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ABSTRACT

Phased Array antennas are one of the key components of the system design in the 5G wireless
technology. They have many attractive benefits to offer in Sub-6 GHz for MIMO technology.
The main benefit is their ability to directionally steer the main beam with the help of the
electronic phase shifters without mechanically re-positioning the individual antennas.

In this report the design, optimization and simulation results of a dual-polarized phased-array
self-grounded bowtie antenna is discussed. A detailed literature study has been performed on
the basic concepts of antenna. Moreover, published papers for the self-grounded bowtie
antenna have been analysed for a deeper understanding of the working principles of the self-
grounded bowtie antenna. Different modelling techniques were studied and applied on the
design of the single element to achieve the desired performance.

A compact wide-band, 4 by 4 dual-polarized phased-array self-grounded bowtie antenna has
been designed and analyzed for the bandwidth of 3.1-4.8 GHz, with the aim to manufacture a
prototype. For broadside direction, the array has a directivity of 14.3-17.8 dBi and a reflection
co-efficient better than -15 dB for the entire bandwidth. For scanning up to £30°, the elements
in the middle of the array have reflection co-efficient better than -10 dB for the bandwidth of
3.1-4.7 GHz in both E-and H-plane. For scanning up to +45° the middle elements have
reflection co-efficient better than -10 dB for the bandwidth 3.1-4 GHz in E-plane and in H-
plane. Almost all elements have reflection coefficient better than -8 dB for the bandwidth 3.3-
3.6 GHz.

For scanning up to £60°, almost all elements have a reflection co-efficient better than -8dB for
the frequency band 3.2- 3.5 GHz in E-plane and only the corner elements (elements:1, 13, 16
and 4) had a reflection co-efficient better than -8dB for a frequency band of 3.36-4.85 GHz in
H-plane. The grating lobes appear only when scanning for 60 ° for frequencies higher than
4.2 GHz.

In conclusion, the array has a good performance for main beam steering up to £45°. A prototype
is under the process to be manufactured to show promising performance and a potential place
in the market for wideband phased array antennas.

Keywords: Phased-array, dual-polarized, Bowtie, Self-grounded Bowtie antenna, beam-
scanning.
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1 INTRODUCTION

With the development of 5G technology on the way, new chapters unfold for the wireless
networks. 5G has a lot to offer in technology which paves the way for many advanced
applications. 5G is about higher data rates, efficient spectrum utilization, lower energy
consumption, higher bandwidths, greater capacity and security and so many other things.

It is becoming understandable that the frequencies between 30 GHz-300GHz, also known as
the millimeter-waves frequencies will become the frequency band for 5G network. But many
problems are needed to be taken care of while working on the millimeter waves especially for
the high coverage. For instance, signal attenuation is quite high due to atmospheric absorption
for these frequencies and rain and fog attenuates the signal, thus reducing the range of the
signal. Other than that, millimeter signals are easily scattered by the rain droplets, as they are
roughly the same size as the mm wavelength. Hence many problems need to be solved for the
millimeter.

Whereas, frequencies under the 6GHz provides an alternative over the millimeter-waves for
5G networks. Although less spectrum is available for sub-6GHz, but the MIMO technology
along with many antennas can solve many problems. In MIMO technology interference is
minimalized and it can accommodate many users at the same time with the added benefit of
higher date rates. It is believed that the MIMO technique can provide date rates higher than 1
Gps [1]. With multiple antennas transmitting data at the transmitter end and with multiple
antennas at the receiver end to receive, one can make use of the limited radio frequency
spectrum.

This calls for the need for phased array antennas for 5G MIMO technology. Phased array
antennas provide directive beam forming without compromising the gain and bandwidth. The
combination of ultra-wide band antennas with MIMO technique can provide the benefits of
both, that is high data rates and a very wide frequency band in 5G.

1.1 Aim of the project

In this project, a sub 6GHz self-grounded bowtie phased array antenna is designed for a 5G
MIMO network. The aim is to design, fabricate and analyze the phased array self-grounded
antenna for sub-6GHz, with the aim to manufacture a prototype. However due to time
constraint this report only contains the results corresponding to the simulations, as the
prototype had not been manufactured yet.

This report is divided into four main parts: First part is the detailed study of the basic concepts
of the antenna, different UWB antennas, the self-grounded bowtie antenna and some useful
modeling techniques are discussed a well. The second part has the design and the structure of
the single element and the simulation results for the single element. In the third part simulation
results of the array antenna are discussed. The fourth part has discussions and further
improvements of the design and a few recommendations on future work.
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2 LITERATURE STUDY

This chapter contains a detailed literature study of some basic concepts of antenna. Different
antenna types are mentioned and UWB antennas are discussed. Published papers for self-
grounded bowtie antennas were conferred. Moreover, some modelling techniques that proved
beneficial while designing and optimizing the element design are also mentioned.

2.1 Antennas

Antenna is a device which can receive and transmit electromagnetic signals from a system
design to free space and vice versa. It acts as a directional filter in free space for electromagnetic
waves [2]. In a wireless network system, antenna is an important block of the receiver and the
transmitter. It is a transducer which converts the electromagnetic wave energy which it receives
from the free space into alternating electric current.

2.1.1 Different Antenna types and Uses

Antennas are used in wireless telecommunication ground stations for point-to-point radio links,
direct broadcast, local area network, mobile telephony, traffic tolls systems and navigation.
They are also use in satellite wireless communication for providing communication with other
satellites and with earth stations for different purposes such as broadcasting satellite TV
signals, transmission of data between earth stations and different satellites. They are also used
in handheld mobile systems such as mobile phones, moving vehicles etc. These days antennas
are used in different radar applications in military as well as civilian. One example of airborne
and space borne radar is Synthetic Aperture Radar, SAR, which can generate electronically
larger antenna than the physical one for its high-resolution image processing [2].

Many different types and variations of Antenna exist for many different applications. We have
wire antennas which include dipoles, monopoles, loops and Yagi Uda. These antennas have
low gains and used for lower frequencies. They have an advantage of being low in weight and
cost. Other than that, we have aperture antennas like horn and waveguide antennas. Aperture
antennas are mostly used at millimeter-waves and microwaves frequencies and have moderate
gains. Reflector antenna like corner and parabolic reflector and lens antennas can be
categorized as aperture antennas. Third category of antenna is of printed antennas which
include patch antennas, microstrip patch antennas, printed slots and dipoles on a substrate.
These antennas can be tapered or arrayed to have high gains and mostly used for millimeter-
waves and microwaves frequencies. Bowtie and log periodic dipole array are log periodic
antennas, which have high gains and wide bandwidths. Recent works have been done on
dielectric resonator antenna and frequency independent antennas [2] [3] [4].

An array of antennas can be made with two or more antenna elements with a feed network. It
is possible to achieve better performance than the single antenna element as we can get higher
directivity and gain with array antennas [2]. Which will be discussed more in Section 2.2.5.
Many different form of array antenna exist such as linear, planar or conformal. Single and
multibeam forming and steering and sidelobe levels can be controlled by the feed network of
the array antenna.
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2.2 Basic Antenna Concepts

This section covers some basic antenna concepts that were used throughout the project.
2.2.1 Far-Field Distance and Radiation

The antenna is usually needed to transfer signals at large distances in the far field region, where
the electromagnetic waves radiating spherically away from the antenna appear as plan waves.
In the far-field distance, the wave-front of the spherical radiated waves of the antenna become
close to phase-fronts of a plan wave and the near-fields of antenna become negligible. This
approximation depends on the maximum dimension D of the antenna and the wavelength and
can be expressed as [2] [3],
2D?

r= Tm (2-1)
The radiated electric field in the far field distance of an arbitrary antenna placed in the origin
of the spherical coordinate system can be expressed as [2] [3],

E(r,0,¢) = G(#) e /%o = G, p) eIk ~ (2-2)

Where G (8, ¢) is the complex far-field function or the radiation field function in the spherical
co-ordinate system. E is the vector notation of the electric-field and k, = 27T/)L is the

propagation constant of the wave in the free-space. & and ¢ are unit vectors of the spherical
coordinate system and r is the radial distance from the origin. The electric field radiate away

from the antenna in the radial direction, with an amplitude variation of 1/r and phase variation
of e=JkoT,

7 =xX+yy+ 22, r=+x2+y2+2z2 and FT=r/r (2-3)
The magnetic field can be calculated form the electric field [4]

Hr,0,¢) = %ﬁ x E(r,8,d) (2-4)

2.2.2 Polarization of the Radiation Fields

The time-harmonic E-and H-fields of the plane wave propagate along the positive z-direction
and have components in x- and y-direction E, , E,, H,and H,,. We can modulate different
signals on these components on the same frequency and make use of the frequency more
effectively. The receiving or transmitting antennas also need to be polarized accordingly and
need to have good isolation between different polarization to receive and transmit signals of
different polarizations [2]. The antenna can be dual polarized. Meaning that on the same
frequency we can modulate different signals on the two E-field components in the x-and y-
direction.

The polarization of the plane wave is always defined by the direction of the electric field only.
It is the trace made by the tip of the electric-field of the electromagnetic wave as it propagates
on the plane perpendicularly to the direction of the propagation. Plane waves can be polarized

18



linearly, circularly and elliptically. When E-field is parallel to the y-axis or x-axis, the plane
wave is linearly y-polarized and x-polarized respectively.

The total electric- and magnetic fields can be expressed in its x- and y-components, [2]

E=Ee ™ =[E2+Eple’™ and H=- % [E,% + E,5]e ™ (2-5)

Electric field can be expressed into its co-polar component E,, and cross-polar component E,,,
which are parallel to the unit vectors co and xp respectively. These unit vectors are orthogonal
to the unit vector Z. One of the component is treated as the desired component and the other as
undesired component. The co-polar component is usually treated as the desired component and
cross-polar as undesired component [2]. The co- and cross-polar component of the E-field can
be calculated by the scalar multiplication with €6 and xp respectively,

E=E.c0', E, =E.xp* and E = [E,C0+ E,Xp|e /" (2-6)

When the E-field is linearly y-polarized, the co- and cross-polar E-field components are,

co =79, Xp =% (2-7)
E, = Et'j\’* = Ey (2-8)
E, =E.X =E, (2-9)

Similarly, when the E-filed is linearly x-polarized, the co- and cross-polar E-field components
are

=%  xXp=-9 (2-10)
E,=E.% =E, (2-11)

(2-12)
2.2.3 Radiation Pattern

It is the plot of the magnitude of the far-field strength versus the angular position around the
antenna at a fixed distance [3]. Radiation patterns can be omnidirectional, directional and
isotropic depending on the antenna. Many other radiation patterns exist. For examples Radars
have crescent shape beams. Antennas with pencil-shaped beams have narrow beams and low
side lobes. Omni directional antennas have doughnut shaped beams and are ideal for
connecting to devices that are on the same plane or to either side of each other.

The graphical representation of the co-polar far-field function is of interest and it can be
represented in polar, rectangular and 3D form with the magnitude of the far-field function
expressed in dB, as a function of polar angle or theta 6 for a ¢ plane or for ¢ in the polar(theta)
plane [2].
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Figure 2.1 Far-field radiation pattern in the Cartesian co-ordinate system showing directivity as a
function of phi in theta=90 plane. The main lobe level at 8.03 dBi and side lobe level at -5 dBi.

Radiation pattern consists of main lobe called the main beam, nulls and many side lobes usually
lower in magnitude than the main beam. They are always normalized to the level on the axis
6 =0 [2].

Geo(0,9)

2
am<o,¢>| dB (2-13)

@, @, qb))dB = 10log

2.2.4 Directive Gain and Beam Width

Directive gain is the ability of an antenna to focus power in a given direction. Antenna’s far-
field function are normalized to the isotropic levels G5, by the total radiated power and
expressed in dBi (relative to the isotropic level) and are called as the directive gain of the far-
field function. The directive gain of the co-polar far-field function is defined as,
_ 160 OO 5

(DCO(9,¢))dB = 10log Gl dBi (2-14)
Where the G5, isotropic radiation is the radiation from the point source and it radiates
uniformly in all directions with the same intensity regardless of the direction of the
measurement. And it is defined from the co-polar component of the far-field radiation function.

Whereas, the directivity is the value of the gain in the center beam of the far-field radiation
pattern and for the centered beams it is given at G, (0,0).

Beam width is the width of the main beam of the antennas radiation patterns. Many antennas
have narrow beam width meaning that they transmit power over small angular distance. Such
antennas have high directivity. While some have wider main beam width and they can transmit
power to a wider angular region. They have low directivity. Each of these antennas have their
own applications. Often the term 3dB beam width is used to express antennas focusing ability
and it’s the angular width of the main beam where the power has dropped to 3 dB from its
maximum value at & = 0°. It is also called the half-power beam width.
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2.2.5 Theory of Linear Array Antennas

Two or more than antennas elements can be arranged into a straight line making a linear array.
Planar arrays can be think of linear arrays of many linear arrays. Theory of linear array is also
applicable to planar array. The Array antenna systems have many benefits over single
antennas. The Far-field function of the array with equal and same orientated elements can be
actually found by the product of element factor and array factor.

GA(®) = G(®)AFE) (2-15)

AF(f) = ¥N_. A, e/Pneikmt (2-16)

where AF(F) is the array factor and
AF(F) = ¥N_, A, e/Pneikmnt (2-16

is the general representation of the array factor, which can be found by two methods. One is

the element by element sum which is time consuming for larger arrays and the other is the
infinite grating lobe sum. The infinite grating lobe sum is better for infinite arrays as it takes
less time [2].

Using the element by element sum he array factor can be expressed as [2]

. da
AF(E) = AN SN EaTko) ) jrei pise (2-17)
Nsin(N(kq—kg)?e/,)

where k, is the product of the propagation constant and the cosine of the angle a between k
and a .

k, = kcosa (2-18)

Array Factor as infinite grating lobe sum can be expressed as [2]
o ikt i 1 e — e 2
AF(r) = e]kr.rce]d)cd_azp:_oo(—l)p(lv 1)A (ka_k¢ + pd—a) (2'19)
Where
- ® . L .
A(ky) = f_ooA(a)efkaada = {; A(a)e*%dq (2-20)
/2

As the Fourier transform of the amplitude excitation is zero outside the interval

_L/2 <a<L/2
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2.2.6 Steering Main Beam and Grating Lobes

One of the advantages of the array antenna is that the main lobe can be steered up to different
scan angles by changing the phase progression A¢ between the elements, using the beam-
scanning feeding network of the array. We can write the relationship between the phase
progression and the angle a = «, for which the array has the main lobe as,

k —
cosay = ¢/k = Ad)/kda (2'21)

We can also express it in 8, of the spherical co-ordinate system by aligning the array along the
Zaxissothata = 2,

k _
C0590 = ¢/k = Ad)/kda (2'22)

When a, = 90°, the A¢p = 0°, we have a broadside array as it radiates normal to the array axis.
For array to radiate along the axis, @, = 0° and phase difference becomes some value

depending on lambda and element spacing A¢ = —kd, = — 2";“. We can also steer the main

lobe to any direction in the ¢ plane [2]. Grating lobes also appear periodically nest to the main
lobe according to

(k,—ky)d, = —p2m, for p=+1+2.. (2-23)

Grating lobes are undesirable and should be avoided in all cases unless they can be suppressed
by element patterns. To avoid them the element spacing should be less than according to

A

d, < —————
a 1+|cosa0|+A/L

(2-24)

According to the above equation, the element spacing should be less 14 for in a long broadside
array and for end-fire array the element spacing should be less thanl/zll. The A in the above
equation should be used of the highest frequency of the bandwidth of the array.

2.2.7 Aperture Efficiency, Directivity and Affective Area

For aperture antennas and array, maximum directivity increases with electrically larger
aperture of area A,

4mA

Dipgx = Z (2-25)
In terms of aperture efficiency, which is the ratio of actual directivity of an aperture antenna
. . . . .. . . 4TA
due to imperfections to the maximum directivity given by equation D, = —
(2-25), we can write directivity as, [3]
A
D = gy 4,1L (2-26)
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2.2.8 Electrical length of Antenna

Antennas electrical length can be different than its physical length. It is dependent on its
physical length, the frequency and the dielectric constant. The electric length is expressed in
terms of wavelength. For a half wavelength dipole resonating at frequency=150 MHz, the
wavelength is equal to A = C/f = 2m the electrical length of the dipole equals to [, = 0.5 1

and the physical length is [, = % =1m.

2.3 Modeling Techniques

Different modeling techniques were studied and implemented on the antenna model from the
published papers that could help in designing of the array of self-grounded bowtie antenna to
achieve the desired performance. The techniques which helped in achieving the results are
mentioned below. However, the detailed implementation of these techniques on the antenna
model is discuss in Section 3.2.

2.3.1 Inductive and Resistive Loading

Majority of the antennas work on the principal of resonance. An antenna will resonate at their
resonant frequency when the capacitive and inductive reactances’ cancel each other. At the
resonant frequency antenna’s impedance is purely resistive by definitions, which matches the
characteristic impedance of the transmission line. At frequencies away from the resonant
frequency the impedance can include some capacitive or inductance. An antenna which is
shorter than its resonant length is electrical short antenna and has some capacitive reactance in
its structure. Similarly, an antenna which is longer than its resonant length is electrical long
antenna and has some inductive reactance in its structure.

We can change the electrical length of the antenna, by implementing capacitive and inductive
loading. In this way we actually change its resonant frequency of the antenna [2]. In multiband
antennas, we must use both inductive and capacitive loading to reach the multiple resonance
frequencies. Different loading techniques have been implemented [5] on microstrip wide band
antenna, which was used as reference in this work. In Capacitive loading slots are made in the
planar structure that are perpendicular to the current direction. Where as in inductive loading
slots are made parallel to the current direction. Both loading techniques were implemented on
the antenna design.
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2.4 Ultra-Wide Band Wireless Technology and Self-
Grounded Bowtie Antenna

UWB is a radio wireless technology uses lower power consumption for high bandwidth
communication. According to FCC, to be classified as UWB the bandwidth of the
transmission needs to be more than 500 MHz [6]. UWB is spread over a wider range of the
frequency spectrum and does not interfere with conventional narrow band communication.
Because of its lower power consumption, it is well suited for short distance communication.
It is also different from other conventional narrow band system transmission by means of
transmission of information technology. UWB send short impulses over a broad spectrum.

2.4.1 UWB Advantages and Applications

UWB have low complexity and low cost due to their nature of transmission of signal. They do
not require up-converters or down-converters [7]. Moreover, they can be incorporated in low
powered circuits. They have noise like spectrums which are resistant to severe multipath and
jamming [7] and this property makes them useful in military applications. The noise like nature
of the UWB make unintended detection difficult, but it also causes no interference with other
existing radio system. It can offer high data rates up to several hundred Mbps for
communications links and it is believed that number of users in impulse radio communication
is also large. Because of their good time domain resolution because of their narrow time
domain-impulse nature. This means they can offer good timing precision which is beneficial
in location and tracking applications. They are used a lot in short- radar applications such as
surveillance operations, anti-crime and rescue operations. However, they do not offer deep
material penetration along with time precision at the same time. UWB has gained popularity in
MIMO networks as the combination of both can help achieve high data rates in
communications, accommodate more number of users with less interference and efficiently
utilize the spectrum.

2.4.2 UWB Antennas

UWB antennas are gaining a lot of importance in the wireless communication because of their
faster data rates, low power consumptions and low cost. Especially in the areas where a large
amount of data is needed to be transmitted over the radio frequency band 3.1-10.6 GHz for
wireless communications [8]. Ultra-wide band antennas cover a wide frequency bandwidth
(>500 MHZ), with multiband transmission of radio signals. One UWB antenna can replace
many narrow band antennas which can reduce the number of antennas needed. This is
beneficial in applications which require wireless device to operate in different frequencies. the
radiation pattern of UWB antennas can be omni-directional and directional depending on the
antenna design and applications.

UWB antennas can be classified into 4 categories [9]. The Bowtie dipoles, mono- and bi-
conical dipoles and log-periodic dipoles array come under the category of scaled structures.
These antennas have dipoles like characteristics with wider bandwidths and reasonable gain.
They have a lot of applications in UHF terrestrial TV, HF communication for diplomatic traffic,
electromagnetic compatibility measurements etc. However, they have bulky structures which
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limit their applications [10]. The other category is the self-complementary structure which
include many antennas such as the self-complementary spiral antennas. They are used in the
commercially and military for many UWB applications like GPS. The equiangular spiral
antenna have a low profile, circular polarization and omnidirectional [11]. Vivaldi antennas are
also widely used for UWB applications and come under third category of travelling wave
antennas. They have directional radiation patterns and have many uses in the field of medicines
and radar and imaging system. However, they are of larger dimensions and bulky in nature,
which is a problem where compact low-profile directional UWB antennas are required. Lastly,
we have multiple-resonance structure as the last category of UWB antennas. They are low
profile structures with omni-direction radiation patterns. The microstrip antenna in [12]
generates multiple-mode resonance and surface plasma wave and has a very wide bandwidth
of 3.3 GHz to 12 GHz. In [13] a multiple-mode slot-line radiator is proposed and developed
which has a working band of 3.6 GHz -10.5 GHz. Many work has been done on UWB dielectric
resonators, which is a new type of directional UWB antenna.
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2.5 Self-Grounded Bowtie Antenna

The self-grounded bowtie antennas were first conceptionally realized in [9] and [14]. This
paper also discusses the transition from bowtie to self-grounded bowtie antenna. It had three
stimulated designs of the self-grounded bowtie antenna in CST microwave studio for a very
wide bandwidth of 2-15 GHz and out of which one was manufactured, and the performance
was analyzed. All the designs showed very promising stimulated results for the reflection co-
efficient, radiation patterns and time-impulse response. The stimulated reflection-coefficient
was almost less than -10dB and far-fields radiation patterns were stable and directive mostly,
for the entire bandwidth. The manufactured designed of the self-grounded bowtie was very
compact with promising results compared to other UWB antennas. The reflection co-efficient
of the prototype was measured with a balun and it was less than -10 dB for most part of the
bandwidth and less than -7 dB for the entire band. The measured radiation patterns were
measured in ¢ = 45° and were very directive for the entire band, with a directivity of 5.8 dBi
for the entire band. The radiation efficiency was measured in the reverberation chamber, which
was the measure of the ohmic losses and an important characteristic of the UWB antennas. It
was almost 0 dB for the lower end of the band and increased for the higher frequencies. This
prototype was very compact with good characteristics amongst the other UWB antennas. It had
only one port and hence only linear polarization was possible. Moreover, since no optimization
was done to this prototype, this design had a lot potential to be improved. There on many
published papers have been written on self-grounded bowtie antennas.

In [15] a 4-port dual-polarized self-grounded bowtie antenna was presented. It was also a very
wideband antenna with a bandwidth of 1.5-3 GHz. The directivity of each of the petal was 4.8
dBi. It was a very flexible compact antenna and it could be used as a 4-port antenna in the
wireless communication in the MIMO system. It could also be used a directional 2-port dual
polarized in line-of-sight applications such as radar and sensing systems. The antenna presented
in [16] was also 4-port self-grounded antenna but it was only optimized for MIMO in the
reverberation Chamber.

In [17] and [18] a linear array configuration is proposed of the improved version of the dual-
polarized self-grounded bowtie antenna in [9] and [14] for Random Line-of-Sight Over-The-
Air measurements. The proposed array in [17] has an 8 x 1 configuration and it is dual-
polarized over the bandwidth 1.6-2.7 GHz. The measured reflection co-efficient of the
manufactured prototype is below -10dB over the entire bandwidth. Moreover, the realized gain
for both the polarization is 13-18dB. The dimension of each array element is
110 mm by 110 mm. Which correspond to A at the highest frequency of the bandwidth. It was
this design of the self-grounded bowtie antenna that was used for modelling and optimization
in the project. The self-grounded Bowtie can be also applied to medical applications [19] and
[20].
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3 SINGLE ELEMENT DESIGN AND SIMULATION

This chapter covers the specifications of the antenna, and the design and simulation of the
single element of the array antenna. The self-grounded bowtie antennas in the published papers
discussed above showed good performance for an ultra-wide-band antenna amongst other
UWB antennas. A phased array configuration of 4x4 of the self-grounded bowtie antenna was
designed for a different bandwidth than the published papers.

In the previous research papers [17] and [18], a linear array of Nx1 was designed and a
prototype was manufactured. In this project, for the first time a NxN phased array antenna of
the self-grounded bowtie has been designed and optimized. The antenna in [17] was used for
modelling and optimization in the project to achieve the desired specifications and results
discussed below.

Such array antenna is also intended to be manufactured as a single prototype. However, due
to time constraints the manufactured prototype’s results were not covered in this report.

3.1 Designs Specifications

The aim of the project was to design and analyze a dual polarized phased array of self-grounded
bowtie antenna in both planes, E- and H-plane. The main aim was to achieve a directional
scanning of the array up to +60°, with good impedance matching and directivity. However,
this was not a deemed requirement and beam scanning up to + 45° was considered good
enough. Since this antenna is dual-polarized, good isolation between the polarizations was an
important goal. Along with that, good isolation between the elements of the array was also an
important aspect of the array antenna. The single element had to be compact. An important
goal was to achieve the required bandwidth of 3.1-4.8 GHz with a good reflection co-efficient
of -15 dB for the single element and -10dB for the array. This project was conducted with the
aim to manufacture a prototype, therefore the antenna had to be modelled in such a way that
the manufacturing could be done faster and cheaper without compromising the results.

3.1.1 Bandwidth

The bandwidth of interest for this prototype was 3-5 GHz, which later got changed into 3.1
GHz- 4.8GHz for the array antenna.

3.1.2 Element Spacing and Beam Scanning of the array antenna

To scan the main beam of the array, the element spacing of the elements in the array antenna
needs to fulfill the criteria to avoid grating lobes for the corresponding scan angle a,. When
the array is scanning up to + 60° ,the main beam is at 60° from the broadside, and therefore
ay = 30°.
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We can calculate the element spacing, d, to avoid grating lobes:
A
< p)
1+ |cosaq| +4/;
c
o Ir
¢ 714 |cosay|

3. 108/
4.8.10°
1+ |cos 30|

d

d, <

d, < 33.49mm

The term A/L was ignored in the calculations as it becomes very small for a large value of L,

which is the length of the array. Moreover, d, was calculated at the highest frequency of the
bandwidth which is f = 4.8 GHz.

3.1.3 Number of ports and Polarizations

The symmetrical 4 ports geometry was maintained with good isolation between the ports. The
array antenna should be excited for single and dual polarization. Therefore, isolation between
the two polarizations was an important feature and needed to be very high for the array design.
This was analyzed for different scanning angles as well in a 2-port network of the whole array
with its embedded S-parameters.

3.1.4 Elements Isolation

To achieve good isolation between each array element, boundary walls around all sides of the

element were added with the wall height of /10/4 in the element [17], which was later resized
for optimum performance of the antenna in the array.

3.1.5 Polarization Isolation

The single element was optimized for reflection co-efficient less than -15 dB over the entire
bandwidth, when the opposite ports were excited with differential excitation. Moreover, the
original self-grounded bowtie antenna in [17] had a good intrinsic isolation between the
differential excited pairs of ports, which also helped to achieve good isolation between the two
polarizations.

3.1.6 Directivity
Directional radiation patterns with good directivity were required to steer the beam.
3.1.7 Easy Manufacturing

Many modifications were made to make manufacturing and assembling process easy, fast and
cheap without compromising the antenna performance. It was important that the total height of
the self-grounded bowtie element was less than 40 mm. Secondly, the petals were folded, so
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they had a curved curvature/surface rather than flat top. Because the element was so small and
compact, the folded petals made the assembling process easier and more practical than flat
petals’ top. The diameter of the coax cable connections in the elements were modified so that
they are exactly like the available ones in the market. Moreover, for the antenna to be “assembly
friendly’, it was established that the minimum gaps between the different parts of the element
were at least 1mm apart. Otherwise, other means had be taken to ensure that they do not get in
contact with each other. For example, to prevent the corner of one petal of the antenna to be in
contact with other petal, plastic could be made stand in between them but, in that case, too it
would affect the performance anyway.
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3.2 Element Modelling and Design

b
@ (b)

Figure 3.1 Single Element Design (a) with boundary walls, (b) without boundary walls

The single element was designed for an array configuration. It needed to meet all the
specifications discussed above. The modelling and optimization of the single element was done
with periodic boundary conditions for x- and y-axis. The reflection co-efficient, far-field
patterns and gain were mainly monitored. Unit cell boundary conditions were used for scanning
of the main beam and reflection co-efficient, far-field patterns and directivity were monitored.
The single element was optimized for a minimum reflection co-efficient of -15 dB over the
required bandwidth with good isolation between the element pair of differential ports.
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3.2.1 Element Dimensions

Tw

Pn

Figure 3.2 Element Geometry and Dimensions

A compact element was designed for the array. Therefore, strict modelling was performed to
meet the criteria set by the design specifications for the dimensions of the element. The most
important being the element spacing, the height of the element and minimum gaps between the
different parts of the antenna.Table 3-1 shows the different dimensions of the single antenna

Th

element.
Parameters/ mm
W, W, szm P, W, T, F; T, G 7 T,
34.08 | 34.08 785 [37.15 [2690 [1192 |745 [3968 |134 |1.49 |0.46

Table 3-1 Dimensions of the Element
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3.2.2 Element Spacing

The antenna in [17] was symmetrical in its design and shape . It was rescaled to a smaller
antenna to achieve the condition for element spacing. An element spacing of d, = 34.08 mm
was achieved after the final optimization that met single element design specifications.

When the element in [17] was rescale to the smaller antenna, the bandwidth shifted to higher
frequencies. To shift the bandwidth to the required frequency, range many modifications have
been implemented in the design. To begin with the element parameters were analyzed by
performing different parameter sweep to see their effect on the bandwidth of the antenna
element.

3.2.3 Height of the Element

The antenna became an electrically short antenna when it was rescaled to a small size and had
some capacitive reactance in its structure. For this purpose, the largest dimension of the antenna
apart from its length or width (element size) was increased so that the element spacing was not
affected.

The largest dimension of the antenna was the total length of the petal when it was flat.
Parametric sweep of different parameters controlling the height of the petals were performed.
It was observed that when the height of the petals was increased, the bandwidth shifted to lower
frequencies. This could be mainly because as the height is increased, the return currents have
longer paths to travel. Although this modification shifted the bandwidth to lower frequencies,
it degraded the reflection coefficient.

3.2.4 Shape of the Petals of the Element

The self-grounded bowtie antenna had four symmetrical petals. The petals were positioned in
such a way that two petals faced the other two. They extended from the ground plane, were
bended almost half way through their lengths and joined in the center of the antenna at the
feeding point.

Inductive loading was applied on the petals of the antenna. By observing the direction of the
surface currents, vertical and horizontal slots were made in different places of the petals. Semi-
circular slots were cut out from the edges of the petal near the feeding. But it rather shifted the
bandwidth to the higher frequencies. Therefore, instead of cutting slots from the edge two
circles were added to the petals along the both sides, which helped to achieve the required
bandwidth. Moreover, after the final optimization, the minimum gap between petals was of
0.80 mm. As this gap was reduced and the petals came closer, the performance was improved.
This might have caused reduced capacitance in the structure. Thus, the addition of the circles
in the petals might had acted as inductive loading. It could also have had the same effect due
to longer petal’s lengths as the circles “‘circumference was added to the overall lengths of the
petals.
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Again, different parameters controlling the shape and the lengths of the petals were swept in
the parameter sweep to see the effect on the bandwidth as well as on the reflection co-efficient.
These parameters were then optimized in the final optimization of the antenna to improve the
reflection co-efficient.

1°

Figure 3.3 Single element structure showing the minimum
gap between the petals

3.2.5 Boundary Walls of the Single Element

Initially the boundary walls were added to maintain isolation between the elements in the array,
but later it was observed from surface current plots of the antenna that the walls also had high
surface current at the top and bottom parts and contributed to the resonance in the bandwidth.

In the final element design, after the final optimization, the height of the walls was W), =
26.90 mm, which was lower than the height of the petals,P, = 37.mm. When W, was
increased to bring it level with petals’ height, the resonance at the high frequency of the
bandwidth was shifted towards the higher frequencies and the low frequency resonance was
diminished. Therefore, it was kept as W, = 26.90 mm as it gave the desired results. It could
be due to mutual coupling between the array elements, since lowering the walls’ height could
result in coupling between the array elements.

It could be that the mutual coupling between the petals and the walls as the gap between them
is very small of 1.34 mum helped in shifting the bandwidth. It could also be due to mutual
coupling between the array elements, since lowering the walls’ height could result in coupling
between the array elements.

Inductive and resistive loading were implemented on the walls to have resonances in the
desired frequency band. Rectangular slots were added in different areas of the walls. It was
observed that these slots had no effect on the reflection co-efficient when they were in the
middle of the walls, as the surface currents are minimum in the middle of the walls. But in the
bottom and the top part of the walls, where the surface currents were the highest, when slots
are added, the lower frequency resonance diminished as the slots got bigger in the top and
bottom of the walls.

33



3.2.6 Feeding and Ports of the Element

Two more parameters which had a strong influence on the bandwidth were the distance
between the ports in the feeding (feeding distance) and the size of the ports. Both parameters
changed port impedances. The distance between the ports was optimized to achieve the desired
bandwidth with good reflection co-efficient. It was observed that when feeding distance was
increased, reflection co-efficient degraded and bandwidth became narrower. Larger feeding
distance also increased the distance between the petals. Better reflection co-efficient and wider
bandwidth was achieved after final optimization, when slightly bigger diameters of the ports
of the coax cable in the antenna structure were selected with line impedance of 50 ohms.

3.2.7 Ground Plane of the Element

The petals must be in contact with the ground plane. Poor or partial contact with the ground
plane degraded the reflection co-efficient and shifted the bandwidth.
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3.3 Single Element Simulation Results

The simulations were performed in CST-Computer Simulation Technique. The single element
was designed for an array configuration. The modelling and optimization of the single element
were done in periodic boundary conditions for the axis-x and -y in TDS, Time Domain Solver,
because it was faster than FDS, frequency domain solver. For beam scanning, unit cell
boundary conditions were used in FDS.

3.3.1 Single Element Broadside Radiation

After the final optimization of the element, a bandwidth of 3.2GHz- 4.9GHz was achieved with
a reflection co-efficient less than -15dB over the entire bandwidth for broadside radiation, as it
is shown in Figure 3.4 (a) Reflection co-efficient when we simultaneously excite the opposite
ports

with differential excitation of single element in periodic boundary conditions(a). This was
when we simultaneously excite the opposite ports with differential excitation and because of
the symmetrical nature of the antenna, opposite ports had same reflection co-efficient for this
excitation. Isolation between the two polarizations was checked with a simple feeding network
of ideal power dividers and phase shifters, in CST schematics. Which basically uses antenna’s
embedded S-parameters to perform different circuitry calculations. The isolation between the
polarization was less than —115 dBi over the entire bandwidth as shown in the Figure 3.4 (b).
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Figure 3.4 (a) Reflection co-efficient when we simultaneously excite the opposite ports
with differential excitation of single element in periodic boundary conditions (b) Isolation between the
polarizations for differential excitation of the ports of the single elements
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Figure 3.5 Far-field Cartesian plot for broadside radiation
of the single element.

Figure 3.5 shows the far field Cartesian plots of the single element in the broadside direction
for frequencies 3.2-4.8 GHz. In the broadside direction, the side lob levels were less than the
main lobe by 14.7 dB and grating lobes were visible in the entire bandwidth. In broadside
radiation, a directivity of 14.3-17.8 dBi was achieved over the bandwidth 3.2-4.8 GHz as shown
in the Figure 3.5. The gain and directivity of the antenna were same as the antenna had a
radiation efficiency of 100%.
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Figure 3.6 Single element directivity plot for an array (4x 4) for broadside radiation.
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3.3.2 Single Element Main Beam Scanning up to +30°, +45° and +60°
in E- and H-planes.

Main beam scanning was done in FDS with unit cell boundary conditions in CST. Theta was
scanned for broadside, +30°, +45° and +60° in E- and H-planes. Since the antenna had
dual polarizations which were orthogonal to each other. So, H-plane in one polarization
corresponded to E-plane in the other polarization.

For the far-field plots, | used the embedded element pattern and the array factor to calculate
the total radiation pattern in CST. This was done for an array of 4 x 4 for different scanning
angles up to +60° to check for grating lobes and directivity. The directivity plots over
frequency were also calculated for an array of 4 x 4 in post-processing.

3.3.2.1 Reflection Co-efficient, Gain, Directivity and grating lobes of

the Single Element

In for scanning up to +30° in the E-plane, reflection co-efficient better than -10 dB was
achieved over the entire bandwidth of 3.2-4.9 GHz as shown in the Figure 3.7 (a). For scanning
up to +45°, the reflection co-efficient was less than -10 dB for bandwidths (3.2-3.6 GHz and
4.6-4.7 GHz). However, while scanning up to 60° no part of the bandwidth less than -10 dB.

In H-plane, for scanning up to +30° ,the reflection co-efficient of less than —10 dB for two
frequency bands: 3.2-3.75GHz and 4-4.9 GHz. These multi-bands get narrow by roughly 700
MHz on both sides as the degree of scanning was increased (for +45°: 3.27-3.7 and 4.10- 4.9
GHz, for £60°: 3.34-3.64 GHz and 4.29-4.65 GHz). We could also see a resonance in the
reflection co-efficient plot in H-plane only in Figure 3.7(b). That could we due to blindness
caused by the surface wave in case of an infinite array. However, it disappeared in the array
simulations. It could also be due to some simulation error.
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Figure 3.7 Reflection Coefficient for different scanning of the single element in(a) E- and (b) H-plane.

For the element, directivity for an array of 4x4 for the broadside direction and scanning were
plotted over frequency. The directivity range over the bandwidth for scanning up to +30°,
+45° and +60° were 13.1-17.6 dBi, 12.5-16.7 dBi and 11.8-15.6 dBi respectively as shown
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Figure 3.8. Grating lobes do not start appearing until scanning for +£60° for frequencies higher
than 4.4 GHz.
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Figure 3.8 Directivity plot for an array (4x 4) for broadside direction
and scanning up to £30°, +45° and +60° in E- and H-plane.

3.3.2.2 Far-Field Plots of the Single Elements in infinite periodic

boundary condition in E- and H-plane:
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planes respectively.
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4 ARRAY DESIGN AND SIMULATION RESULTS

Figure 4.1 Front view the array design in CST

This chapter covers the array simulation and all the different results that were computed to
analyze the performance of the array antenna. The single element was designed in a way so the
final array would automatically meet the goals and therefore no optimization for the array was
needed.

Parameters/mm
Ay A Ap
136.70 137.70 39.68

Table 4-1 Dimensions of the array

Array simulations were done with ‘open boundary conditions’ in TDS. Many different results
were computed for the array antenna design. Reflection co-efficient of all the individual ports
stimulated for simultaneous excitation for the two polarizations were obtained. To see the
combined-reflection co-efficient of each pair of ports for each polarization, waveguide ports in
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the antenna structure were replaced by discrete ports. This was not done with all elements. This
point is further explained in the coming sections of the report.

Moreover, S-parameters of a 2-port network of the whole array was calculated in CST,
Schematics, from embedded S-parameters of the antenna. This is further discussed in the
section 4.1.5

4.1.1 Broadside Radiation of the Array:

25 53 57 61
26 28 54 58 62 64
27 55 59 63
Element 13 Element 14 Element 15 Element 16
21 41 45 49
24 44 48 50
23 43 47 51
Element 9 Element 10 Element 11 Element 12
17 29 33 37
20 32 36 38
19 31 35 39
Element 5 Element 6 Element 7 Element 8
1 5 9 13
2 4 6 10 14 16
3 7 11 15
Element 1 Element 2 Element 3 Element 4

Table 4-2 Front view of the 4x4 array showing symmetry for
reflection co-efficient for broad scanning for one polarization.

When the array was simulated for broadside scanning, even numbered ports (shown in the
Table 4-2) were excited for horizontal polarization and odd numbered ports were excited for
the vertical polarization. However, the array had same results for both polarizations. Therefore,
the report contains results for only one polarization, and subsequent chapters contains results
for horizontal polarization.

Because of the symmetrical nature of the array, ports of same colors had same reflection co-
efficient. Meaning, ports 2, 14, 26 and 62 (shown in the Table 4-2) had same reflection co-
efficient as for horizontal polarization and similarly ports 1, 13, 25 (shown in the Table 4-2)
and 61 had same reflection co-efficient for vertical polarization. This trend was symmetrical
with respect to the middle bold vertical and horizontal lines of the Table 4-2. For easy
understanding, antennas in the same colored boxes had same reflection co-efficient for their
ports corresponding to when excited for vertical and horizontal polarization. This trend was
seen for broadside and for other scanning’s as well.
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4.1.2 Directivity, Grating lobes and Side-lobe Levels of the Array in
Broadside Direction

In the broadside direction the array antenna has a directivity range of 14.2- 17.3 dBi over the
bandwidth of 3.2-4.8 GHz. No grating lobes appear in the broadside far-field radiation pattern
radiation shown in Section 4.2.8 and 4.2.15. The side-lobes are less than the main beam by
16.8 - 13.8 dB.

Directivity, 3D, Max. Value (Solid Angle) 5

17 .
|+ Broadside I ;

16.5 :
15.5 4

14 4

13.5

3 3.2 34 36 3.8 4 4.2 4.4 4.6 4.8 5
Frequency [ GHz

Figure 4.2 Directivity plot of the array in broadside direction.

4.1.3 Individual Port Reflection Co-efficient of Elements in the Array
in Broadside Direction

Almost all ports of the array had reflection co-efficient less than -10 dB for the entire
bandwidth. Ports having reflection co-efficient similar to ports 4 and 20 only had them for
slightly narrow bandwidths. This was because antennas of these ports were on the boundary of
the array and had more losses. Port 4 had reflection co-efficient less than -10 dB for 3.2-3.7
GHz and 4.6-4.9 GHz. Port 20 had reflection co-efficient less than -8 dB for entire bandwidth.
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Figure 4.3 Reflection co-efficient of ports 2, 4,6 and 8
in the array for broadside direction

43



port 18
.10 _\\\‘ £ port 20 {4
A port 30| /|
T L TS| ———poit 32|

-20 3 p T
25
-30

-35

Reflecticn Coefficient [dB]

| 1
-40 |

-45 ]

-50

3 3.2 34 36 38 4 42 44 46 48 6
Frequency [GHz]

Figure 4.4 Reflection co-efficient of ports in the array 18,20,30 and 32
for broadside direction

4.1.4 Combined Reflection Co-efficient of Individual Elements in the
Array in Broadside Direction

To have combined reflection co-efficient of the pair of ports of each element, we replaced
individual waveguide ports with a discrete port. We did this for elements 1, 2, 5 and 6 only,
which are shown in the Table 4-2 Front view of the 4x4 array showing symmetry for
reflection co-efficient for broad scanning for one polarization.. Generally, it was seen close to
the average of the individual reflection co-efficient of the ports. Combined reflection co-
efficient was analyzed to see how much the input reflection co-efficient the power amplifiers
of the feeding network would be getting from each element of the array.

All elements of the array had reflection co-efficient less than -8dB for the entire bandwidth
shown in Figure 4.5. The inner most elements (6,7,10 and 11) have reflection co-efficient
than -10 dB for the entire bandwidth. The corner elements (1, 4 3 and 16) had reflection co-
efficient of less than -10 dB for 3.3-4.8 GHz. Element 2, 3, 14 and 15 had reflection co-
efficient of less than -10 dB for 3-4.6 GHz. Element 5 had a reflection co-efficient of less
than -10 dB for 3.3-5 GHz.

Combined Reflection Co-efficient for broadside
ports 284 |
5 ports 6&8 |
parts 188 20|
10 b ports 30 & 32

=20 |
251

-30 +

Reflection Co-efficient [dB]

35

-40 +

45 ] ]
3 3.2 34 38 38 4 4.2 4.4 4.8 48 5
Frequency [GHz]

Figure 4.5 Combined reflection co-efficient of the ports for
elements 1, 2, 5 and 6 for broadside direction.
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4.1.5 2-Port Network of the Array Antenna

A 2-port network of the array antenna was made in the CST Schematics with a simple feeding
network of only consisting of ideal power divider and ideal phase shifter. Each port was
attached to one of the dual polarization of antenna. In this way, we could calculate total
reflection co-efficient of each port and the isolation between each polarization from the
imbedded S-parameters of the array.

S-Parameters [Magnitude in dB]

-60

dB

-160

3 3.2 3.4 3.6 3.8 % 4.2 4.4 4.6 4.8 5
Frequency / GHz

Figure 4.6 2-port S-parameters for broadside scanning
for the array antenna

S11 and S22 in Figure 4.6 are the reflection co-efficient for each polarization, which was less
than -15 dB for the entire bandwidth 3.2GHz-4.9 GHz. S21 and S12 are the isolation between
each polarization and it was less than -110 dB for the entire bandwidth.
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4.2 Array Main Beam Scanning up to +30°, +45° and +60°
in E- and H-planes for One Polarization

. . . k -
Phase differences A¢ were calculated according to equation cosf0= ¢/k = A¢/k d
a

(2-22) for the scanning angles at the central frequency 4GHz. It was assumed that the software
CST calculates the phase difference at the rest of frequencies itself. This assumption was made
because in solver (TDS), while entering the phase shifts for each port, it asked for the reference
frequency for the entered phase shift values.

The elements of the array were excited for horizontal polarization in E-plan and then H-plane.
To excite the array, the opposite ports of all the elements were simultaneously excited with
differential excitation for in E-plane and then H-plane. The antenna had dual polarizations
which were orthogonal to each other. So, H-plane in one polarization corresponded to E-plane
in the other polarization. By, simulating the array for one polarization in the E- and H-plane
we analyzed the array completely and simulation for the other polarization was not required.

Theta Phase difference
6° A
30° —82.0080°
45° —115.9768°
60° —142.0420°

Table 4-3 Phase difference A¢ for different beam scanning

4.2.1 Directivity, Grating lobes and Side-lobe Levels of the Array for
Main Beam Scanning in E- and H-planes

The directivity range over the bandwidth for scanning up to +30°, +£45°, and +60° were 13.2-
16.8 dBi, 13.6-15.7 dBi and 12.7-13.7 dBi respectively as shown in the Figure 4.7. In the far-
field radiation patterns, the sidelobe levels were less than the main beam magnitude by 10.5
dB and 7.5 dB for scanning up to £30° and +£45° respectively in both the planes and grating
lobe do not appear while scanning up to +45° in both planes. Grating lobes only start appearing
for frequencies higher than 4.2 GHz while scanning up to +60 degrees and for frequencies
lower than that, the sidelobe levels were less than the main beam magnitude by 7.6 dB.
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Figure 4.7 Directivity plot of the array for broadside direction
and main beam scanning up to +30°, £45° and £60° in E- and H-planes

4.2.2 Individual Port Reflection Co-efficient of Elements in Array for
Scanning up to +30°in E-plane

All ports for the array had reflection co-efficient less than -6 dB for the entire bandwidth. For
reflection co-efficient less than -10 dB, the bandwidth became narrow for individual ports. For
elements on the boundary of the array (same colored boxed elements as: 1, 2 and 5), had
bandwidth of 3.1-3.7 GHz for which the reflection co-efficient was less than -10 dB. Which
was quite decent for elements that were on the boundary of the array. They are prone to more
losses. Elements in the middle of the array (elements: 6, 7 10 and 11), had two bands for which
their reflection co-efficient were less than -10 dB from 3-3.6 GHz and 3.2-3.6 GHz.

port 2
% port 4
5F ‘-\ port 6 |2
5 ” e S R -port8

Reflection Coefficient[dB]
o =
P

20 1 L/

<25 1 (54

-30

3 32 34 36 38 4 42 44 46 48 5
Frequency [GHz]

Figure 4.8 Reflection co-efficient of ports 2, 4,6 and 8 in the array
for scanning up to £30° in E-plane
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Figure 4.9 Reflection co-efficient of ports 18,20,30 and 32 in the array
for scanning up to +30° in E-plane

4.2.3 Combined Reflection Co-efficient of Individual Elements in
Array for Scanning up to +£30°in E-plane

To have combined reflection co-efficient of the pair of ports of each element, we replaced
individual waveguide ports with a discrete port. We did this for elements 1, 2, 5 and 6 only,
just like we did for broadside scanning. The elements (elements: 6, 7 10 and 11) in the middle
of the array had reflection co-efficient less than -10 dB for a wide bandwidth of 3.1-4.7 GHz.
The elements on the boundary of the array also had reflection co-efficient less than -10dB for
a wide bandwidth of 3.25-4.6GHz.
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Figure 4.10 Combined reflection co-efficient of the ports of
the elements 1, 2, 5 and 6 in the array for scanning +30° in the E-plane
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4.2.4 Individual Port Reflection Co-efficient of Elements in Array for
Scanning up to +45°in E-plane

Almost all ports of the array had reflection co-efficient less than -8 dB for the bandwidth 3.2-
3.7GHz and this frequency band became slightly narrow for reflection co-efficient less than -
10 dB. Elements in the middle of the array (elements: 6, 7 10 and 11), now had three bands for
which their reflection co-efficient were less than -10 dB: 3.1-3.2 GHz, 3.4-3.8GHz and 4.5-4.8
GHz. Some elements other than boundary ones, had good reflection co-efficient (less than -10
dB) for higher frequencies band (4.5-4.8 GHz).
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Figure 4.11 Reflection co-efficient of ports 2, 4,6 and 8
in the array for scanning up to +45° in E-plane
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Figure 4.12 Reflection co-efficient of ports 18,20,30 and 32
in the array for scanning up to +45° in E-plane
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425 Combined Reflection Co-efficient of Individual Elements in
Array for Scanning up to +45°in E-plane

The elements in the middle of the array had a reflection co-efficient of less than -10dB for a
wide bandwidth of 3.1GHz-4 GHz. In this bandwidth, the elements at the boundary of array
had a reflection co-efficient of less than -8dB.
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Figure 4.13 Combined reflection co-efficient of the ports for
elements 1, 2, 5 and 6 in the array for scanning up to +45° in E-plane
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4.2.6 Individual Port Reflection Co-efficient of Elements in Array for

Scanning up to +60° E-plane

Almost all elements had reflection co-efficient less than -8dB for the frequency band 3.2- 3.5
GHz. This bandwidth gets narrower by 100 MHz on the both sides for reflection co-efficient

less than -10 dB.
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Figure 4.14 Reflection co-efficient of ports 2, 4,6 and 8
in the array for scanning up to +60° in E-plane
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Figure 4.15 Reflection co-efficient of ports 18,20,30 and 32
in the array for scanning up to +60° in E-plane
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4.2.7 Combined Reflection Co-efficient of Individual Elements in
Array for Scanning up to +£60° in E-plane

Elements in the middle of the array had a reflection co-efficient less than -8dB for a frequency
band of 3.1-3.6GHz. Corner elements (elements:1, 13, 16 and 4) had poor reflection co-
efficient in this bandwidth (less than — 8dB). However, elements (elements:2,3, 14 and 15)
had a reflection co-efficient less than -8dB for slightly shorter bandwidth: 3.3-3.65 GHz.
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Figure 4.16 Combined reflection co-efficient of the ports for

elements 1, 2, 5 and 6 for scanning up to +60° in E-plane
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4.2.8 Far-Field Plots of the Array in E-plane:
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Figure 4.17 Far-field plots of the array for broadside radiation and scanning up to £30°, £45° and +60°
in E-plane for frequencies (a) 3.2 GHz (b) 4 GHz (c) 4.8 GHz.
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4.2.9 Individual Port Reflection Co-efficient of Elements in Array for
Scanning up to £30° in H-plane

Elements in the middle of the array (elements: 6, 7 10 and 11 in the Table 4-2 Front view of
the 4x4 array showing symmetry for
reflection co-efficient for broad scanning for one polarization.), had reflection co-efficient less
than -10 dB over the entire bandwidth of 3.2-4.8 GHz. For elements on the boundary of the
array (same colored boxed elements as: 1, 2 and 5 in the Table 4-2 Front view of the 4x4 array
showing symmetry for
reflection co-efficient for broad scanning for one polarization.), had two bandwidths of 3.2-3.8
GHz and 4.5-4.8 GHz for which the reflection co-efficient was less than -8 dB.
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Figure 4.18 Reflection co-efficient of ports 2, 4,6 and 8
for scanning up to +30° in H-plane
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Figure 4.19 Reflection co-efficient of ports 18,20,30 and 32
for scanning +£30°in H-plane
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4.2.10 Combined Reflection Co-efficient of Individual Elements
in Array for Scanning up to £30° in H-plane

To have combined reflection co-efficient of the pair of ports of each element, we replaced
individual waveguide ports with a discrete port. We did this for elements 1, 2, 5 and 6 only,
just like we did for broadside scanning.

The elements (elements: 6, 7 10 and 11) in the middle of the array had reflection co-efficient
less than -10 dB for a wide bandwidth of 3.25- 4.8 GHz. The elements on the corner of the
array also reflection co-efficient less than -10dB for a bandwidth of 3.6-4.8 GHz. Some
boundary elements (elements 3,2,14 and 15) had slightly narrow bandwidth of 4-4.8 GHz for
reflection co-efficient less than -10 dB. While boundary elements like (elements:8, 12,9 and
15) had wide bandwidth of 3.25- 4.8 GHz for reflection-co-efficient less than -10 dB.
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Figure 4.20 Combined reflection co-efficient of the ports for
elements 1, 2, 5 and 6 for scanning up to +30° in H-plane
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4211 Individual Port Reflection Co-efficient of Elements in
Array for Scanning up to +45°in H-plane

Almost all elements of the array had reflection co-efficient less than -8 dB for the bandwidth

3.3-3.6 GHz and this frequency band became slightly narrow for reflection co-efficient less
than -10 dB.
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Figure 4.21 Reflection co-efficient of ports 2, 4,6 and 8
scanning up to £45° in H-plane
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Figure 4.22 Reflection co-efficient of ports 18,20,30 and 32

scanning up to £45° in H-plane
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4212 Combined Reflection Co-efficient of Individual Elements
in Array for Scanning up to +45° in H-plane

The elements in the middle of the array had a reflection co-efficient of less than -8dB for a
bandwidth of 3.2GHz-3.48 GHz and 4.4-4.8GHz. Elements on the boundary of the array had a
better reflection co-efficient than the middle ones. The corner elements had reflection co-
efficient of less than -10 dB for a bandwidth of 3.6-4.8 GHz.
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Figure 4.23 Combined reflection co-efficient of the ports for
elements 1, 2, 5 and 6 for scanning up to £45° in H-plane
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4.2.13 Individual Port Reflection Co-efficient of Elements in
Array for Scanning up to +60° in H-plane

Only a few elements had reflection co-efficient less than -8dB for the frequency band 3.37GHz-
3.8GHz.
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Figure 4.24 Reflection co-efficient of ports 2, 4,6 and 8
for scanning up to +60° in H-plane
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Figure 4.25 Reflection co-efficient of ports 18,20,30 and 32

for scanning up to +60° in H-plane
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4.2.14 Combined Reflection Co-efficient of Individual Elements
in Array for Scanning up to £60° in H-plane

Only the corner elements (elements:1, 13, 16 and 4) had a reflection co-efficient better than -
8dB for a frequency band of 3.36-4.85 GHz.
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Figure 4.26 Combined reflection co-efficient of the ports for
elements 1, 2, 5 and 6 for scanning up to +60° in H-plane.
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4.2.15 Far-Field Plots of the Array in H-Plane:
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Figure 4.27 Far-field plots of the array for broadside radiation and scanning up to £30°, £45° and £60°
in H-plane for frequencies (a) 3.2 GHz (b) 4 GHz (c) 4.8 GHz.
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5 DISSCUSSION

In this thesis work, a manufacturable compact wide band, 4 by 4 dual-polarized phased-array
self-grounded bowtie antenna had been designed and the simulation results had been analyzed
for sub-6GHz. The single element was designed and modelled for an array configuration. In
the broadside direction it had a reflection co-efficient better than -15 dB for both polarizations
and the far-field radiation patterns were stable with a directivity of 14.3-17.8 dBi over the
desired bandwidth 3.1-4.8 GHz. As the main beam of the single element scanned up to +60°,
the reflection co-efficient was compromised. This could be due to the reason that the single
element was optimized mainly in the broadside direction only. However, grating lobes in the
far-field radiation patterns do not start appearing until the degree of scanning is £60° for
frequencies higher than 4.4 GHz.

The array antenna was analyzed for both polarizations in both planes. The E-plane of one
polarization corresponded to the H-plane of the other polarizations. This meant that result of
one polarization in E- would be same as H-plane results of the other polarization. Therefore,
this report only contains simulation results of one polarization in both planes.

The array antenna had a directivity range of 14.2- 17.3 dBi, 13.2-16.8 dBi, 13.6-15.7 dBi and
12.7-13.7 dBi over the bandwidth of 3.2-4.8 GHz for broadside radiation, +30°, +45° and
+60° scanning, respectively, in both planes. Grating lobes do not appear until the main beam
scanning is performed for £60° for frequencies higher than 4.2 GHz and this is because the
element spacing criteria to avoid grating lobes for scanning up to £60° was met while
designing the element. In the broadside direction, all the elements have a reflection co-
efficient better than -15 dB over the bandwidth. However, the reflection co-efficient of the
elements ports in the array was compromised the most when the degree of the scanning is
increased up to £60° . This is because no optimization of the array for different scanning was
performed. The array antenna showed different performance in terms of reflection co-
efficient in both E- and H-planes for a polarization.

5.1 Further Improvements and Future Work

In this thesis work, the element was optimized for broadside direction only over the bandwidth
and no optimization was performed for the different scanning. One area of improvement could
be to optimize the element for different scanning as well. In this way the element could perform
better in different degrees of scanning without showing drastic changes in the performance.

Optimization of the single element was done to achieve the required specifications. However,
no optimization of the complete array antenna was performed in this thesis work. Another area
of improvement and as well further work could be to optimize the complete array antenna to
give better performance at higher degrees of scanning’s. One idea could be to optimize the
elements on the boundary primarily at scanning of £25°. This will not only improve the overall
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array performance, but the array will not show sudden degradation while scanning from
broadside to scanning up to 25°.

As for future work, measurement and validation of the array antenna prototype could be
performed. Moreover, analysis of this array antenna could be performed in in a real scenario
such in a massive 5G MIMO system.

5.2 Potential Applications

This antenna was designed to be used for the MIMO system in wireless communications.
Nevertheless, the antenna, as it can offer all the benefits of the phased array antennas, it can be
used for different applications as well. Phased array antennas are a very popular choice of
antenna in the airborne and ground based wireless communication and radar applications.

In wireless communications, they can overcome the problems of limited channel bandwidth
and reduce the problems of multipath fading, and co-channel interference. When used along
with MIMO systems at the base station, they help to utilize the frequency spectrum more
efficiently and provide higher date rates and accommodate large number of users at the same
time. Multiple beam forming, and steering can provide the benefit for higher coverage in the
wireless communications. By steering multiple beams in different directions and tailoring
beam shape, many mobile users can be accommodated.

Other than that, they can have applications in radar-based systems like remote sensing and air
surveillance. They can also be used in ground traffic control by the traffic police to control and
monitor traffic. In military, they can be used for target detection. They can cancel out
interference from different directions. And have an ability to determine the direction of the
arrival of the signal.
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5.3 Conclusion

A detailed literature study was done on the basic concepts of antenna and different published
papers on self-grounded bowtie antenna were conferred. Different modelling techniques were
studied and applied on the design of the dual-polarized self-grounded bowtie antenna element
which was optimized for an array configuration (N XN). An array of 4x4 of dual-polarized
self-grounded bowtie antenna was designed and analyzed for sub-6GHz with an aim to
manufacture a prototype.

The simulation results of the array showed a reflection co-efficient better than -8 dB, for main
beam steering up to +45°, in the bandwidth of 3.1-4.8 GHz and 3.3-3.6 GHz in E-plane and
H-plane respectively. The radiation patterns were stable and directive. The side-lobe levels
were less than -7 dB than the main beam with no grating lobes while scanning up to +45°in E-
and H-planes. For higher degree of scanning up to +60°, the performance of the array antenna
is compromised.

Further improvements in the array design and potential applications were also discussed in the
report. To manufacture a prototype to further analyze the performance of the array in different
scanning’s was decided. The prototype can show good performance for scanning up to +25° —
35° or maybe more but the prototype needs to be tested before further conclusions can be drawn
on the array performance.
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APPENDIX

Far-field plot- 3D
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Type Farfield {Array]
Approamabon  enabled (KR >> 1)
Monitor farfield (f=3.2) [1(1})
‘Component

Output Dwrectivity
Frequency 32GHz

[ad. effic -0.03072 dB
Tot_effic -0.4835 dB

Dir 13 88 dBi

Type Farfedd (Array)
Approximation  enabled (KR >> 1)
Mornitor farfield (f=4) [1(1]]
Component Abs

Cutput Directivity

Freguency 4 GHz
Rad. effic. -0.05607 dB

Tot. effic 05702 dB

Dur. 15.58 dii

Type Farfield (&rray)
Approdimation  enabled (kKR >> 1)
Monitor farfield (f=4 8) [1(1]]
Component  Abs

Cutput Directivity
Freguency 48 GHz

Rad. effic. -0.02474 08

Tot. effic -0.1405 dB

Oir 17.16 dB1

ELEMENT-45° SCANNING-E-plane

[Ty
D e e -
m
=

e
SUes0 s D



Type
Agprocarmation
Manitar
Companent
Chutput
Frequency
Rad. effic.
Tot, effic,

Dir.

Type
Approxmation
Maritor
Component
Cutput
Frequency
Rad. effic.
Tot, effic

Oir.

Type
Approarmatian
Manitor
Component
O

Fraquency
Rad, effic

Tat. effic.

Dir,

E-Vaator

Fhi

Farfiedd (Array)
enabled (kR > 1)
farfield (f=3.2) [1(1)]
Ahs

Dhrectity
32GHz
-0.02623 B
-0.6703 dB
1302 dBi

E-Veotor

1I

Farfield (Array)
enabled (kR == 1)
farhield (f=4} [1{1)]
Abs

Directhvity

4 GHz

-0.01952 dB

-0 BOAT dB

1492 d&i

E-Vector

Farfield (Array)
enabled (kR >> 1)
farfiedd (f=4.8) [1(1}]
Ahs

Dhrectivity
4.8 GHz
-0.02738 dB
-0.5556 dB
16 68 dBi

ELEMENT-45° SCANNING-H-plane

70

=3
m
b



Type Farfield (Array)
Approamation  enabled (KR == 1)
Moritor farfield (f=3.2) [1(1)]
Component Abg

Cutput Dhirectrty
Frequency 320GHz

Rad. effic <0 (4806 o8

Tot. effic. -1.001 d8

Dir. 1343 dBs

Type Farfield {Aray)
Approdmation  enabled (kR >> 1)
Monitor farfield (f=4) [1(1]]
Component Abs

Qutput Directivity
Frequency 4 GHz

Rad. effic. -0.07847 dB

Tar effic -1.622 d8

Dir 14 96 dBi

Type Farfield {Array)
Approsmation  enabled (kR >> 1)
Monitor fartield (£=4.8) [1{1)]
Component Abs

Qutput i

Frequency 4 8 GHz

ad. effic. -0.02953 dB

Tat effic -0.3764 dB

Owr. 1643 dBi

ELEMENT-60° SCANNING-E-plane

E-Vector

E-Vector

E-Veator

71



Type
Approarmation
Manitor
Component

Fraquency
Rad, effic
Tat. effic.
Dir.

Type
Approimation
Monitar
Component
Output
Frequency
Fead. effic

Tot_ effic.

Dir

Farfield (Array)
enabled (KR >> 1)
farfield (f=3.2) (101)]
Ahs

Dhrectivity
3.2GHz
00412508
-1.336 dB
12.25 dBi

Farfield [Array)
enabied (1R >> 1)
farfiedd (f=4) [1{1)]
Ahs

Dhrectivity

4 GHz
002873 o8
-1.889 dB
14.03 dBi

Farfield {Array)
enabled (KR >> 1)
farfield (F=4.2) [1(1]]
Abs

Drecinaty
4.2 GHz
-0.07768 o8
-2.083 dB
14 45 dBi

E-Vactar

E-Vector

E-Vector

72

dBi



Type
Approximation
Muonitor
Component
Cuaput
Frequency
Rad_ effic.
Tot. effic

Dir.

Approvimation
Mornitor
Component

Frequency
Rad, effic,
Tot. effic
Dir.

Farheld (Asray)
enabled (KR >> 1)
farfield (f=4 £} [1(1]]
Abs

Directvity
46 GHz
-0.03367 o8
-2314 08
15.49 dEx

Farfield (Array)
enabled (KR > 1)
farfiedd (f=4.8) (11)]
Abs

Directivity
4.8 GHz
-0.2606 dB
-7 544 dB
T362 dBi

E-Vactor

73




ELEMENT-60° SCANNING-H-plane
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30° Degrees Scanning_E-plane

Type Farfield
Approximation  enabiled (kR => 1)
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45° Degrees Scanning_E-plane
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60° Degrees Scanning-E-Plane

Type Farfield
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Type Farfield
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30° Degrees Scanning-H-Plane

Tot_ effic
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Type
Approsanmation
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45° Degrees Scanning-H-Plane
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Approsamation
Maoritor
Component
Output
Frequency
Rad. effic.
Tot, effic

Dir.

Type
Approsmation
Monitor

Component
Dutput
Frequency
Rad. effic
Tat. effic.
Dir,

Farfield

enabled (kKR >> 1)
farfield (f=3.2) [5P_45_H]
Ahs

005468 dB
-1.368 dB
1313 480

Farfeld
enabled (KR >> 1)
farfield (f=4) [SP_45_H]

5
Directrvty

4 GHz
-002113d8
-1.157 dB
14.49 d&i

Farheld

enabled (kR >> 1)
farfield (f=4 B) [SP_45_H]
Abs

Directivity

48 GHz

-0 04331 dB

-0.7448 dB

1487 éBi
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60° Degrees Scanning-E-Plane

Type Fafield

Approximation  enabled (kR > 1)

Manitor farfield {f=32) [SP_B0_H]

Component

Cutpu Directivity

Frequency 320GHz

Rad. effic 007507 a8

Tot. effic. -2.381 d8

Dir. 12.70 dBi
—_—

Type Farfield

Approcamation  enabled (KR >> 1)

Monitor farfield (f=4) [SP_B0_H]

Component  Abs

Output Diirectivity

Frequency 4 GHz

FRad. effic. -0.02661 dB

Toe. effic -2118dB

Dur. 13.58 dBi
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Type
Approximiation
Monitar
Companent
Qutput
Frequency
Rad. effic.
Tot. effic

DCur.

Farfield

enabled (kR >> 1)
farfield (f=4.2) [SP_60_H]
Abs

Directivity

4.2 GHz

-0.02500 4B

-2.165dB

13.69 dBi

Farfield

enabled (kR == 1)
farfield (f=4 8) [SP_60_H)
Abs

Directivity

4.8 GHz

-0.03157 08

-1.016 d&

1241 dBi
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