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ABSTRACT

A NOVEL MINIATURIED RADAR ANTENNA DESIGN IN KU BAND
FOR V2X COMMUNICATION

HEYAD, Saif Al-deen
M.Sc., Electrical and Computer Engineering, Altinbas University,
Supervisor: Assoc. Prof. Dr. Dogu Cagdas ATILLA
Date: April / 2023

Pages: 64

The thesis introduces a novel, compact, miniaturized, and low-cost antennas. The proposed
antenna designed on Rogers RT5880LZ lossy and simulate by CST microwave studio.
Novel single element antenna design resulted in a new slotted circular microstrip antenna,
which produced two high directive, gain, and low sidelob level array antennas for Ku band
V2X radar.

The measured S11 for single element, 1x4 and 3x4 antenna array was —24.5 dB, —39.47
dB and —32.16 dB respectively. Moreover, 3x4 antenna design with 12 element have obtain
the highest gain of 16.3 dBi with minimum SLL —30 dB in both of E-plane / H-plane.

Keywords: Microstrip Antenna Array, Automotive Radar, Ku-Band Application, Sidelobe
Level, Reflection Coefficient (S11), Series Feed, And Gain.
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1. INTRODUCTION

1.1 TECHNOLOGIES EVOLUTION

Currently, and because of the evolution of radio communications technologies for
Intelligent Transportation Systems (ITS) over the past decade, the car is intelligent.
Increasingly autonomous cars are enabled by a variety of technology around the vehicles,
including artificial intelligence (Al), image processing, and numerous and sophisticated
sensors. There are a growing number of applications for automotive radar systems in
automobiles around the globe. These components are used in sophisticated Automotive
vehicle systems. It is projected that the usage of these systems will become more frequent
within the foreseeable future, particularly the civilian use of Ku band and mm wave radars
for navigation, road traffic management, safety for highway driving, and security purposes
in addition, satellite antenna and V2S antenna while the ku band have been chosen [1], [2].
In the near future, autonomous vehicles will be both safe and efficient. While automakers
and tech companies around the world promote the concept of self-driving cars, advanced
driver assistance systems are advancing rapidly. lane change assist, Adaptive cruise
control and enhanced emergency braking are examples of technology that are not exclusive
to luxury vehicles. ADAS, This is equivalent to or lower than level 2 according to the
Society of Automotive Engineers (SAE) criteria Autonomous Vehicle Technology, can be
viewed as the foundational technology for advancing to greater levels of automation [3].
Typically, a variety of sensors, such as camera, radar, and lidar, are incorporated into these
systems. Specifically, radar sensors play an important function because to their resistance
to extreme weather conditions [4]. Radar sensors in automobiles can identify the
distance, angular position and velocity of nearby targets. Current market radar sensors are
typically categorized according to their function as long-range-radars (LRR), mid-range-
radars (MRR) [6], and short-range radars (SRR). LRRs commonly have a narrow beam,
can monitor distances up to 200 meters, and utilized in adaptive cruise controls. While in
the short range radar the bandwidth is wider where gives a better image resolution and
typically required in parking function [4].

To meet the future demands of fully automated and autonomous driving, the performance
of car radar sensors must be enhanced. To accurately determine, for instance, the shape and
direction of the surrounding cars, higher-resolution radar images are required [5]. The
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radar sensor is not going to function properly without the antenna system. Planar antenna
arrays, which are often microstrip arrays, are now the most popular option for achieving
both cheap production costs and compact sensor dimensions. This is made possible by the
utilization of planar antenna arrays. However, microstrip antennas have a limited

frequency range [7].
1.2 RESEARCH MOTIVATIONS

As the need for automotive radar antennas is high because technology is changing and
V2X communication is about to be used, this work focused on designing microstrip array
antennas that work at ku band frequencies and have a small form factor to meet the size
limit, high radiation efficiency, relatively high gain, and low side lob level. In this thesis, a
proposal is made for the creation of microstrip patch antennas in array format so that they
can be utilized for Ku band applications.

As this frequency band has multiple applications based on the characteristics of antenna
design, the (V2V) Automotive radar and satellite antenna might share the majority of their
specifications. The architecture is compatible with both radar and fixed satellite or direct
vehicle-to-satellite broadcasting (V2S). In addition, numerous antenna characteristics
linked to total radiation performance, such as antenna kind, feeding mechanism, substrate
selection with respect to dielectric constant, thickness, loss tangent, etc., were investigated.
As a result of this research, a wideband series feed design guide for Ku band antenna array

applications has been developed.

1.3 RESEARCH OBJECTIVES

This dissertation focuses on Method for developing and implementing of a new single
element microstrip antenna design to array antenna for automotive radar and Ku band
applications, which provides the reliability required for effective integration in a vehicle
and is capable of coping with the increased BW resolution potential offered by a single
layer and low dielectric constant. In particular, to attain these objectives, the following are
the key contributions of this thesis:

First, Small size is a crucial factor in automotive radar. To avoid the challenges associated
with radar-vehicle integration, certain automobile models expose the radar through an

opening in the grille. however, printed antenna array with small size would be suitable for
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this purpose. high frequency in mm-wave bands can be smaller, but in the other hand, the
fabrication and cost in ku band better and easier.

Second, bandwidth and directivity. Most of the wideband antennas are attainable by using
high dielectric constant and thicker substrate design. However, the main lobe direction
degree cannot be controlled affected by the loss tangent. In the other hand, using low
dielectric and thin substrate will limit the bandwidth which is the factor of represent the
resolution in Radar and the throughput in satellite application. Nevertheless, thin substrate

and low dielectric can provide appropriate BW with maintaining the directivity.

1.4 THESIS OUTLINES

This thesis' structure is composed of five chapters. The first one is an introduction of
technology evaluation Background, goals, research motivation and scope of the project, as
well as a summary of the thesis, are presented in the first chapter.

The second chapter serves as a state-of-the-art analysis, providing a survey of antenna
theory and description the state of the art in antenna technology for radar and ku band
application Key antenna performance factors, such as radiation efficiency, gain and
bandwidth, are described in this chapter as well.

In the third chapter, we will discuss the process of creating radiation elements. The work
involves parametric research to select the optimal design for a 14.4 GHz as center
frequency antenna based on a circular single patch antenna as the radiation element.
Furthermore, in forth chapter, the substrate and feeding method are discussed briefly for
the array design. In order to assess the far-field behavior for the proposed antenna array,
CST microwave studio simulations were run on a circular array.

The suggested antennas were Fabricated and tested in Chapter 5, with results that were in
line with expectations.

Chapter 6's conclusion and discussion of potential future work for Automotive and V2X

future for Ku band.



2. STATE OF ART

2.1 INTTODUCTION TO ANTENNAS

Radar can't function without its antenna array. Since the array performance has such a
large impact on the radar's capacity to accurately detect targets, it is crucial to set some
specifications and criterion for evaluation that may precisely characterize the connection
between radar performance and array designs [8]. as known, main purpose of the antennas
is to receive and transmitting the electromagnetic-waves. By collecting and converting the
radiated electromagnetic-waves in free space to guided-waves contained by transmission
line, waveguide or feeder cable as receiving component [9]. And vis versa as a radiating
component as shown in Figure 1.1 [9]. In radar the Same mechanism of the antenna but the
receiving waves represent the reflection of the transmitted ones. Therefore, the message
here is an image of the reflector or the target [8]. It is worth mentioning here if the purpose
Is to obtain the reflection of the target, what is the benefit of bandwidth. Simply here, the
bandwidth expresses the accuracy, or we can say that each single frequency represents a
pixel in the reflected image, so the bandwidth is a great importance in improving image

resolution.

E-field

A\
W

I:IIHI T

S
i

Transmission line Antenna Radiated free-space wave

Figure 2.1: Antenna Mechanism Work [9].

As depicted in Figure 1.2, the antenna could be represented in transmission line form
using electrical equivalent circuit. It is not desired that there be losses on account of the
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line, the antenna, and standing waves. Selecting low-loss lines is one way to cut down on
transmission losses while decreasing the loss resistance expressed by RL is one way to cut
down on antenna losses. The line's energy storage capacity should be decreased and
standing-waves minimized. through adjusting antenna (load) impedance to be compatible
with the line's characteristic impedance. In this case, the antenna stands in for the load that
must be matched to the transmission lines [9]. When the antenna is utilized in its receiving
configuration, the source is swapped out for a receiver, and a diagram resembling Figure
1.2 is used to depict the system. All other parts comparable components remain unchanged.
In the receiving mode, the radiation-resistance Rr represents the transmission of energy

again from free-space wave to the antenna.

Ry
| |
N 7E > 77N
iy, % &% K R,
" Y / \ ;)
| v \/ \ | XA
| Standing wave |
| | I
. 2
[<— Source —«———— Transmission line ————>}< Antennna >

Figure 2.2: Thevenin Equivalent Circuit to Antenna As A Transmission Device [9].

An antenna in a state-of-the-art wireless system not only receives or transmits energy but
also optimizes or magnifies the radiation energy in specific directions while suppressing it
in others. Therefore, in addition to acting as a probe, the antenna needs to provide
direction. Depending on the application, where the radar and satellite antennas are needed
for the directive application. antenna may take the form of an aperture, a patch, an array,
conducting wire, a lens, a reflector, or any other form that meets the requirements.
According to Maxwell's equations, any time-varying magnetic or electric field that has an
orthogonal orientation will produce the opposite field and will result in the formation of an
electromagnetic wave. Table 2.1 contains a presentation of the rules of electromagnetism
that were formulated by Maxwell as:

The initial equation used to anticipate changes in electric fields, where D is the electric flux

density and pv is the volume change density.
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The second one for predict electric fields changes, where B represent the magnetic flux
densities.

The third and fourth formulas provide for the propagation of electromagnetic waves by
inducing current displacement and generating a magnetic field, which in turn generates an
electric field. Where Electric/magnetic field intensity are denoted by E and H, respectively

and J is the electric current density.

Table 2.1: Maxwell Equations [10].

Differential Form Integral Forms Description
V-D=p, ng. ds = jgpv.dv Gauss’s law
magnetic charge “Nonexistence
V-B=0 %B. ds =0
of isolated”
VXE 0B ng dL 0 fB das Faraday’s La
=—— .dL =—-—| B. w
% ot ot Y
aD aD ,
VXH:]-I_E fH.dL=f(]+E).dS Ampere’s Law

2.2 ANTENNA KEY PARAMETERS
2.2.1 Antenna Radiation Pattern

The antenna radiation pattern, also known as an antenna pattern, is defined as "a
mathematical function or a graphical explanation the radiation qualities of the antenna as a
function of spatial coordinates." An antenna pattern is also known as an antenna radiation
pattern. radiation pattern is typically established in the far-field area and is characterized as
a function in directional coordinates. This is because the far-field region is the most
unobstructed part of the electromagnetic spectrum [10]. Lobes are used to refer to the
various portions of a radiation pattern, and they can be further subdivided into main as
(major), secondary as (minor), side, and rear lobes. Lobes can also be called segments. A
"part of radiation pattern bordered by regions of comparatively weak radiation intensity" is
what we mean when we talk about a "radiation lobe.” The illustration in Figure 2.3a
depicts 3-dimensional symmetrical polar pattern that has a number of radiation lobes.
Although some lobes have a higher radiation intensity than others, they are all still

considered to be lobes. Figure 2.3b depicts a linear 2-dimensional design for reference.




In this pattern and following ones, the proportional polarization of the amplitude between
the multiple lobes is shown by minus (-) and plus (+) signs that appear in the lobes. This
relative polarization shifts (alternates) whenever the nulls are crossed. the highest value of
the pattern may be observed from the -3 dB or 0.707 from the maximum main lobe, which
was explained in 2.3a to indicate the Half Power Beam width (HPBW). one of most
important considerations that go into choosing an antenna for a certain application is the
radiation pattern, which can take on a variety forms, including the main ones listed below
[10]:

a. lsotropic

b.  Directional

c. Omnidirectional

- ~Major lobe

First-null beamwidth %

(ENBW)
Half-power beamwidth
(HPBW)

Minor lobes ~___ Side lobe
— —— )
//’ "‘ Back lobe
/// Minor lobes
V'S

Radiation
intensity

Half-power beamwidth(HPBW)
First-null beamwidth( ENBW)

- Major lobe

+ |+

Minor lobes

HPBW

FNBW

Side lobe Back lobe

Figure 2.3: (A) 3D-Directional Radiation Pattern, (B) Linear 2D Radiation Pattern [10].
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Isotropic radiator can explain "a hypothetical lossless antenna with equal radiation in all
directions," according to the definition of the term. Even though it is a theoretical construct
and cannot be realized in practice, it is frequently used as a point of reference for
measuring the directional features of real antennas.

The omnidirectional radiation has the property of being non-directional in the plane of
azimuth ( 0 =n/2) but directional in the plane of elevation ( ¢ =constant), as can be seen in

Figure 2.4 [10].

Antenna

Radiation
pattern

Figure 2.4: Omnidirectional Pattern [10].

The definition of what is known as “directional antennas” are having the property of
emitting or receiving electromagnetic radiation more successfully in certain directions
more than others as shown in Figure 2.3a. Because of the importance of directionality to
both radar and satellite technology, this task requires the employment of directional fields
in both of those technologies. When using radar for a directed application, the primary lobe
should get the greatest amount of power, while the power delivered to the other lobe's sides
and back should be reduced.

It is common practice to discuss the performance of a linearly polarized antenna in terms
of E-plane pattern and H-plane pattern of the antenna.

a. The E-plane is the plane that has been determined to contain both the vector of the

electric field and the direction in which the largest amount of radiation is emitted.

b. The H-plane that is characterized by the fact that it contains both the vector of the

magnetic field with maximum radiation direction.
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2.2.2 Gain And Directivity

Gain of the antenna (in a specific direction) is described as "the ratio of the intensity in a
particular direction to the electromagnetic intensity that could be gained if the antenna
absorbed power and radiated it isotropically with the same amount of input power. the gain

with a lossless isotropic reference antenna source in the following equation [9][10] :

41U (6,¢) . .
G == A (dimensionless
Pin(losslessisotropicsource)

(2.1)

The antenna-directivity can defined as "the ratio of the intensity radiation in a given angle
from the antenna to the average radiation intensity in all directions.” As expressed in the
Equation:

D=l _ (2.2)

Where?

G: Gain (dimensionless).

D: directivity (dimensionless).

U: radiation intensity W/unit (solid angle).

Uo,: isotropic source radiation intensity W/unit (solid angle).
Pin: Total input power (W).

Prad: total radiated power (W).

2.2.3 Efficiency

The efficiency of radiating element defined as the ratio of output power to the input power.
a number of antenna efficiencies are connected and can defined by using Figure 2.5 [9].
According to the explanation, there are losses that can reduce efficiency. The first and most
significant is the mismatch reflection between the impedance of the input terminals and the

impedance of the radiated element. This Factor is the reflection coefficient.



1

N\

l-—‘ Antenna

Input Output
terminals terminals
(gain reference) (directivity reference)

(a) Antenna reference terminals

A

—~
s

*

ri

/

(b) Reflection, conduction, and dielectric losses

Figure 2.5: Losses And Reference Terminal Of The Antenna [9].

when the mismatch causes a portion of the input power to be reflected. In addition to

conduction and dielectric losses, total efficiency is defined as follows:

E, = E.EcEq4 (2.3)
Where?
Eo : Total-efficiency.
Er: a Mismatch reflection efficiency = (1 — |T|?).
Ec : conduction-efficiency.
Eq: dielectric-efficiency.

I': reflection-coefficient at the input terminal of the antenna.

2.2.4 Bandwidth

Bandwidth defined as "the range of frequencies over which the performance of an antenna
adheres to a particular standard with regard to some feature. The bandwidth can be thought
of as the range of frequencies surrounding the central frequency. The necessity of
communication bandwidth for data transfer and channel capacity [10]. However, in radar,
the bandwidth represents the detecting target's resolution. Every frequency in this miner

corresponds to a pixel in the reflected image [8]. In contrast to other radars whose job is to
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identify the target's shape, the primary function of automotive radar is detection rather than
identifying the target's shape. In this work, we increase the bandwidth of automotive radar
to make it acceptable for both radar and satellite applications.

The impediment Bandwidth denotes the bandwidth over which the antenna and its
transmission-feed line are matched. In this regard, input incident energy losses due to
reflection is less than 10%. At its input terminal, the impedance produced by the antenna
varies with frequency. If this impedance does not equal that of the antenna, the impedance
mismatch occurs, and the maximum transmission of power is not possible. When
measuring impedance bandwidth, it is necessary to characterize both the Reflection
Coefficient (S11) and ‘voltage standing wave ratio’ (VSWR) across the whole band of
interest.

Reflection Coefficient:

The reflection coefficient, denoted by the I', and described as the ratio of the wave that is

reflected to the wave that is incident in (2.4).

[ = Zn%o (2.4)

B ZintZo

Where?
Zin: Input antenna impedance.
Zo: Transmission line characteristic impedance.
RL Return Loss:
RL is a measurement that indicates the difference here between power that is input into a
transmission circuit and the power that is reflected off at the terminal antenna. In many
cases, it is expressed as the ratio in decibels. It is possible to describe it as:
RL = —20log10|T| (2.5)

RL(dB) = 10log10(;-%) = —10 log [S11/2 (2.6)
reff

Where?
Pin : incident power.

Preff : reflected power to the source.
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The frequency range, on each side of centre frequency of the antenna resonant, where the
properties of the antenna are all within an appropriate value of those found at the centre
frequency is referred to as the bandwidth of the antenna at S11 -10dB [9], [10] and defined

as:

BW = %fc % 100% (2.7)

c

Where F, is the higher frequency within -10dB S11, F. is the lower frequency and F is the

centre frequency.

2.3 ANTENNA SELECTION

Extensive research is being conducted on the design of on-chip antennas for high band
frequencies. These on-chip antenna designs include unbalanced types of antennas such slot
and microstrip patch type antennas [11]. Exploratory study and publications on a variety
of antennas used for radar and satellite application demonstrate very negative or low gain
and low Reflection Coefficient when the antennas aren't combined with a gain
enhancement strategy such as the use of reflectors.

The small size of the created device as well as the influence that is caused by the substrate
are fundamental problems that generate interest in the ways of feeding, measuring,
designing, and fabricating these sorts of antennas. However, in the project that we are
working on, we will be using printed technology with a very low dielectric constant. The
substrate will be etched, and because this impact will be considered when designing the
antenna, we will be able to achieve considerably larger Reflection Coefficient and gains.
Gain requirements for short and mid-range radar can be satisfied by an antenna with a gain
that is just moderate.

Planar types of antennas are appealing for several reasons, including their low profile,
cheap, and easy fabrication. Taking these two considerations into account, the proposed
antenna that will be employed for the Ku band short or mid-range system might include a
dipole and a microstrip patch antenna, or possibly a planar slot type antenna. In the case of
dipole antennas, placing a metal ground at one side of dipole and bending the dipole
antennas so that they have a gain of approximately 4-5 dB might further boost the antenna
gains. It is possible to achieve a gain of 8 dB using a single patch antenna. Utilizing

antennae in an array design allows for a further boost in gain to be achieved. The design of
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a printed antenna is investigated in this body of work. In the following section, we will
cover the fundamental concept behind microstrip patch antennas.

2.4 PATCH ANTENNA'S WORKING MECHANISM

Microstrip patches are quite popular in the field of wireless technology because they have a
low profile, are lightweight, and have a low cost. Recent uses have boosted into the high
frequency area, making it suitable for use in applications such as satellite and car radars
[11], [12]. A microstrip antenna is made up of a metallic patch that is positioned on top of
an electrically thin but physically massive and grounded dielectric (substrate). Microstrip
antennas provide a wide variety of appealing benefits like Capable of functioning across a
broad frequency spectrum of (0.5 - 60 GHz). Simple to build arrays that are either linear or
planar and Easy controlling impedance [10].

Patch antennas can take in a different shape, such as circular, rectangular, ring, disc sector,
and annular. Figure 2.6 depicts a rectangular microstrip antenna connected via microstrip
transmission line to the main feed line. On a substrate with a thickness of h and having a
permittivity of er, the antenna is printed. On the opposite side the substrate is a ground
plane has dimensions that are bigger than those of the patch. It is recommended that the
height of the substrate, denoted by h, be a modest percentage of the wavelength of
operation (A), but it should not be significantly less than 0.05. When building a patch
antenna for a dielectric with high dielectric constant, such as silicon, however, care should
be given to keep the h value as low as possible in order to couple less energy to an
undesired mode inside the substrate. This undesirable motion within the substrate, known
as a surface wave, has the potential to diminish the antenna's gain as well as its radiation

characteristics and cross polarization.

13



Pl

Maximum radiation (8 = 0)

Patch current ,a.w—.,z

MMetal patch

Dialectric substrate|

d A__ Ground plane

/-
o

Figure 2.6: Microstrip Patch Antenna Geometric [10].

There are various forms for the radiation element. For circular patches, the centre
frequency of operation can be found by the patch's radius; the equation and design
explained in detail in the following chapter. However, for rectangular patch antennas, the
length L defines the operating frequency [14], and the approximate frequency band can be
stated as follows:

c c
L ~ = (2-8)
eeff ™ 2F.[eery  2F, T

According to Equation (2.1), the length of  microstrip patch antenna must be

equivalent one half of the guided wavelength. The wavelength that exists inside the
substrate and is shorter than the wavelength that exists in air is referred to as the guided
wavelength. The input impedance of the antenna as well as the bandwidth of the antenna
are both determined by the width (W) of the patch. The input impedance for a square patch
is typically in the range of 300 Ohms. By expanding the width of the antenna, it is possible
to lower the impedance while simultaneously expanding the bandwidth. Increasing the
patch width, on the other hand, will cause the antenna to become cumbersome and take up
a considerable amount of space. Moreover, the antenna's radiation pattern is affected by the
antenna's width [14], [15]. The approximately correct expression for the normalized

radiation pattern is as follows:

. KW sin0sin®
sin(FSEomE, KL .
Ey = —wsntsms cos(;sm 0 cos @) cos @

2

(2.9)
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. KW sinfsin®
_ sin(REREERE, KL . .
Ey, = ——Zwsmosmo cos(;sm 0 cos @) sin @
2

(2.10)

Where K in the number of free space waves = 27"

The field magnitude can be obtain in formula :

f(6,0) = /Egz + Ep° 21D)

the following Figure 2.7, illustrate the radiation pattern in both ¢=0° and 90° for E-plan
and H-plan.

Figure 2.7: Microstrip Patch Antenna Radiation Field [9].

The radiation that is produced by the microstrip antenna is the result of the fringing E-
fields that are located on the border of the antenna as explain in figure 2.8 [9], [10]. These
E-fields are in phase with one another and add up in phase to produce the radiation. It is
essential to have an understanding of the bordering fields in order to comprehend the
patch's radiation mechanism. Because the current-distribution on the patch is the opposite
of the current distribution on the ground, which cancels each other out, it is impossible for
the distribution current on the patch to represent the radiation mechanism. In addition, this
could clarify why the microstrip-transmission lines do not radiate. The microstrip antenna
emits radiation because of its edges of the patch, which are caused by the favourable
voltage distribution; hence, the radiation is caused by the voltage instead of by the current;
the microstrip antenna does not radiate electromagnetic energy directly. It is possible to
refer to the patch antenna as a "voltage radiator,” which distinguishes it from wire
antennas, which radiate because of the advantageous current distribution they

provide, where the current here add in phase and great the EM field.
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Figure 2.8: The Radiation Edges Mechanize [9][10].
2.5 MPA FEEDING METHODS

When it comes to feeding microstrip antennas, there is a wide variety of possible designs.
The microstrip line, the aperture coupling , the coaxial probe, and the proximity coupling
are the four that are used most frequently [8], [16].

a. Microstrip line : As was previously explained, a patch antenna has a low current at the
end, which results in a high input impedance. It is possible to perform adjustments to
the feed and align the antenna impedance to that of a line with 50 ohms [17], [18]. The
patch antenna and the strip feed can be made on the same plane. Multiple
configurations are possible, including inset feed and quart-wavelength transmission
line feed [20].

W

Im

Figure 2.9: Inset-Feed Patch [18].

Figure 2.9's inset distance could be utilized to change the antenna patch's feeding

impedance matching [18]. The below equation for rectangular MPA inset can be used as
16



a guide for a certain operating frequency [19]. the Current with sinusoidal distribution,

and a distance A away from the end should increases the current by a factor of cos ”L—A.

when the A length is equal to % So, the cosZ”L—A = % then 1/8 inset feed will decrease

the impedance by half.
Zin (A) = c0s2(52)Zy, (0) (2.12)

Figure 2.10 indicates that a quarter-wavelength approach with characteristic impedance
Z. can be used to match the microstrip antenna to a transmission feed line with

characteristic impedance Zo.

Circular
patch

W2
Transformer « 1+ | L
B wi
Microstrip
feed

Figure 2.10: Quarter-Wavelength Technique [21].

The single-section quarter-wave converter has a length equivalent to a quarter wave in
microstrip, and its characteristic impedance, Zc, may be calculated using the formula
(2.13).

Z, = \/m (2.13)
Where Zois 50 Ohm characteristic impedance feed and Zin is the input patch antenna
impedance.

b. Coaxial Cable / Probe Feed : Figure 2.11 shows how to use a coaxial cable to feed a
probe, with the inner conductor connected to the radiation patch antenna and the outer
conductor grounded [22]. Although coaxial feeding is advantageous because to its low
bandwidth and ease of implementation, minimal spurious radiation, and ease of
matching,. Similar to an inset feed, the position of the Coaxial connector can be altered
to obtain 50 Ohm input impedance [10]. Regarding the inductance introduced by the
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coaxial feed, care must be given. To disregard the influence of inductance, the
substrate's height h should be believed to be low. Additionally, the probe will emit

radiation, which may be directed in unwanted directions.

Substrate

Com—
Coaxial —

Comnector

Groand Plane

Coaxizl O1 Probe Feeding

Figure 2.11: Geometric of The Coaxial Feed [22].

c. Aperture coupled Feeds: Aperture coupling is a relatively new method of non-contact
feeding. It is made up of 2-substrates that are isolated by a ground-plane. On the lower
substrate's underside is a microstrip line feed whose energy is connected to the radiated
element through a ground plane slot (Figure 2.12) [23]. The drawback of this approach
Is its increased fabrication difficulty.

Ground plane
L7z

with aperture
P w
I, —»s et
a. - T h]
Feed-line
= |/

Figure 2.12: Geometric Of Aperture Coupled Feed [32].

A—\\ —V #hz
/ZD % Radiating patch
4 -
Es

d. Proximity coupled feed: Proximity coupling has the greatest bandwidth and the least
amount of spurious radiation. The principle of its connection mechanism is capacitive
[24]. The length of the feeding stub and the (width to length) ratio of the patch are
utilized to regulate matching. Due to the usage of different dielectric layers that require
perfect alignment, it is harder to produce this method, and the antenna becomes thicker

as a result as illustrate in Figure 2.13.
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Figure 2.13: Geometric of The Proximity Coupling Feed [24].
2.6 MICROSTRIP ANTENNA ARRAY FEEDING NETWORK

A wide variety of spatial layouts for multiple antennas can produce high characteristic and
Mutable form patterns. "Arrays" is the term used to describe these sets of antennas. The
electromagnetic fields produced by an array antenna's individual elements contribute in
certain directions and subtract in others. There are a variety of feeding network according
to the application and the requirements. nevertheless, here we will give a short introduction
to the most kind of feeding networks used in radar and satellite applications. microstrip
patch antenna arrays are typically configured with series and corporate feed networks as
their two primary types of feeding networks. The corporate feed networks illustrated in
Figure 2.14 are the microstrip patch antenna array layout that is considered to be the most
advantageous. Each element of the array includes its own feeder line, and these lines are

joined to the other lines in the array through two-way combiners [25].

Figure 2.14: Corporate Feed Network Geometric [50].

However, they take up a significant amount of space, the vast lengths of lines that are
employed result in significant losses, and the discontinuity that occurs between line corners

results in significant mutual coupling impacts that alter the radiation patterns.
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Another form of structure utilized in microstrip arrays is the series feed network. In these
types of setups, a single transmission line serially feeds antenna patches. This feeding
architecture minimizes feed line lengths, which is a crucial criterion for antenna
performance [26]. There are two typical applications for series feed arrangements. Figure
2.15 depicts a shunt-connected series feed, also known as an out-of-line feed. A number of
feeding lines extend outward from the primary feed line, and an antenna element is
attached to the terminal of each individual feeding line. While Figure 2.16 depicts an in-
line feed. This category of networks is characterized by having a core feed line, and the

members are directly loaded on this line in sequential order [26], [27].

<= Antenna element
Center Feed Point

Figure 2.15: Series Feed-Shunt Connect [50].

= —1 Antenna element
Center Feed Point

Figure 2.16: In Line Feeding Network [50].
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Series and corporate feed are the most common feeding network for microstrip antenna
arrays. The series feed has a smaller dimension and less feed radiation, however the
bandwidth of the antenna is fixed and the excitation of a single element will influence the
excitation of the entire antenna array [10]. In contrast, corporate feed has greater control
ability over the amplitude and phase of the radiating element, achieves a better gain and a
narrow beamwidth, but has a larger feedline radiation.

2.7 LITERATURE REVIEW

Highly directional patterns can be produced by arranging several antennas in space in a
variety of geometrical configurations. increasing the gain characteristics, bandwidth and
sidelobe level of the antenna is vital automotive radar and even for satellite, as the radar's
radiating power is proportional to the antenna's gain [28]. Planar antenna arrays with a low
profile and small weight are favoured for such applications [29]. Furthermore, in Radar a
greater radiating power can obtain a longer detection range and better image quality. high
gain antennas can extend the detection range and improve the resolution by offsetting the
effects of the high propagation loss throughout the microwave and millimetre-wave
spectrum and the power consumption of the transmitter and receiver [30]. In addition, for
radar application, the bandwidth represents the detecting target's resolution. Every
frequency in this miner corresponds to a pixel in the reflected image.

There are various research on gain, bandwidth enhancement and sidelobe elimination. In
[31], a grid antenna array for short-range Automotive radar V2V and V2S (vehicle-to-
vehicle and vehicle-to-satellite) has been designed on a substrate with a thickness of
1.6mm and relative high dielectric constant of 3.0. This design has achieved a gain of 14.2
dBi and an SLL of -16.3 at a centre frequency of 24 GHz for V2V detection. In contrast,
the design record for V2S is 10.4 dBi of maximum gain and 80% efficiency in the
operating region of 17.3-17.8 GHz. In [32], -20 dB low SLL and 13.5 dB gain achieved by
using multi-layer substrate antenna design. 10x8 planar SFPA array for Automotive radar
using with SIW integrated waveguide in [33] obtain SLL -16 dB in E-plane and -14 dB in
H-plane. A new 2x16 array Ku band patch antenna design with two symmetrical slits in
[34] achieved -22 dB SLL in H-plane and -11.5 in E-plane. 2x4 FMCW antenna for radar
application obtain -15 dB SLL and 12.5 dBi gain with relative BW more than 1.5 Ghz
reported in [35]. However, The double layer improves the BW but increases the thickness
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of the PCB. The work in [36] presented rectangular MPA array using 96 radiating element
with large space achieved -20.9 dB SLL and 22.26 dBi gain used in 24 GHz radar for
avoiding collisions.

In [37] present a series feed design for Automotive radar, The highest SLL in E-plane are -
12 dB, -15 dB at 76 GHz and 77 GHz. however, These values decrease incrementally with
increasing frequency. The peak gain measured 20 dBi, 19.2 dBi at 77 GHz and 76 GHz
respectively. A dual-layer (PCB) designed for automotive radar has been reported in [38],
The major feeds of SIW slot and co-planar transmitting array archives gain 18.5 dBi at
76.5 GHz. Nevertheless, The combination of SIW and Co-planer requires a volume, even
if the area involved is very modest. the gap between the antenna and the 4-ports SIW
makes the overall design bulk thickness. SIW has received a significant amount of
attention as a result of the several benefits it offers in the form of low manufacturing costs,
reduced radiation losses, and relative high density integration in its design.

SIW single-layer has 32x4 slot elements in its configuration in [39] obtain gain 2.8 dBi, -
21 dB SLL and 67% efficiency with maximum S11 -11.5 dB over the operation band. W-
band antenna consisting of a 3D printed slotted waveguide array with a total of 12
radiating components and a differential feed configuration has presented in [40],
Considering the idea of using 3D metal design for the first time in Automotive radar the
antenna obtain 12 dBi and SLL -19 dB. However, for driver assistance the possibility of its
integration with the vehicle remains an important matter.

The simulated results in [41] of a 24GHz millimetre wave microstrip antenna array with
6x8 elements constructed on Rogers4350 provide a narrow bandwidth of around 250 MHz,
20.56 dBi gain at 24 Ghz, and -18 SLL. a corporate feed in [30] 64 E-shape patch design
for FMCW automotive radar proved a good gain enhancement 25.2 dBi at 24 GHz centre
frequency and -14 sidelob level with bandwidth close to 1 Ghz. Furthermore, In order to
get the highest possible gain and prevent the formation of gating lobes, the spacing
elements has been set to 0.80A on both the E-plane and the H-plane. Furthermore, in the
next chapter of antenna design, the comparison with related works and the contribution of

the thesis are considered.
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3. ANTENNA DESIGN PROCEDURE

3.1 INTRODUCTION

This chapter will examine the design of patch antennas operating Ku band spectrum.
Because of its ease of usage and compatibility with current printed circuit board
technology, microstrip antennas are among the most common types of antennas used in the
microwave frequency spectrum. The challenges of constructing wide bandwidth antennas
on very thin substrates with a lowest existence dielectric constant. As described in the
preceding chapter, the design of patch antennas and analytical methods exist for this
purpose. However, this method can be utilized for patch antennas on homogenous
substrates, not etched substrates; etching technique will be used to obtain a low-profile
substrate and enhance antenna gain and directivity. Microstrip antennas have a number of
drawbacks, the most significant of which are their narrow bandwidth and relatively low
gain. The low profile of the antenna contribute further to the deterioration of these two
properties. The reason for this is that the antenna'’s size, bandwidth, and efficiency all have
a basic connection with one another. Neither the operating bandwidth nor the antenna
efficiency can remain constant as antennas get smaller. Smaller antennas often have less
gain than their larger counterparts because of this size-gain relationship. Increasing gain
and bandwidth is possible by using etching, DGS or any other techniques. However, for
significate increasing in Antenna characteristic, The array configuration have been utilized

recently in many application.

3.2 METHODOLOGY

The first step in creating an antenna is to select an antenna kind and dielectric substrate that
are compatible. For initial, the proposed antenna type is a microstrip antenna. Microstrip
antennas may have the advantage of being integrated into microwave integrated circuits.
The array design steps are determined in accordance with the project specifications. Figure

3.1 depicts the design process.
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Figure 3.1: Design Process.
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3.3 SUBSTRATE FEATURES IMPACT

The dielectric constants (&) of the numerous substrates available for use in microstrip
antenna design typically fall within the range of 2.2 to 12. The substrate thickness
parameters used in microstrip antenna design are shown in Table 3.1. For optimal antenna
performance, thick substrates with low dielectric constants are preferred because they
allow for higher radiation efficiency, wider bandwidth, and less constrained fields during
transmission over space [42][43]. however, These benefits are paid for with an increase in
dielectric loss, element size, weight, wave propagation loss, and unwanted radiations. In
the other hand, thin substrates with greater dielectric constants are typically favored since
they required tightly bound radiation to avoid unwanted radiation and coupling, resulting
in reduced radiating element size [42][43].

Nevertheless, they have a lower bandwidth and a lower overall efficiency. Because of this,
the accepted methodology for the design of antennas calls for a compromise between
bandwidth and efficiency.

In this work, a substrate with a very low dielectric constant has been used. In contrast to
conventional paper works, not only is the dielectric here extremely low, but the thickness is
also very low. Therefore, it is challenge to achieve high efficiency, broad bandwidth, and
high gain. The goal behind the selection of these substrate futures is to obtain the greatest
outcomes from low dielectric and thin thickness with considering to decrease the
undesirable effect of thin substrate and low dielectric losses. Rogers RT5880LZ Lossy
with 2.0 dielectric constant and 0.0021 tangent loss with substrate thickness 0.5mm have

been used in this work.

Table 3.1: Substrate Properties [42].

Thick Dielectric Substrate Thin Dielectric Substrate

Low dielectric.Constat, better efficiency, ) ) ) o
) o ) ) High dielectric. Constant, efficiency less
wider BW, big Size, massive weight, and ) ) ) ) ) )
) ) ) than in Thick, Size reduction, Lightweight
high dielectric losses. o ) )
and minimum loss of dielectric
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3.4 SINGLE ELEMENT DESIGN

Microstrip Patch Antennas come in a variety of forms. This antenna uses the circular
shape. Microstrip antennas have found widespread application in microwave frequency
spectrum and have been integrated into a variety of electronic products in recent years
[44]. These devices are widely used because of their small form factor, versatility, low
cost, and simple printed circuit board technology [45].

The formulae [10], [46] describe the resonant frequency of a circular patch as illustrate in

equation (3.1) :

F
A= —s——b . 3.1)
{1+ [In(G)+1.7726]} /2
__ 8.791x10° (3.2)
T Frer

While (F) is the patch's resonance frequency and (g;) the substrate's relative permittivity.

And as well as Ae, the diameter of the circular patch's effective area, formula in (3.3) [46].

4 2R (A 1 3.3
Ae = A1+ —=[In(5) + 1.7726]} /2 3.3)

Table 3.2 displays the dimensions of the antenna and its direct microstrip feed line. The
antenna was designed using Rogers RT5880, which has a thickness 0.5mm, a Dielectric

Constant (er) 2.0, and an electric loss tangent 0.0021.

Table 3.2: Single Element Antenna Design Specification.

Parameter Value
Operating frequency 14.4 GHz
Substrate material Rogers RT5880LZ Lossy
Substrate area 15mm*18mm
Substrate thickness 0.5 mm
Dielectric Constant (er) 2.0
Antenna radius (a) 4.1 mm
electric loss tangent 0.0021

There are numerous patch feeding techniques. In this project, inset feeding was chosen

over coaxial feeding for the circular patch since coaxial feeding is incompatible with array
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design. Moreover, inset fed approaches provide a higher purity polarization with few dB
[30].

This section describes the design process for the proposed High gain and directional
microstrip antenna. It started with the design of a conventional circular patch at frequency
more than 14.4 GHz center frequency with 50 Ohm impedance using microstrip line as
shown in Figure 3.2a. The suggested antennas design has been optimized through
simulation using CST microwave studio. The results of the simulation of the S11 across
the antenna operating band are depicted in Figure 3.6. The conventional design has
recorded Reflection Coefficient (S11) —31 dB, side lob level —12dB, gain 7 dBi.

/"' "‘\ AdW
/ \ Aﬁv \"\,

™

A3 W
=

(a) (b)

Figure 3.2: Antenna Geometric (A) Conventional Design, (B) Novel Design.

In contrast to the rectangular shape of the patch, changing the impedance of the circular
shape is a little more complicated. As mentioned previously, the resonance frequency is
primarily dependent on the length of the patch, whereas the width can be altered, thereby
allowing the impedance to be changed to fit the design.

The only variable in circular patch to determining the resonance frequency of a circular
structure is the radius. As shown in Figure 3.3, the Normalized impedance at 14.4 GHz
requires additional improvement in order to reach the fit value of 50 ohm. The minimum
S11 value for the conventional patch falls at 14.7 GHz as illustrate in Figure 3.3. Changing

the patch's radius may modify the impedance curve, but it also shifts the center frequency.
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The inset fed of the patch can penetrate further inside the patch to achieve the needed
impedance at the center frequency, however it will have an effect on the radiation
characteristics such as SLL and angular width as the inset fed that reaches the center of the
patch.

Here, we aimed to develop an alternative method for controlling the impedance of a
circular patch without altering its radius. A shown in Figure 3.2b, Four geometric slots on
the have etched from the patch. The variation of the impedance (impedance control) as
well as the position of the initial frequency resonance of the novel geometric patch antenna
in relation to the parameter A1W.the 50 Ohm normalized impedance at the center
frequency achieved with A1W = 0.5mm at 14.4 GHz and without modifying the value of
the patch radius. Figure 3.4 depicts the effect of increasing the A1W sweep from 0.4 mm

to 1.1 mm.
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Figure 3.3: Impedance Curve For The Conventional Design.

Z-Parameters [Magnitude]

—A1lW=0.4mm
——A1W=0.5mm

—A1W=0.6mm

A1W=0.7mm

A1W=0.9mm

AIW=1.1mm

Impedance / Ohm

14.5

Frequency /GHz

Figure 3.4: The Variation Of The Impedance Effected By Alwidth.
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According to the preceding research, the proposed antenna's initial resonance mode has a
link with slots. Consequently, further analysis is required between resonance frequency
and slot form (A2,A3,A4,A5). In this parametric study, just one variable was varied at a
time, while the others remained unchanged. Figure 3.5 depicts the correction of the S11

while sweeping the parameters of the slots.

S11-Parameters [Magnitude]

Frequency /GHz

Figure 3.5: Reflection Coefficient (S11) Correction.

Based on the findings of the current study, a compact microstrip antenna has been built
using a microstrip feed line and a single-layer patch element. The final simulated
Reflection Coefficient (S11) reach to —49 dB done by adjusting the slot's length, width, and
placement shown in Figure 3.6. In addition, distributed current demonstrates that the
suggested antenna's impedance matching at the operating frequency is stable. Figure 3.7
illustrates the distribution of antenna current at the resonance frequency of 14.4 GHz. At
the patch antenna's resonance frequency, the highest current is observed to be spread

between the slots.

S1l1-Parameter [Magnitude]

Slotted

dB

-Conventional

. Frequehcy / GHz

Figure 3.6: Reflection Coefficient (S11) Of Conventional and New Design
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Figure 3.7: Current Distribution At 14.4 Ghz.

almost, the changing in the conventional patch geometric design with slots (in radiated
patch) or (in the ground plan such as DGS technique) may produce another resonant
frequency. this could be an advantages in many multi-band application.

Nevertheless, in Automotive V2V and V2S satellite application, The single resonant and
wide BW are preferred. from the previous results the antenna performance proved with
single band operation. Moreover, the rectangular slots impact focus on the characteristics
improvement in impedance, efficiency and Reflection Coefficient. In addition, the novel
design have keep the same characteristic of directive pattern of the (H-field) and (E-field).
Figure 3.8 (2D-E-field pattern) for the slotted design.

The side lobe level at Phi = 90° improved from —12 dB in the conventional to -14 dB in the
slotted design. Figure 3.9 show the (conventional & slotted ) 3D field pattern and the small
different by —2 dB in SLL.

E-Pattren

w— 00=0

e Phi=90

Figure 3.8: 2D E-Field For The Slotted Patch.
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(b) (a)

Figure 3.9: 3D Field Pattern (A) Conventional Design (B) Novel Design.

The exact optimization the dimensions of the slots, as detailed in Table 3.3. Table 3.4
demonstrates the enhancements made to antenna impedance, S-parameters, gain,
directivity, and side lob level (SLL).

The properties of the dielectric constant were explained at the beginning of the design
process, and two routes were presented: one in which the dielectric constant was low and
the thickness was high to obtain a wide bandwidth, and another in which the dielectric
constant was high and the thickness was thin to achieve the minimum dielectric loss. In
this work, we employ a different approach, selecting a very low dielectric constant of
exactly 2.0 to ensure optimal efficiency performance. The thin substrate was selected due
to its low (dielectric and tangent) losses properties. The power losses are explained in
Figure 3.10, and the total power that was simulated is 0.5 W; with this information, we can
determine the total amount of power that was lost. The curve of the dielectric loss shows
that the antenna recorded the minimum loss value, with the highest loss record at the
resonant frequency equal 0.033 W, which is the minimum value that may be used in
antenna design. As shown, the highest radiated power is 0.38 watts, which is equivalent to
76% of the power accepted. The remaining 0.12 watts of loss power is distributed among
several sources (dielectric loss, metal loss, port absorbed and power outgoing the port). On
the other hand, for a single patch and directed pattern, this is considered of as a very good
efficiency performance for thin substrate with low dielectric constant . In addition to this,
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the next array design features a significant improvement to the efficiency with which it

radiates energy.

Table 3.3: Exact Slots Dimensions.

Parameters Unit Parameters Unit
(mm) (mm)
Radius (a) 4.1 A2 width 0.5
Inst length 2.85 A3 length 3
Inst width 0.5 A3 width 0.5
Al width 0.5 A4 length 19
A2 length 2.15 A4 width 2.6
A5 length 1 A5 width 1

Table 3.4: Novel And Conventional Simulated Metrics. Comparison.

Parameter Novel design Conventional design
Center frequency 14.4 Ghz 14.7 Ghz
Reflection —-49 dB -31dB
Coefficient (S11)
gain 7 dBi 7 dBi
SLL Phi=90° -14.1dB -12.9dB
Tot. efficiency 76% 69%
Bandwidth 285 MHz 327 MHz

Power in W [Real Part]

—&— Loss in Dielectrics
—&— Loss in Metals
—— Power Absorbed at al Ports

—— Power Outgoing all Ports
—&— Power Radiated
—— Power Stimulated

12 12.5 13 13.5 14 145 15 15.5 16
Frequency / GHz

Figure 3.10: Single Element Power Losses Coefficients.
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4. ANTENNA ARRAY DESIGN
4.1 ARRAY ANTENNA

Highly directional patterns can be produced by arranging several antennas in space in a
variety of geometrical configurations. Boosting the antenna's gain characteristics and
SLL is essential for satellite and vehicular radar since the gain directly affects the radar's
radiating output [28]. Planar antenna arrays with a low profile and small weight are
favored for such applications [29]. Furthermore, in Radar a greater radiating power can
obtain longer detection range and better image quality. high gain antennas can extend the
detection range and improve the resolution by offsetting the effects of the high propagation
loss throughout the millimeter-wave spectrum and the power consumption of the
transmitter and receiver [30].

Feeding networks that use a series feed and a corporate feed are the most typical for
microstrip antenna arrays. The feed radiation from the series configuration is lower and the
dimensions are smaller. The antenna's bandwidth is fixed, though, thus exciting one
element will affect the excitation of the rest of the array. The corporate feed, on the other
hand, allows for more precise regulation of the radiating element's amplitude and phase,
improves gain and narrows beamwidth at the expense of a more substantial feedline

radiation footprint.

4.2 1x4 SHUNT-SERIES FEED ANTENNA ARRAY

The proposed array design has simulated by using CST microwave studio and fabricated
on rogers RT5880LZ lossy with Dielectric Constant (er) 2.0 and substrate thickness 0.508
mm. Figure 3.1b depicts the shape of the single element utilized to construct the suggested
array. The linear array consists of identical patches with fixed spacing distance of (d) from
center patches.

Reflection Coefficient (S11), bandwidth, directivity, efficiency, and gain have all been
significantly enhanced by the new array design. The schematic for a 1x4 array, which
consists of four antennas and a single feed line, is shown in Figure 4.1.

The mainlines characteristic impedance (B2) is set to 100 Ohm in order to reduce feedline
radiation. The transmission line's width is then determined using equation (4.1) and

optimized using simulation CST [47]:
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Wf = (ZO—@ - 2)h (4.0)
In order to achieve the match between the main feedline and each patch, the quarter wave
transformer Zm (B1W,B1L) was added to the single element feedline. The Zm length,
width, and impedance are calculates and optimized to be 2 mm, 2.1 mm, and 46 ohm,
respectively with electrical length = 46°, resulting in S11 improvements of -37 dB, 422
MHz BW from 14.68 GHz to 15.1 GHz, and SLL of —21.3 dB. Figure 4.2 show the effect
of B1W width varying from 1.8 mm to 2.1 mm on the Reflection Coefficient (S11).

N1 I R N

fooh (ool @ooh (52D
oo | |

B%W HlFL
Fw

Figure 4.1: 1x4 Shunt-Series Antenna Array Design.

Transmission lines of the feeding network have a significant impact on radiation, center frequency,
S11 (Reflection Coefficient), and overall patch gain in array antenna design. As a result of this,

thinner and minimization of the feed line network are required.

S-Parameters [Magnitude]
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Figure 4.2: 1x4 Antenna Array (S11) effected By B1W Impedance Width Sweeping.

One of several types of controls that can be used to affect the overall pattern of the antenna

system is the relative spacing between radiating elements [48]. In order to determine how
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the antenna's main lobe's directional pattern compares to that of the other lobes, SLL
measurements must be taken. SLL is a crucial indicator for many satellite and radar uses.
Main lobe pattern and antenna performance both improve with decreasing side lobe peaks
[49].The wavelength of the antenna’s radiation close to A= 20.9 mm. Therefore, the
spacing between centers should be A/2 = 10.4 mm or A/4 = 5.2 mm. However, the radius of
the single-element patch is 4.1 mm, thus center-to-center should be at least d=0.39A. In the
Figure 4.3 below, the influence of spacing (d) on the radiation characteristics and SLL of
an array antenna can be observed. the 1x4 antenna design achieved —21.1dB low side lobe
level obtain in (H-field and E-field). A simulation was conducted with the distance d
varying from d=(0.445, 0.52, 0.56)A. It has been demonstrated that the spacing between

elements must be around to A/2.

E-Field Pattren

dB(V/m)

——d=0.485A

d=0.52A

d=0.56A

Theta / Degree

Figure 4.3: Simulated E-Field Pattern Conducted With Distance D.

For optimal performance, the parameters described in Table 4.1, are adjusted and fine-
tuned in accordance with the optimal effect while maintaining the maximum S11 at
frequency of 14.9 GHz. As the simulated S11 shown in Figure 4.4 provides BW from
14.68 GHz to 15.1 GHz with —37 dB S11. Changing these settings causes an impedance
mismatch and an increase in mutual coupling effect. The antenna achieved gain 10.8-11.5

dBi at the operation band with minimum value 10.1 dBi as despite in Figure 4.5 Moreover,
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the Figure 4.6 illustrate the 2D E-field and H-field pattern show the directivity of the

design antenna in addition to the compressed sidelobe level.

S-parameters [Magnitude]

;\\ /
>
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Figure 4.4: 1x4 Reflection Coefficient (S11).
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N
/
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Figure 4.5: 1x4 Antenna Gain
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Figure 4.6: 1x4 2D (A) E-Field And (B) H Field.
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Table 4.1: 1x4 Fed Network Dimensions.

Parameters Unit (mm) Parameters Unit (mm)
d 11 B2W 0.5
B1W 2.1 B2L 35.1
B1L 2 FW 1
FL 2.7

Figure 4.7 illustrates the large improvement in antenna array efficiency and the significant
drop in power losses. The array design has reached 0.027 W as the minimum value of
dielectric losses at the center frequency, which is a significant improvement for array
design over the single element design. as shown, the highest radiated power is 0.43 W,
which is equivalent to 86% of the power applied. While the variation of the efficiency over
the operation band was 75% as a minimum to 86% as a maximin recorded at the center
frequency band.

From the power accepted curve, the antenna has a very good impedance matching while
the power accepted by the antenna at the operation band very closed to the power applied,
and the power compressed out of the band designed. This explain the means of the power
reflected and the suitable reactive of the reflection coefficient over the required band.

Table 4.2 illustarte the matrix imoriment from single element to 1x4 array.

Power in W [Real Part]
0.55 :

—8— Loss in Dielectrics (22)
—&— Loss in Metals (22)
—— Power Absorbed at all Ports...

Power Outgoing al Ports (22)
—8— Power Radiated (22)
—— Power Stimulated (22)

-0.05 + + t t t t t
12 12.5 13 13.5 14 14.5 15 15.5 16

Frequency / GHz

Figure 4.7: 1x4 Array Power Losses Coefficients.
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Table 4.2: 1x4 Array Metrics Improvement Compared To The Novel Single Element.

Parameter Gain  Directivity = S11 = Rad.Efficiency = Sidelobe Bandwidth
level

—-49 -14.1dB
Single/element(Novel) 7 dBi 7.98 dBi 76% ] 285 MHz

dB phi=90°

11.3 =37
1x4 Array deign dBi 12 dBi dB 86% -21.3dB 422 MHz
i

4.3 3x4 SHUNT-SERIES ANTENNA ARRAY

It's critical to consider the radiation intensity for the directed pattern. Since then, the radar
and satellite industries have recognized the required significance of high gain. the gain can
improved by increasing the number of element in array. The array design could be
configure in 2D demission. In this regard, as shown in Figure 4.8 3x4 antenna array have
designed and simulate. the feeding network designed With an equal power division

between the 3 rows and equal spacing between elements.

Joaf Joo] ool oo
d1
DD[] T (Joo]
Dn[] loall (lo

Figure 4.8: 3x4 Antenna Array Design.

in 2D design, the relation between the bandwidth and the gain should considered for the
best requirements. For the image resolution of the reflected target, a broad bandwidth is
essential, however for automotive radar, gain and directive pattern takes precedence. In
this case, we prefer to raise the gain while maintaining the necessary bandwidth and

directive filed. This can be achieved by adjustment (the width of the each excitation row)
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in order to configure the impedance at the operation band required. In contrast to the
single-row form, in which the side lobes effect occurs in a single plane, phi = 0 in the 1x4
configuration. In this 2D 3x4 design, the SLL will affect two planes, phi = 0° and 90°.
Figure 4.9 illustrate the H-filed at phi = 0° & 90° for both FRW =1.5 mm and 1.85 mm at

14.5 GHz.

(b)

Figure 4.9: 3x4 Antenna Array H-Field At 14.5 Ghz (A) FRW=1.85 Mm (B) FRW=1.5 Mm.

40



As shown at plane Phi=0°, the antenna obtain an extremely directional field and very low
sidelobe level -30 dB in (a) design and -29 dB in (b) design. However, from the
comparison between (a) and (b) H-field pattern we can recognized that at Phi=90° (a) is
more directed. Figure 4.10 displays the relationship between the gain and the bandwidth.
At FRW=1.85 mm, the gain achieved is 16.2 dBi at the center frequency, and this gain is
maintained higher across the entire impedance bandwidth, making the curve more
favorable than the one obtained with FRW=1.5 mm. Nevertheless, the bandwidth at
FRW=1,85 mm was wider where the BW 821 MHz with S11 —29 dB and 400 MHz with
S11 -34 dB at FRW=1.5 mm as depicted in Figure 4.11. overall, in V2X, its depends on
the application. When it’s come to radar, the directed field and high gain is preferred with
suitable BW. while in Satellite, high gain and wider BW would be preferred.

Gain [Magnitude]

3x4 FRW=1.85mm

dBi

3x4 array FRW=1.5mm

——1x4 array

12 13 14 15 16 17

Frquency / GHz

Figure 4.10: Antenna Arrays Gain.

S-Parameter [Magnitude]

dB

25 | ——FRW=1.5mm
-30

35 FRW=1.85mm

13 135 14 145 15 155 16
Frequency /GHz

Figure 4.11: 3x4 Antenna Array Reflection Coefficient (S11).
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Table 4.3, depicted briefly the metrics improvement over the single, 1x4 and 3x4 antennas. The

SLL was the significate improvement in 3x4 array in addition to the gain. While 1x4 design have

the best bandwidth achievement.

Table 4.3: Antennas Array Simulated Metrics Comparison.

Parameter Gain  Directivity = S11 Rad.Efficiency Sidelobe = Bandwidth
level
] ] ] —49 -14.1dB
Single/element (Novel) = 7 dBi 7.98 dBi 76% ] 285 MHz
dB phi=90°
_ 11.3 _ -37
1x4 Array deign . 12 dBi 86% -21.3dB 422 MHz
dBi dB
-30dB
) 16.2 ) -29 Phi=0°
3X4 Array design ) 16.8 dBi 86% 821 MHz
dBi dB -15.1dB
Phi=90°

42



5. FBRICATION AND RESULTS

5.1 ANTENNA FABRICATION

We have developed and simulate three different antenna prototypes. Prototypes of the
proposed antennas have been fabricated in Altinbas university laboratory. Figure 5.1 is a
photograph of the fabricated antennas. The fabricated antennas are connected
using SMA connectors at 50 Ohm, and their tiny size and low profile allow them to be
placed on the majority of trade-off antenna transceivers. The antenna array's physical
dimensions for single element, 1x4 array and 3x4 array are 18 mm x15 mm, 50 mm x 25

mm, 60 mm x 60 mm respectively.

(b)

Figure 5.1: Fabricated Antennas (A) Single Element (B) 1x4 Antenna Array And (C) 3x4 Antenna
Array.
5.2 LAB MEASUREMENTS

The antenna was constructed and measured using Rohde & Schwarz ZNB Vector Network
Analyzer in RF Lab of Altinbas university. The S11 parameter was tested. The dynamic
range of the VNA permitted measuring frequencies ranging from 100MHz to 20GHz.
Noting that all three manufactured antennas yielded nearly identical accuracy. Figure 5.2
Shows the S11 measuring of the three antennas.
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Figure 5.2: Lab Measurements S11 (A) Single Element, (B) 1x4 Array, (C) 3x4 Array.
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Measurements taken in the Antennas Laboratory, shown in Figure 5.2 single element (a),
one by four (b), and three by four (c) arrays. The S11 measurement from a single antenna
element exceeded 400 MHz With a minimal S11 of -24.5 dB at 14.4 GHz and a bandwidth
below —10 dB from 14.1 GHz to 14.6 GHz. The 1x4 array of antennas has obtained a —
39.47 dB minimum S11 at 14.9 GHz and a bandwidth of 770 MHz between 14.43 GHz
and 15.2 GHz. The minimum S11 of -32.16 dB was recorded at 14.9 GHz for the 3x4
antenna array S11 in frequency range 14.15-15.17 GHz, with a bandwidth of 1.02 GHz.

5.3 MEASURED RESULTS COMPARED WITH SIMULATED

One of the most important indicators is the bandwidth. The dielectric characteristics of a
microstrip antenna are among the most influential factors in determining the bandwidth. A
large frequency range may be achieved by employing a thick substrate and a high dielectric
constant. While slotting approaches can't fully eliminate impedance losses, they can be
adjusted somehow to improve BW. For this experiment, we used the Roger RT5880LZ
lossy substrate since it has the lowest dielectric constant among commercially available
substrates (2.0) and a relatively thin thickness (0.5mm). The bandwidth-limiting
capabilities of this substrate type are exceptionally small. The slots not only helped
regulate the impedance and achieve the optimal Reflection Coefficient, but from the
fabrication results they also improved the bandwidth. The bandwidth improvements are
depicted in Figure 5.3. As seen in 5.3a, the simulated bandwidth for the single-element
antenna was 285 MHz, but the actual antenna's bandwidth was over 400 MHz. The 1x4
and 3x4 antennas have also been improved upon in the same way. In spite of the fact that
the 1x4 and 3x4 simulated BW was near to 422 MHz, 821 MHz, the measured obtain 770
MHz, and 1.01 GHz, respectively, as shown in 5.3b and 5.3c.

Figure 5.3 shows how the slots' effect on measured antenna impedance over the operating

band for single and array designs.
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Figure 5.3: Simulated and Measured S11 (A) Single Element Antenna, (B) 1x4 Antenna Array
And (C) 3x4 Antenna Array.
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Figure 5.4: Measured Antennas Impedance (A) Single, (B) 1x4 Array, (C) 3x4 Array.
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Table 5.1 below illustrate the antenna metrics comparation with the latest published related

works.
Table 5.1: Antennas Array Simulated Metrics Comparison.
Max Gain Efficiency
REF Year Sub high, ¢ | Element Num | BW GHz . SLL dB
dBi %
[30] 2022 0.5mm, 3.6 8X8 23.7-24.6 24 -14 _
[30] 2022 0.25mm, 2.2 8X8 23.7-245 25 -24.5 _
Grid 17.3-17.8
[31] 2022 1.6mm, 3.0 10.4 3 84%
(31 segments) 14.14.5
[41] 2019 0.25mm, 3.6 6X8 24-24.25 20.5 -19, -18 _
[33] 2017 0.25mm, 3.0 10X8 75.5-78 18.8 -16 _
[36] 2019 0.25mm, 3.6 8X12 23.5-245 22.26 -20.9 _
[37] 2017 0.25mm, 2.2 10X6 75-80 19 -15, -12 66%
This
" 2023 0.5mm, 2.0 3X4 14.1-15.2 16.2 -30 86%
wor
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6. CONCLUSION AND FUTURE WORK

6.1 CONCLUSION

In this work, three modules of microstrip antennas for Ku band automobile applications are
presented. for the first design of the single element which addressed in chapter 3, and in
comparison, to standard microstrip patch antenna. The antenna offered use etching-loaded
technology to improve Reflection Coefficient and gain. The functioning principle of the
slotted-circular patch antenna is illustrated, as well as design formulations are given. at the
beginning, As is common knowledge, the standard circular patch resonant frequency is
dependent on a single parameter, the radius. The first contribution of employing the
circular patch derived from the other shapes was to employ the etching technique to
generate an additional dimensional parameter with the capability of controlling impedance.
The slotted circular patch simulated and measured Reflection Coefficient —49 dB, 24.5 dB
respectively. The peak gain reach to 7 dBi. the overall size of the substrate 15x18 mm.
with considering the substrate selection of the lower dielectric constant of 2.0 and very thin
substrate thickness of 0.5 mm, The antenna obtain a good efficiency of 79% through 285
MHz simulated and 400 MHz measured bandwidth.

Then, 1D dimensional antenna array have designed and simulate dependent on the single
element. 1x4 array have achieved a significant improvement in bandwidth. The simulated
and measured S11 -37 dB, -39 dB at 14.9 GHz frequency with 770 MHz bandwidth and
high peak gain of 11.3 dBi. Moreover, the E-field and H-field has shown the directed
pattern and the low sidelobe level obtain —21 dB in both (E&H) plane. In addition, using
the minimum feeding network decreases the unwanted radiation from the feed lines which
in some cases increase the sidelobe level.

As mentioned before, the low selection of the dielectric constant helps in drop the power
loss and enhance the performance of the antenna even with very thin thickness of the
substrate. 1x4 antenna have obtain 87% and 86% as radiated and total efficiencies,
respectively.

For more directivity and gain enhancement, 3x4 antenna have designed and simulated.
While 2D designs produce the SLL effect in each phi=0° and 90°. The antenna achieved

very low sidelobe level reach to -30 dB at phi=0° in both E-plane and H-plane. In addition,
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the gain has taken a significant improvement from 11.3 dBi in1x4 design to 16.2 dBi 3x4

design.
6.2 FUTURE WORK

There are numerous types of antenna array feeding networks. For automobile radar, series-
feed is the most effective transmission method. However, as previously explained, series
feeds occur in two forms ( in line series connect and Shunt-series connection). In line
series connections have the best minimization for the feeding network, resulting in highly
compressed undesired radiation from the feeding network, which increases the level of
sidelobes. in addition, the in line series connection provide the best antenna size reduction.
This type of feeding is utilized in numerous rectangular patch designs. Due to the
rectangular shape, it is possible to adjust the needed impedance at each element by varying
the width while retaining the length responsible for the resonant frequency.

In conventional circular patch, this technique cannot handle because of the circular patch
have only one dimension responsible for the resonant frequency. This technique is
incapable of handling standard circular patches due to the fact that circular patches only
have a single dimension that is responsible for the resonant frequency.

In this thesis, the answer has been addressed by introducing a new dimensional parameter
into the novel single-element design. By adjusting this value to tune the impedance of each
element, a circular patch might be designed and tested with ( in line series connection )
while maintaining the same radius for all array elements. furthermore, one of the benefits

of circular patches over rectangular ones is that they occupy a smaller substrate area.
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