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ABSTRACT

Microwave Device Modelling using Novel Algorithms

Aysu BELEN

Department of Electronic and Communication Engineering
Doctor of Philosophy Thesis

Advisor: Prof. Dr. Filiz GUNES
Co-advisor: Assoc. Prof. Dr. Peyman MAHOUTI

Intelligence Transportation Systems (ITS) is a research field in which researchers
study methods and solutions to overcome problems of transportation systems in an
environment friendly, low cost, and sustainable ways to reach maximum efficiency
in transportation systems. The main aim of the studies of ITS is to reduce the work
load of human personnel and possible human mistakes during all operation process.
Todays, by means of the developments in ITS, their applications become
widespread. Today many vehicles are actively using Global Position System (GPS),
Wireless network communication (Wi-Fi, WiMAX, WiBro) or mobile networks (4G,
4.5G, 5G, LTE), RF or IR waves etc. are being used for machine to machine or
machine- person communications, where one of the main constituents is
availability of the high performance antennas. In fact, with the ever increasing need
of technology and complexity of systems and their environment, need of high
performance microwave antenna designs are also increased. This encourages
microwave engineers to study for novel methods of modelling and prototyping to

meet the high demands of communication industry.
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In this thesis, it was aimed at proposing novel design methodologies and
technologies to meet the current unfilled antenna demands for Intelligence

Transportation Systems. Thus four different types of antenna were studied:

[.  Patch Loaded Traveling Wave Antenna (PLTWA),
[I.  Microstrip SIW antenna,
[II.  Multilayer dielectric loaded lens antenna,

IV.  Alarge scale Reflectarray antenna with flat gain characteristics.

Design stages and realizations of these antennas can briefly be summarized as
follows: Firstly the antenna models are built up either by using 3D EM simulation
tools or by Artificial Neural Network (ANN)s trained by the data sets created via 3D
EM simulation tools, then these models are utilized via meta-heuristic
optimization algorithms in the design stage to be ready in the realization where
prototypes are produced using 3D printing technology as high performance and low
cost antennas. Finally measurements have also been made for the comparison of the
theoretical and experimental performance of the prototype antennas to be sure for
the target to be realized. As conclusion we are glad to present our novel antenna
designs in use of communication industry including Intelligence Transportation

Systems to meet their current unfilled demands.

Keywords: Microwave, antenna, microstrip antenna, reflectarray, beam scaning,

substrate integrated wavequide, lens antenna, intelligence transportation systems.

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES



OZET

Yenilikc¢i Algoritmalar Kullanilarak Mikrodalga Cihaz
Tasarimi

Aysu BELEN

Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Doktora Tezi

Danisman: Prof. Dr. Filiz GUNES
Es-Danisman: Dog¢. Dr. Peyman MAHOUTI

Akilli ulasim sistemleri (AUS) arastirmacilarin, ¢evre dostu, diisiik maliyetli ve de
surdiriilebilir bir ¢6ziim yontemini gelistirerek tasimaciliktaki problemleri giderme
ve tasimaciliktaki sistem verimini maksimize etmeye odaklanmis bir arastirma
konusudur. AUS’deki ana amag olas1 insan hatalarin1 ve de insanlara ait biitiin
operasyon anlarindaki is yukiinii azaltmaktir. Gliniimiizde bir¢ok ara¢ aktif bir
sekilde Kiiresel Konumlama Sistemi (GPS), Kablosuz Haberlesme sistemleri (Wi-Fi,
WiMAX, WiBro), mobil aglar1 (4G, 4.5G, 5G, LTE), veya RF, IR dalgalarini kullanarak

Makine-Makine ve/veya makine-insan haberlesmesini yapmaktadirlar.

Siirekli artan teknoloji ve ¢evre ihtiyaclari ve bunlara baglh artan karmasik sistemler,
yeni nesil yiiksek performans mikrodalga anten tasarimlarina olan ihtiyac1 da
artirmistir. Buda mikrodalga miihendislerinin endiistrinin bu yiiksek taleplerini
c¢ozmek icin yeni nesil, modelleme ve iiretim metotlarinin gelistirmesi icin

cesaretlendirmistir.

Bu tezde, ¢esitli anten tasarimlarinin yenilik¢i metotlar ile tasarimi yapilarak,
AUS’nin ihtiya¢ duydugu yiiksek performansi yapilarin tasarimi hedeflenmistir.

Burada, 4 farkli anten yapisi incelemeye alinmistir;

XViii



[.  Yama Yukli Yirtiyen Dalga Anten,
II. ~ SIW (Substrate Integrated Wavequide) mikrogerit yama anten,
III.  Cokkath dielektrik lens yiiklii anten,

IV.  Duz Kazang karakteristigine sahip biiytik 6l¢ekli yansitic1 dizi anten.

Bu bahsi edilen anten yapilarinin tasarim asamalar1 kisaca su sekilde
Ozetlenebilinir: 6ncelikle anten yapilar1 3B benzim araglar1 ve/veya bu araglardan
olusturulan veriler ile egitilmis olan Yapay Sinir Aglar1 ile modellenmeleri, daha
sonrasinda ise yenilikci meta-sezgisel algoritmalar destegi ile tasarim
optimizasyonlarinin gergeklestirilmesi. 3B yazic1 teknolojisi kullanilarak tasarim
optimizasyonu yapilmis devrelerin maliyetinin diigiriilmesi. Son olarak ise
Olgtimler ve elde edilen veriler literatiirde var olan rakip ve benzer ¢alismalar ile
kiyaslanmasi yapilmistir. Sonug olarak, 3B Simulator araclari, Yapay Sinir aglar ve
meta-sezgisel optimizasyon gibi Yapay Zeka tabanh Algoritmalar, ve 3B yazici
teknolojisi kullanilarak, performans1 yiiksek, diisik maliyete sahip AUS

uygulamalarina yonelik uygun anten modelleri gelistirilmistir.

Anahtar Kelimeler: Mikrodalga, anten, mikroserit anten, yansitici dizi, hiizme

tarama, lens anten, akilli ulasim sistemleri.

YILDIZ TEKNIK UNIVERSITESI
FEN BILIMLERI ENSTITUSU



1

INTRODUCTION

1.1 Literature Review

1.1.1 Antenna Design for Intelligence Transportation Systems

The terms “Intelligence”, “Smart”, “Sustainable” and “Green” are being used
commonly in many fields of our Daily lives such as agriculture, medicine, industry,
communication etc. with respect to ever growing needs megacities and metropolis,
the amount of environment pollution, road traffic accidents, and security problems
are also increased. Intelligence Transportation Systems (ITS) is a research field in
which researchers study methods and solutions to overcome mentioned problems
of transportation systems in an environment friendly, low cost, and sustainable

ways to reach maximum efficiency in transportation systems.

The main aim in ITS is to reduce the work load of human personnel and possible
human mistakes during all operation process. Design of high performance electronic
stages for wire/wireless communication of ITS systems is an important research

topic in fields of Machine to Machine (M2M) and Internet of Things (IOT) [1-2].

With developments in field of ITS, their applications are also expanded. Today many
vehicles are actively using Global Position System (GPS), Wireless network
communication (Wi-Fi, WiMAX, WiBro) or mobile networks (4G, 4.5G, 5G, LTE), RF
or IR waves, alongside of other type of sensor for increasing the safety of passengers
and increasing the efficiency of other ITS [3], such as (i) data collection and transfers
that would resulted in marked services quality improvement offered to end
customers [4-5] (ii) long range communication systems for vehicles [6-8] , (iii).
Automotive radar applications, where these designs has usage of pre-crash sensing
/ control firing of restraints, airbags / break boosting, stop & go function of engine,
lane change warning and/or aid, blind spot detection, parking aid and back drive

1



assistance. In most of these applications microwave RF systems are the key

elements of mentioned designs [9-15].

With the ever increasing need of technology and complexity of systems and their
environments, need of high performance microwave antenna designs is also
increased. This encourage microwave engineers to study for novel methods of
modelling and prototyping processes to answer the high demand of industry. In this
thesis in order to achieve such designs to response the demands of industry, not only
novel and high performance antenna design such as, microstrip tapered traveling
wave antenna, and multilayered cylindrical dielectric lens antenna have been
studied, but also modelling techniques based on artificial intelligence have been
employed for design optimization process of computationally efficient antenna
designs such as microstrip substrate integrated waveguide antennas and large scale

reflect arrays.
1.1.1.1 Traveling Wave Antenna

In recent years with the fast development of the technology, the demands for
reconfigurable smart antenna designs capable of dynamically changing their
properties, e.g., beam steering, operational frequency and polarization have
received a great deal of attention in many applications such as RADAR,
transportation and space applications. The advantage of pattern reconfiguration is
that it increases the power consumption efficiency at the transceiver stage while it
improves transmission and coverage capacity [16-18]. In human detection and
scanning applications, the RADAR system requires a narrow beam pattern with fast
steering ability where the basic radar functions such as pattern control, scanning,
targeting has a critical importance. Although the design procedure of these types of
antenna models are relatively complex compared to traditionally designs there
have been series of works to achieved this challenging problem, usage of mechanical
gears, [19] modification of feeding systems phase, [20] and modifications of surface
currents via use of switches [21-31], or by use of substrate integrated waveguide

designs [32].

Herein, in order to reduce the complexity and cost of reconfigurable antenna

designs, Traveling/ Leaky Wave Antennas (TWAs) design are worked out. TWA
2



design is based on the traditional microstrip array antennas which was proposed by
W. Menzel in 1979 [33]. Thus, this microstrip TWA design has advantages of simple
design schematic, low profile, and easy impedance matching. TWAs have been
studied as solutions for gain enhancement of simple radiating sources [34-40], side-
lobe level reduction [36-39], and radiation pattern reconfiguration [40-49]. By
designing a TWA for RADAR systems in [45], an effective continuous scanning has
been achieved with a small increase in the feeding signal’s frequency, thus it is
possible to optimize the range and propagation pattern of the radar array, and steer
the pattern of antenna for a scanning in time. Furthermore in [46], [47], substrate
integrated waveguide has been used in the design of the TWA in the X -and Ku
bands. In [48], beam scanning has been achieved through broadside in dielectric

image line environment in the same bands.

In this thesis, a broadband Traveling Wave Antenna (TWA) will be presented as a
microstrip design that is capable of a wide range of beam scanning by changing the
operation frequency within 8-14 GHz which will be explained in details in the next

sections.
1.1.1.2 Microstrip SIW Antenna

The SIW design is a family member of substrate integrated circuits that include
other substrate integrated structures such as substrate integrated image guides and
substrate integrated non-radiative dielectric guides [49]. SIW components are
popular thanks to being easy to design and realized, and have the combined
advantages of planar printed circuits and metallic waveguides. Just like microstrip
and coplanar transmission lines, SIW components are compact, flexible, and cost
efficient. Furthermore, SIW design also have the advantages of conventional metallic
waveguides, such as shielding, low-loss, high quality-factor and high-power
handling [49]. In this way, the concept of system in Packet (SiP) can be extended to
the System on- Substrate (SoS). SoS represents the ideal platform for developing

cost-effective, easy-to-fabricate and high performance mm-wave systems.

Recently, especially antenna designs with SIW technology are becoming a trending
topic for novel, high performance, low-cost antenna design [52-58]. Antennas

designed with SIW technology have excellent performance due to the ability of

3



suppressing surface wave propagation, wider operation band, decreased end-fire
radiation and cross-polarization radiation. Typically, in [52-53], the effect of adding
SIW structure to the proposed antenna was presented and gain was measured to be

enhanced up to 4 dBi.

In this thesis, design optimization and fabrication of a high performance Microstrip
dual-band SIW antenna is studied. The optimization process is achieved via the use
of a multi objective meta-heuristic optimization algorithm. Both of antenna design
procedure and Optimization algorithm had been explained in details in upcoming

sections of the thesis.
1.1.1.3 Multilayered Dielectric Lens Antenna

High gain antennas are one of the vital components in the versatile wireless systems
spanning from radio astronomy and radar to satellite communication. One
conventional technique for high gain antenna design is the antenna array design.
However, this design method has a major disadvantage of transmission loss due to
the increase in the number of feeding elements or complexity of feeding network
with the result of degradation in the total antenna efficiency in addition to the
requirement of precise geometric positioning of radiating elements for low mutual
intercoupling. Another design technique of the high gain antennas is to excite the
multimode resonance field patterns of a dielectric lens fed by a primary source in
the form of single feed or array termed as dielectric resonator antennas (DRA) which
are widely used in millimeter wave applications including automotive radar systems
[59, 60], satellite transmission components [61] and indoor communication
networks [62]. These antenna types have the advantages of wide bandwidth, good
radiation stability over the operation frequency band with a high gain. However
DRA designs suffer the disadvantages of being bulky with complex geometrical
shapes that are either infeasible or impossible to be prototyped via traditional
manufacturing methods. Another solution for high gain antenna designs is Dielectric
lens antennas. Dielectric lenses are conventionally used in focusing to enhance
directivity of the primary radiating source. Similar to the glass lenses frequently
used in the optical field [63], dielectric lenses are used in the microwave antenna

designs to improve antenna gain characteristics since they are capable of converting

4



incoming quasi-spherical wave into almost plane wave. In literature, there are many
different types of microwave lens implementations for the antenna gain

improvements [63-66].

Herein, design and realization of a broadband, high performance 3D printed
modified Multi-Layered Cylindrical Dielectric Lens Antenna (MLCDLA) are carried
out. In the upcoming section the design procedures and its prototyping process via

3D printers had been explained in details.
1.1.1.4 Reflectarray Antenna

Reflectarray antennas (RA) have been of high interest due to the unique advantage
of combining the best features of both reflectors and phased array antennas
especially in antenna gain that can be achieved without using any complicated
feeding network. Microstrip RAs have both electromagnetically and mechanical
advantages: From an electromagnetic perspective, they are high gain antennas, low
side-lobes, capable of beam steering, and from a mechanical perspective, they have

light weight structures, easy to fabricate and manufacture and also robust [67-69].

(a)

1 o <

| —| e ]

(c) (d)

Figure 1.1 Typical RA Unit Elements with Phase Compensation Reflection w.r.t
Variable (a) Transmission Line Lengths, (b) Dipoles’ and Rings’ Sizes, (c) Patch’s
Size, (d) Elements’ Rotations|[3]

Microstrip RAs are composed of many isolated patches elements on a substrate (er,

tand, h) which are various forms such as square, circle, rings (Fig. 1.1) and able to

reflect the incident wave independently with a phase compensation proportional to



the distance from phase centre of the feed-horn to form a pencil beam in a specified
direction (09, @%) as is well-known from the classical array theory. Thus “Phasing”
is a very important process in designing reflectarray. In literature different
approaches of compensating the phase of each element have been proposed (Fig.

1.1).

In Fig. 1.1, typical patch forms used in the microstrip RA designs are presented with
their phase compensation methods. One of the methods for the reflection phase
compensation is to add with a variable stub length in a microstrip patch [70-75].
Another method which is often used is to change the sizes or rotation angle with
certain degrees of the unit elements such as rings or dipoles [72-74], and thus the
reflection phase characteristics of a RA can be built up [75]. In Fig. 1.2, a traditional
planar RA design is presented alongside of its feeding antenna. In Fig. 1.3, a
traditional large scale planar RA with variant transmission line patches had been

presented.

Figure 1.2 A Traditional RA Design with the Feeding [69]
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Figure 1.3 A Traditional Large Scale Planar RA with Variable Stub Length Patch
Element [69]
Since RA designs are simply hybrid of a reflector antenna and a planar phased array
antenna in a compact size and low profile design [76-80], they are mostly preferred
in applications such as satellite communication where the designs can be folded and

reshaped easier to traditionally designs.

However, microstrip RA designs usually suffer with a narrow bandwidth
characteristic caused by intrinsic narrow bandwidth of a microstrip patches and
spatial phase delays between the feed and unit cell elements [81]. Some of the
methods for enlarging the operation band of microstrip RA designs are: (i)
Utilization of dielectric substrates with high thickness, (ii) Having unit element
designs with multilayers [82-83]. By using these methods it is possible to increase

the bandwidth up to %15.

For design of a MRA, in order to satisfy requirements as the capability to radiate a
shaped beam or multi-beams, also to enhance the frequency behavior and
bandwidth, novel, complicated patch configurations on multi-layers are needed.
Thus, the MRA design problem becomes a massive multi- objective multi-
dimensional optimization problem that is not computationally efficient and feasible
due to its high mesh size that might take days of simulations even for a few iterations
[84]. Therefore first of all for a computationally efficient optimization process, an
accurate and rapid model for the reflection characteristic of a unit element is needed

to establish as a continuous function within the input domain of the patch geometry



and substrate variables, then it could be convenient to carry this model out adopting
a hybrid “global + local” optimization method to find the best solution among all the

possible solutions [85-88].

1.1.2 Artifical Intelligence Based Algorithms

In order to achieve high performance the complexity of microwave stages are
increased alongside of their simulation durations. Thus, usually the design and
optimization process of such designs are computationally inefficient or extremely
time consuming. Recently many advance artificial inelegance based methods had
been used for (i) creating a surrogate modelling of 3D EM based simulator that has
a fast and accurate response, (ii) as an advance search tools to find an optimal
solution of multi dimension multi objective optimization problems in fields of
microwave engineering. In this thesis, Differential Evolutionary Algorithm (DEA)
and Artificial Neural Network had been used for achieving high performance

antenna designs via a computationally efficient way.

1.1.3 Meta-Heuristic Optimization

Meta-heuristic algorithm is an advance procedure to form a heuristic that can find
an efficient solution to a given problem, especially in case of problems with
incomplete or imperfect information. Examples for these methods are: Methods that
inspired from the behavior of animal and microorganism, such as particle swarm
optimization, artificial immune systems, and insect colonies like Ant or Bees. Most
of the mentioned methods have been utilized in design optimization of microwave

device and antennas [89-95].

Differential Evolutionary Algorithm (DEA) is a method of multidimensional
mathematical optimization which belongs to the class of Evolutionary Algorithm
(EA). DEA is originated by Kenneth Price and Rainer M. Storn and first publication
of idea of this method was published as a technical report in [96-97].

1.1.4 Artifical Neural Network

A commonly used novel method for creating an accurate and fast numerical models

of microwave devices is Artificial Neural Networks (ANN) which is a simplified
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mathematical model of the biological neural network. Particularly Multi - Layer
Perceptron type of Neural Network (MLPNN) has found a lot of microwave
modelling and optimization applications [98-110]. A MLP NN is composed of a
collection of interconnected neurons taken place in the input, output and hidden
layers where neurons have activation functions to be used in the mapping process
between the input and output domains. A MLP NN architecture matrix consists of
weighting coefficients belonging to the interconnections and the bias values, which
are determined by an optimization process called the training process using the
simulated or measured data sets as the target data. Then validation of the ANN
model is made by the prediction process via the defined test criteria and data. Thus
the ANN is ready for the regression process consisting of accurate and rapid
prediction of the outputs corresponding to any given input vector within the input
domain. In the other words, the outputs are obtained numerically as continuous
functions of the input variables expressing nonlinear mapping between the input
and output domains. In the applications of modelling of microwave devices, these
inputs may be geometry and substrate parameters of a microstrip patch antenna or
DC bias conditions and operation frequency of a microwave transistor, etc, where
the outputs may be gain and resonance frequency, the Scattering parameters,

respectively, of the related devices [101-108].

1.1.5 3D Printing Technology

Furthermore in order to have a fast, reliable low cost and accurate prototyping
process, 3D printing technology had been used for manufacturing of some of the

proposed antenna designs.

Components with three-dimensional (3D) geometrical structure have gained
significant interest in the recent years due to the final innovations in 3D printing
technology. Nowadays, 3D printers are extensively used in many applications
ranging from medical, industrial art, jewellery, automotive industry to electronic
circuits. Due to the layer by layer construction ability, 3D printers have the
advantage of prototyping of complex designs that are extremely difficult and
expensive to prototype with the conventional fabrication methods. Especially in the

field of microwave circuit designs, 3D printers have received great attention due to
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the precise, fast, and low cost manufacturing capabilities for the prototyping of

versatile RF circuits and components.

Although there are many types of 3D printing process such as Stereolithography
(SLA), Digital Light Processing (DLP), Laminated object manufacturing (LOM),
Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS), Selective Laser
Melting (SLM) and Digital Beam Melting (EBM), FDM and Direct Metal Laser
Sintering (DMLS) have been used extensively in prototyping of microwave
component. In [111-113], applications of DMLS and printing for manufacturing of
waveguides, waveguide-based passive microwave components, antennas, and
antenna arrays were studied. In [114, 115] application of metallic printers for
prototyping of horn antenna designs was studied. Although metallic printing is an
effective prototyping method, FDM printing has also been used for 3D printing of
microwave stages, such as reflectarray antennas [116, 117], flexible antennas
[118,119], multi-layered dielectric loaded antenna [120], quasi-Yagi antenna [121],
microstrip patch antenna [122], X-band horn antennas [123], realization of

dielectric sheets for gain improvement of ultra-wideband horn antennas [124].
1.2 Objective of the Thesis

In this thesis, it is aimed to propose different antenna designs and novel design
methodologies in order to answer the ever increasing need of wireless technology
for applications of Intelligence Transportation Systems. Each of the studied designs
is aimed to meeting to a different need of communication such as automotive radar,

Satellite communications etc.
1.3 Hypothesis

In order to achieve the goal of the thesis, 3D EM simulation tools have been used for
design procedure of antennas. The studied antennas in this thesis are multi-
objective multi dimension optimization problems that requires high performance
search tools. Differential Evolutionary Algorithm (DEA) which is a Meta-Heuristic
base optimization algorithm and that have shown great potential in many
microwave applications including design optimization of antennas. However due to

their limitations of computation efficiency, these tools are not efficient solutions for
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large scale multi objective. Thus, in order to solve this problem, Artificial Neural
Network based surrogate models of 3D EM simulators have been generated to be
used as an accurate reliable and fast solution for design optimization process.
Furthermore, for justification of the proposed antenna designs and their designs
methodologies, a low cost, fast and accurate prototyping process have been used via
the usage of 3D printing technology. The measured and simulated results of the
designs have been compared with performance of counterpart designs in literature

to clearly demonstrate the achievement of the proposed methodologies.
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2

TRAVELING WAVE ANTENNA

2.1 Microstrip Tapered Traveling Wave Antenna for Wide Range

of Beam Scanning in X- and Ku- Bands

As it mentioned before, with the fast development of the technology, the demands
for reconfigurable smart antenna designs capable of dynamically changing their
properties, e.g., beam steering, operational frequency and polarization have
received a great deal of attention in many applications such as RADAR,
transportation and space applications. In this chapter, in order to reduce the
complexity and cost of reconfigurable antenna designs, Traveling/ Leaky Wave
Antennas (TWAs) design are worked out. TWA design is based on the traditional
microstrip array antennas which was proposed by W. Menzel in 1979 [33]. Thus,
this microstrip TWA design has advantages of simple design schematic, low profile,
and easy impedance matching. TWAs have been studied as solutions for gain
enhancement of simple radiating sources [34-35], side-lobe level reduction [36-39],
and radiation pattern reconfiguration [40-44]. By designing a TWA for RADAR
systems in [45], an effective continuous scanning has been achieved with a small
increase in the feeding signal’s frequency, thus it is possible to optimize the range
and propagation pattern of the radar array, and steer the pattern of antenna for a
scanning in time. Furthermore in [46], [47], substrate integrated substrate have
been used in the design of the TWA in the X -and Ku bands. In [48], beam scanning
has been achieved through broadside in dielectric image line environment in the
same bands. Herein, a TWA design is achieved as a simple microstrip tapered
travelling wave antenna that is capable of a wide range of beam scanning by
changing the operation frequency within 8-14 GHz. Furthermore with the usage of

the proposed patch load (PLTWA) instead of traditionally resistive load, efficiency
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and gain characteristics are increased along the operation band. Dimensions of the
proposed TWA is 130x30 mm. The fabricated TWA operates over 8-14GHz with a
fractional bandwidth, and it exhibits a peak gain of 9.5 dBi at 11 GHz. The measured
gain of the proposed antenna is around 9-12 dB and the main beam direction is
steerable with the range of 800 (-659 to 159). Thus, with the proposed patch loaded
TWA design it is achieved to increases the maximum gain almost 3 dB and the total
efficiency up to 90% compared to the traditional resistive load over the operation
band of 8-14 with a steerable beam range of 800 (-65° to 159). Besides, scan range,
peak gain and dimensions of the proposed design will be compared with the
counterpart design in section of the experimental results. The detailed antenna
structure and design principles are briefly explained in section 2.1.1. The
experimental verification of the proposed TWA is provided in Section 2.1.2
alongside of the comparison table for the design operates in similar operation band.

Finally, the work ends with a brief conclusion in Section 2.1.3.

2.1.1 Design and Simulation of Microstrip Tapered TWA

TWA designs use a travelling wave on a guiding structure as the main radiating
mechanism. TWA designs usually consist of open-ended wires where the current
must go to zero. The surface current on TWA designs can simply considered as a
superposition of electromagnetic waves traveling in the opposite directions. A TWA
can be simply designed by a single wire transmission line alongside of a matched
load termination (Fig. 2.1(a)). Typically, the length of the transmission line is several

wavelengths [125].

TWA are usually consist of periodical structures. The direction of the antenna’s main
beam is highly dependent on the geometrical design parameters. The most
commonly geometries used on design of microstrip patch antennas are as follows:
chain, trapezoidal, comb, saw geometries. In Fig. 2.1(b) some traveling wave

antenna had been given.
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Figure 2.1 (a) An Example for a TWA Design (Beverage antenna) [124] (b) Basic
Shapes of the Travelling Wave Antennas [45]
Main beam direction of the radiation is determined by the phase velocity of
travelling waves, thus by taking advantage of dispersive effects of feeding signals
frequency on waveguides it is possible to obtain a design with steerable beam. In
this section, design and simulation results of a traditional Traveling Wave Antenna
and the proposed patch loaded design are investigated. As it can be seen from Fig.
2.2(b), the traditional TWA design consists of a resistive load which would decreases

the total efficient of antenna design.

Resistive Lo,
Matching
=000 06

(a) (b)
Figure 2.2 (a) Unit Cell Design (b) Traditionally Resistive Loaded Travelling Wave
Antenna Design

Resistive Load
Matching

Herein it is aimed at increasing efficiency of the TWA design along the operation

band by using a patch antenna load instead of a resistive load and a tapered-shaped
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line given in Figs. 2.2-2.3. Operation frequency of broadside radiation of the unit cell
is located around 8 GHz to 14GHz in Fig. 2.4(a). Optimization and simulation
processes are carried out using 3-D Microwave Simulation software CST. The
following design parameters are the most crucial factors that should be taken into

the consideration during the design process (Fig. 2.3):

e Inordertoincrease / decrease the gain of design the number of elements can
be increased / decreased;

e To increase the input impedance of design, the number of elements can be
increased;

e By increasing substrate height, patch widths or decreasing the materials
permittivity, the band width can be increased;

e To increase beam scanning range the length of the microstrip line can be

increased, otherwise vice versa.

: Unit Cell : Patch Load Matching

-+—TTMN—>

Feed Line | |

-« L1

\j

Figure 2.3 The Proposed PLTWA

The proposed Patch Loaded Traveling Wave Antenna (PLTWA) and its optimally
selected design parameters of are given respectively, in Fig. 2.3 and Table 2.1. The
values given in Table 2.1 are obtained via a design optimization process by using
differential evolutionary optimization algorithm [125]. In Eq. 2.1, the cost function

for design optimization of PLTWA had been given.

Cost(Li ,W].,fr) = min{Sll} +max{Gain} (2.1)
where; Li:L1-5,Wi=W1-4, fr: the cost function is valid over the operation frequency
only.

The PLTWA model is designed on a Rogers RT/Duroid 5880, &r = 2.2, tand = 0.0009,
height h = 0.79 mm with a metallic ground at the bottom alongside of a 50 () matched

SMA-connector on the feed line for the measurements.
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The simulated S11, Maximum Gain, and total efficiency over the frequency are
presented in Fig. 2.4. As it can be seen from Fig. 2.4, termination the antenna by a
rectangular patch load increases the maximum gain almost 3 dB over the operation
band and the total efficiency of the system is increased up to 90% compared to the

traditionally resistive load design at the expanse of a small distortion on S11

characteristics.
Table 2.1 Parameter List of PLTWA Design in mm
w1 30 L1 130
w2 15.68 L2 10.12
W3 2.35 L3 11.38
W4 14.8 L4 3.3
h Substrate 0.79 L5 13.67
O s i F F
'{5 ______ = -‘.‘\:\:\ ::::: Patcﬁ Loaded Ny
. NI e B AN
4 6 8 I 10 ’ 12 14 16 18
frequency
(a)
Figure 2.4 Simulated (a) Return Loss (b) Maximum Gain (c) Efficiency of TWA
Design
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Figure 2.5 Simulated (a) Return Loss (b) Maximum Gain (c) Efficiency of TWA
Design (continued)
Fig. 2.5 depicts the radiation characteristics of the proposed PLTWA design with
respect to the variation of frequency. Also in Table 2.2, a detailed comparison of the
traditionally resistive loaded TWA and proposed PLTWA is presented. As it can be
seen from the table, the proposed patch loaded TWA design it is possible to enhance
the radiation characteristics of the antenna such as side-lobe level, beam width or
gain value. With the increase in the efficiency of the PLTWA, the gain characteristics
of the antenna has been enhanced up to 4.5 dB over the operation band. The
efficiency of the antenna has been calculated from the 3D EM simulation results of

CST by using Eq. 2.2 [36]. In the next section the experimental results of the
proposed PLTWA had been studied.

R
R, +R,

ecd
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Where; ecd is radiation efficiency, Rr= radiation resistance, RrL= resistance
representing the combination of the conduction-dielectric losses of the antenna

design [126].

Beam Scanning

— 8GHz

10GHz
— 12GHz
14GHz

Figure 2.6 Simulated Radiation Pattern of PLTWA for Variant Frequencies

Table 2.2 Simulated Performance Comparisons of Resistive Loaded TWA and

PLTWA
f S11 Realized | Enhanced Main 3dB Side | Efficiency
Gain Lobe lobe
(GHz) | (dB) (dB) (dB) direction | (Angle) | level %
(Angle) (dB)
8 <-10/ 6.18 +3.59 68 /70 30.8 6.8 47 /78
/9.77 /28.6 | /4.8
<-8
9 <-10/ 7.45 +3.95 40 /39 17.6 6.3 56 /92
/11.4 /142 | /5.5
<-8
10 <-10/ 6.44 +4.46 25 /19 23.2 5.4 54 /80
/10.6 /15.1 | /2.4
<-8
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Table 2.3 Simulated Performance Comparisons of Resistive Loaded TWA and

PLTWA (continued)
12 <-10/ 8.01 +4.49 2/4 15.7 5.2 47 /89
/12.5 /6.2 /6.2
<-8
13 <-10/ 9.5 +1.7 9/9 11.8 6.3 60 /78
/11.2 /10 /6.8
<-8
14 <-10/ 11.8 +0.7 16 /20 |10.1/9 | 5.2 80 /93
/12.5 /7.7
<-8

2.1.2 Experimental Results

In this section, the optimized antenna is fabricated using LPKF ProtoMat S series
[127]. The fabricated prototype is shown in Figure 2.6, along with the simulated and
measured S11 and gain characteristics. For measurement of the PLTWA a Network
Analyzer with a measurement bandwidth of 9 KHz -13.5GHz, and reference antenna

in [128] are used.

Figure 2.6 Fabricated PLTWA
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The measured return loss characteristic, maximum gain- total efficiency over the
operation band and the measured radiation pattern for varying frequencies are
presented in Figs. 2.7-2.9 and Table 2.3. It can be seen that the measured and
simulated results are in good agreement where the slight variation occurs due to

fabrication tolerances.

Table 2.3 Sample Table Measured Performance of PLTWA

fr S11 (dB) Main Lobe Angle Gain (dB)
(GHz)

8 -10 -650 9.2

9 -10 -400 10.3
10 -20 -200 10.1
11 -12 00 9.5

12 -18 50 12

13 -8 100 10.7
14 -13 -150 11.1

Measurement
=26 [ | ==-==Simulation

-28

8 9 10 1
Frquency GHz

Figure 2.7 Simulated and Measured S11 of PLTWA
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Figure 2.8 Measured Gain and Beam Scanning with Frequency
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Figure 2.9 Measured Radiation Pattern for Variant Frequencies

The variation of the main lobe direction of the antenna is shown in Fig. 2.9. The

direction of the main lobe is scanned from -659 at 8 GHz to 150 at 14 GHz.

Finally, the performance of the proposed PLTWA is compared with counterpart
designs that are reported in literature in Table 2.4. In [30], design of a resistive load
microstrip traveling wave antenna for X band applications at 9-10 GHz band had
been studied. The design has a peak gain value of 13 dB with scanning range of 0 to

27 degree. In [31] authors achieved to design a miniaturized leaky-wave antenna by
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using quarter-mode SIW operating in operation band of 12.5-15.4 GHz with a
scanning range of 0-28 degree. In [32], the authors proposed a continuous beam
scanning by applying substrate integrated waveguide to the leaky-wave antenna
design. In [33] design of a broadband (%33.2) leaky wave antenna with dielectric
image line had been proposed for Ku-band applications within the range of 11.3-
15.8 GHz with scanning range of -60 to 38 degree. The proposed design requires a
planar structure and obtains less dispersive beam scanning compared with a
composite right/left-handed (CRLH) leaky-wave antenna design. From this table,
one can easily observe that both the gain and the scan range of the proposed PLTWA

are better than the counterpart works.

Table 2.4 Comparison of PLTWA with Counterpart Designs in Literature

f Peak
Design Scan Angle Range Length
(GHz) Gain (dB)
Here 8-14 -650 to 159 12 130mm
[45] 9-10 00to 270 13 171mm
[46] 12.5-15.4 00 to 28° 13.17 316mm
[47] 11.3-15.8 -600 to 380 15 170mm
[48] 9-14 -400 to 350 12 140mm

2.1.3 Discussion on Performance of Proposed TWA

Herein, design of a microstrip patch loaded traveling wave antenna (PLTWA) is
presented for the aim of: increase the total efficiency and gain performance of
traditionally TWA designs. The proposed PLTWA design has a frequency depended
pattern steering in operation band of 8-14 GHz with the dimensions of 30x130 mm?.
The fabricated PLTWA operates over 8-14GHz with a fractional bandwidth, and it
exhibits a peak gain of 9.5 dBi and at 11 GHz. The measured gain of the proposed

antenna is around 9-12 dB and the main beam direction is steerable with the range
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of (-659~159). The comparison of the proposed PLTWA with counterpart works
shows that the design have a better performance. The proposed PLTWA is simple to
design and fabricate and can be used in basic radar functions such as search,
detection, tracking, guidance, and electron beam control applications. Also, the
proposed PLTWA design can be easily adapted and realize in the higher mm-wave

frequency band with adequate performance.
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3

SUBSTRATE INTEGRATED WAVEGUIDE
ANTENNA

3.1 Design Optimization of a Dual- Band Microstrip SIW antenna
Using Differential Evolutionary Algorithm for X- and K- Band
Radar Applications

In this thesis, SIW technology is applied to design a microstrip dual-band antenna

for X and K band radar applications. An antenna model given in Fig. 3.1 [53] is

considered as an efficient antenna model for the aimed operation frequencies. Roger

4350 (&r=3.48) with 1.52mm height is used as a low-cost substrate of the SIW.

L1

-
W5

Figure 3.1 Parametric Layout of SIW Antenna

The design optimization process of the proposed SIW antenna model is achieved via
the use of Differential Evolutionary Algorithm (DEA) in 3D CST Microwave studio
environment. For this purpose, the microstrip SIW antenna design problem is
converted to an optimization problem by defining optimization variables and
objectives based on the antenna performance criteria such as gain and return loss
characteristics. Then, in order to prove the success of the design optimization of SIW

antenna, a prototype is built with the optimal design parameters obtained from the
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DEA process and measured its performance. The measurements verify that the
proposed microstrip SIW antenna model is a sufficient solution for X and K band
radar applications and the DEA algorithm is an efficient algorithm for design

optimization of microstrip SIW antennas.

3.1.1 Desgin Optimization of Dual-Band SIW Antenna Using DEA

Roger 4350 (&r=3.48) with 1.52mm height is used as substrate of the SIW antenna
and the optimization variables are dimensions of the rectangular microstrip patch,
feedline size, the total number of metallized via’s and their gaps as given with their

limitations in Table 3.1.

Table 3.1 Constraints of the Variables in (mm)

Parameter Constraint Parameter Constraint
W1 10~20 L1 5~15
W2 1~10 L2 1~10
L3 1~10
w4 1~10
L6 1~10

The geometrical design parameters can be increased or decreased based on the
request of designer, furthermore design parameters such as distance of via’s,
diameter of via’s or other parameters such as dielectric constant or height of
substrate can be added. But it should be noted that with the increase in number of
optimization variables the search space would become more complex and requires
more function evaluations which would drastically decreases the computationally
efficiency of the design process. Also it should be taken into consideration that
decreasing number of variables might prevent the algorithm to find the optimal

solutions in the limited search space.
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Figure 3.2 Flow Chart of the SIW Antenna Design Optimization

The flow chart of the optimization process is given in Figure 3.2. According to this
flow chart, it can be observed the DEA working in MATLAB environment send the
optimization parameter values to CST suit environment to start a 3D
electromagnetic simulation process. Then the simulation results in CST
environment are sent to MATLAB environment in order to evaluate the cost function
of the optimization process:

Cost. = ¢ + ¢, (3.1)

" Directivity,, S,

where, C is weighted constrained determined by user (Here in C1=0.9, C2= 0.3 which
is determined with trial and error method), both S11 and directivity are only taken
into account at the requested operation frequencies, 12 and 24 GHz; i is the index
of the current member of DEA population. The performance results are obtained
after 10 independent runs of the optimization process and the specification criteria

of the objective function are:

S;;dB<-10 f=12GHzand24GHz (3.2)

Max(Directivity) f =12GHz and 24GHz (3.3)
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In Tables 3.2-3.3, the performance results of DEA algorithm for 10 different runs are
presented. In Table 3.2, the best, worst and mean performance results of DEA for
these 10 runs are given. As it can be observed, when the population size is taken as
20, the optimization process cannot converge to the required cost value and are
trapped in a local minima in the search domain. However when the population size
is increased the overall performance of the DEA is also increased. However it should
be noted that although the increased number of population might also increases the
performance it also would decrease the computationally efficiency of the whole
process. This can be observed from Tables 3.2 and 3.3, where the minimal cost value
obtained from run with 30 population size is reached to the value of 0.307 the run
with 50 population size has achieved 0.278. However, even though the mean
performance result of 50 population run is much better than the run with 30
population, the required function evaluation for 50 population is much higher than
30 populated run which will drastically decreases the computational efficiency of

optimization process.

Table 3.2 Performance Results of DEA*

Cost
Population
Maximum Minimum Mean
20 7.54 2.54 3.88
30 2.26 0.307 0.916
50 1.34 0.278 0.613

*Mean results obtained from 10 different runs at 20 iteration.
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Table 3.3 Number of Function Evaluations of DEA*

[teration
Population
5 10 15 20
20 107 198 289 380
30 161 297 433 570
50 268 495 722 950

* Mean Results obtained from 10 different runs

The parameters given in Table 3.4 are obtained via DEA with 50 population size
after a 20 iteration where the minimal cost was found as 0.278 with respect to the

limitations given in Table 3.1 and Eq. 3.1.

Table 3.4 Optimal Parameter List in (mm)

w1 15.4 L1 10.7
W2 7 L2 2.5
W3 5.75 L3 5.1
W4 4,95 L4 3.4
W5 2xW6 L5 7.8
W6 0.85 L6 4.2

R 0.8 L7 3.35

The simulated and measured results of the prototyped SIW antenna design (Fig. 3.3)
are presented in Figs. 3.4-3.6. The measurement results are obtained using the

measurement setup given [129]. The simulated radiation pattern of the optimally

28



designed SIW antenna are given in Fig. 3.4 where the designed antenna achieves a

simulated gain level of 7 and 7.13 dBi at 12 and 24 GHz respectively.

Figure 3.3 Fabricated Antenna

¥

(a) (b)
Figure 3.4 Simulated Gain Patterns (a) 12GHz, (b) 24 GHz

For further investigation of the effect of SIW structure on the performance results
of antenna designs two additionally simulation cases had been added. (i) an antenna
design similar in Fig. 3.1 which does not have any SIW structure with the same
geometrical design parameters in Table 3.4 (NO SIW design), (ii) the same No SIW
antenna design that is optimized via the DEA (NO SIW OPT). In Fig. 3.5, the
simulated performance of antenna design with and without SIW structure had been
presented alongside of both simulated and measured performance of the optimally
design SIW antenna. Here it should be noted that optimized antenna not only is have
resonance frequency in 12 and 24 GHz but also is resonated in middle frequencies.
This can be prevented by simply adding these frequencies to the cost function or it
is also possible to make the antenna has better performance measures in these
frequencies by adding them to the cost function. However in this work simply only
performance measures at 12 and 24 GHz are provided to the cost function and

optimization process for design optimization of a dual band antenna.
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Figure 3.5 Simulated and Measured Return Losses

In Table 3.5 and Fig. 3.6, the simulated and measured gain performance results of
the antenna designs are presented. As it can be seen, the best gain performance
results obtained from the design without SIW structure, even though an
optimization process is applied, is around 6 dB for the selected operation
frequencies while after the application of SIW design the gain is increased almost 2
dB. Furthermore, for extending the performance enhancement of SIW structure a
comparison analysis with recently published works with SIW designs in literature
[130-135] is presented in Table 3.6. As it can be seen from Table 3.6, the proposed
design optimization process has achieved an antenna model that not only have
better or similar performance results (Gain and Si1), but also have realized this
performance measure with smaller size compared to counterpart designs even

though one of its operation band is at 12 GHz.
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Figure 3.6 Measured Far Field Gain

Table 3.5 Comparison of the Realized Gains

Realized Gain (dB)
Model Die Size in (mm)
12GHz 24GHz
SIW Measured 6.7 7 25.5x22.5

SIW DEA 7.01 7.13 25.38x22.45

Simulated No SIW 4.8 5.8 25.38x22.45

No SIW
DEA 5.1 6.2 23.85x22.45
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Table 3.6 Comparison of Antenna with Literature

f S11 . N
Models Iéea_lllze];i Substrate Die Size
(GHz) (dB) ain (mm)
Here 12 /24 -10 /-19 6.7/7 Roger 4350 | 25.5x22.5
[54] 10 -25 9.8 30x30
[130] 15 -15 7.5 30x30
[131] 25 -20 Arlon 25N 15x27
[132] 10 /12 -30 /-30 8/9 Taconic 40x56
TLY
[133] 18.2-23.8 <-15 9.5 Droid 5880 20x25
RT/Duroid
[134] 25.8-31.5 <-15 >6 5380
Arlon
[135] 8-15 <-17 >6 IsoClad 55 x 46.8
917

3.1.2 Discussion on Performance of Proposed SIW Antenna Design

In this study case, a high performance, miniature, novel antenna is designed and
fabricated on a low-cost substrate for X and K band radar applications. For this
purpose, design optimization and fabrication of a high performance microstrip dual
band antenna using Substrate Integrated Waveguide technology is worked out.
Thus firstly, an efficient design optimization of a microstrip SIW antenna has been
carried out on a low-cost substrate Roger 4350 with a possible simple geometry as
a multi-objective, multi-dimensional optimization problem using the Differential
Evolutionary Algorithm (DEA) within 3-D CST Microwave studio environment. At
the same time, effects of the SIW structures are investigated on the radiation and

return loss characteristics of the antenna design by simulation in different cases
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and optimized using DEA. In simulated results, the optimized antenna with SIW
structure achieves the simulated gain level of 7 and 7.13 dB at 12 and 24 GHz
respectively, while other two cases of antenna design without SIW design can only
achieves 6 dB at most. In the second step, for justification of the proposed design
method, the optimally designed dual band SIW antenna has been prototyped.
Finally it has been reached a conclusion that the competitive performance has been
achieved with this miniature, simple microstrip SIW antenna design as compared

with the counterpart designs in the literature.
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A

MULTILAYER DIELECTRIC LENS ANTENNA

4.1 A Novel Design of High Performance Multilayered Cylindrical

Dielectric Lens Antenna Using 3D Printing Technology

In this study case, design and realization of high performance, low-cost X-band
Multi-Layered Cylindrical Dielectric Lens Antenna (MLCDLA) is presented using 3D
printing technology. Firstly, MLCDLA is designed and simulated in the complete 3D
CST Microwave Studio (MWS) within the X- band as consisting of six layers and
being fed through a conventional rectangular waveguide (WR90). These layers are
in the form of cylindrical discs having different radii, thicknesses and made of a
cheap polylactic acid material. These layers have also varying dielectric constant
from 1.2 to 2.7 that are compatible for Fused Deposition Modelling (FDM) based 3D-
printing process. Secondly, a prototype of MLCDLA is produced by using a FDM
based 3D-printer. 3-D printed dielectric lens antenna is measured and a good return
loss of almost more than 10 dB within the X-band with a high gain of 16-18 dBi are
achieved as compared with the counterpart alternative designs. Thus it can be
concluded that the proposed novel design and prototyping method not only
achieves the high radiation performance characteristics along X-band but also is a
fast, low cost and effective method for prototyping dielectric lens structures for the

microwave applications.

4.1.1 Design of Multilayered Cylindrical Dielectric Lens

In this section, the design of the proposed multi-layered cylindrical dielectric lens is
presented. The proposed antenna design is based on six-layered lens plates fed
through a rectangular waveguide. The geometric parameters of each layer are

indicated in Fig. 4.1. The technological advance of prototyping abilities of 3D
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printers facilitates to use versatile base materials with different dielectric constants
to be manufactured by only changing the infill rate of deposited material (the
volume fraction of the thermoplastic to the total volume) [122], [136]. Thus, in the
proposed antenna design, not only each layer of the lens structure has different
height and radius but also dielectric constant values are taken as a design variable
for the dielectric lens design. In [122] Eq. 4.1 is presented as a simple expression
that calculates the dielectric constant value of a material with respect to the infill
rate of the material, based on measured results given in [136], where the variation
of dielectric constant with respect to the infill rate (defined in percent within the
limits of %15-%100) of material, x has been expressed [122]. By using this equation

it is possible to design layers with a variable dielectric constant from 1.2 to 2.7:

g, =-1.3x10°x’ +0.0374x + 242 1 0.217 (4.1)

X

Figure 4.1 Schematic and Geometrical Structure of the Proposed MLCDLA

The flat discs of dielectric lenses are fabricated with a cheap polylactic acid material
of dielectric properties varying from 1.2 to 2.7 by a compatible FDM based 3D-
printing process subject to Eq. (4.1). The proposed MLCDLA model shown in Fig. 4.1
consisting of six layers of cylindrical discs with variable layer height, layer radius,
and layer dielectric constants from 1.2 to 2.7. All of these 18 variables indicated in
Table 4.1 are determined via trial and error alongside of using Trust Region
Framework (TRF) optimization method embedded in CST provided with the goals
of: (i) S11 characteristic of less than -11 dB, (ii) Maximum gain characteristic of more
than 16 dBi, over the operation band of 8-12 GHz. Then, finally the determined
optimal dielectric constant values in table 4.1 are realized from the reverse of eq.

4.1 adjusting the infill rate of the material to obtain the requested dielectric
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constant. The computed results of S11 and gain parametric analysis are given for
seven different cases in Table 4.2 in Fig. 4.2 and Fig. 4.3, respectively. Furthermore
the radiation patterns and E-field distribution of Case 1 at 8GHz, 10 GHz, and 12 GHz

are presented in Figs. 4.4-4.5.

Table 4.1 Parameter Values of the Fabricated Lens Case 1

Epsl 1.2 H1* 3 R1* 33.4

Eps2 1.87 H2* 12.6 R2* 20.8

Eps3 2.15 H3* 13 R3* 27.2

Eps4 2.27 H4* 11.4 R4* 34.8

Eps5 1.9 H5* 10 R5* 26.8

Eps6 2.5 H6* 12.6 R6* 35
*in (mm)

Table 4.2 Parameter Values for Parametric Analysis

Eps1l Eps2 Eps3 Eps4 Eps5 Eps6
Same with Case 1
H1* H2* H3* H4* H5* H6*
Case 2
10
R1* R2* R3* R4* R5* R6*
Same with Case 1
Epsl Eps2 Eps3 Eps4 Eps5 Eps6
Case 3 2.5
H1* H2* H3* H4* H5* H6*
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Table 4.2 Parameter Values for Parametric Analysis (continued)

Same with Case 1
Case 3 R1* R2* R3* R4* R5* R6*
Same with Case 1
Eps1 Eps2 Eps3 Eps4 Eps5 Eps6
Same with Case 1
H1* H2* H3* H4* H5* H6*
Case 4
Same with Case 1
R1* R2* R3* R4* R5* R6*
35
Eps1 Eps2 Eps3 Eps4 Eps5 Eps6
1 1.25 1.5 1.75 2 2.5
H1* H2* H3* H4* H5* H6*
Case 5
10
R1* R2* R3* R4* R5* R6*
35
Eps1 Eps2 Eps3 Eps4 Eps5 Eps6
Same with Case 1
Case 6 H1* H2* H3* H4* H5* H6*
Same with Case 1
R1* R2* R3* R4* R5* R6*
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Table 4.2 Parameter Values for Parametric Analysis (continued)

35 32 29 26 23 20
Eps1 Eps2 Eps3 Eps4 Eps5 Eps6
2.5 2 1.75 1.5 1.25 1
H1* H2* H3* H4* H5* H6*
Case 7
10
R1* R2* R3* R4* R5* R6*
35
*in (mm)

-20 . 3

« 25

-30 — — —Case 1 -‘,
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----- Case 4 '
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Frequency GHz

Figure 4.2 Simulated S11 Variations with frequency for the cases defined in table
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Figure 4.3 Simulated Gain variations with frequency for the Cases defined in table

4.1 and 4.2
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Figure 4.5 Simulated E-field Distribution at (a) 8 GHz, (b) 10 GHz, (c) 12 GHz
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4.1.2 3D Printing Fabrication and Experimental Results of MLCDLA

Figure 4.6 Fabricated MLCDLA Model

In this section, a prototype of the proposed MLCDLA using 3D printing technology
is presented. In Fig. 6, the 3D printed MLCDLA and measurement setup are shown.
For the RF performance measurement of the proposed 3D printed MLCDLA, a Vector
Network Analyzer with the measurement frequency range between 9 KHz and
13.5GHz Rohde - Schwarz RS Zvl13 , and “LB8180, 0.8-18 GHz broadband horn

antenna” [124] are used.

Table 4.3 Simulated and Measured Radiation Characteristics of the Proposed

MLCDLA
f (GHz) S11 (dB) Realized Gain (dBi) | Side lobe level (dB)

Sim. Meas. Sim. Meas. Sim. Meas.
8 <-25 -20.2 171 16.3 -15.3 -12.8
9 <-10 -9.8 17.2 16.6 -14.3 -14.8
10 <-10 -17.4 18.2 17.5 -11.5 -11.4
11 <-10 -12.3 18.1 17.6 -11.5 -11.2
12 <-10 -14.8 18.5 18.4 -12.3 -12.1
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Figure 4.7 Simulated and Measured S11

In Figs. 4.7-4.9 and Table 4.3, the measured and simulated results of return loss and
radiation pattern of the proposed MLCDLA are given. The computed and measured
S11 of the MLCDLA are presented in Fig. 4.7. The fundamental reasons of the
discrepancy between the simulation and measurement results can be the inherent
material based fabrication tolerances, uncertainty in the dielectric constants of the
incorporated cylindrical flat layers, calibration errors and RF cabling imposed multi
resonance effects. The measured maximum gain and radiation pattern over the
operation frequency band are denoted in Figs. 4.8-4.9. As it can be deduced from the
figures, the measured and simulated results are in quite good agreement with the
designed results of the proposed multilayer dielectric lens structure achieving
minimum level of the measured gain as 16.3 dBi over the whole operation band.
Thus, the proposed method using 3D printing technology for the design and
fabrication of MLCDLA is an efficient solution for the realization of dielectric loaded

antennas.
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Figure 4.8 Maximum Gain Over the Operation Band
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Figure 4.9 Measured Radiation Patterns of MLCDLA for ¢ =90° at (a) 8 GHz, (b)
10 GHz, (c) 12 GHz
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Table 4.4 Comparison of Gain (dBi) Enhancements of the Typical Horn Modules in

the Similar Bandwidth
Gain(dBi) over operation band (GHz)
Dielectric size (mm)

8 9 10 11 12
Here 35x35x62.6 16.3 16.6 17.5 17.6 18.4
[120] 30x30x52.5 11.2 11.3 14 13.8 12.6
[137] 279x244x159 16 18 14.8 17 15
[138] 85.1x30.8x15.9 8.5 9 9 9 10
[139] 90.7x210x210 17
[140] 87.4x59.3x80 14 15.5 16.5 15 17
[141] 74x81.5x60 10.7 11.3 8.2 10.2 9.8

Furthermore, in Table 4.4, an RF performance comparison of the proposed MLCDLA
antenna with the counterpart antennas in the literature operating within the similar
operation band is shown. As concluded from the table, the proposed design is
significantly better in comparison to the counterpart alternative designs in terms of

both size and radiation characteristics

4.1.3 Discussion on Performance of Proposed MLCDLA

In study case, a high performance multi-layered cylindrical dielectric lens antenna
is designed with the utilization of 3-D printing technology for fast, accurate and low
cost complex prototyping. The experimental results point out 3-D printed antenna
to have good reflection parameter characteristics of almost less than -10 dB within
the operation frequency range of 8-12GHz with a good gain of 16-18 dBi. The
measured and simulated results are in good agreement, which suggests the
prototyped antenna to be suitable for X- band communication applications.

Furthermore, an RF performance comparison of the proposed MLCDLA with the

43



counterpart designs operating in similar operation band is also made to prove the
current design to be a better alternative to the fabricated designs in terms of both
size and radiation characteristics. It can be concluded that the proposed 3-D printing
method is not only a good fabrication solution to achieve the targeted performance
characteristics but also a fast, low cost and effective method for prototyping the

dielectric lens structures for the microwave applications.
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5

REFLECTARRAY ANTENNA

5.1 3D Printed Wideband Flat Gain Multilayer Non-Uniform

Reflectarray Antenna for X -Band Applications

Herein, design and realization of a wideband, flat gain Multi-layer Non-Uniform
Reflect-Array (MNURA) using 3D printing technology is presented. Design
optimization of the proposed MNURA has been achieved in the two stages: Firstly a
3D CST Microwave Studio based Multilayer Perceptron Neural Network (MLP NN)
model establishes the reflection phase characteristic of the MNURA unit element as
an accurate continuous function of the geometrical design parameters and
dielectric constant. Then Differential Evolutionary Algorithm DEA is selected as a
powerful optimization algorithm for determining the optimal geometrical design
parameters and dielectric constant of MNURA over the X- band to have a large range,
wideband and flat gain RA design. 3D printing technology has been used for
prototyping of the proposed MNURA design. The prototyped antenna has a total size
of 300x300 (mm), and its measured performance characteristics achieve a
wideband flat gain of 23.2 dBi with a ripple level of almost 1.5dBi and return loss
characteristic of less than -10 dB over the operation band of 8-12 GHz.

5.1.1 Design Process of Unit Cell Modelling

As it mentioned before, design of unit cell element is the first stage in the RA design
process. As shown in Fig. 5.1, structure of the MNURA unit element consists of a
dielectric layer (er, h1) an air gap (er=1, hz), and a copper layer as a covering layer
and the MLP NN based Black -Box model of the unit element is given in Fig. 5.2
where reflection phase of the MNURA unit element is built up as a continuous

function of the heights (hi, h2), dielectric coefficient €r, and frequency f.
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Figure 5.2 Black Box Model of the MNURA Unit Element

In in Table 5.1, lowest and uppermost limits of the design variables of the MNURA
element are given. Thus, firstly, the training and test data set whose ranges are given
in Table 5.1 will be obtained by 3D CST Microwave Studio using the H-wall simulator
[68] for the MLP NN algorithm. In the second stage, the MLP NN algorithm
parameters will be adjusted with respect to the accuracy criteria. Finally, the MLP
NN model will be used with a powerful yet simple Differential Evolutionary
Algorithm DEA [96-97] to determine the optimal MNURA unit element for a wide

quasi-linear reflection response.

Table 5.1 Variables of the MNURA Unit Element

Parameter Range Step size
h1 (mm) 0.5-15 0.5
h2 (mm) 5-15 0.5
Er 1.5-3 0.25
Frequency (GHz) 8-12 0.5
Total Sample 56700
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The data given in Table 5.1 are randomly being divided into two equally sized sets
to be used as training and testing the MLP NN models having different number of
hidden layer and neuron as given in Table 5.2 with the purpose of identifying the

most optimum neural network in terms of efficiency and accuracy.

Table 5.2 User Defined Parameters of MLP NN Algorithms

MLP Model User Defined Parameters
Case 1 1 hidden layer, with 5 neurons
Case 2 1 hidden layer, with 10 neurons
Case 3 1 hidden layer, with 15 neurons
Case 4 1 hidden layer, with 20 neurons
Case 5 2 hidden layer, with 5 and 10 neurons
Case 6 2 hidden layer, with 5 and 15 neurons,
Case 7 2 hidden layer, with 10 and 15 neurons
Case 8 2 hidden layer, with 15 and 20 neurons

* Levenberg-Marquardt back-propagation are used for updating the weight and bias values of the
models, all other parameters are taken as default.

Each of the MLP NN models given in Table 5.2 is optimized by the Levenberg -
Marquardt back-propagation algorithm and tested for 10 runs that the resulted

worst, best and mean performances given in Table 5.3.
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Table 5.3 Performances of the MLP NN MODELS for 10 Runs Based on the Test

Data Set
Case Worst Best Mean
1 78.79 24.43 33.74
2 62.64 19.56 28.54
3 24.62 16.97 20.85
4 78.47 15.62 21.83
5 71.68 10.26 35.51
6 70.98 7.23 32.09
7 64.01 2.71 19.84
8 84.35 5.25 26.76

In Fig. 5.3, reflection phase variations of the Case 7 NN model are presented as
compared with their CST simulations with respect to the heights (h1, h2), dielectric

coefficient &r, and frequency f.
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Figure 5.3 Reflection Phase Variations of MNURA Unit Element with (a) h1
[h2=10mm, &r =2, f=10GHz], (b) h2 [h1=10mm, &r =2, f=10GHz], (c) & [h1=10mm,
h2=10mm, f=10GHz], (d) f [h1=10mm, h2=10mm, &r =2]
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Figure 5.4 Reflection Phase Variations of MNURA Unit Element with (a) h1
[h2=10mm, &r =2, f=10GHz], (b) hz [h1=10mm, &r =2, f=10GHz], (c) & [h1=10mm,
h2=10mm, f=10GHz], (d) f [h1=10mm, h2=10mm, &r =2] (continued)
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As it can be seen from Table 5.3 and Fig. 5.3, Case 7 model of MNURA design has the
best overall performance compared to the other MLP NN algorithms. Thus from

hereon, all the optimization process in this work will use Case 7 model in Table 5.2.

5.1.2 Optimum MNURA Unit Cell

In this section, the optimum unit element is determined the geometry (hi, hz2) in the
substrate domain er using Differential Evolutionary Algorithm so that a wide range,
quasi- linear phasing characteristic can be obtained in a wide band within the X-
band.

In the first stage, the optimal dielectric constant value &r and air gap height h2 are
determined using the following two steps: (I) The maximum reflection phase and
dielectric height (max,j himax,j) and the minimum reflection phase and dielectric
height (@minj, himinj) couples are obtained at each frequency within the (&ri, h2i)
search domain by the equations given in Egs. (5.1), (5.2). Then first condition for
the optimal dielectric constant and air gap layer height (er, hz) couple can be
obtained as having the wide phase difference as given in Eq. (5.3). Here, it should be
noted that the variation range of the optimization variables (&r, hzi) are defined with

respect to Table 5.1.

max(grl’ 1max1' ])_ max {f(srll 2i’ ]'h )} (51)

0.5£h, £15
Ah= 05

m1n (El‘l 4 hZi ’ h f) = mln {f(S

Imin,j7j 0.5£h, £15
Ah=0'5

oD £, 00) ) (5.2)

Cost, = Wi (5.3)

fmax(srl’ 2i’ 1max1 ]) fmln(arl’ 2i’ 1m1r1,j'fj)‘

f,=8

(IT) The second condition for the optimal (er, hz) couple is linearity of the reflection
phase characteristic with respect to the dielectric height h1 and frequency f for the
flat gain over wideband. Similar to the previous step, for the defined range of the
design variables, it is aimed to determining the optimal dielectric constant and air

gap layer height (er, h2) couple within the (&r;, hzi) search domain as follows:
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< Af(sr,hzi,fj,hl)Jr s, Af(e, ,h, ,f,h)

Cost, =w,[
2 f; Ah, Eas Af

)

] (5.4)

where wk (k=1, 2) are weighting coefficient of the cost functions.

Here an efficient optimization tool, Differential Evolutionary Algorithm (DEA) [96-
97] is used for determining the optimal values of h2 and dielectric constant er based
on Egs.5.1-5.5. The user defined parameters of DEA are taken as: Maximum
iteration=30, Population=50, Scale Factor=0.25, Cross-over=0.5. The optimal values
of dielectric constant hz and height of the air layer h2 with respect to the Cost

functions in Egs. 5.1-5.4, found as 2.2 and 13 mm.

In the second stage of design optimization, the required reflection phase for each
unit element in MNURA model with 20x20 elements will be calculated based on the
phase compensation proportional to the distance from the phase center of the feed-
horn as well-known from the classical array theory [142]. In Table 5.4, the h1 values
of MNURA design for a feeding antenna with F/D ratio of (0.74) obtained from DEA
with same user defined parameters in previous optimization process are presented.
In the next section, the 3D EM simulation and experimental results of the 3D printed

antenna will be studied.

Table 5.4 hi Values of Quadratic MNURA in (mm)




Table 5.4 hi Values of Quadratic MNURA in (mm) (continued)

5.1.3 Simulated and Measured Results

In this section firstly the optimally selected design parameters in section Il are used
in order to form a large scale 20x20 MNURA antenna design in CST environment. In
Fig. 5.4, 3D view of the full scale MNURA design alongside of its 3D radiation pattern
at 10 GHz are presented. Also, in Fig. 5.5 and Table 5.5, the simulated return loss,
polar radiation pattern, and side lobe level of MNURA design are given. As it can be
seen from the Fig. 5.5 and Table 5.5, the simulated results suggested that the
proposed MNURA design has high gain and low return loss characteristics over the
operation band. In the next subsection, the 3D model full scale MNURA design will

be prototyped by using 3D printing technology for measurements.
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Figure 5.4 (a) 3D View, (b) Radiation Pattern @ 10 GHz of the 20x20 MNURA
Antenna
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Figure 5.5 Simulated (a) Return Loss (b) Radiation Patterns

Table 5.5 Simulation Results of MNURA Antenna Design

f(GHz) | S11(dB) | Realized Gain (dBi) | 3dB (angle) | Side lobe level (dB)
8 -15 23.2 7.70 -10.4
9 -14.8 24.2 7.30 -12.9
10 -14.1 24.3 6.20 -14.5
11 -15.3 25.4 5.80 -16
12 -14.6 24.9 5.30 -11.7

As it mentioned before, fast and accurate prototyping process of microwave stages

is at most importance for experimental based study cases. In this sub-section, 3D

printing technology has been used for prototyping of the proposed MNURA antenna

design. In order to prototype a design with a 3D printing process, stereolithography

(STL) file format is needed. Here the stereolithography file of the proposed MNURA

design has been taken from the CST microwave suite and given to CEL Robox®

Micro [127]. “Polar White” PLA is taken as the dielectric substrate material of

MNURA design with a dielectric constant of 2.2.
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One of the advantages of 3D printers is their ability to adjust the infill rate of printed
material within the structure that is mainly being used for creating design with
lower weight values. However as it is studied in [122],[136], it is possible to adjust
the dielectric properties of the 3D printed structure by increase or decreasing the
infill rate of design as it is given in table 5.1. By using the Eq. (5.5) [122], the infill
rate of the MNURA unit element is chosen as %56 which would provide a dielectric
constant value of 2.2. In Figs. 5.6, the 3D printed MNURA design with its

measurement setup has been presented.

g, =-1.3x10°%’ +0.0374x+ 2% 10217 (5.5)

where, i indicates the infill rate in %.

Figure 5.6 Prototyped 3D Printed NURA

In Figs 5.7-5.8, the measurement results of the prototyped MNURA design are
presented. As it can be observed from the measurement results, both simulated and
measured performance characteristics of the MNURA design are hand to hand,
where the return loss (Fig. 5.8) has a measured characteristic of less than -10 dB
over the operation band, and the gain (Fig. 5.9) has a flat characteristics of 23 dBi at
10 GHz with a ripple level of almost 1.5 over the operation band of 8-12 GHz.
Furthermore, a comparison of the proposed MNURA design with the counterpart RA
antenna design in the literature has been presented in Table 5.6. As it can be seen
not only the proposed MNURA has a wide operation band but also it preserve its

gain with a flat gain characteristics.
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Figure 5.8 Measured Radiation Pattern of 3D Printed MNURA at (a) 8 GHz, (b) 10
GHz, (c) 12 GHz (continued)

Table 5.6 Performance Comparison of the Proposed MNURA with Counterpart

Designs in Literature

Gain (dBi) over frequency Die si
GHz ie size : .
Model (GHz) Material Dielectric
(mm) constant
8 9 10 11 12
MNURA | 22.1 | 229 | 23.2 | 24.4 | 239 PLA 300x300 2.2
[143] |14.8 | 23 | 25.2| 21 | 22.7 | ERTALON | 300x300 3
[144] 25 | 262|248 | --- R0O4003 | 300x300 413
[145] 22 | 25.2| 23 Metal 420x420
[146] 19 24 | 24 RT5880 | 200x200 2.2
[147] 30 | 314 | 31.2 400x400 2.17
[116] 19 | 20.8 | 22 19 | 16.4 ABS 300x300 2.5
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5.1.4 Discussion on Performance of Proposed MNURA Design

In this study case, design and realization of a wide band, flat gain Multi-layer Non-
Uniform Reflectarray antenna (MNURA) has been presented. Firstly, in order to
obtain a linear reflection phase characteristic with respect to the geometrical design
parameters, an Al based numerical model of the MNURA design has been created.
After that, an optimization process driven by the obtained Al based model taken into
consideration for determining the optimally selected geometrical design
parameters. As a result, a large scale (20x20) MNURA design with simulated
characteristics of flat gain of 24 dBi with 1.5 dBi ripple level, and a return loss
characteristic of less than -10 dB over the operation band of 8-12 GHz had been
obtained. Then for justification of simulated results, a 3D printer with fused
deposition modelling (FDM) has been used for rapid prototyping of the proposed
MNURA antenna design. The prototyped antenna design has a total size of 300x300
(mm), and its measured performance characteristics achieves a wideband flat gain
of 23.2 dBi with a ripple level of almost 1.5dBi and return loss characteristic of less

than -10 dB over the operation band of 8-12 GHz.
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6

RESULTS AND DISCUSSION

As it mentioned before, developments in field of ITS, their applications are also
expanded in many different applications such as Global Position System (GPS),
Wireless network communication or mobile networks, RF or IR waves, data
collection and transfers, long range communication systems for vehicles,
automotive radar applications etc. with the ever increasing need of technology and
complexity of systems and their environment, need of high performance microwave
antenna designs are also increased. In this thesis, it was aimed to propose different
antenna designs and novel design methodologies for answering the high

performance antenna design demands for Intelligence Transportation Systems.

In this thesis, four different antenna designs had been studied, (I) Patch Loaded
Traveling Wave Antenna (PLTWA), (II) SIW Microstrip patch antenna, (III)
Multilayer dielectricloaded lens antenna, (IV) and a large scale Reflectarray antenna

with flat gain characteristics.

[.  The proposed PLTWA has a frequency dependent beam scanning within the
operation band of 8 to 14 GHz with the dimensions of 30 x 130.0 mm that
achieves a measured peak gain of 9.5 dBi and at 11 GHz with a main beam
direction that is steerable with the range of (-65-15 degree). The comparison
of the proposed PLTWA with counterpart works shows that the designs have
a better performance. The proposed PLTWA is simple to design and fabricate
and can be used in basic radar functions such as search, detection, tracking,
guidance, and electron beam control applications. Also, the proposed PLTWA
design can be easily adapted and realize in the higher mm-wave frequency

band with the adequate performance.
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II.

I11.

In third chapter of the thesis, design optimization and fabrication of a high
performance SIW microstrip dual-band antenna had been presented. The
SIW antenna design had been considered as a multi-objective multi-
dimensional optimization problem to be solved using Differential
Evolutionary Algorithm (DEA). The proposed dual band antenna had
achieved a measured gain characteristic of 6.7 and 7 dB at 12 and 24 GHz
respectively. Furthermore, for extending the performance enhancement of
SIW structure a comparison analysis with recently published works with SIW
designs in literature had been presented and as result, the proposed design
optimization process has achieved an antenna model that not only have
better or similar performance results (Gain and S11), but also have realized
this performance measure with smaller size compared to counterpart
designs.

In Chapter four, design and realization of high performance, low-cost,
multilayered cylindrical dielectric lens antenna (MLCDLA) for X band
applications had been studied. The proposed MLCDLA is designed was
consisting of six layers and being fed through a conventional rectangular
waveguide (WR90). These layers are in the form of cylindrical discs having
different radii, thicknesses and made of a cheap polylactic acid material.
These layers have also varying dielectric constant from 1.2 to 2.7 that are
compatible for fused deposition modeling (FDM) based 3D-printing process.
A prototype of MLCDLA is produced by using a FDM based 3D-printer. The
antenna had achieved a measured gain of 16-18 dBi at X band with a good
return loss of almost more than 10 dB. An RF performance comparison of the
proposed MLCDLA antenna with the counterpart antennas in the literature
operating within the similar operation band had been made and it is
concluded that the proposed design is significantly better in comparison to
the counterpart alternative designs in terms of both size and radiation
characteristics. Thus, it can be concluded that the proposed novel design and
prototyping method not only achieves the high radiation performance
characteristics along X-band but also is a fast, low-cost, and effective method

for prototyping dielectric lens structures for the microwave applications.

59



IV.  In Chapter 5 of the thesis, design and realization of a 3D Printed Wideband
Flat Gain Multilayer Non-Uniform Reflectarray Antenna using ANN and Meta-
heuristic optimization algorithm had been studied. The prototyped antenna
has a total size of 300 x 300 (mm), and its measured performance
characteristics achieve a wideband flat gain of 23.2 dBi with a ripple level of
almost 1.5 dBi and return loss characteristic of less than -10 dB over the
operation band of 8 to 12 GHz. Furthermore, a comparison of the proposed
MNURA design with the counterpart RA antenna design in the literature has
been done and as a result, the proposed MNURA not only has a wide

operation band but also it preserves its gain with a flat gain characteristics.

Thus, in this thesis by using powerful 3D EM simulation tools, Artificial Intelligence
based algorithms such as Artificial Neural networks and meta-heuristic optimizers,
and 3D printing technology design of high performance and low cost antenna stages

for applications of Intelligence Transportation Systems had been achieved.
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