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ABSTRACT

Mobile communication has been an important part of our social, academic and business
activities. Especially, with the proliferation of smart phones and other mobile data
devices like netbooks, tablets, laptops, mobile data traffic shows an unprecedented
growth. Ultra wideband and millimeter waveband are two candidate technologies for
next generation mobile communication systems. However, electronic components, such
as antennas, already exist in ultra wideband and millimeter wave communication
systems are too big in size and consume too much power to be applicable in mobile
communication. Nowadays, lots of researchers have started and much of engineering
efforts have been invested in developing antennas for such technologies.
Recently, Bow-tie and Quasi-Yagi antennas has gained popularity due to their attractive
features such as low power spectral density, high speed data rate, high gain, low power
consumption, and low cost. Because of these attractive features, these antennas are
promising for next generation mobile communication systems.
In this thesis, a Quasi-Yagi antenna and two types of Bow-tie antennas are investigated,
designed and simulated for next generation mobile communication systems. Quasi-Yagi
antenna with an array of two elements is designed for ultra wideband applications. Of
two types of Bow-tie antennas, a coplanar waveguide fed Bow-tie antenna is designed
for both ultrawide band and millimeter waveband (X-band, Ku-band, and K-band) and a
slotted Bow-tie antenna is designed at Ka-band for 5G applications.
The proposed designs are analyzed and optimized on five different substrate materials
(FR4, Neltec, Nelco, Arlon, Rogers). Simulation results show that the proposed
antennas have high radiation efficiencies, low reflection coefficients, and satisfactory
gains. The proposed antennas can be a suitable candidate for ultrawide band and
millimeter waveband applications.
Keywords: Bow-tie antenna, Quasi-Yagi antenna, Ultra wideband, Millimeter
waveband, 5G applications
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GELECEK NESIL MOBILE HABERLESME SiSTEMLERI ICIN YAMA
ANTEN OPTIMIiZASYONU

ALI IHSAN NAJI AL-HUSSEIN

Erciyes Universitesi, Fen Bilimleri Enistitiisii
Yiiksek Lisans Tezi, Temmuz 2017
Damsman: Yrd. Dog. Dr. Bilal BABAYIGIT

KISA OZET

Mobil iletisim insan hayatinin, sosyal, akademik ve ticari faaliyetlerinde 6nemli bir
parcast olmustur. Ozellikle akilli telefonlar ve netbook'lar, tabletler, diziistii
bilgisayarlar gibi diger mobil veri cihazlarinin yayginlasmasi ile mobil veri trafigi esi
benzeri goriilmemis bir biiylime gostermistir. Ultra genis bant ve milimetrik dalga
bantlari, yeni nesil mobil iletisim sistemleri igin iki aday teknolojidir. Bununla birlikte,
antenler gibi elektronik bilesenler, ultra genis bant ve milimetre dalga iletisim
sistemlerinde halihazirda kullanilmaktadir lakin boyutlar1 ¢ok biiyiiktiir ve mobil
iletisimde kullanilabilmesi i¢in ¢ok fazla gii¢ tiiketmektedir. Gliniimiizde ¢ok sayida
arastirmact bu teknolojiler kapsaminda anten gelistirmeye baglamistir ve bu konuda
biiyiik miktarda ¢aba sarf etmektedirler.
Son zamanlarda, Bow-tie ve Quasi-Yagi antenleri, diisiik gli¢ spektral yogunlugu,
yiiksek hizli veri hizi, yliksek kazang, diisiik gii¢ tiiketimi ve diisiik maliyet gibi ¢ekici
ozelliklerinden dolay1 popilerlik kazanmistir. Bu c¢ekici ozelliklerden dolayi, bu
antenler yeni nesil mobil iletisim sistemleri i¢in Umut verici olmuslardr.
Bu tez galismasinda, Quasi-Yagi anten ve iki tip Bow-tie anten, yeni nesil mobil iletisim
sistemleri i¢in simiile ve optimize edilmistir. iki elemanli bir dizi olan Quasi-Yagi anten
ultra genis bant uygulamalari icin tasarlanmistir. Iki tip Bow-tie anteninden, es diizlemli
dalga kilavuzu beslemeli Bow tie anteni, hem ultra genis bantli hem de milimetre dalga
bandi (X-bandi, Ku-bandi ve K-bandi) ve yivli Bow-tie anteni 5G uygulamalarinda
kullanilan Ka-band i¢in ¢aligilmistir.
Onerilen tasarimlar bes farkli alttabaka malzeme (FR4, Neltec, Nelco, Arlon, Rogers)
tizerinde analiz edilmis ve optimize edilmistir. Simiilasyon sonuglari, Onerilen
antenlerin yiiksek radyasyon verimliligine, diisiik yansima katsayilarina ve tatmin edici
kazanglara sahip oldugunu gostermektedir. Onerilen antenler ultra genis bant ve
milimetre dalga bandi uygulamalar1 i¢in uygun bir se¢im olabilir.
Anahtar kelimeler: Bow-tie anten, Quasi-Yagi anten, Ultra genis bant, Milimetre

dalga bandi, 5G uygulamalari
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INTRODUCTION

Networking area of Computer Engineering focuses on protocols, devices and
components that can be used in next generation mobile communication systems. Mobile
communication has been one of the most successful technology innovations of our lives
especially last two decades [1]. Due to the increasing popularity of smart phones and
other mobile data devices like netbooks, tablets, laptops, mobile data demand grows.
Almost all wireless commercial applications and systems such as mobile internet, high-
definition gaming and video streaming, video sharing, cellular, satellite communication,
and global positioning systems, and also Wi-Fi, use below 3 GHz spectrum. So, 3 GHz
spectrum has become increasingly crowded. However, a vast amount of spectrum in the
3-300 GHz range remains unexploited. This spectrum represents an ultra-wideband and
millimeter waveband mobile broadband system as a hopeful next generation mobile
communication system. To meet the unprecedented growth of mobile data traffic and to
satisfy the consumers’ demand for higher data rates, the use of 3—300 GHz spectrum is

of paramount importance [1].

3-12 GHz spectrum is generally referred to as ultra-wideband, this band not only can
carry a huge amount of data over a short distance at very low power (less than 0.5
milliwatts), but can carry signals through walls and other obstacles that tend to reflect
signals at more limited bandwidths and a higher power, while 12-300 GHz spectrum is
referred to as millimeter waveband which is candidate for fifth generation (5G)
technology. However, electronic components such as antennas already used in ultra-

wideband and 5G technologies are too big in size and consume too much power [2].

Since the inception of short range ultra-wideband and millimeter waveband
communication systems the factors like device miniaturization and high-speed data rate
create big challenges for antenna designers [1]. Another challenge with millimeter

waveband is the low efficiency of antennas devices used. So, it is crucial to design



efficient antennas that provide high gain and high bandwidth with reduced antenna size

[2].

Antennas work by sending or accepting electromagnetic (EM) waves and it is the last
element at the transmission segment and the first element at the receiving end.
Therefore, failure in designing an efficient antenna, which can firmly close the link
between the endpoints, degrades the system performance. With the rapid increase of

Personal Mobile Devices. antennas become more and more important [2].

Engineers are required to design low profile and compact antennas to be accommodated
by the miniaturized newly mobile devices. An antenna is usually called low profile if its
total height is less than A/10. There are numerous antenna configurations such as

dipole, horn, microstrip and dielectric resonator antennas [2].

The microstrip patch antenna defined as one of the most interesting developments in
antenna and electromagnetic history. Microstrip patch antenna represent the most useful
solution to the system that require a radiation element. Of all the printed antennas,
including dipoles, slots and tapered slots, microstrip patches are the most popular and
adaptable. This is because of all their salient features: including ease of integration,

good radiation control and low cost of production [2].

The expression 'patch’ is derived from the shape of the printed conductor of the antenna:
traditionally rectangular or circular. Microstrip patch antennas are typically resonant in
style as opposed to traveling wave and therefore are characterized by being quite
efficient over a relatively narrow operation bandwidth. Bow-tie and Quasi-Yagi
antennas are the examples of the microstrip patch antenna.

Nowadays, Bow-tie and Quasi-Yagi antennas have become very popular in many
applications of next generation mobile communication, radar and sensor systems due to
their attractive advantages such as simple geometry, ease of fabrication, low profile with
wideband characteristics and high radiation efficiency [3]-[9]. In particular, high gain
with low cost property of Quasi-Yagi and Bow-tie antennas make them promising
candidates for next generation network systems. Several Bow-tie and Quasi-Yagi
antennas designed for next generation network systems; however, they were designed

either in a big matrix array or using metamaterials technology [10]-[13].



The aim of this thesis study is to focus on these regions to design an optimal small
antennas which can be used for UWB and millimeter waves applications. The Quasi-
Yagi, slotted Bow-tie, and CPW fed Bow-tie antennas are selected for them ability to
carry high frequencies with small size. These three antennas will investigate, design,
simulate, and optimize for ultra-wideband and millimeter waveband applications.
Several Quasi-Yagi and Bow-tie has been designed. Of the designed antennas, Quasi-
Yagi antenna operate at 10-12 GHz, coplanar waveguide fed Bow-tie antenna operate at
three bands (9, 15, and 21 GHz), while slotted Bow-tie antenna operate at 28 GHz,

which is the potential frequency of 5G communication applications.



CHAPTER 1

GENERAL INFORMATION AND LITERATURE REVIEW

1.1. Antenna Brief History

The antenna is very important component of the communication systems. By simple
definition, it is a device which sends or receives electromagnetic (EM) waves. The
antenna has a very old history back to James Clerk Maxwell in 1873 when he presented
his antenna for the first time [13]. After the end of World War Il, antennas became the
main concern of human life through radio and television devices. The United States was
one of the first countries give great attention to the antenna industry, where its industry

had become a rival to the cars industry there.

In the early 21% century, antennas have witnessed a major development, thanks to
mobile devices. Mobile devices are small and accessible to any person and any person
can have more than one. Nowadays each mobile device has more than an antenna
depending on the applications of the device. So, the strong growth in Radio-Frequency
Identification (RFID) devices indicates that the number of antennas used in normal life

usage can extend to one antenna per one person in the world or even more than that.

The growth of mobile devices is increasing gradually. Mobile communication systems
have become very important part of our daily lives. Also, this phenomenal growth in the
use of antennas has prompted a serious search for solutions for the purpose of dwarfing

the size of the antenna which is defined as [14].

A=< 1.1
f

where ¢ represents the light speed, which is 3x10® m/s in air and f is the frequency
(cycles per second). When a radio wave moves through a non-conducting medium other



than air, this slows the wave down and results in a shorter wavelength. These factors do
not affect the simulated antenna while it affects too much the designed and analyzed

antenna [2]. An antenna as a transmitter device is shown in Figure 1.1 [2].

E-field

—_———— == —

|

Transmission lins Antenna Radiated free-space wave

Figure 1.1. Antenna radiation [2]

Before understanding the designing of antenna or types of antenna, the fundamental

parameters that characterize an antenna, must be understood.
1.2. Antenna Fundamental Parameters

To understand the challenges facing an antenna designer, some of the fundamental
parameters and performance metrics must be known. Fundamental parameters and
performance metrics completely control the design geometry and evaluate the

performance of the antenna [2]. Some of the antenna parameters are:



- Impedance bandwidth

- S-parameters

- Radiation pattern

- Directivity

- Efficiency

- Gain

- VSWR.
In next subsection, each of these parameters will be explained briefly.
1.2.1. Impedance bandwidth
The impedance bandwidth is a relationship between the current and voltage at the
frontend of the antenna is called the antenna. It is the power which is received by the
antenna or radiated away from the antenna [2]. The impedance bandwidth can be
measured by the characterization of both the Voltage Standing Wave Ratio (VSWR)

and Return Loss (RL) at the frequency band of interest. Both VSWR and RL are

dependent on measuring the reflection coefficient.
1.2.2.S-Parameters

S- (scattering) parameters are very popular in RF circuit design. They are used for
measuring and characterizing the device efficiency. S-parameters include Si1/S;
(Reflection coefficient), S, (Isolation) and S; (Insertion loss), and are illustrated in
Figure 1.2. S11/Sy, is also named as return loss. If return loss is zero (S;1=S,,=0), then
this means that there is no power being reflected back due to a good match to the
characteristic impedance of the feeding structures, usually 50Q for commercial

applications and 75Q for military applications [2].
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In Figure 1.2, DUT is Device Under Test, Sy; is reflection coefficient at Portl, Sy, is
reflection coefficient at Port2, S;, is isolation (reverse), S, is insertion loss (passive
device case), a; is the signal incident at port 1, b; is the signal reflected at port 1, a; is

the signal incident at port 2, b, is the signal reflected at port 2.
1.2.3. Radiation pattern

The radiation pattern is the difference in the power radiated away from the antenna as a
function of the direction [14]. Primarily, when measuring the radiation pattern, the

property of most interest is the energy radiated relative to the antenna position [2].
1.2.4. Directivity

It is a measure how directional the antenna's radiation pattern. The directivity of the
antenna is transmitted evenly in all directions would be 1 or 0 dB and the directionality
of the antenna would be definitely zero [14], [15]. So, it is clear that, increased

directivity gives a very satisfactory antenna.
1.2.5. Efficiency

The efficiency of an antenna is a ratio of the power received to the antenna relative to
the power radiated from the antenna. A high efficient antenna means most of the power
at the input ports of the antenna are radiated away and a low efficient antenna means

most of the power is not received by the antenna (receive as losses) or reflected away



because of the impedance mismatch [16]. If there are no losses due to mismatch or the
antenna, then it can be seen, for a given frequency. Also, efficiency depends on the

antenna size. If the antenna size is reduced, the efficiency is reduced [2].
1.2.6. Gain

Antenna gain represents the measurement of the power of efficiency and directivity to
convert the electricity to radio waves. The most suitable candidate for efficiency and
directivity of the antenna is theta. The antenna gain is represented in decibel (dB) and

the gain can be define as [2].
Gain= Efficiency * Directivity 1.2
1.2.7. VSWR

Voltage Standing Wave Ratio (VSWR) is a function of the reflection coefficient which
describes the power reflected from the antenna. VSWR is a measure of how efficiently
the power is transmitted from the antenna. VSWR value under 2 is considered suitable
for most antenna applications. The minimum VSWR is 1.0. In this case, no power is

reflected from the antenna which is ideal [2].
1.3. Antenna Types

The fundamental parameters used to characterize the antenna performance have been
discussed in section 1.2. Generally, the size of the antenna starts to occupy a large area
of the researchers. The new technological devices are now expected to be lighter,
smaller, and more importantly, to be wirelessly networked. Therefore, different types of
antennas have been developed, optimized and produced over the years for many
different applications like wire, aperture, array, printed, reflector and lens antennas [2].

1.3.1. Wire Antennas

Wire antennas are probably the most recognizable, as they are everywhere. So, they can
be seen in TV aerials, car aerials etc. Examples of wire antennas are short dipole
antenna, dipoles antenna, loops antenna, half-wave dipole, helical antenna, broadband
dipoles, monopole antenna, folded dipole antenna, sleeve dipoles antenna, yagi-uda

arrays antenna, and cloverleaf antenna. Generally, wire antennas work at lower



frequencies because they have low gain. They have the advantages of low cost, ease of

fabrication and design.
1.3.2. Aperture Antennas

Aperture antenna a material has physical slots through which propagate EM wave flow.
The slots are several wavelengths long in one or more dimensions. The high gain of the
antenna is provided by the narrow main beam. Examples of these antennas are horn,
lenses, the slot, slotted waveguide, and circular apertures antennas. These models of

antennas are quite useful for many applications of spacecraft or an aircraft.
1.3.3. Array Antennas

Array antenna is a number of elements arranged together individually to create the array
matrix. The patterns of the array are defined by the phase of the excitation fields and
corresponding amplitude of each source and the geometric spacing of the sources. There
are many types can be in array design like dipoles, monopoles, microstrip, slots in

waveguides, and open-ended antennas.
1.3.4. Printed Antennas

All the antennas mentioned in sections 1.3.1 to 1.3.3 can be designed as printed
antennas. So, the printed antennas are very common. Printed antennas are also called
microstrip antenna and uses the photolithographic technique, with both the antenna

fabricated on a dielectric substrate and the feeding structure.
1.3.5. Reflector Antennas

Sending or receiving signals over millions of miles need a high gain. The reflector
antenna is the biggest size among the other antennas even they can be built with 305 m
of diameters or larger than that. This kind of antenna usually used in radar and satellite

applications.
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1.3.6. Lens Antennas

Lens antennas are usually used for high frequencies to prevent the divergent energy
from spreading in unwanted directions. They can be divided into different kinds

according to their shapes or their material which made from.
1.4.  Antenna Structure

Antennas can have different shapes such as square, rectangular, U shape, E shape,
circular and elliptical as shown in Figure 1.3, but any continuous shape can possible and
many other shapes can be designed using different simulation software. The designs of
the antenna are in high demand and are desirable for many uses like personal mobile

devices, small satellite communication terminals and other applications involving

() O

wireless communication [17].

(a) Square (b) Rectangular (¢) Dipole (d) Circular (e) Elliptical
(f) Triangular (g) Disc sector (h) Circular ring (i) Ring sector

Figure 1.3. Different antenna shapes

1.5. Antenna Substrate Material

Many different substrates materials are used in the design of antennas. The dielectric
constant (&) of the substrate materials are generally in the range of 2.2 <&, < 12. Low &,
provides greater efficiency and wider bandwidth, but the antenna should in large size
[2]. So, there is a trade-off between €, and the antenna size. & is also depends on the
type of the design and the bandwidth. Because antenna requires tightly bound fields to
minimize undesired radiation, coupling and guide to miniature element sizes, light

substrates with higher €, which are useful for microwave circuitry [18].
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Microstrip patch antenna can be created on a variety of substrate materials with
different dielectric constants such as Arlon CuClad 217, FR4_epoxy, Nelco N4000-13,
Neltec NH9294 and Rogers RT/duroid 5880. These substrate materials represent the top
requested materials for high frequencies designs [19], [20], [21].

Arlon CuClad 217 is one of the Rogers crop. uses a low fiberglass/PTFE ratio to
provide the lowest dielectric constant (€,=2.17) and dissipation factor available in
fiberglass reinforced PTFE-based laminates. These properties offer faster signal
propagation and higher signal/noise ratios. The general applications of the Arlon
material in military electronics (Radars, ECM, ESM) and microwave components
(LNAs, filters, couplers, etc.).

Rogers RT/duroid 5880 is designed as a high frequency laminates material with glass
microfibers. The dielectric constant of this material is very low (€,=2.2). So, this
material is suitable for high frequency and broadband applications. This material is
applied in commercial airline broadband antennas, microstrip and striplines circuits,
millimeter wave applications, military radar systems, missile guidance systems, point-

to-point digital radio antennas.

FR4 epoxy is made of alkali-free E-glass cloth impregnated with epoxy resins by
processing under heat and pressure. The characters of this material are high temperature
resistance, high intensity, high mechanical properties, and dielectric properties (€,=4.4)
and good smoothness, etc. FR4_epoxy substrate materials are using in wireless antenna

design, tri-band antenna, millimeter waves technique.

Neltec NH9294 and Nelco N4000-13 with dielectric constant (€,=2.94, 3.5 respectively)
are designed for microwave components like antennas, power amplifiers and
subassemblies. Superior mechanical and electrical performance make these two
materials the best choice for lowest loss and high frequency applications like cellular
base station antennas, wireless communications, power amplifiers, dual band hi power

passive circuits, millimeter wave components.
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1.6. Microstrip Patch Antenna

Microstrip patch antennas are used in mobile and wireless communication systems
because they have low profile, small size, light weight and low cost and provide a high
bandwidth [22]. Another advantage of microstrip patch antennas is their feeding. They
can be fed in different ways like microstrip feeding, aperture coupling, coaxial probe,
coplanar waveguide (CPW), and proximity coupling. A microstrip patch antenna in its
simplest form as shown in figure 1.4. It consists of a radiating patch, which is made of

metal, on one side of a dielectric substrate and a ground plane on the other side.

For proper design, microstrip patch antenna should not be exceed the required limits for
all design parameters and must satisfy the characteristics of components required. The
simulation software like HFSS and CST are used to design the microstrip patch

antennas.

Microstrip Feed

Patch

Substrate

Ground Flane /

Figure 1.4. Microstrip Patch Antenna

Bow-tie and Quasi-Yagi antennas are the examples of the microstrip patch antenna.
Bow-tie and Quasi-Yagi antennas have become very popular in many applications of
next generation mobile communication, radar and sensor systems due to their attractive
advantages such as simple geometry, ease of fabrication, low profile with wideband
characteristics and high radiation efficiency [22]. The configurations of Bow-tie and

Quasi-Yagi antennas will be explained briefly in the next subsections.



13

1.6.1. Bow-tie Antenna Design

Bow-tie antenna is a bi-triangular sheet of metal or two triangles meet from the head in
microstrip patch antenna design [17]. Bow-tie antenna has the advantages of low profile
antennas with wideband characteristics and high radiation efficiency. Because of the
larger radiating area, there is a future vision that the directive of Bow-tie antennas will
be better than conventional dipole antenna [23]. The back lobes of the patterns are
approximately 10 dB lower compared to the forward lobes. This difference is due to the
presence of the ground plane, which “pushes” the radiation pattern against itself and

toward the Bow-tie [2].

Bow-tie antenna is used widely in many applications such as ground filtering radar, the
mobile devices [3], [24]-[26] and Wi-Fi applications [27]. The Bow-tie antenna can be
feed by coaxial line [28], [29], coplanar waveguide [30], [31] and striplines [32]. In the
literature, several structures of Bow-tie antenna as shown in Figure 1.5. they are the
simple Bow-tie antenna [33], slotted Bow-tie antenna [26], rounded Bow-tie or circular
Bow-tie antenna [34], and coplanar waveguide (CPW) fed Bow-tie antenna [35].

(a) (b)
—7 /
(c)
(d)

Figure 1.5. Four Bow-tie antenna models (a) Simple Bow-tie, (b) Slotted Bow-tie, (C)
Rounded Bow-tie, (d) CPW fed Bow-tie

Slotted Bow-tie and CPW fed Bow-tie antennas are attractive types of Bow-tie antennas
for high frequencies with small size, these features are small size, easy to feed, high

bandwidth, inexpensive to fabrication, and omnidirectional radiation pattern [36].
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1.6.1.1. Slotted Bow-tie Antenna

Slotted Bow-tie antenna is depending on the requirements, and the frequency or time
domain usage [37]. In this thesis, the slotted Bow-tie antenna will be designed for
frequency domain applications to increase the antenna bandwidth. In this case two
parameters are important, the slot width and location [38]. There are no general ratios to
determine those parameters because they depend also on the Bow-tie dimensions
(outside width, inside width, tri-length, substrate length, substrate width, and substrate
thickness) as shown in Figure 1.6. The easiest way to determine the optimal slot width
and location for obtaining the best result is by performing a parametric study. The
simulation software offers a parametric technique to optimize and get the optimal

design.

Figure 1.6. The slotted Bow-tie antenna geometry

1.6.1.2. CPW fed Bow-tie Antenna

The name of the CPW fed Bow-tie antenna took from the feeding way [39]. The
antenna that fed by CPW has several advantages like, wider bandwidth, lower
dispersion, and lower radiation loss. The CPW also presents a parallel and series
feeding connection with active and passive elements. This kind of connection are

required for impedance matching and gain improvement.

The CPW fed Bow-tie antenna requires a balanced feed network, so the antenna can be
fed by coplanar microstrip line. The whole dimension of the antenna and the feeding

port is shown in Figure 1.7.
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Substrate Length

1
'
Feeding Gap Width

Figure 1.7. CPW fed Bow-tie antenna dimensions

1.6.2. Quasi-Yagi Antenna Design

The Quasi-Yagi antenna usually used for high band frequencies [5], [6], [40], [41].
Quasi-Yagi antenna is one of the useful antennas for broadband and high gain
applications. Printed Quasi-Yagi antenna is a kind of broadband antennas [2]. Its
advantages contain not only the characteristics of Yagi antenna with high gain, but also
the miniature size, realized by the adoption of high permittivity substrate. Hence, Quasi-
Yagi antenna has a promising feature. Currently, the Quasi-Yagi antenna can be
designed in an array to improve the bandwidth for ultra-wideband communication

applications.

The design of Quasi-Yagi antenna is shown in Figure 1.8. The antenna is similar to the
traditional Yagi antenna, which is composited by two parts. The upper is the radiation
unit, including a printed dipole and one or more directors, which can direct the EM

radiation, as well as adjusting the input impedance.

The reflector builds on the back of the microstrip as a ground plane and represents a big
advancement in Quasi-Yagi antenna. This kind of reflectors has a decreased backward
radiation. Therefore, the direction of the peak gain is away from the ground plane.

The geometry of the single Quasi-Yagi antenna can be shown in Figure 1.8, the director
length is (Lgi), the director width is (Wy;), the director space is (Sqir), the driven length
is (Lgri), the driven width is (Wgyi), the driven space is (Sqri), the feeding length is (L),
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the feeding width is (Wj), the length of the Quasi-Yagi structure is controlled by (L;, L,
Ls and L4) and the width of the Quasi-Yagi structure is controlled by (W,).

Substrate width

&
Director
— —

Diriven element
(Radiation element)

~
r

Sair

Substrate length

Figure 1.8. The Quasi-Yagi antenna geometry

To create an antenna design, EM spectrum should be known.

1.7. EM spectrum

The EM spectrum consists the waves of all ranges of wavelength or frequency as listed
in Table 1.1. It has the harmful rays like IR rays and some useful rays like radio wave
for communication, X-rays for medical purpose, microwaves for cooking etc. The wave
energy depends on the frequency of the waves and it increases by increasing the

frequency, while decreasing with wavelength [42].



Table 1.1. EM spectrum
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Name Wavelength (m) Frequency (Hz) Photon Energy (eV)
Gamma ray <6x10™ More than 10 EHz 100 keV—300+ GeV
X —ray 6x10™ - 8x10™ 30 PHz-30 EHz 120 eV-120 keV

Ultraviolet 8x10™ - 3.8x10” 790 THz-30 PHz 3eV-124 eV
Visible 3.8x107 - 7.6x10” 405 THz—790 THz 1.7eV-3.3eV
Infrared 7.6x107 - 0.001 300 GHz—405 THz 1.24 meV-1.7 eV

Microwave 0.001-0.3 300 MHz-300 GHz 1.24 uevV-1.24 meV

Radio >0.3 3 Hz-300 MHz 12.4 feV-1.24 meV

As can be seen in Table 1.1, the Microwave region in the EM spectrum lies between
300 MHz to 300 GHz which roughly comprises of the UHF and EHF bands of the radio
waves [43]. The microwaves are defined as wave with the wavelength in the range of

micrometers [43]. Microwave bands are illustrated in Table 1.2, which is given by the
Royal Society of Great Britain [44].

Table 1.2 Microwave region bands [44]

Letter Designation Frequency Range
L-band 1to2 GHz
S-band 2104 GHz
C-band 410 8 GHz
X-band 810 12 GHz

Ku-band 12 to 18 GHz
K-band 1810 26.5 GHz
Ka-band 26.5 t0 40 GHz
Q-band 33t0 50 GHz
U-band 40 to 60 GHz
V-band 50 to 75 GHz
E-band 60 to 90 GHz
W-band 7510 110 GHz
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1.7.1.Ultra-wideband Radio Region

Ultra-wideband (UWB) is a radio technology that can use a very low energy level for
short-range, high-bandwidth communications over a large portion of the radio spectrum.
The general range for the UWB is 3-12 GHz and the traditional applications in non-
cooperative radar imaging [45]. UWB radio not only can carry a huge amount of data
over a short distance at very low power (less than 0.5 milliwatts), but can carry signals
through walls and other obstacles that tend to reflect signals at more limited bandwidths

and a higher power [46].
1.7.2. Millimeter Waveband Radio Region

Almost all commercial radio communications including AM/FM radio, high-definition
TV, cellular, satellite communication, GPS, and Wi-Fi have been contained in a narrow
band of the RF spectrum in 300 MHz-3 GHz [47].

The use of the 57-64 GHz oxygen absorption band is also being promoted to provide
multigigabit data rates for short range connectivity and wireless local area networks. On

the other hand, there are unexploited spectrum above 3 GHz as shown in Figure 1.9 [1].

300 MHz 3 GHz 37 GHz 64 GHz 164 GHz 200 GHz 300 GHz
cellular 60 GHz
mobile oxygen
communications absorption
band

Figure 1.9 RF spectrum from 300 MHz-300 GHz

The three biggest countries of the International Technological Committee: South
Korea, Japan, and the United State have accepted to make the 28GHz frequency band as
the standard candidate for millimeter waves and 5G networks [48]. Therefore, it
represents the gate for the modern technologies and marks the beginning of the
revolution in the era of modern communication. This will encourage many researchers

to begin the challenging work of designing and making the new world.
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1.8. Literature Review for Bow-tie Antenna Design

One of the most common microstrip antenna is the Bow-tie antenna for WLAN
applications. The Bow-tie antenna has a big history in wireless communication. The
previous Bow-tie antenna designs have been reviewed and presented in this section as

follows:

- MKA Rahim et al. proposed two Bow-tie antennas with two different angles (40°
and 80°) as an investigation to the effect of changing the angle on the return loss (S11)
and radiation pattern for 2.4 GHz operating frequency. The design was with FR4
substrate where it was very common to use either FR4 substrate or RT/duroid which
have high frequency laminates for printed circuit boards. The difference between the
frequencies because of the FR4 substrate and its dielectric constant between 4.0 to 4.7
were explained. He explained that the angles of Bow-tie antenna do not effect on the
return loss too much where it was —27.71 dB at 2.48 GHz for 40° angle and —28.92 dB
at 2.48 GHz for 80° angle [33].

- Anas Abas and Thiagarajah were designed a slotted L shape of Bow-tie patch
antenna for 3G applications. This slotted Bow-tie patch antenna was fed by the coaxial
probe at specified location to obtain a 50€2 input impedance. For 3G system application,
the antenna was required to operate at the frequency range of 1.950 GHz to 2.025 GHz.
The substrate was used a FR-4 double sided board. The narrow L shape slot in the
center of the patch improved the bandwidth by four times and it met the requirement of
3G applications [49].

- In [9] a wideband microstrip fed modified printed Bow-tie antenna for wireless
applications was designed for C and X-band operations. The obtained modified Bow-tie
antenna provided 91% impedance bandwidth that covers C and X bands and part of the
Ku band from 5.5 to 12.5 GHz. The substrate of the proposed antenna was Rogers
RT/Duroid 6010/6010 LM substrate of a dielectric constant of 10.2, a conductor loss of
0.0023 and a thickness of 1.27 mm. According to the obtained results, the operating

bandwidth of the antenna, as a single element, was between 5.3-10 GHz.

- In [50] shorted Bow-tie patch antenna with electric dipole was presented for

wideband. Air substrate and zero-thickness metallic layers were assumed for reducing
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computation time. Different outer width and patch gap dimensions were changed to
show various return loss and results. The proposed antenna had a wide impedance
bandwidth, which was over 60% for VSWR < 2 ranging from 2.16—4.13 GHz.

- In [25] a Bow-tie antenna was optimized for impulse ground penetrating radar
applications. The authors used the technique of choosing an optimal distance between
the antenna’s feed point and the location of the resistive loading. The antenna was
designed without substrate to exhibit an input impedance of around 150€ in free space.
The antenna showed improved properties for ground penetrating radar, which include its
compact size and ability to radiate UWB pulses with increased amplitude and very
small late-time ringing. The proposed antenna obtained higher amplitude than those
transmitted by other commonly used planar ground penetrating radar antennas.

- In [51] the design of Bow-tie antenna for 2.45 GHz for RFID readers was
optimized using Bacterial Swarm Optimization (BSO) and Nelder-Mead (NM)
algorithms. The antenna was analyzed by using the Method of Moments, and the
MATLAB was used for simulates and drawing the results. The dimensions of a Bow-tie
antenna were optimized to make it resonant at a center frequency of 2.45 GHz. The
obtained input resistance was 50Q. The BSO-NM algorithm had produced results better
than those generated by standalone BFA and BSO. The performance was slightly better
than the BFA-NM algorithm. Finally, it was anticipated that the introduced hybrid
approach was very efficient and can be applied to other types of antennas and for
adaptive arrays.

- In [37] the Low-Temperature Cofired Ceramic (LTCC) technology was used to
design a Bow-tie slot microstrip patch antenna with an H-type radiation chip and U-type
parasitic patches in Ka-band. The material was nine-layer LTCC substrates, which was
FerroA6-M (dielectric constant of 5.7, loss tangent of 0.002, one-layer thickness of
0.094 mm after firing process). The overall dimensions of the antenna were 9 mm, 9
mm, 0.846 mm. The design configuration was an array of 4 element on the top layer
(layer number 9) and a ground plane with Bow-tie slot located between layer 2 and
layer 3 and a 50Q microstrip line on the underside of layer 1. The obtained antenna

results presented a reducing size, expanded bandwidth, and increased the gain where the
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broadband between 27-34 GHz. It compact millimeter waveband multi-layer integrated

circuits using LTCC technologies.

- In [52] two Bow-tie shaped patches separately were slotted to two pairs of T-
shaped for Wireless Local Area Network (WLAN) and Worldwide Interoperability for
Microwave Access (WiMAX) applications. This structure changed the path of the
current and keeps the cross polarization under —40dB for 1.70-2.73 GHz broadband.
The general design look like an array of patches with many slots. The substrate was
FR4 and 0.8 mm of thickness with dielectric constant 4.6 and 58x58 mm? area over a
rectangular ground of the antenna was 160x160 mm?. The proposed antenna achieved a
—40dB cross polarization level for both polarization and —38 dB port isolation in the
whole bandwidth 1.8-2.6 GHz. The compact structure with high isolation between the
port and the low cross-polarization levels proves it a suitable candidate for base-station

antenna applications.

- In [53] a new antenna design was proposed for gain and bandwidth enhancement of
the slotted Bow-tie microstrip antenna using the principle of partial substrate removal.
The characterizes of this design was a lightweight and compact one that was suitable for
broadband communications due to its high gain and wide bandwidth. The design
achieved the frequency of more than 5 GHz. The substrate that has dielectric constant
€=2.2 and thickness 1.57mm was used. The antenna dimensions as well as the feeding
lines were designed and optimized to achieve input impedance matching to 50Q. The
obtained results showed that by suppressing surface waves and reducing dielectric loss,
the gain of the designed antenna was enhanced by more than 2 dB with an increase of
up to 1.5 GHz in the bandwidth from 9-12 GHz where it can be used for UWB

applications.

- Khalil H. et al. [39] implemented a normal Bow-tie antenna then they improved it
by two different ways for UWB applications at 8 GHz, the Self-Complementary Bow-
tie Antenna (SCBT) antenna and The Fractal Self-Complementary Bow-tie Antenna
(FSCBT) antenna. These two ways proved an enhancement to the Bow-tie gain by using
FR4 substrate of 1.6mm thickness, relative permittivity €=4.3, dielectric loss

tangent=0.025, and simple 50Q port. The FSCBT antenna showed better return loss
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curve as compared to that of SCBT antenna. Investigational validations for the return

loss and radiation patterns showed good matching with the simulation results.

- In [26] a Bow-tie antennas designed with different slot sizes were presented a new
approach for the design of a tri-band Bow-tie antenna for ground penetrating radar and
mobile stations. By incorporating slots with triangular shapes on the arms of the Bow-
tie, resonance was obtained in the 2.5 GHz, 4.4 GHz, and 6.2 GHz bands. A line fed of
50Q was given at the meeting point which drives the antenna. The proposed antenna

gave a satisfactory results of return loss and tri-band at 2.5, 4.4, and 6.2 GHz.

- HaiWen Liu et al. [54] proposed a single feed slotted Bow-tie antenna for triple
band wireless applications. The antenna was simulated and implemented to match the
results of triband at 3.5, 4.5, and 5.8 GHz applications by using slotting technique. The
antenna was fabricated on a Taconic RF-35A2 substrate with a relative dielectric
constant £=3.5, loss tangent 0.0018 and thickness 0.8 mm and a microstrip feeding line
of 50Q. Two pairs of slots were etched on the isosceles triangle to change the surface
current distributions resulting in triband without increasing the antenna size, thus it was
compact in nature. The geometry of the antenna was simple and the obtained result was
satisfactory.

- In [24] several planar antenna topologies aimed for application in radar sensor and
one of them was the Bow-tie antenna. CPW fed Bow-tie slot antenna on a Rogers
RO4003C substrate was proposed. The target frequency band was between 6-7 GHz.
Which it was fed by exciting the two respective CPW apertures of 50Q. The obtained
result showed that the most optimal topology for the considered application was the
conductor backed CPW fed Bow-tie slot antenna.

- In [55] a dual-polarized self-grounded Bow-tie antenna was proposed for micro-
base stations. The 4-petal geometry of the antenna has been optimized for the best
matching to 50Q coax over 1.5-3 GHz. Both simulated and measured results were
presented to verify the design. The Bow-tie was placed over the ground plane, with
petals making a certain angle with it. After a straight part, the petal was folded down to
make a circular bow, and the lower edge connected to the ground plane. The obtained

result gave a broadband for the return loss between 1.70-2.51 GHz.
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- In [56] an array enhanced end coupled split ring in front of 3 circular Bow-tie
antenna to be 4x5 array was proposed for the base station operations. This kind of
design resulted an enhancement in the antenna gain performance for 2.5-3.9 GHz.
Rogers RT/duroid 5880 substrate with the thickness 1.575 mm was used with dielectric
constant of 2.2 and loss tangent of 0.0009. The peak gain of the proposed antenna was
12 dB at 3.85 GHz, and the measured gain of the antenna without enhanced end coupled
split ring loading was only 5.2 dB, resulting in gain enhancement of 6.8 dB at 3.85
GHz.

- Naser Ojaroudi Parchin et al. [57] were proposed a new design of mm Wave
phased array 5G antenna for multiple input multiple output (MIMO). They presented
two similar linear phased arrays with eight leaf-shaped (2x8) a half Bow-tie antenna
element were used at different sides of the mobile-phone PCB. The substrate was used
An Arlon AR 350 dielectric with properties of 0.5 mm of thickness. The frequency
range of the antenna was 25-40 GHz. The results of the proposed antenna were a good
radiation performance at 28 and 38 GHz which both are powerful candidates to be the

carrier frequency of the future 5G cellular networks.

- In[11] a design of millimeter waveband microstrip fed Bow-tie array antenna with
beam steering characteristic for 5G applications was proposed. Eight elements of the 17
GHz Bow-tie antennas had been employed to form a linear array with end fire radiation
beams on the top region of the cellular handset PCB. The substrate was N9000 PTFE

2 overall

with 0.787 mm thickness and 2.2 dielectric constant and 65%130 mm
dimensions. The investigated results showed that the proposed phased array antenna

provided some attractive features and could be suitable for 5G cellular systems.

- In[4] a Bow-tie antenna in an underwater three dimensional space was examined to
establish an underwater localization system. A new study for the underwater
environment where the Wi-Fi that used in air and underwater environment using the
channels around the 2.4 GHz frequency range that have been standardized worldwide.
The authors used a Bow-tie shaped antenna to study the actual signal strength between
underwater and air conditions. The antenna gain was —25 dB at 2.4 GHz, which was
high value for underwater wireless communication to overcome the high path loss due

attenuation.
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- In [3] a CPW fed printed Bow-tie slot antenna with loaded stub was presented for
different applications in wireless communication systems. The authors studied the effect
of changing the slot size and the overall dimensions of the antenna. CPW fed structure
provided wider bandwidth with lower dispersion in comparison with Probe fed
antennas. The frequency of the proposed antenna was a broadband from 1.7-2.6 GHz.
The obtained result showed that increase of the slot size decreases the bandwidth gain
and made it closed to —10 dB. The designed antenna in both simulation and
measurement presents the reflection coefficient of the feed port at 50Q. The
characteristics of the proposed antenna changed by hanging in the dimensions of the
designed geometry. The proposed antenna achieved the desired bandwidth. The results

were proven through simulation, fabrication, and measurement.

- In [58] A broadband Bow-tie dual-polarized dipole was used as the array element.
A broadband dual-polarized dual orbital angular momentum (OAM) mode UCA was
simulated, fabricated, and measured. The proposed antenna substrate was Rogers 4350B
with dielectric constant of £=3.48. The generation of broadband OAM beams from 2.1-
2.7 GHz was attributed to the broadband feeding network. The broadband of frequency
was used 2.1-2.7 GHz. A digital data communication confirms that the proposed
antenna array can be used to generate OAM mode—1 and OAM mode 1 beams for each

of two polarizations from 2.1-2.7 GHz.

- In [59] a 2x2 Bow-tie array based on characteristic mode theory was performed.
The flat metal pieces of the array elements were simulated as perfect electric conductor.
The etched-on top of a printed circuit board with a Rogers substrate RO4003C (€,=3.38)
and loss tangent (6=0.0021) with a thickness of 1.6 mm. The pair feed points of each
Bow-tie were excited 180° out of phase with two coaxial cables of 50Q each. The
obtained results showed that the most influential factors on the array bandwidth were
the length of the elements and the distance between the array and the ground plane. The
bandwidth was calculated with and without the metasurface at 2.1-4.0 GHz broadband.
The investigated results showed that the proposed phased array antenna provided some

attractive features.

Finally, from the Bow-tie antenna designs were investigated as shown above. Generally,
Arlon, Rogers, FR4 or Neltec were used as substrate materials with several thicknesses.
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Most of these studies were below 3 GHz, but there were a few studies over the 3 GHz

spectrum, especially 28 GHz.
1.9. Literature Review for-Quasi-Yagi Antenna Design
The previous studies of the Quasi-Yagi antennas designs are presented as follows:

- Kan et al, presented a CPW fed antenna for broadband applications in wireless
communication systems [60]. The antenna was one of the simplest forms of a planar
Quasi-Yagi and it did not require any complicated structure. The antenna proposed a
novel CPW fed Quasi-Yagi antenna with broadband for covering X band at 8 GHz. The
substrate was a Rogers RT6010 with high dielectric constant €,=10.2 and thickness of
0.64 mm. Two directors were found with 3.73 mm of length and the length of the driven
element of the antenna was 11.5 mm. The dimensions of the antenna were improved
after the simulation to these values. The simulated result closely resembles the
measured result at the lower and upper resonant frequency validating the design of the
antenna and the antenna was small indicating that it was a suitable candidate for phased

arrays.

- In [61] amplitude and phase balances for the two types of microstrip (MS) to
coplanar strip (CPS) baluns were analyzed, and their effected on antenna performance
for X-band 5-20 GHz, end-fire antennas were investigated. Two types of Quasi-Yagi
were designed and simulated. The antenna design consists of a MS feed, MS to CPS
balun, and two dipole elements: one dipole element was a driver dipole fed by CPS and
the second strip was a parasitic director. The proposed substrate was RT/duroid 6010
and ground on the bottom plane was truncated and serves as the reflector for the
antenna. According to the obtained results, it was shown that the analysis of amplitude
and phase imbalances of the balun was effective way to determine the valid bandwidth
of the balun and the performance of broadband balanced antennas.

- In [62] a linear array design for wireless communication systems was proposed.
The arrays evaluated in the paper were composed of two, four, and eight Quasi-Yagi
elements. The array design combined genetic algorithm and sequential quadratic
programming because they combine both global and local optimization algorithms. The
length of the director was 33.15 mm and the length of the driven element was 54 mm.
The design at 2.40 GHz offer a bandwidth from 1.93-2.76 GHz on FR4 substrate. The
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obtained results showed that a compromise between the number of beam pointing
directions and the array size should be taken into consideration for a wireless
communication system design. The analysis proved that an amount of beams equivalent
to the number of elements in each array was a trade-off in terms of array cost and signal

to noise ratio performance.

- In [63] a Quasi-Yagi antenna with a double feed dipole of 5x4 array of Gradient
Refractive Index Metamaterial (GRIM) was proposed. Beam deflection mechanism was
based on the phase shift phenomena resulted from the interaction of the EM Waves with
media of different refractive indices implemented using GRIM unit cells. The result
frequency broadband was 5764 GHz. The structure of GRIM was separated into the
top and bottom layers to enhance coupling with the dipole arms and ensure that GRIM
effectively interacted with radiation on both sides of the antenna. The GRIM unit cell
was constructed on a Rogers RT5870 substrate with a thickness of 0.254 mm,
permittivity €=2.3, and loss tangent=0.0009. The measured results confirmed the
direction of the main beam to deflect at 60 GHz.

- In [64], the method that used to improve the bandwidth of a double dipole Quasi-
Yagi antenna was a stepped slot line structure. Different widths with a stepped slot line
were used in the coplanar strip line connecting the two dipoles to improve impedance
matching covering a wide frequency band. A prototype antenna operated at 1.60-3.60
GHz frequency range on FR4 substrate. Two directors were proposed with different
width and equal length the length of the both director elements were 24 mm and the
widths were 10, 5 mm respectively. The length of the driven element was 61.2 mm. The
fabricated antenna had the desired impedance properties with a frequency band at 1.59—
3.64 GHz.

- In [65], Rezaeieh et al. proposed a unidirectional and compact Quasi-Yagi antenna
for medical diagnostic applications. The mixture of loop and dipole interleaved
structures represented the main part of the antenna that formed from. The antenna was
presented for frequency about 0.68 GHz. With the proposed configuration, the antenna
acted as an array of two dipoles and a Quasi-Yagi antenna at lower and higher
frequencies, respectively, and thus radiates mainly in one direction. The antenna printed
on a square epoxy FR4 substrate with a dielectric constant €,=4.4, loss tangent=0.02 and

a thickness of 0.8 mm. The antenna achieved a wide fractional bandwidth of 55%
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(0.65-1.15 GHz), the proposed design could be applied in microwave imaging systems

for various medical applications.

- In [66] a helical Quasi-Yagi antenna array with low profile and multi beams at the
end fire direction was proposed. To achieve end fire radiation, a planar normal-mode
helical Quasi-Yagi antenna designed with top hat loading for low profile. A broadband
was achieved by controlling the resonance difference between the parasitic and driven
elements. Then a microstrip beamforming network based on Butler matrix was designed
to feed a 1 x 4 helical Quasi-Yagi arrays at 1.8 GHz of frequency. The substrate used
was Rogers 4003 with a dielectric constant of €=3.38 and thickness=0.813 mm. The
frequency band from 1.63 to 1.77 GHz. The proposed antenna and its array showed
advantages of low profile, reliable structure, and easy fabrication.

- In [67] the proposed antenna was a novel self-packaged substrate integrated
suspended line Quasi-Yagi antenna. The design of the antenna used five substrates with
embedded air cavities and transitions for broadband operation for UWB applications of
3.1-10.6 GHz. Quasi-Yagi antenna was proposed and the substrate integrated
suspended line structure that had the merits of planar and substrate integrated cavity
structure was introduced in the patent. Of the five substrates, 1%, 2" 4™ and 5™ were
FR-4 laminates with thickness=20 mil, dielectric constant €,=4.4, loss tangent=0.02
and 3" substrate was Rogers 4003C laminate with thickness h2=8 mil, dielectric
constant £,,=3.38, loss tangent=0.0027 with 50Q2 SMA connector was used to feed the
antenna. The Rogers 4003C laminate was used with FR4 to achieve higher antenna gain
and radiation efficiency. The maximum measured gain was 8.1dB and the bandwidth of
the simulated gain was from 5.2 to 9.5 GHz. The measured results showed that the

antenna operates with an UWB frequency.

- In [6] a design of a planar Quasi-Yagi antenna capable of achieving high Front to
Back ratio, high gain and relatively wide bandwidth was proposed. The antenna design
covered 2.45 GHz ISM band. The antenna was made of seven elements up of 5 director
elements and they were different in length, 1 driven dipole like L-shaped dipole antenna
printed on both sides of the substrate and a reflector ground plane as usual. The
substrate used for the design was the Rogers Duroid RT5880 with an €=2.2 and a loss
tangent=0.0009. The thickness of the board was 1.575 mm. The antenna was fed using a

simple 502 microstrip transmission line printed on the top side of the substrate and a
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ground plane printed on the bottom side of the substrate. Wide bandwidth was achieved

through the strong coupling between both the first director and the driven dipole.

- In [8] a design of 4x4 square structure microstrip Quasi-Yagi beam steering
antenna array this array consists of sixteen element antennas operation at 3.5GHz for
future 5G vehicle and millimeter waves applications was proposed. the proposed Quasi-
Yagi antenna was printed on the FR4 substrate with dielectric constant £=4.4, loss
tangent=0.02 and thickness=1.15 mm and fed by 50€2 input impedance. The simulation

results showed that the antenna array had high gain and wide bandwidth.

- In [68] a wideband and low-profile monocone Quasi-Yagi antenna was presented to
produce a nearly end fire radiation beam. The proposed antenna consists of a driven
element, two rows of grounded cones as reflectors, and another two parasitic cones
beside the driven element to suppress the sidelobe level and improve the front-to-back
ratio of the radiation beams. This original top hat monocone antenna was modified by
cutting two slots on the top loaded patch and then adding conducting pins shorted to the
ground plate. The antenna was fabricated with copper and tested with and without slots.
The obtained measured results show good agreement with simulated ones. The
operating frequency band was broadening significantly from 5.5 to 17 GHz with one
slot on the top hat and adding the second slot on the top hat was widen the bandwidth
further, which covers 5.6-18 GHz. The proposed antenna showed advantages of
extremely low profile, broadband, moderate gain, good front-to-back ratio, and sidelobe

level.

1.10. Aim of The Study

3-300 GHz is referred to as the extremely unexploited high frequency of UWB or
millimeter- wave band [69]. In this thesis, the aim is to focus on these regions to design
an optimal small antennas which can be used for UWB and millimeter waves
applications [70]. The slotted Bow-tie, CPW fed Bow-tie and Quasi-Yagi antennas are
selected for them ability to carry high frequencies with small size. In the next chapters,
the proposed antennas will be explained, and simulation of each antenna results will be

given.



CHAPTER 2

ANTENNA CONFIGURATION

In this chapter, the simulation program and its components are given in designing and

simulating the antennas. The configuration of the designing process is given in details.
2.1. The Simulation Program

Various simulation software is used as an evaluation and configuration tool for the
majority of the work carried out in a different research like (CST, HFSS, etc.) [62],
[63], [3], [7]. [68]. Some of these software deal straightly with the design's elements but
the other programs depend on the programming language to design the configuration
shape. One of these programs is the HFSS which is a very useful simulation program.
To measure the electrical performance of high frequency and high-speed elements,
HFSS uses a 3D full-wave Finite Element Method [71]. Models can be built with

different geometries, materials, and boundaries [72].
2.2. Antenna Design and Experimental Analysis

The software used to design antennas is High-Frequency Simulation Software (HFSS) it
is one of the widely used simulation tool to describe and optimize the performance of
antennas [73]. The complete process of antenna design and experimental analysis used
to design antennas are shown in the Figure 2.1. the steps of the flowchart given in figure
2.1 are explained in the subsections.
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@

[ Select Antenna Geometry ]

y

[ Determine antenna's required parameters ]

—»[ Select new substrate (2.2<€:<12) ]

y

[ Select setup frequency and sweep limits ]

y

[ Set the boundary conditions and analysis J

Optimal
design

Figure 2.1. Flowchart of the designing process

2.2.1. The Antenna Design

The first step to design an antenna is to determine the required parameter of the antenna.
The parameters can be the substrate dimensions, material, and feeding position, etc.
according to the coordinate system. HFSS has a huge library of varied materials with
different dielectric constant and also new materials can be added normally. The general
range of the dielectric constant is between 2.2 < € < 12. All these factors and others
depend on which frequency band that the antenna will be operated. These substrate
materials are mostly used as a state in the literature review section, six different types of
substrates (Arlon CuClad 217, FR4_epoxy, Nelco N4000-13, Neltec NH9294, Rogers
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RT/duroid 5880 and RT/6010 LM) will be examined. These materials represent the top

requested materials for high frequencies designs [74].

Once the required parameters, dimensions and the material of the substrate are chosen,
the second step is to choose the patch antenna design on the top face of the substrate.
The most critical point in the patch design is the feeding point. In the designs two kinds
of feeding (the microstrip feeding line, and the coplanar waveguide) are dealt. The
dimensions of the patch can be controlled to create the desired shape. Then, ground
plane is created, which is usually on the back side of the substrate and everything

created according to the coordinate system.
2.2.2. The Frequency Setup and Sweep Limits

The third step is called the adaptive frequency (which frequency will be selected to
solved the model). The adaptive frequency should be set ‘in band’ at the expected
solution frequency, especially for highly resonant structures. If a wideband structure is
being analyzed, then the frequency should be set at the highest frequency of expected
operation. After selecting the adaptive frequency, the final stage is to choose the

frequency sweep. When specifying the frequency sweep there are three options:

- Discrete: This sweep offers the highest accuracy as it performs a full solution at
every frequency specified in the sweep. This sweep is best when only a few
frequency points are necessary to accurately represent the results in a frequency
range.

- Interpolative: Estimates a solution for an entire frequency range. This sweep is
best when the frequency range is wide and the frequency response is smooth e.g.
a filter.

- Fast: Generates a unique full-field solution for each division within a frequency
range. This sweep is best for models that will abruptly resonate or change
operation in the frequency band. A fast sweep will obtain an accurate

representation of the behavior near the resonance.

Throughout this thesis, the discrete and/or fast sweep are used.
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2.2.3.The Boundary Conditions and Analysis Results

In the fourth step, the boundary conditions are set and the analysis is made. With the
model created, the boundary conditions need to be specified. Generally, these can be
split into excitations or surface approximations. There are many types of excitations
possible in the simulation programs, but the main ones used for the models throughout
the thesis is lumped ports. Ports are unique types of boundary conditions that allow

energy to flow into and out of a structure:

- Wave ports: These ports can be placed internally or externally, and support
multiple modes of transmission. They also support reference plane de-
embedding and arbitrary mode re-normalization. They are well suited for
exciting most transmission lines, though setting them up can be complex.

- Lumped ports: These ports are recommended only for surfaces internal to the
geometric model. There is only a single mode excited at the port (TEM) and
there is no de-embedding. They are simpler to set up and are ideal for exciting

transmission lines such as microstrip.

Figure 2.2 shows an example of a Microstrip feeding port. The orientation of the field at

the port can clearly be seen to be in a lump port mode.

0 1 2 (mm)

Figure 2.2. Microstrip port as a lump feeding port
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With the model created and an excitation specified, then the surface approximation for

the radiation boundary is selected. There are two main options for this selection:

Radiation Boundary — The radiation boundary, also known as the Absorbing
Boundary Condition (ABC) allows waves to radiate infinitely far into space. The
boundary is normally assigned to an airbox, which is placed at least one quarter
of a wavelength, at the lowest frequency of interest, away from any radiating
object. A drawback to this boundary is that if there is any energy incident at an
angle greater than 30 degrees it will be reflected. This means for curved
surfaces; the boundary should follow the shape. For example, a wire dipole
should have a cylindrical boundary around it.

Perfectly Matched Layer (PML) — Like the radiation boundary, the PML allows
waves to radiate infinitely far into space. The PML is not strictly a boundary
condition but a fictitious, complex, anisotropic material that fully absorbs the
EM fields impinging upon the PML boundary. The main advantages of the PML
is that there is no angle of incidence problem and the boundary can be placed a
minimum of one tenth of a wavelength, at the lowest frequency of interest, away

from any radiating object.

Figure 2.3 shows an example to the patch antenna enclosed in an air box with and

without the boundary.

(@) (b)

Figure 2.3 Two antenna models (a) with (b) without radiation boundary

Importing and exporting models for analysis and design is also carried out. After

choosing the frequency setup and the sweep band configuration, the results are among

the most important things to be chosen with caution and care. There are several types of

result offered by the simulation programs and all of them depend generally on the
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fundamental of antenna parameters which mentioned before (Input impedance, S-
parameters, Radiation pattern, Directivity, Efficiency, Gain, VSWR) is selected, these
parameters represent the base to design any antenna. The most efficient one which
controls completely the antenna design is the S-parameter (return loss). This represents

the last step before analyzing the design.
2.2.4.The Optimization Methodology

The antenna designs can be improved by optimizing either the dimension or the feeding
point of the antenna. These two parameters, completely affected the results and affect
them. The lack of closed form formula for the designs and the variety of the designs
lead the designer in using optimization methods and algorithms. Therefore, numerical
techniques remain another option for analysis and synthesis of the antennas. The
simulation program offers an optimization technique that can help with improving the
solution result in parametric way. As mentioned before that the proposed antenna
designs are CPW fed Bow-tie, slotted Bow-tie, and Quasi-Yagi antennas. Each one of
the presented design has a special parameter can be improve and optimize the solution

results.

Bow-Tie antennas generally, depends on the designs geometry where the inside width,
outside width, and the tri-length control the triangle shape and size while the gap port
length and the port gap width control the slot measurement and the feed offset position

even the substrate dimensions control the solution frequency result and affect it.

The Quasi-Yagi antenna design has many parameters that control the shape of the
Quasi-Yagi like the director length (Lgji), the director width (Wgi,), the director space
(Sqir), the driven length (Lgyi), the driven width (W), the driven space (Sqri), the feeding
length (L), the feeding width (Wj), the length of the Quasi-Yagi structure is controlled
by (Li, Lo, L3 and L,) and the width of the Quasi-Yagi structure is controlled by (W,).

The most effective parameters are the director and driven elements.

The optimization technique for these parameters should not exceed the required limits
for all design parameters and must satisfy the characteristics of required components. If
the results are satisfied, the design is accepted as the optimal design; otherwise, the

dimensions are optimized again.



CHAPTER 3

THE RESULTS OF THE PROPOSED DESIGNS

In this chapter, the optimal designs and the results of each design (Bow-tie and Quasi-

Yagi antennas) are given sequentially.
3.1. Bow-tie Antenna Results

Two types of Bow-tie Antennas (CPW fed Bow-tie and slotted Bow-tie antennas) are

designed. In the next subsections, each result is obtained with the optimal design.
3.1.1.CPW fed Bow-tie Antenna Results

CPW fed Bow-Tie antenna is designed in tri-band frequencies (9 GHz, 15 GHz, and 21
GHz) for both UWB and millimeter waveband systems.

For this design, five different substrates are used and analyzed to find the optimal
design and result. In the design of the antenna, the dimensions values given in Table 3.1

are used.

Table 3.1. Initial values of CPW fed Bow-tie antenna design

The variables Elements Values (mm)
Outside Width 13.3
Inside Width 34
Arm Length 21
Feeding length 12
Feeding Gap Width 1.2
Substrate Length 64
Substrate Width 34
Substrate Thickness 1.57
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The first substrate is Arlon CuClad 217 which it is one of the Rogers crop. substrates
with 1.57mm of thickness and €,=2.17. The result of Sy; for this substrate gives a good
tri-band for S-band, C-band, and X-band which are 3.5 GHz at —14.5 dB, 7 GHz at —26
dB, and 10.5 GHz at —16 dB, respectively, as shown in the Figure 3.1.
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Figure 3.1. The Sy; result for Arlon substrate with 1.57 mm of thickness

The substrate thickness is changed to 0.635 mm and tested again. The second result
shows approximately the same tri-band 3.7 GHz at —17 dB, 7.4 GHz at —30.5 dB and

11.2 GHz at —13 dB with using the same substrate material, as shown in Figure 3.2.
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Figure 3.2. The S;; result for Arlon substrate with 0.635 mm of thickness

In the next design, the substrate material is changed to Rogers RT/duroid 5880 with a
€=2.2 and 1.57 mm of thickness. The result for this substrate is very close to the result

of Arlon CuClad substrate. The new S1; result in S-band, C-band, and X-band which are
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3.5 GHz at -13.6 dB, 7.5 GHz at —27.5 dB, and 10.7 GHz at —16.5 dB, respectively, as

shown in Figure 3.3.
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Figure 3.3. The S;; result for Rogers substrate with 1.57 mm of thickness

The substrate thickness is changed to 0.635 mm and tested again. The second result
shows approximately the same tri-band 3.7 GHz at —20 dB, 7.6 GHz at —26 dB and 11.5
GHz at —11 dB as shown in Figure 3.4.
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Figure 3.4. The S;; result for Rogers substrate with 0.635 mm of thickness

The next step is changing the substrate material to the FR4 epoxy substrate with €,=4.4
with 1.57mm of thickness. The result shows an improvement in bandwidth according to
the increase in the dielectric constant. The new antenna work for C-band and X-band
which are 5.5 GHz at -14.3dB, 8.5 GHz at —17.8dB, and 11.3 GHz at —14dB as shown
in Figure 3.5.
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Figure 3.5. The Sy; result for FR4 substrate with 1.57 mm thickness

After changing the substrate thickness to 0.635mm the antenna improved too much in
gain and bandwidth and the antenna approach a better result with the FR4_epoxy
substrate. The S;; in Figure 3.6 shows that the antenna has a tri-band in C-band, X-
band, and Ku-band which are 6.25 GHz at —38dB, 9.8 GHz at —25dB, and 12.7 GHz at —
24dB.
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Figure 3.6. The Sy; result for FR4 substrate with 0.635 mm thickness

In the next design, the substrate material is changed to Neltec NH9294 substrate with
€=2.94 with 1.57mm of thickness. The new substrate result in X-band, Ku-band, and
K-band which are 9.8 GHz at —27 dB, 16 GHz at —25 dB, and 22.3 GHz at 41 dB as
shown in Figure 3.7.
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Figure 3.7. The Sy; result for Neltec substrate with 1.57 mm of thickness

The substrate thickness changed to 0.635 mm and the Si; result shows that the antenna
has a tri-band in C-band, Ku-band, and K-band which are 7 GHz at —26 dB, 15 GHz at —
35 dB, and 22.7 GHz at —16.6 dB as shown in Figure 3.8.

XY Plot 3 HFSSModell &
000 — Curve Info
| — dB(s(Portt,Port))
00 ] [Setupt s Sweept
-8.00 —
-12.00 —]
El =
§-16.00 —
o ]
£ ]
3 ]
7-20.00 —]
@ .
© -
24.00 —]
28.00 —]
32.00 —
-36.00 T T T T T T T T
6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00
Freq [GHZ]

Figure 3.8. The Sy; result for Neltec substrate with 0.635 mm thickness

The last substrate in this thesis for this design is Nelco 4000-13 with €,=3.5. The result
is shown in Figure 3.9 and gives a good impression about using this kind of substrate
metal. Before optimization, the Nelco N4000-13 substrate with 1.57mm of thickness
has a tri-band in X-band, and Ku-band which are 9.4 GHz at -27 dB, 15.1 GHz at —36
dB, and 21 GHz at —37 dB.
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Figure 3.9. The S;; result for Nelco substrate at 1.57 mm of thickness

After the substrate thickness changed and reduced to 0.635mm, the result improved and
it reached the 21 GHz. The antenna also has a tri-band in Ku-band, and K-band which
are 13.5 GHz at —23dB, 16.9 GHz at —14dB (a little bit critical), and 20.6 GHz at —
50dB. The Sy; result is shown in Figure 3.10.
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Figure 3.10. The S;; result for Nelco substrate at 0.635 mm of thickness

The last step for this design is to optimize the last result. In the next step, the design
optimized by controlling the dimension of the antenna. The values of the last
dimensions obtained for Nelco N4000-13 substrate with 0.635mm of thickness is given
in Table 3.2.




Table 3.2. The CPW fed Bow-tie antenna final dimensions

The variables

Elements Values (mm)

Outside Width 13
Inside Width 1
Arm Length 20.8

Feeding length 12

Feeding Gap Width 1
Substrate Length 56
Substrate Width 34

Substrate Thickness 0.635
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Antennas always prefer to be in spherical coordinate systems. rEtotal give the total

radiated E-field, so theta and phi are the most suitable candidate for efficiency and

directivity of the antenna. The optimal antenna result has a tri-band in X-band, Ku-band,
and K-band which are 9.1 GHz at —27 dB, 14.5 GHz at —40 dB, and 20.5 GHz at —34
dB; the VSWR < 2. These Sy; result, VSWR result, Radiation directivity and also the

total radiated E-field results are shown in Figure 3.11-3.14.
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These solution results represent the optimal result for this kind of antenna and it covered

different spectrum starting from the UWB to millimeter waveband regions.

3.1.2.Slotted Bow-tie Antenna Results

In this thesis study, slotted Bow-tie antenna designed and optimized for millimeter

waves and 5G applications. The frequency band of original Bow-tie antenna design is

between 6 and 7 GHz. The dimensions values and the Si; result is shown in Table 3.3

and Figure 3.15 [24].

Table 3.3. The dimensions of original design

The variables

Elements Values (mm)

Outside Width 11.5
Inside Width 0.5
Arm Length 16.75

Feeding Gap Width 2.7
Substrate Length 23
Substrate Width 37

Substrate Thickness 19.5
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Figure 3.15. The Sy; result for the original design

The purpose is to improve this antenna by using the slot technique for higher frequency

bandwidth. The frequency region that looking for in this design is 28 GHz which




44

represent the candidate for next generation of communication for 5G applications. The
geometry of the proposed antenna is optimized and improved in various times until it
reaches the optimal design. The same of the CPW fed Bow-tie antenna, five substrate
materials are used to reach the optimal antenna design.

For this design, five different substrate materials are designed and simulated to find the
optimal substrate for slotted Bow-tie Antenna design. The first optimized dimensions
values given in Table 3.4. These dimensions test with the same five substrates but the
results are unsatisfactory. The solution results are critical at 28 GHz frequency can be

seen in Figure 3.16.

Table 3.4. The first dimension of the proposed antenna

The variables Elements Values (mm)
Outside Width 2.9
Inside Width 0.2
Arm Length 3.1
Feeding Gap Width 0.2
Feeding Gap Length 0.6
Substrate Length 10
Substrate Width 10
Substrate Thickness 1.57
Return Loss Slotted Bow Tie Antenna &,

Curve Info

— dB(S(L,1))
Setupl : Sweepl
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T T T T T T
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Figure 3.16. The first design of slotted Bow-tie antenna
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The dimensions of the antenna optimized again are listed in Table 3.5. The new values

show a very promising solution results with the five type of substrate materials.

Table 3.5. The first optimization values

The variables Elements Values (mm)
Outside Width 1.9
Inside Width 0.1
Arm Length 2.1
Feeding Gap Width 0.1
Feeding Gap Length 0.5
Substrate Length 10
Substrate Width 10
Substrate Thickness 1.57

Using Arlon CuClad 217 substrate material with €,=2.17 the result is 32 GHz at —40 dB

as shown in Figure 3.17.
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Figure 3.17. The Sy; result using Arlon CuClad 217 substrate

Using Rogers RT/duroid 5880 substrate material with €,=2.2 the result is 32 GHz at —38

dB as shown in Figure 3.18.




46

XY Plot 2 Slotted Bow Tie Antenna Rogers RT-duroid 5880 Substrate &
- Curve Info
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Figure 3.18. The S;; result using Rogers RT/duroid 5880 substrate

Using FR4 epoxy substrate material with £€=4.4 the result is 24.3 GHz at 54 dB as

shown in Figure 3.19.
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Figure 3.19. The Sj; result using FR4 substrate

Using Neltec NH9294 substrate material with €=2.94 the result is very close to the aim

of this antenna of 28GHz for 5G applications and millimeter waves bands. The result is
28.72GHz at —33 dB as shown in Figure 3.20.
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Figure 3.20. The Sy; result using Neltec NH9294 substrate

Using Nelco N4000-13 substrate material with £€=3.5 the result is 24.8 GHz at —-45 dB

as shown in Figure 3.21.
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Figure 3.21. The Sj; result using Nelco N4000-13 substrate

With changing the substrate thickness to 0.635 mm all the antennas improved them
frequency but lost them gain except Nelco N4000-13 as can be shown in the Figures
3.22-3.26.
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Figure 3.22. The Sy; result for Arlon CuClad substrate
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Figure 3.23. The Sy result for Rogers substrate
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Figure 3.24. The Sy; result for FR4 substrate with 0.635mm thickness
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Figure 3.25. The Sy; result for Neltec substrate
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Figure 3.26. The Sy; result for Nelco substrate

The previous results showed that Nelco substrate was the best results when using 0.635
thickness. The next step is to optimize the dimensions again for Nelco substrate to get
the closest value to 28 GHz frequency and without crossing the limits of slotted Bow-tie
antenna shape. As done before with CPW fed Bow-tie Antenna, the simulation program
offers an optimization technique can help with improving the solution result. The
dimension values of the antenna control completely the solution results. Changing these
values affect the solution result as shown in the Figure 3.27, where changing the

substrate width three times give three different Sy; results.



50
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Figure 3.27. Three different results with three different substrate widths

As it clears from Figure 3.27. above, changing the dimensions give different results. So,
the new dimensions that give a sharp 28 GHz with Nelco N4000-13 substrate and €,=3.5
at 0.635 mm of thickness which represent the next generation substrate of

communication are given in Table 3.6.

Table 3.6. The final dimensions value

The variables Elements Values (mm)
Outside Width 1.9
Inside Width 0.1
Arm Length 2.1
Feeding Gap Width 0.1
Feeding Gap Length 0.5
Substrate Length 3.9
Substrate Width 6
Substrate Thickness 0.635

The S1; solution result for sharp 28 GHz at —30 dB, VSWR result, radiation pattern and
3D gain Total are shown in Figures 3.28-3.31 which represent the optimal solution

result for this kind of slotted Bow-tie Antenna.
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Figure 3.28. The Sy result for the optimal design
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Figure 3.29. VSWR result for the optimal design
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Figure 3.30. Radiation pattern result for the optimal design
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Figure 3.31. Gain Total result for the optimal design

3.2. Quasi-Yagi Antenna Results

The proposed antenna started with designing a single element of Quasi-Yagi Antenna
on a different substrate like Arlon CuClad, Rogers RT/duroid 5880, FR4_epoxy, Neltec
NH9294 and Nelco N4000-13, substrate width, length, and thickness are 15, 18, and
0.635 mm, respectively with the dimensions values as given in Table 3.7.

Table 3.7. The elements values of Quasi-Yagi antenna

The variables Elements Values (mm)
Lair 3.7
Wiir 0.6
Sair 24
Lari 4.2
Wi 0.6
Sari 3.6
Ly 3
L, 1.2
Ls 4.5
() 1.2
Lt 3
Wi 1.2
Wi 0.6
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The director works as a parasitic element, generating mutual coupling with an active
element, and then realizes the function of adjusting the input impedance. But the Si;

results for the five substrates are unsatisfactory as shown in Figure 3.32.
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Figure 3.32. The S;; result with using different substrates materials, (a) Arlon, (b)
Rogers, (¢) FR4, (d) Neltec and (e) Nelco

From the figures above, the best result is FR4 substrate because the FR4 material has
the higher €, than the other substrates. After that level the constraint on a high €, and a
good substrate which it should be used for higher frequencies like RT/duroid 6006 &
6010 Laminates which used usually for UWB communication design [67], [75]. This
material has been designed for the demand of high & from microwave circuit
applications requiring. &€ of RT/duroid 6010LM laminate=10.2 and its feature ease of
fabrication and stability in use [76]. Therefore, it used in the design of Quasi-Yagi
Antenna and it improved the gain and the bandwidth. The first design is a single

element of Quasi-Yagi Antenna on RT6010LM for UWB applications. The new
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substrate is proved an improvement in the frequency and gain at 10 GHz with the above

elements values as shown in Figure 3.33.
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Figure 3.33. The result for the first Quasi-Yagi Antenna
The dimensions values are changed, optimized, and examined the new substrate width,
substrate length, and substrate thickness are 30, 21, and 0.635 mm, respectively and the

other dimensions values are given in Table 3.8.

Table 3.8. The final dimensions value

The variables Elements Values (mm)
L air 3.3
Wiir 0.6
Sir 2.4
Lari 3.9
Wi 0.6
Sari 3.6
L, 3
L, 1.2
Ls 4.5
Ly 1.2
L¢ 3
W, 1.2
Wi 0.6
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For single Quasi-Yagi antenna, the Si; final result can be shown in Figure 3.34.
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Figure 3.34. The result of Quasi-Yagi antenna after optimization

The next step is to design an array of two Quasi-Yagi Antenna and test the result. Using

the same element values and substrate of the above antenna. The antenna has a
broadband in C-band and X-band which it is 8.2 GHz at —18 dB, and 10.3 GHz at —28

dB. The Sy; result is shown in Figure 3.35.
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Figure 3.35. The Sy; result of two Quasi-Yagi antenna array

In this design, two 1x4 uniforms linear array (subarray) of an antennas director have

been used as shown in Figure 3.36, where each radiating element of them is excited by

signals with equal magnitude.
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Figure 3.36. The Quasi-Yagi antenna design with the subarray

The return loss, VSWR, Radiation pattern and Gain Total results improved and as
shown in Figures 3.37-3.40, the last antenna design has a broadband in X-band which it
Is 10 GHz at —21.5 dB, and 11.9 GHz at —22.5 dB. This broadband generally used for
UWB Applications.
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Figure 3.37. The Sy result after adding the subarray
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Figure 3.38. VSWR result after adding the subarray
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Figure 3.39. Radiation pattern directivity result after adding the subarray
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Figure 3.40. The Gain Total result after adding the subarray
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As mentioned before in the Bow-tie Antenna to use the optimization techniques that

given in the simulation program. In Quasi-Yagi Antenna, this optimization technique

cannot help to improve the solution result anymore. Many different times, the

dimensions of the antenna are changed and tested but the results do not improve and it

IS unsatisfactory to get a broadband for X-band spectrum as shown in the Figure 3.41.
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Figure 3.41. The Sy; result with two different director length values




CHAPTER 4

CONCLUSION, DISCUSSION, AND FUTURE WORK

In this thesis, CPW fed Bow-tie, Slotted Bow-tie, and Quasi-Yagi patch antennas have
been proposed and designed for UWB and millimeter waveband communication
systems and applications. Different substrates materials have been used in the designs,
to make a comparison and to investigate their performance to reach the optimal result.
The designs are also optimized in order to get smaller antenna size for next generation

mobile communication systems with the high frequencies.

In the first antenna design, CPW fed Bow-tie antenna is simulated for tri-bands in UWB
and millimeter waveband spectrums. Five different substrates (Arlon CuClad 217,
FR4 _epoxy, Nelco N4000-13, Neltec NH9294 and Rogers RT/duroid 5880) used. The
result of Arlon substrate and Rogers substrate are very close to each other even with
changing the substrate thickness from 1.57 mm to 0.635 mm. The tri-band results are S-
band, C-band, and X-band (3.5 to 3.7 GHz at —-13 to —17 dB, 7 to 7.6 GHz at —26 to —30
dB and 10.5to0 11.5 GHz at -11 to —16.5 dB).

The substrate changed to FR4_epoxy and investigated with changing the substrate
thickness from 1.57 mm to 0.635 mm. The tri-band results are C-band, X-band, and Ku-
band (5.5, 6.25 GHz at -14, -38 dB, 8.5, 9.8 GHz at -17.8, —25 dB and 11.3, 12.7 GHz
at —14, 24 dB).

The last two substrates are Neltec NH9294 and Nelco N4000-13. The simulation results
show a great competition between them, where both belong to the same material's crop.
The Neltec substrate also is investigated in two different thickness of substrate 1.57 mm
and 0.635 mm. The tri-band results are C-band, X-band, Ku-band, and K-band (9.8, 7
GHz at -27, -26 dB, 16, 15 GHz at —25, —-35 dB and 22.3, 22.7 GHz at -41, -16.6 dB).
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The Nelco substrate tri-band results are X-band, Ku-band, and K-band (9.4, 13.5 GHz at
-23,-23dB, 12.5, 16.9 GHz at -15, -14 dB and 15.1, 20.6 GHz at -50, -50 dB).

The dimensions of this antenna are optimized and tested again with different substrate
materials. The only best results are obtained by using Nelco N4000-13. This substrate
expressed as a next generation high Tg FR-4 dielectric substrate, where it is very
promising for the new technologies with a high-frequency band for either UWB

applications or millimeter wavebands applications.

The CPW fed Bow-tie antenna optimal result for the optimized substrate is tri-band in
X-band, Ku-band, and K-band (9.1 GHz at —27 dB, 14.5 GHz at —40 dB and 20.5 GHz
at —34 dB), the VSWR < 2 and the Gain Total gave good radiation toward theta.

The second antenna design is slotted Bow-tie antenna for millimeter waveband at 28
GHz which represent the candidate for 5G technology. The slot design is an old
technique that used in antenna configuration to improve better gain and bandwidth. In
this thesis, the same five substrates (Arlon CuClad 217, FR4_epoxy, Nelco N4000-13,
Neltec NH9294 and Rogers RT/duroid 5880) used to investigate the optimal design and
to reach the ideal result at sharp 28 GHz. The dimensions of the proposed antenna are

improved in different times until it reaches the optimal design.

The Arlon CuClad substrate result is 32 GHz at —40 dB with 1.57 mm and 35 GHz at —
17 dB with 0.635 mm. The Rogers substrate result is 32 GHz at —38 dB with 1.57 mm
and 35 GHz at —16 dB with 0.635 mm. The FR4 substrate result is 24.3 GHz at -54 dB
with 1.57 mm and 27.6 GHz at —8.5 dB with 0.635 mm. The Neltec NH9294 substrate
result is 28.7 GHz at —33 dB with 1.57 mm and 31 GHz at —11 dB with 0.635 mm. The
Nelco N4000-13 substrate result is 24.8 GHz at —45 dB with 1.57 mm and 26.5 GHz at
—27 dB with 0.635 mm.

After optimizing the antenna substrate thickness from 1.57mm to 0.635 mm, it is clear
that the Nelco substrate still the best choice to optimize again until it will reach the
optimal solution at sharp 28 GHz. The dimensions values of the antenna optimized
again with Nelco substrate, where the result of the return loss, VSWR and radiation
pattern showed a good match with the required frequency 28 GHz at —30 dB, VSWR <
2 and good directivity results.
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The last proposed antenna is Quasi-Yagi Antenna design in an array of two elements
and sub-array of 1x4 directors to enhance the gain and radiation pattern. The substrate is
RT/duroid 6010LM with high €=10.2 which usually used for UWB frequencies. All the
elements of Quasi-Yagi antenna control the results but the most affected parameters are

the director length and the driven length.

The first result for the antenna without the subarray design shows broadband in C-band
and X-band which it is 8.2 GHz at —18 dB and 10.3 GHz at —28 dB. After adding the
subarray, the return loss, VSWR, Radiation pattern and the Gain Total results greatly
improved. These results show a broadband in X-band which it is 10 GHz at —21.5 dB
and 11.9 GHz at —22.5dB. This broadband generally used for UWB applications.

The results of the three designs reach the aim of this thesis which it is the optimal result
for each antenna. The results are very promising to open the gate for the next generation

of communication systems.

Many issues related to antennas design have been addressed in this thesis. However,
other issues may be considered for further investigations like implementation of these
antennas and comparing the measurement results with the simulation results. While
valuable results about using metamaterials, antennas are obtained at different modern
studies, more related structures could be developed. The recommended structures
should be optimized to reduce the electric field intensity around the most effective
radiating parts and increase the magnetic field. This can be another future path for
antennas design of further larger radiation. It could also be beneficial to investigate the
effect of metamaterials on the radiation pattern of the proposed antenna designs. As a
future work, the proposed design will be optimized by using different metaheuristic

techniques.
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