
41.09,- | 539, 6.46 | 93, | 6.78,7.77, ’18' " | detection
24.27 71.23 10.3 95 8.38 Photo
emission
[45] [35]
Harnessing
-25.48, - | 276.47, 12.1 81, )
Wide band | -1.3,-2,- solar
32.29,- | 298.21, 12.1 81,
100 1.7 energy [36]
26.09 320.98 12.5 82
-23.59, - | 239.6, 9.81 84, ] Energy
Wide band -1.1,- )
23.89, - 263.9, 10.1 82, harvesting
100 14-1.1
23.96 289.5 10.6 83 [32]
-4458,- | 203.7, 8.49 83
-11.9,-
33, - 220, 9.57 83 ) Smart
Wide band 8.8,- o
42.2, - 234.75, 10.1 84 lighting
100 9.8,-
33.3, - 264, 10.6 84 [31]
5.3,-6.1
27 282.79 12 85
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CHAPTER FIVE
CONCLUSIONS AND SUGGESTIONS

5.1 Introduction

In this chapter, we view the work presented in this thesis of proposing
four designs of horn nanoantenna to design multiband and broadband for
optics wireless communication, smart lighting and energy harvesting
applications. We also present conclusion of this work that has been done in

previous chapters as well as some recommendations for future work.

5.2 Conclusion

In this section, the associated comments about the four designs of
Horn Nanoantenna are presented. These four Nanoantennas are proposed
with the same general shape but used different sidewall to demonstrate the
effect of the geometrical shape of arranged vias inside transmission line on
the antenna performance, such as reflection coefficient S;;, gain, directivity

and side lobe.

The first deign consists of only two gold layer called Simple Horn
Nanoantenna (SHNA). This simulation results of proposed design with
respect to reflection coefficient multiband with three resonant frequency,
which a range of bandwidth (29.3-36) THz, (49.3-57.3) THz and (67.6-75.7)
THz, gain are (1.02,5.99, 9.79) dB, directivity are (1.42, 6.46,10.3) dB and
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efficiency are (72, 93, 95)% for three resonant frequencies (32.49, 53.9,
71.23)THz respectively.

The second design is composed of two gold layers arranged inside
between them gold —silicon vias. This design is called Gold-Silicon Horn
Nanoantenna (G-SHNA). The range of bandwidth is (230-330) THz, gain
(9.79, 9.79, 10.2) dB, directivity (12.1, 12.1, 12.5) dB and efficiency for
three resonant frequencies (279.47, 298.21, 320.98) THz are (81, 81, 82) %

respectively.

The third design is used cylindrical-gold via as sidewall inside the
transmission line, this proposed design called Cylindrical-Gold via Horn
Nanoantenna (C-GHNA). The bandwidth is (200-300) frequency range,
gain (8.23, 8.31and 8.8) dB, directivity (9.81, 10.1, 10.6) dB, efficiency (84,
82, 83) percentage at three resonant frequencies (239.6, 263.9, 289.5) THz.

The last design composed two gold layers inserted between them
dielectric material (Au-Rogers RT5880-Au) used cylindrical via as a
sidewall this design called Substrate Integrated Waveguide-Horn
Nanoantenna (SIW-HNA). The bandwidth range is (200-300) THz,
efficiency for five resonant frequencies (203.7, 220, 234.75, 264,282.79)
THz are (83, 83, 84, 84, 85) % respectively, gain are (7.05, 7.99, 8.48, 8.89
and 10.2) dB and directivity are (8.49, 9.57, 10.1, 10.6, 12) dB.

We is concluded from the results of four proposed horn nanoantenna,
the second design (G-SHNA) is the best because wideband frequency and
high directivity.
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5.3 Suggestions

The suggestions for future scope can be reviewed as follows:

1) Designing a horn nanoantenna with a slotted waveguide such that

these slots can be created with different shapes and dimensions.

2) Designing a horn nanoantenna with an open end in the form of ladder

shape.

3) Designing a printed horn nanoantenna based on Substrate Integrated
Waveguide (SIW).
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