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ABSTRACT

A STUDY ON MICROSTRIP ANTENNA DESIGN FOR 77 GHZ RADAR
SYSTEMS

Yilmaz, Selen
M.S., Department of Electrical and Electronics Engineering
Supervisor: Asst. Prof. Dr. Yaser Dalveren
Co-Supervisor: Prof. Dr. Ali Kara

January 2023, 59 pages

This thesis presents a comprehensive investigation into the design and operational
behavior of series-fed microstrip patch antenna array for the 77 GHz automotive radar.
Initially, the theoretical background information on the theory of microstrip antenna,
patch antenna array, frequency scanning array and Chebyshev array are provided. A
full-wave finite element method-based simulation tool is used to design and slightly
tune the dimensions of the antennas as a parametric study. At the first stage, a series
fed linear Chebyshev patch array with resonance at 76.5 GHz is designed representing
one transmit channel of the antenna. Shorting pins are loaded to transition structure of
ground-signal-ground (GSG) padding to enhance the total gain. Comparative analysis
between vialess and via loaded cases is conducted in terms of bandwidth and gain. At
the last stage, 76.5 GHz linear patch antenna array is converted into a 79 GHz linear
patch antenna array by optimizing the GSG padding dimensions, scaling the spacings
between each two adjacent array elements and the length of array elements. Two
designs are proposed to assess the effect of scaling method at this stage. Comparative
analysis in terms of the beam steering angle, the impedance bandwidth, the overall
gain and the sidelobe level suppression is conducted between these two designs.

Keywords: Dolph-Chebyshev Distribution, Frequency Scanning Array, Linear Array,

mmWave, Patch Array Antenna.
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77 GHZ RADAR SISTEMLERI ICIN MIKROSERIT ANTEN TASARIMI VE
ANALIZI

Yilmaz, Selen
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Asst. Prof. Dr. Yaser Dalveren
Ortak Tez Yoneticisi: Prof. Dr. Ali Kara

Ocak 2023, 59 sayfa

Bu tez, 77 GHz otomobil radar1 icin seri beslemeli mikroserit yama dizi antenin
tasarimi ve operasyonel davranigina yonelik kapsamli arastirmasini takdim etmektedir.
Oncelikli olarak, mikroserit anten, yama dizi anten, frekans taramali dizi anten ve
Chebyshev dizi anten teorisi hakkinda teorik altyapi bilgisi temin edilmistir. Antenleri
tasarlamak ve boyutlarini hassas bir sekilde ayarlamak i¢in sonlu eleman metoduna
dayali tam dalga simiilasyon araci kullanilmustir. Tk asamada, 76.5 GHz rezonans
frekansinda ¢aligan seri beslemeli dogrusal Chebyshev dizi anten bir verici kanalim
temsil etmesi lizerine tasarlanmistir. Kazanci gelistirmek icin toprak-sinyal-toprak
gecis yapisinda kullanilmak tizere kisa devre pinlerinden yararlanilmistir. Pinsiz ve
pinli tasarimlarin bant genisligi ve kazan¢ bakimindan karsilastirmali analizi
yapilmistir. Son asamada, 76.5 GHz dogrusal dizi yama anten 79 GHz dogrusal dizi
yama antene GSG gegis yapisi boyutlari optimize edilerek ve her bitisik iki yama
eleman1 arasindaki araliklandirma ve yama elemam: uzunluklari o6l¢eklenerek
doniistiiriilmiistiir. Olgeklendirme yonteminin etkisini degerlendirebilmek adina bu
asamada iki tasarim sunulmustur. Bu iki dizi yama anten tasariminin operasyonel
Ozelliklerinin ana kulak yonlendirilme agis1, empedans bant genisligi, total kazang ve
yan kulak baskilanmasi bakimindan karsilastirmali analizi yapilmastir.

Anahtar Kelimeler: Dogrusal Dizi, Dolph-Chebyshev Dagilimi, Frekans Taramali

Dizi, Milimetre Dalga, Yama Dizi Anten.

iv






ACKNOWLEDGEMENTS

First, 1 would like to express my sincere and eternal gratitude to my advisors Assoc.
Prof. Dr. Yaser Dalveren and Prof. Dr. Ali Kara for their continuous support and
patience. Their guidance led me to the right path throughout all my thesis and my entire
master’s study as well. It has been such a great honor and privilege for me to study
under the supervision of Assoc. Prof. Dr. Yaser Dalveren and Prof. Dr. Ali Kara.

I would like to express my appreciation to Assoc. Prof. Dr. Yaser Dalveren especially
because as being my thesis supervisor creating the opportunity for me to conduct
research in the field of antenna, and his encouraging attitude. With his invaluable
mentoring, constructive advice, and everlastingly positive approach, he truly is a
distinguished scientist and teacher.

I would like to express my deepest thanks to Prof. Dr. Ali Kara for his continuous
motivating positive attitude, insightful contributions, and his unique precious guidance
throughout all my master’s study. It has been such a great chance for me to be his
student.

| would like to express my eternal gratitude to Prof. Dr. Resat Ozgiir Doruk for
providing me the opportunity to access his computer for the simulations, his positive
encouraging attitude and for his wise contributions during my thesis defense
presentation session.

I would like to thank the chairman of my thesis committee Assoc. Prof. Dr. Hiiseyin
Ugur Yildiz for his insightful comments and encouragement, but also for the
challenging question which incented me to widen my research from various

perspectives.

Vi



TABLE OF CONTENTS

AB S T RA T o il

O o iv

DEDICATION ..ottt e e e \

ACKNOWLEDGEMENTS ...t e e e e vi

TABLE OF CONTENTS ..ot vii

LISTOF TABLES ..o ix

LISTOF FIGURES ... e Xi

LIST OF SYMBOLS ...ttt Xiv
CHAPTERS

L INTRODUCTION ..ot 1

2. MICROSTRIP PATCH ANTENNA THEORY ... 8

2.1. Fundamental Principles of Microstrip Antenna Operation ................ 8

2.2. Feeding Techniques of Microstrip Antenna ......................... 9

2.2.1. Microstrip Line Feed Technique ...............cccooeiiiinnn.. 10

2.2.2. Aperture Coupled Feed Technique .............coeveiiinnn... 10

2.2.3. Proximity-Coupled Feed Technique .................cooevennn.e. 11

2.2.4. Coaxial Probe Feed Technique ...............ooiviiiiiinn.n. 12

2.3. Basic Antenna Performance Characteristics ................cooevvvevninennn. 13

2.3.1. Return Loss and Voltage Standing Wave Ratio (VSWR) ..... 13

2.3.2. Directivity and Gain ............oooiiiiii e 14

2.3.3. Radiation Pattern ............coooiiiiiiiiii 15

2.3.4. Radiation INtensity ............ccooviiiiiiiii e 16

2.3.5 Half-Power Beamwidth (HPBW) .............cooooiiiiina. 17

2.3.6 Antenna EffiCIENCY ..o 19

2.4, ANTENNA ATTAYS ..ottt e e e e 20

2.4.1 N-Element Linear Array ..........ccooviiriiiiiiiiiiiiiiianennn. 20

2.4.2 Frequency Scanning Phased Array ...........ccccoeeveeveninann... 22

2.4.3 Dolph-Chebysheff Weighting Array ..., 23

2.5 Analysis Method for Rectangular Patch Antenna ........................... 25

Vil



2.5.1 Transmission-Line Model Analysis .............ccoooiiiiinn. 25

3. DESIGN AND PARAMETRIC STUDY .....oiiiiiiiiiiiiiieeee 28
3.1 Linear Patch Antenna Array Designat 76.5GHz .......................... 28
3.1.1 Design Without Shorting Via ...........c.coceviiiiiiiinnnn.. 28
3.1.2 Shorting Via Loaded Design ...........ccoveviiiiiiiiiiinannn. 41
3.1.3 Comparative Analysis Between Vialess and Via Loaded
DBSIONS .ttt e 44
3.2 Linear Patch Antenna Array Designat 79 GHz ............................ 49
3.2.1 Proposed Method to Adjust the Main Beam Steering ......... 49
4, CONCLUSION ...ttt e 54
REFERENGCES ...ttt 56

viii



LIST OF TABLES

TABLES

Table 1.1 Comparison of W-Band Antennas ............ccoeeviviiiiiiiiiiniiiiiiinnn, 5
Table 2.1 Comparison of feed methods ..............ccoooiiiiiiiiii i, 12
Table 3.1 Transmission-line model calculations of 76.5 GHz antenna................ 29
Table 3.2 Dimensions of spacings between the array elements (in mm) ............ 30

Table 3.3 Length dimensions of array elements, quarter-wave impedance transformer
(matching stub), and 50 Q feed line ............ccooiiiiiiiiii 30
Table 3.4 Width dimensions of array elements (inmm) ...................cooeiuene. 30

Table 3.5 Width dimensions of thin feed line, quarter-wave impedance transformer

(matching stub), and 50 Q feed line .............cooiiiiiiiiiiiii e, 30
Table 3.6 Optimized dimensions of GSG padding transition structure ............... 31
Table 3.7 Dimensions of dielectric substrate ..., 32
Table 3.8 Dimensions of shorting pin poSitioning .............cceoeviiiiuieiiininneannn. 42
Table 3.9 Transmission-line model calculations of 79 GHz antenna ................. 49

Table 3.10 Renewed dimensions of GSG padding transition structure (Model 1) .. 50
Table 3.11: Renewed dimensions of GSG padding transition structure (Model 2) .. 50
Table 3.12: Calculated phase shift of each array element for Model 1................ 52



LIST OF FIGURES

FIGURES

Figure 1.1 Top view of advanced-driver assistance system radar ....................... 3
Figure 1.2 24 GHz and 77 GHz bands allocations on a global scale .................... 4
Figure 2.1 Basic geometry of microstrip antenna: (a) Perspective view and

(D) SIAE VIBW ..o, 9
Figure 2.2 Microstrip-Line Feed Structure .............coooiiiiiiiiiiiiiiiieaa, 10
Figure 2.3 Geometry of Coaxial Probe Feed ..............cooiiiiiiiiiiiin, 11
Figure 2.4 Aperture-Coupling Feed Geometry ...........ooeviiiiiiiiiiiiiiiiiene, 11
Figure 2.5 Proximity-Coupling Feed GEOMEtry ..........coooviiiiiiiiiiiiiiiiiiennn, 12
Figure 2.6 Antenna radiation pattern with its principal planes ......................... 16

Figure 2.7 (a) Radiation lobes and beamwidth in Cartesian coordinates and

(b) Linear power pattern plot ... ... 18
Figure 2.8 Far-field geometry of N-element uniform isotropic source array aligned
ON TNE Z-AXES ottt e e e 21
Figure 2.9 (a) Microstrip transmission line and the

(b) Regarding electric field liNeS ..o, 26
Figure 2.10 (a) Front view and (b) Side view geometry of actual length and effective
length of patch antenna exposed to edge effect ..., 27
Figure 3.1 Top view geometry of reference sixteen element linear array:

(@) Dimensions of length (y-axis) and (b) Dimensions of width (x-axis) ............ 30
Figure 3.2 Top view geometry of GSG padding to microstrip line transition

1010 1 31
Figure 3.3 Geometry of linear array antenna: (a) 3-D perspective view (b) top view
AN (C) SIUB VIBW ..ttt e e e e 32

Figure 3.4 Return loss of varying input feed probe connecting line length (Lreep)

Figure 3.6 Gain versus theta of varying input feed probe connecting line length

X



(Lreep) in elevation (y-z plane) and at 76.5 GHz ..o, 34

Figure 3.7 Gain versus theta of varying input feed probe connecting line length

(Lreep) in elevation (y-z plane)and at 75 GHz ........ccooiviiiiiiiee 34
Figure 3.8 Normalized gain versus theta of varying input feed probe connecting line
length (Lreep) in elevation (y-z plane) and at 76.5GHz ..................cooiinin. 35
Figure 3.9 Normalized gain versus theta of varying input feed probe connecting line
length (Lreep) in elevation (y-z plane) and at 75 GHz ..........cooeiiiiiiiiinnn. 35
Figure 3.10 Return loss of varying tapered transmission line length (Ltaper) ...... 36

Figure 3.11 Gain versus frequency of varying tapered transmission line length
(7T P 36

Figure 3.12 Gain versus theta of varying tapered transmission line length (Ltaper) in

elevation (y-zplane) and at 76. 5 GHZ ... 37
Figure 3.13 Gain versus theta of varying tapered transmission line length (Ltaper) in

elevation (y-zplane) and at 75 GHzZ ..o 37
Figure 3.14 Normalized gain versus theta of tapered transmission line length

(Lvarer) in elevation (y-z plane) and at 76.5GHz ... 37
Figure 3.15 Normalized gain versus theta of tapered transmission line length

(Lvarer) in elevation (y-z plane)and at 75 GHz ..., 38
Figure 3.16 Return loss of varying ground pad width (WGRoUNDPAD) ......vvvven.... 39

Figure 3.17 Gain versus frequency of varying ground pad width (WgrounpeaD) ... 39

Figure 3.18 Gain vs. theta of varying ground pad width (Wgrounprab) in elevation

(Y-zplane) at 76.5 GHZ ... 39
Figure 3.19 Gain vs. theta of varying ground pad width (Wgrounprab) in elevation
(Y-zplane) @t 75 GHZ .. .o 40

Figure 3.20 Normalized gain versus theta of ground pad width (WgrounpraD) in
elevation (y-z plane) and at 76.5GHZ ..o 40
Figure 3.21 Normalized gain versus theta of ground pad width (WgerounpraD) in
elevation (y-zplane) and at 75 GHzZ ... 40
Figure 3.22 Attenuation constant (real part of propagation constant) versus frequency
of varying ground pad width (WGROUNDPAD) - ... .uvvivniiniiiiiiiiiiice 41
Figure 3.23 Phase constant (imaginary part of propagation constant) versus

frequency of varying ground pad width (WGROUNDPAD) +.«vvvnviniiniiiiiiiieienann. 41

Xi



Figure 3.24 Effective Permittivity versus frequency with respect to varying ground

Pad WIdth (WGROUNDPAD) -+ vttt et ettt et et et e e e e e 42
Figure 3.25 Top view geometry of shorting pin loaded GSG padding ................ 42
Figure 3.26 Return loss of varying shorting pin positioning (Wvia) ..................... 43
Figure 3.27 Gain versus frequency of varying shorting pin positioning (Wvia) ....... 43
Figure 3.28 Return loss versus frequency of V2V separation variations ............. 44
Figure 3.29 Gain versus frequency of V2V separation variations ..................... 44
Figure 3.30 Reflection coefficient versus freqQuency ..............cooeveviiiiiiiinnn... 45
Figure 3.31 Gain Versus freqQUENCY ........ovviniiiiiitie e 45

Figure 3.32 Gain versus theta (at phi = 90°) in E-plane (y-z plane) at 76.5 GHz ..... 46

Figure 3.33 Gain versus theta (at phi = 90°) in E-plane (y-z plane) at 75 GHz ....... 46
Figure 3.34 Normalized gain vs. theta (at phi =90°), E-plane (y-z plane)

AL 76.5 GHZ ..o 46
Figure 3.35 Normalized gain vs. theta (at phi = 90°), E-plane (y-z plane)

at7SGHz . 400 ... B . S R N, 47
Figure 3.36 Reflection coefficient versus frequency (dB) ...................oooii. 50
Figure 3.37 Gain versus frequency (dBI) ..........ccoooiiiiiiiiiiie 50

Figure 3.38 Gain versus theta (at phi = 90°) in E-plane (y-z plane) at 79 GHz ...... 51
Figure 3.39 Gain versus theta (at phi = 90°) in E-plane (y-z plane) at 77 GHz ...... 51
Figure 3.40 Normalized gain vs. theta (at phi=90°) in E-plane (y-z plane)

LTI GHZ Lo 51
Figure 3.41 Normalized gain vs. theta (at phi=90°) in E-plane (y-z plane)
AL 77 GHZ 52

xii



Ao

&r
Ereff

tan 6
1y
VSWR
fr

SLL
HPBW

GSG

AL

Le

O

Ag

LIST OF SYMBOLS

Free-Space Wavelength

Guided Wavelength

Relative Dielectric Constant

Effective Dielectric Constant

Loss Tangent of Dielectric Substrate Material
Reflection Coefficient

Voltage Standing Wave Ratio

Resonance Frequency

Side Lobe Level

Half Power Beamwidth
Ground-Signal-Ground

Substrate Thickness

Width of Patch

Extended Incremental Length of Patch
Actual Length of Patch

Effective Length of Patch

Beam Steering Angle

Phase Shift Between Two Successive Radiating Elements

Xiii



d ; Distance Between Two Successive Radiating Elements

G : Gain

BW : Impedance Bandwidth

D : Directivity

N : Number of Radiating Patch Elements
Zo : Characteristic Impedance

RL : Return Loss

Umax : Maximum Radiation Intensity

Qt : Total Quality Factor

FEM : Finite Element Method

HFSS ; High Frequency Structure Simulator
mmWave : Millimeter-Wave Band

MPA : Microstrip Patch Antenna

Via y Vertical interconnect access (vertical electrical connection)
V2V : Via to via

Xiv



CHAPTER 1

INTRODUCTION

With worldwide revolutionary changes in the radio communications field, antennas
have received considerable attention over the years. An antenna is essential to radiate
and receive the electromagnetic energy in any broadcast or wireless radio
communication system and therefore their performance is significant to the operation
of the complete radio system. Microstrip antennas are one of the most widely preferred
type of antenna from among numerous types of antennas. Hence, they are employed
in a broad range of fields from missile systems to autonomous vehicle applications.
Their low profile, small volume, low mass, low cost, conformability to planar and
nonplanar surfaces, simple structure to manufacture via photolithography, ease of
installation, ease of integration with other microwave circuitries, cost-effectiveness,
and simplicity for mass production due to their layered compact structure cause them
to be highly favorable [1]. Furthermore, they are versatile regarding the resonance
frequency, radiation pattern, polarization and impedance matching in case of selecting
the compatible patch shape and excitation mode. However, microstrip antennas still
have some operational drawbacks in terms of efficiency, polarization purity, RF power
handling capability, spurious radiation due to their imperfect feed transition structure
and narrow bandwidth, restricting their areas of use [1]. It is known that some
fundamental methods have been developed in the recent decades to enhance the
impedance bandwidth and total gain, such as use of a low dielectric constant thick
substrate [1-3], use of square/rectangular/circular shaped patch elements [4-7],
incorporating single or multi-slots to the radiating patch [8,9], implanting of shorting
pin(s) or shorting wall(s) for providing capacitive coupling [10,11], use of defected
ground plane structures [12-14], use of linear array of microstrip patches [15-20],
substrate integrated waveguide technique [21,22], and stacked patch configurations
[23,24]. Within these optimizations, when the proper patch configuration is designed,
building up an array is proven to be one of the most effective methods of enhancing

the directivity, and synthesizing a particular radiation pattern, which cannot be
1



achieved with a single element. Moreover, arrays provide angular beam scanning

feature by varying the operating frequency [25].

Emphasis on automotive safety has been gradually improving by the automakers to
ensure a safer and more comfortable travel to the occupant(s) of the vehicle. Therefore,
antennas with wide bandwidth and with certain radiation pattern characteristics has
been a commonly sought-after topic for the last two decades to be utilized in the
various applications in automotive radar industry. Several active advanced driver-
assistance (ADAS) systems such as LIDAR, infrared camera and ultrasonic sensors,
and radar have been developed to provide applications like adaptive cruise control,
blind spot detection, parking aid, obstacle or pedestrian crash avoidance system,
forward collision warning system, and driver monitoring system to help improve the
driving experience [26]. On the other hand, some of these systems are not capable of
operating under the harsh climate conditions thereby making the reliability of these
systems controversial. It is shown that radar devices have much less shortcoming than
LiDARs or camera sensors since they can work under extreme weather conditions like
heavy snow, heavy rain or fog with high accuracy operation performance [26].
Because of that LIDAR works on the principle of bouncing the laser beam off the
surrounding obstacles so that it can recognize them, however it can also interfere with
raindrops, resulting in the refraction of its beam into an undesired direction and so
providing no result [26]. This unfavorable mechanism also occurs when there is fog,
dust or heavy snow making LiDAR prone to underperform under certain climate
conditions, unlike its other counterparts [26]. Contrarily to LIiDAR, a radar is
reasonably more robust to adverse weather conditions than the other driver assistive
systems as it is proven to be there is little to no effect in the amount of atmospheric
attenuation or reflection of its electromagnetic signal energy in 70-80 GHz frequency
range [26]. Because radar basically uses microwave that is reflected by certain
materials like metal or concrete but is able to go through living beings or obstacles
made of plastic [27]. Consequently, radar can be preferred primarily in the making of
innovative driver assistance systems to help reduce the number of automobile

accidents.

Collision avoidance radar, being one of the most significant sensors of the modern
driver assistance system, is used to recognize the range as well as velocity and angle

of pedestrian or any kind of obstacle and to notify the driver about it, and it may also
2



cause the automobile to react to the pedestrian or obstacle by applying the automatic
braking system if the driver takes no action [27]. The radar devices are typically
divided into three main categories according to the range they cover as short-range
(SRR), medium-range (MRR), and long-range (LRR) radar. Figure 1.1. demonstrates

diverse types of driver assistance safety applications embedded in various parts of a

vehicle.
I SRR 2nd MRR &
BN \(RR &
EEN ] RR SHORT RANGE
Driver Monitoring MEDIUM RANGE
RADAR

LONG RANGE
RADAR

Driver Monitor
RADAR

MEDIUM RANGE
RADAR

Figure 1.1: Top view of advanced-driver assistance system radar (ADAS) [26]

Car manufacturers worldwide have been making comprehensive research studies to

develop advanced sensors due to the many benefits provided by radars. Since the late

ninety’s, several radar systems have been assembled at the various parts of an

automobile, which serves for different purposes listed below:

e SRR module for lane detection installed in the back corner of the car.

¢ SRR and MRR module for park assist in rear and/or front bumper of the car.

e MRR for blind spot detection located under the rear bumper and in side mirrors.

e LRR for adaptive cruise control, automatic emergency braking and forward
collision warning mounted at the front grill of the vehicle.

e Driver attentiveness monitoring in-car camera-based system equipped with radar
sensor that track driver’s eye movements and head position to produce a warning

in case of detection of the driver’s state of drowsiness.

Preliminary investigations on use of radar systems in automobile industry began prior
to its implementation in the passenger car as a collision mitigation system in the late
seventy’s [28]. 24 GHz band and 77 GHz band have been allocated for use in this

3



domain since then. For 24 GHz band there was two options available for the
automobile market, one was narrowband with 200 MHz span from 24.05 GHz to
24.25GHz, and the other was ultra-wide band (UWB) with 5 GHz bandwidth from
21.65 GHz to 26.65 GHz [29]. But, due to the spectrum regulations and standards
published by the European Telecommunications Standards Institute (ETSI) and the
Federal Communications Commission (FCC), the 24 GHz UWB band was phased out
in 2022 for both Europe and the USA [29]. Only the 200 MHz wide narrowband ISM
band will be available at 24 GHz [29]. Looking at 77 GHz, there are two allocated
frequency ranges for automotive radar, one to be used for long range radar (LRR) in
the range 76 to 77 GHz and the other for short range radar (SRR) in the band from 77
to 81 GHz [29]. When the demand for higher range resolution with high directivity
narrower beamwidth is considered in emerging automotive radar implementations, 24
GHz automotive radar is highly probable to shift to 77 GHz band. A 77 GHz radar
sensor is proven to achieve twenty times higher range resolution, due to its relatively
smaller wavelength, when compared to 24 GHz radar, which enables a better
separation of objects, for example detecting a person standing near a car, making itself
also beneficial for the upcoming era of completely autonomous driving [29]. In
addition, the substantial risk of signal interference from other devices operating at 24
GHz band cannot be neglectable because of its allocation to industrial, scientific, and
medical (ISM) use and its quite narrow bandwidth [29]. Band allocations are briefly

presented in the following figure 1.2 for convenience.

S
(5] .
=4 24 GHz NB (narrow-band) ISM Automotive LRR Band
g ) Automotive SRR Band ) )
S \ 24 GHz UWB (ultrawide band) \ Industrial fluid
Q M f Industrial fluid level f level sensing
= ey peensing | e b S
LLl : b E I

218 M H1s [ CEEE n 5

|GHz]

Figure 1.2: 24 GHz and 77 GHz spectrum allocations on a global scale [29]

Studies on 77 GHz antennas have been reported for approximately twenty years [30].

When the idea of building an automotive radar first came out in the seventies, and after

the early implementations of radar systems on the bus lines in the USA, the car

accident statistics showed 21 percent decrease compared to the previous year [39].

This situation significantly provided an inspiration to many engineers then, thus since

that time there has been a substantial improvement in automotive radar antenna design.
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One of the initial investigations into 77 GHz antenna was made as an automotive
collision avoidance radar antenna consisting of an orthogonally fed square radiating
patch on a 150 um thick silicon substrate, incorporating Schottky diodes to prevent the
excessive accumulation of charge on the conducting patch, however it’s directivity
was poor due to the spurious radiation of mismatched feed transmission lines [43]. The
main problem of 77 GHz automobile antenna is insufficient gain, and it is extremely
difficult to synthesize a narrow beam with low side lobe levels. Some pyramidal and
conical horn antennas coupled with a dielectric lens to improve the gain have been
proposed but they have a generous size, and they are bulky to be used in automotive
radar chipset [40,41]. It is also shown that multi-layered substrate integrated
waveguide cavity-backed patch with stepped waveguide horn was studied as 16x16
array elements to obtain high gain, coming with the expense of its quite complex
structure and high manufacture cost [42]. As a result, the general tendency of
automotive industry has been towards compact beam focusing and steering microstrip
patch antenna arrays rather than conventional bulky horn antennas. Various patch
antenna studies as linear or planar phased array configurations have been conducted to
enhance the gain, however increasing the number of patch elements hasn’t been so
effective on its own, utilizing a patch amplitude weighting method when building up
a patch array was shown to significantly reduce the sidelobe levels and in far-field it
was quite useful to form a specific radiation pattern [15-20]. Therefore, Dolph-
Chebyshev distribution has been a common approach to obtain the desired radiation
pattern characteristics that has been employed to design a complete transceiver antenna
module recently [15-20]. A selection of published studies in this context is summarized
in table 1.1.

Table 1.1: Comparison of W-Band Antennas

Impedance BW | Gain | Side-lobe Radiation
Type ] o Ref.
(GH2) (dBi) | level (dB) | Efficiency (%0)
Microstrip
77-81 12 <-20 - [31]
Patch Array
Microstrip
Planar 81-86 14 <-5 90 [32]
Array




Table 1.1 (continued)

SIW Cavity
77-86 15 <-11 - [33]
Array
Rectangular
75.04-77.95 16.56 <-17.2 - [34]
Patch Array
Corporate-
Fed Patch 69.5-75 7.49 - 56.3 [35]
Array
This Work 75.6-77.6 18 <-16.7 96.8 -

Despite the improvements in 77 GHz antenna across the world for the last two decades,
there are a very few studies in this domain currently available in Turkey. A 77 GHz
single element patch antenna with uniplanar electromagnetic bandgap structure with 7
dBi gain has been investigated in [36]. Another attempt has been a strip dipole antenna
with L and T shaped patches used on the same silicon chip for 77 GHz resonance, but
its peak gain is only at 5.33 dBi presented in [37]. A phased 1 x 4 patch array has been
developed with a maximum gain of 9.7 dBi by means of Klopfenstein tapering
microstrip-to-coplanar waveguide transition is reported in [38]. As a result, when the
restricted literature particularly in Turkey and the rapidly growing demand in
automotive industry are taken into consideration, there is a significant need for further

research effort on 77 GHz antenna.

In this study, an improved compact design is proposed by using a single layered
Chebyshev weighted patch array antenna fed via shorting pin incorporated ground-
signal-ground (GSG) padding transition structure. This work fundamentally consists
of two stages in terms of different operating ranges. As the first stage, the main
objective of this study is to obtain 2 GHz wide resonance bandwidth at 76.5 GHz with
pencil beam radiation pattern with a gain of above 15 dBi. In accordance with this
purpose, 16-element array structure is preferred to obtain high gain and narrow
beamwidth and each patch width is tapered by using the distribution method of
Chebyshev’s polynomial to form the desired low sidelobe level radiation pattern. The
significance of GSG padding as a microstrip line to waveguide feed transition structure
for mmWave band is discussed in detail. In addition, the effect of loading shorting pins

into GSG padding is evaluated in terms of bandwidth and gain enhancement. At the
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second stage, the operating bandwidth is aimed to be shifted to 79 GHz without
deteriorating its directivity. For this purpose, each spacing between every two adjacent
patch elements is decreased by a constant factor and GSG padding dimensions are
optimized. Lastly, two different planar arrays for both 76.5 GHz and 79 GHz
operation, consisting of three consecutive linear arrays each representing a transmit
channel are designed to obtain additional angular information.

In compliance with these objectives, this thesis is organized as follows: the first chapter
presents the problem statement, motivation, and the hypothesis as a proposed solution.
The second chapter provides theoretical insight into microstrip antenna theory,
explaining the basic antenna parameters, and both the theoretical and computational
electromagnetics solver methods. In the following chapter, design and simulation
procedures are presented comprehensively. Standard procedures for building up a
patch array are not always established when working at mmWave band. Therefore, all
the steps of a simulation-based design process are presented both for 76.5 GHz and 79
GHz antennas, with a comparative analysis between their performance characteristics
and offering possible optimizations that can be applied to enhance the performance of
the antennas for future endeavors. In the last chapter, conclusions drawn from the

entire study are presented.



CHAPTER 2

MICROSTRIP PATCH ANTENNA THEORY

Microstrip patch antenna (MPA) type is preferred over the other type of antennas for
design and simulation process of this study as per the stated reasons in the previous
chapter. No antenna can be scientifically designed or analyzed before comprehension
of basic antenna parameters, operational principles, feed techniques and methods of
analysis. Depending only on the theoretical results or only on a computer aided design
tool on its own does not always yield the most accurate result, thus they should always
be combined with each other. Therefore, theoretical background of microstrip antenna
is discussed in this chapter in the simplest sense possible, and so [1] is taken as

reference throughout the whole chapter.

2.1 Fundamental Principles of Microstrip Antenna Operation

A conventional microstrip antenna has a low profile basically consisting of three parts,
which are a conducting patch on top to radiate the power in the desired direction, a
dielectric substrate in the middle to separate the top and the bottom metal layers to
generate electric field, and the bottom conductor ground layer serving as the reference
potential plane or a return path for current flowing from the other components of

antenna, as shown in Figure 2.1.

Microstrip patch is made from a very thin conducting strip (t << Ao), of copper or
aluminum foil sheet. The length L of the patch element is in the range of A0/3 < L <
Xo/2. Patch is chemically etched on a dielectric layer having a thickness of 0.003% <h
< 0.05)0, and its electrical permittivity usually varies between 2.2 < g < 12. Thick
substrates with lower dielectric constants are favorable since they have higher
efficiency and bandwidth. Whereas, when working at microwave frequency bands,
thin substrates having higher dielectric constants can be more desirable as they
minimize spurious radiation and coupling, and it enables the overall antenna size
reduction. However, it leads to a trade-off between size and efficiency because of their

higher power dissipation factor.
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Figure 2.1: Basic geometry of microstrip antenna: (a) Perspective view and
(b) Side view [1]

When determining the patch configuration, there is a wide selection of patch shapes
from square, rectangular, triangular, circular, elliptical, thin strip, spiral or any other
formation by combination of different geometries. A patch is designed to obtain its
maximum radiation pattern perpendicular to the patch. This phenomenon is achievable
only if the proper mode of excitation is chosen. Decision on the type of shape is made
depending on the operation band and the type of polarization. Rectangular and circular
are the most used ones. Rectangular geometries are separable by nature and their
analysis is simple, and they are quite suitable for linear polarization applications. On
the other hand, circular patch shape is commonly used by generating 90-degree phase
difference with two ports to produce circular polarization.

2.2 Feeding Techniques

There are many different feed techniques in the literature currently available. Feed
methods can be divided mainly into two categories as contacting and non-contacting.
Contacting method proposes the transmission of radio frequency power directly to the
radiating patch by means of a connecting element, for example a microstrip line or the
metal conductor inside a coaxial SMA connector. Non-contacting method uses an
indirect contact scheme where electromagnetic field is coupled from microstrip line to

the patch via a gap, a via hole or a slot, such as aperture coupling or proximity



coupling. Yet, four methods are the most frequently used ones, which are the
microstrip line, coaxial probe, aperture coupling and proximity coupling, as discussed

below.

2.2.1 Microstrip-Line Feed

Microstrip line feed method is one of the easiest to manufacture since it is only a
conducting strip directly connecting to the patch. Its width is only of a fraction of patch
width, and its matching to patch is simple with the aid of adjusting the inset position.
While it can be impractical as the substrate thickness increases due to the increase in

cross-polarized radiation and surface waves, limiting the bandwidth.

Wi o -

V : 7/I’atch
LZ// Microstrip linc
w2

Substrate (&r, tand)

L Ground plane

Figure 2.2: Microstrip-Line Feed Structure [1]

2.2.2 Coaxial Probe Feed

Coaxial feed method is another commonly used method by the designers, illustrated
in Figure 2.3. It uses homocentric feeding technique in which the inner conductor is
directly connected to the patch through a hole drilled in the substrate, and the outer
teflon to the ground plane. This method is relatively easy to manufacture and to match
if placed in the correct location in general terms. However, it comes with the expense
of narrow bandwidth and the generation of undesired higher order modes causing
cross- polarization, due to inaccuracies in drilling and soldering, making it harder
technically for thicker substrates (h > 0.0210).
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Figure 2.3: Geometry of Coaxial Probe Feed [50]

2.2.3 Aperture-Coupling Feed Method

This type of feeding is accepted as the hardest one to manufacture due to its multi-
layered structure and it ends up with a narrow bandwidth. However, it can provide the
lowest undesired radiation among the other feed methods. It basically consists of two
substrates, a low dielectric thick substrate stacked on top of a high dielectric substrate
as seen in Figure 2.4. A ground plane separates the two substrates. Microstrip feed line
is used on a completely different layer, being underneath the lower substrate, and the
radiating patch is placed on top of the upper substrate. Coupling between them is
enabled via a slot placed on the ground plane which separates the two substrates. This
type of designs offer freedom for minimizing interference of undesired radiation
required for pattern formation and polarization purity by changing the location and

dimensions of the aperture.

Patch

Microstrip Line

Substrate 1, s

Ground Plane
Substrate 2. sc2

Figure 2.4: Aperture-Coupling Feed Geometry [1]
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2.2.4 Proximity-Coupling Feed Method

Also known as electromagnetic coupling, this type of feed possesses the largest
bandwidth of all the aforementioned feed methods, approximately as 13 percent.
Additionally, it is easy to design and has moderate undesired feed radiation.
Nonetheless it is difficult to manufacture due to its multi-layered complex structure. It
Is built similarly to aperture-coupling making use of two substrates with patch at the
very top, but feed line is placed between the two substrates this time. Impedance
matching can be accomplished by properly optimizing width to line ratio of patch and

the length of microstrip feed line.

Patcly

Microstrip Line

Substrate 1. =1

Substrate 2. =

Figure 2.5: Proximity-Coupling Feed Geometry [1]

A brief comparison of feed techniques is presented in the following table 2 in terms of
basic performance parameters.

Table 2.1: Comparison of feed methods

Polarization Impedance | Impedance
Parameter \ Manufacture ] )
Purity Matching | Bandwidth
Strip-line Moderate Easy Easy 2-5%
_ Difficult
\ Soldering and )
Coaxial Probe Moderate . for Thicker Narrow
Drilling Needed
Substrates
Aperture- Symmetrical o
) Excellent ) Difficult Narrow
Coupling Alignment Needed
Proximity- Symmetrical .
) Moderate ) Difficult ~13%
Coupling Alignment Needed
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2.3 Basic Antenna Performance Characteristics

In the way of assessing an antenna’s operational behavior, some output parameters are
crucial and should be discussed comprehensively. The most important key parameters
for this study are return loss and voltage standing wave ratio (VSWR), directivity and
gain, radiation pattern, radiation intensity, half-power beamwidth (HPBW), and
antenna efficiency to be described in this section.

2.3.1 Return Loss and Voltage Standing Wave Ratio (VSWR)

In communication theory, return loss defines the loss of signal power because of the
reflection originating from a discontinuity in a transmission line. This discontinuity
can result from inaccuracies of impedance matching between the transmission line and
load, or the input voltage source and transmission line. Return loss is derived from the
reflection coefficient in electromagnetics theory and is related to voltage standing
wave ratio as well. VSWR indicates the power efficiency of RF signal through a
transmission line. Return loss and VSWR are inversely proportional to each other.
Less than -10 dB for return loss and less than 2 for VSWR are the fundamental desired

antenna performance indicators in general.

For the conversion of reflection coefficient to return loss in dB, the following formula
can be used:
RL(dB) = —20log|T| (2.1)

And the reflection coefficient is defined as the complex ratio between the reflected

wave amplitude and the incident wave amplitude, which is expressed as follows:

Vo
IFI =— =
Vo ZL+ZO

Zy, — Zg

(2.2)

where Vo represents the reflected wave and Vo' represents the incident wave, and Z

represents the load impedance and Zo represents the characteristic impedance.

In order to perfectly match the transmission line and the radiating patch, the ideal

condition is I' = 0 and so RL = oo, which expresses that there is no power reflected
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back. But in practice, VSWR=2 corresponding to a return loss of -9.54 dB is
satisfactory.

2.3.2 Directivity and Gain

The directivity of an antenna is defined for the specified boresight. If boresight is not
specified directivity is said to be in the direction of the maximum radiated power.
Directivity is known as the radiation intensity in a particular direction relatively to
radiation intensity of isotropic antenna, which radiates unit Watt equally per solid

angle (4n), and it can be calculated using the following formula:

U

D(6,¢) = U, (2.3)
and because of that,
dPrad
0 U (2.4)
and
Prad —
e Uy (2.5)
Substituting 2.4 and 2.5 into 2.3 we obtain the following formula,
dprad/dﬂ
D(0, = — 2.6
6.¢) =57 (2.6)

where, U represents the radiation intensity, and D represents the directivity, and Prag is

the total radiated power.

If the direction is not stated, the direction of maximum radiation is defined as the

direction of antenna directivity, and the formula below is used for that,

U
D@.$) = 2.7)
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Looking at gain, it is directly proportional to the directivity of an antenna. However,
the main determining factor of gain is the antenna efficiency. As the antenna efficiency
rises gain rises as well. It is defined as the total radiated power per unit solid angle

divided by the input power, and by the following formula it can be calculated,

dP,yq/d0
GO, ) = 4nri‘+ (2.8)
i

To calculate the total radiated power by the antenna the following relation between the
total input power and the antenna efficiency is used,

Prog = nP; (2-9)

Antenna gain provides information on how well it illuminates a certain region by
concentrating electromagnetic energy on that specific direction. It is expressed in dBi,
taking isotropic radiator as reference. Directivity and gain are related to each other,

and they are calculated by the following formula,

G(0,9) =nD(0,p) (2.10)

2.3.3 Radiation Pattern

Radiation pattern, also called antenna pattern, is a projection of an antenna’s radiated
energy as a function of space coordinates, expressed in spherical coordinates (r, 6, ¢).
It is usually evaluated in the far-field (Fraunhofer) region. Radiation characteristics
indicates an antenna’s radiation intensity, directivity, power flux density, or for patch
antenna arrays one can say whether the array is phased or not by referring to its
radiation pattern. An antenna pattern is divided into two categories as field pattern on
behalf of the diagram of magnitude of electric or magnetic field, and power pattern
depicting the diagram of square of the magnitude of electric or magnetic field, and
most practical antenna designs utilize from two-dimensional power pattern, and it is
expressed in logarithmic scale (dB). A typical directional antenna pattern with its
principal radiating planes is shown in the following figure 2.6.
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Figure 2.6: Antenna radiation pattern with its principal planes [1]

2.3.4 Radiation Intensity

Radiation intensity is the radiated power by an antenna per unit solid angle, and it is
indicated as Watt per steradian. It is expressed as a far-field region parameter, and it is

mathematically defined as follows:

U=r1W,g (2.11)

In the formula above U denotes the radiation intensity (W/unit solid angle), and W/ad
symbolizes radiation density (W/m?).
Radiation intensity is dependent on an antenna’s electric field in far-field region as

shown in the relationship below,

6,6) = |E(r,0,0)[" 2.12

U( ;¢)—5| (T, r¢)| ( ' )
2

U, ) ~ ;—n(wg(r, 0,9)12 + |Eg(r,0,0)|") (213)
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1
U0, 4) = 5 (IEa (8,91 + [E4 0. ) (2.14)

In Equation 2.12, 2.13 and 2.14, Epand E¢ denotes the antenna’s far-zone electric-field

components and n points out to the medium’s intrinsic impedance.

The total radiated power from the antenna can be calculated by taking the integral of

radiation density over the complete 4n solid angle by using the following formulas,

Prog = ﬁ W,qq - dS = ﬁ%(rz sin 0d0d¢) (2.15)
S
and,
2T .
Prag = j jUsianB de = # Uda (2.16)
o 0 n

where dQ = sin 6d0d®, dQ is the differential solid angle.

2.3.5 Half-Power Beamwidth (HPBW)

Half power beamwidth is defined as the angle between the two points where the
maximum value of the radiation intensity falls to its one-half value, in the principal
plane containing the direction of its maximum radiation intensity. For pencil beam
antenna investigations narrowing down the HPBW is significant, and they are served
to identify exceedingly small objects, human beings or spacing between them. In

practice, the term beamwidth is used instead of HPBW in general.

e Main beam or also called major lobe of an antenna is defined as the part of the
radiation pattern carrying the maximum radiation intensity in the targeted direction
radiated by the antenna.

e A minor lobe is defined as any lobe apart from the major lobe, and they are
undesired, because they scatter the radiated energy in undesired directions. In
linear patch arrays, as the number of patch elements increases the number of
sidelobes increases. For sidelobe-level suppression, patch excitation amplitude

weighting methods are being used such as Taylor and Chebyshev distribution.
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A back lobe is observed as the radiation lobe 180 degrees opposite to main lobe, it
usually carries significantly low amount of energy that can be neglected. The figure
2.7 exhibits a common three-dimensional unidirectional radiation pattern and a

linear plot of power pattern for clarification of beamwidth and the associated lobes.

L M:ijor lobe
First null beamwidth 5 / ! <
(FNBW) \ $

Halt=power beamwidth
(HPBW) 2

Minor lobes ~——— _——Side lobe

™~ Back lobe

Minor lobes
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U Normalized Radiation Intensity
1
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HPBW (3 dB Beamwidth)
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Figure 2.7: (a) 3D Radiation lobes and beamwidth in Cartesian coordinates

and (b) 2D Rectilinear radiated power pattern plot [1]
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2.3.6 Antenna Efficiency

The overall antenna efficiency takes into consideration several losses such as the
impedance mismatch between the transmission line and load (radiating patch), ohmic
losses due to the dielectric material selection and conduction losses that can arise from
conducting material selection like aluminum or copper. In addition, thermal efficiency
of an antenna, a factor contributing to antenna noise temperature, can affect the overall
efficiency.

ey = e e.ey (2.17)

Equation 2.17 defines the total antenna efficiency mathematically, where eg expresses
the total efficiency, er indicates matching (reflection) efficiency, ec denotes conduction
efficiency and eq is dielectric efficiency. Though conduction and dielectric efficiencies
are hard to compute via simulation, their existence can be proven with the aid of
experimental antenna measurements, but still, it is difficult to distinguish between
them, hence they are expressed as a joint single term as ecq. Therefore, the following

equations are more useful in practice.
e, =(1—|T? (2.18)
IT[? is the voltage reflection coefficient, and substituting 2.18 into 2.17 we have,
eo = erecd = ecq(1 — [T1?) (2.19)

100 % antenna efficiency is impossible to achieve, because a transmission line is
always lossy and the maximum power transfer from the input power source can never
be completely radiated by the antenna due to the previously mentioned losses. Antenna
efficiency in terms of input power and radiated power can be expressed mathematically

as in the following equations.

Prag = NePin (2-20)
P,
Ne = l;ad (2.21)
in

ne IS the overall antenna efficiency, Praq the radiated power and Pin is input power.
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2.4 Antenna Arrays

A single element antenna tends to have a wide beam with a low directivity and gain.
Its main beam is focused on a fixed direction and if beam steering is desired at multiple
frequencies, mechanical beam steering by moving the antenna or computer aided phase
shifters are required to achieve several beams in varying directions simultaneously.
These limitations can be managed by laying multiple antenna elements out in a precise
configuration such as a straight line or circle or triangle arrangement. These types of
formations made of antenna elements are defined as antenna arrays. Because of that
this study focuses on array antenna design and operation, basic theoretical information
and characteristics on uniform phased linear arrays, scanning arrays and Chebyshev

arrays are provided throughout this section.

2.4.1 N-Element Linear Array

Considering an array of N antenna elements equally spaced aligned along the same
axis, if each element is excited with the same current amplitude and have the same
phase shift between each two successive elements, such an array is defined as a
uniform linear array. Owing to the identical element dimensions and equidistance
between them, the total electric field produced by the array is calculated by multiplying
the array factor with the electric field of a single element. This rule is based on the

pattern multiplication theory of an array.
E; = (Element factor) X (Array factor) = Ey X AF(y) (2.22)

AF =1+ ej(kdc059+[s’) + ejZ(kdcosO+[:’) 4ot ej(N—l)(kdcos 6+pB) (2_23)

where, B represents the phase difference or phase shift, d is the spacing between each
successive two elements and N is the total number of array elements. Array factor can

be found by the following exponential summation formula.

N
AF = Z ) (n-1)(kd cos 0+f) (2.24)

n=1
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And if,
Y =kdcosO +f (2.25)

substituting 2.25 into 2.24 yields the following equation,

N

AF==§ZeKW4N’ (2.26)

n=1

And 2.23 is transformed into the following equation,
AF =1+eV + &2V 4 ... 4 JO-DY (2.27)

where,

W: progressive phase relative to the prior one

d: distance between consecutive elements

0: elevation angle

f: phase delay between each two successive elements
k: wave number, shown as (k = 27t/A)

The general structure of a linear uniform array is presented as an outline in the figure

below.
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Figure 2.8: Far-field geometry of N-element uniform isotropic source array aligned

on the z-axis [51]
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2.4.2 Frequency Scanning Phased Array

The frequency scanning array is included in the subcategory of phased array antenna.
The beam steering is provided by varying the transmitter’s frequency of operation, and
it is achieved without making use of any phase shifter. This type of scanning arrays is
currently in strong demand by automakers due to its simultaneous beamforming
capabilities in different spatial directions to be used for angular scanning purposes at
sensors. As a result of electronical beam steering there is no need for mechanical

steering anymore.

A scanning array is usually serially fed, and all the radiating elements are in-phase at
the main resonance frequency Fo. Therefore, the elements radiate with the same phase
and the maximum radiation intensity is produced alongside the axis on which the array
is positioned similar to an endfire array (6=0°or 6=180°). The resulting maximum main

lobe is normal to the antenna’s plane.

However, when the transmitter’s operating frequency is switched upwards to a new
frequency F1, the guided wavelength drops and the same detour path it must cross over
between the radiating elements becomes a bit too longer than the nominal case of the
operating frequency Fo. Consequently, a phase delay arises from one radiating element
to the next one. The first element radiates a bit too earlier than the next adjacent
radiator, thereby producing a main beam steered by the angle 6s. As a result, by
controlling the spacing between the neighboring radiating elements, phase shift
between them can be controlled and so the resultant beam can be steered accordingly.
The following relations are beneficial to calculate the phase shift between the

elements.

x = d sinYg (2.28)
3607 = }E (2.29)
Ap X '
360°d sin 6,
Ap="—""7 (2.30)
Ag
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where, d is the distance between each two neighboring elements, 0s is the steering
angle, Ag IS the guided wavelength, and A¢ is the phase delay between the two

neighboring elements.

2.4.3 Dolph-Chebysheff Weighting Array

Chebysheff weighting method is used to optimize all the sidelobe levels of an array
antenna by equalizing all the sidelobes in magnitude. This method is achieved by
lowering the higher sidelobes while raising the lower sidelobes, in short, aligning all
the sidelobe levels at the same level, for a given beamwidth. Contrarily, for a
particularly desired sidelobe level Chebyshev calculates the smallest beamwidth
possible. This method was found by Dolph in 1946 and further investigation was
conducted by others [1,15-19]. It is a nonuniform amplitude distribution model by
means of amplitude tapering along the excitation source.

Chebyshev response has equal ripples oscillating between [-1,1], and these oscillations
are equal in magnitude. The logic is to use these polynomials with certain coefficients
and to match them to the array factor.

If we assume we have a symmetric antenna array uniformly spaced with distance ‘d’,

then the array factor for even array can be written as:

M -1
. d . d
AF = § wne—jk(Zn—l)Ecose + § wne—]k(Zn—l)Ecose (2.31)
n=1 n=—M

Where wi, represents the weight, and for odd array it is of the form:

M
AF = Z wye /kndcosb (2.32)
n=-M
The array is called even if there are even number of radiating patch elements, and it is
called odd if the number of radiating elements is odd. Using the Euler’s formula for

the cosine function:

el* + e /X

cos(x) = (2.33)
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Substituting the above cosine function 2.33 into 2.31 and 2.32, we have the following:

AF = Z wy, cos[(2n — 1)u] (2.34)

for even array, and for odd array we have the following:

M
AF = Z wy, cos(2nu) (2.35)
n=0

where u = kdcos6/2. To match these equations to Chebyshev polynomials we assume
z = cosu, and the expansion of cosine terms regarding trigonometric identities should

be recalled as in the following set of equations:

m = 0,cos(mu) =1= Ty(2) (2.36)
m = 1,cos(mu) = cosu = z = T,(z)
m = 2,cos(mu) = cos(2u) = 2cos?u—1=2z>-1=T,(2)
m = 3,cos(mu) = cos(3u) = 4cos®u—3cosu=4z3—-3z="T;(2)
m = 4,cos(mu) = cos(4u) = 8cos*u—8cos?u+1=8z*—-8z2+1="T,(2)
m = 5,cos(mu) = cos(5u) = 16 cos®u — 20cos3u + 5cosu = 1625 — 2023 +

5z = Ts(2)

where m denotes an integer and u represents the fundamental operating frequency, and
the above series of cosine functions-Chebyshev polynomial (Tm(z)) relations, can go
on according to the order of the polynomial, which is always one less than the number
of array elements. And these relations are only valid for the interval -1 < z < +1,
because each Chebyshev polynomial is [Tm(z)| < 1 for this range. While, for |z| > 1,
hyperbolic cosine functions are used to find the excitation coefficients. The following
recursion relation defines the m’th order Chebyshev polynomial:

T(z) = 22Tp_1(2) — T2 (2), m=23,.. (2.37)

Substituting the trigonometric expressions in 2.36 into the array factors in 2.34 or 2.35,
and by substituting cos(u) with z/zo, the resulting polynomial can be matched to

corresponding Chebyshev polynomial ‘Tm(z)’ of m’th order, where m is one less than
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the number of array elements, and by finding the resultant set of equations the

corresponding weights or excitation coefficients ‘wn’ can be obtained. Lastly, there are

two issues to be emphasized on Chebyshev arrays:

e For aspecified sidelobe level, the directivity grows steadily as the number of array
elements increase.

e For a given number of array elements, the directivity does not always rise as the

sidelobe level drops down.

2.5 Analysis Method for Rectangular Patch Antenna

There are several analysis methods to be utilized for microstrip patch antennas
currently. Transmission line model, cavity model and full-wave model are by far the
most common analysis methods. However, they vary in accuracy and complexity. The
transmission-line model is the most straightforward of all, offering clear physical
insight, at the expense of its insufficient accuracy. The cavity model provides more
accurate results relatively to the transmission-line model, yet it is quite complex to
model. The full-wave models are accepted as the most accurate and practical of all,
leading them to be used at commercial electromagnetics analysis softwares. However,
apart from their use at simulators, they are far too complex to use when calculating by
hand, because they are based on extraordinarily complex iterative numerical
techniques like finite-element method (FEM) or finite integration technique (FIT).
Consequently, this thesis considers the full-wave analysis via FEM based HFSS as a
comprehensive parametric study, subsequently to transmission-line model analysis as

a preliminary investigation.

2.5.1 Transmission-Line Model Analysis

This model takes two slots and a transmission line, on behalf of the microstrip antenna,
the slots are separated by a transmission line of length ‘L’ and of width ‘W’ and of
impedance ‘Z¢’ which is placed on a dielectric substrate of height ‘h” and of electrical
permittivity ‘e’. The slots of the patch at each end have remarkably high impedance
causing the edges to behave like an open circuit, and therefore the patch exhibits a
significantly resonant characteristic as a function of its length ‘L’. The field lines at

the edges of the patch are exposed to a phenomenon called fringing effect, which
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causes the patch to look electrically larger than its physical size. These field lines
travels through a nonhomogeneous medium comprised of two dielectrics, which are
substrate and air. A part of the waves settles in the substrate while some travels in the
air as a function of the patch length to substrate height ratio (L/h), patch width to
substrate height ratio (W/h) and the relative permittivity of the substrate (er). This
situation has a serious effect on the excitation mode of transmission line, resulting in
quasi-transverse electromagnetic (quasi-TEM) mode propagation instead of pure TEM
mode. It arises from the different phase velocities of propagation due to different
resistivities and losses of air and substrate leading to nonuniform wave propagation.
Therefore, generating pure TEM mode is impossible in real life. In addition, rising the
substrate thickness leads to the increase in the amount of fringing, ending up with
larger separations between the electronical dimensions of the patch edges and a lower
resonance frequency. As a result, an effective dielectric constant ‘ereff’ Must be
calculated to count in the fringing effect. The following figure illustrates a typical

microstrip transmission line and the dissipation of its electric field lines.

Figure 2.9: (a) Microstrip transmission line and (b) Regarding electric field lines [1]

The effective dielectric constant value lies in the interval of 1 < geff < &r. When the
substrate permittivity is much greater than one (e >> 1) as it is in most cases, ‘ereff’
approaches to the actual value of permittivity ‘e’. Also, it is proportional to the
operating frequency. The higher the operating frequency is, the more electric field
waves reside in the substrate, causing the transmission line to behave almost like a
homogeneous line of only one dielectric (substrate). Therefore, as the resonance
frequency increases the effective dielectric constant draws closer to the actual
dielectric constant value of the substrate. The following relation of the effective

dielectric constant can be used during the calculations for when W/h > 1,
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R Skt PR - 2.38
greff_ > + ) + W ( )

ereff - €ffective dielectric constant of substrate

h: substrate height

W: transmission line or patch width

&r: relative dielectric constant (electrical permittivity) of substrate

The microstrip antenna patch looks electrically larger than its actual size by virtue of
fringing effect, resulting in the extension of resonant patch on both sides by AL, as
described in the figure below.

AL x L O
.' i
| |
| |
[:: |
| W
|
| |
| |
| I
| N ——_lx
@
L,_ﬁ >L
) !
. » L |
T i
B patch (side view) X
|
. . i
hI TTT+3-.~.-~.- _ _.-.1f;5111 z
ground
(b)

Figure 2.10: (a) Front view and (b) Side view geometry of actual length and effective

length of patch antenna exposed to edge effect [1]
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The length extension AL of the patch can be calculated through the following equation,

(ererr +0.3) (5 + 0.264)

AL = 0.412h
(ererr — 0258) (= +0.8)

(2.39)

Because of that incremental length extends on both sides of the patch, the effective
resonance length of patch can now be determined by the addition of twice the length

extension to the actual length, as formulated below.

Loss = L+ 24L (2.40)

To calculate the resonance frequency of the rectangular patch antenna, patch length
and edge effect should be taken into consideration, and for transverse magnetic

(TMoz0) mode excitation, it is expressed as,

c c
= = 2.41
(ﬁ'C)OIO q 2L\/€_r 2Leff\/?ff ( )
and q is defined as the ‘fringe factor’, which can be found by,
_
_ (fra)o1o _ 2Legey/ Erefr _ LVer (2.42)

q = =
(f)o1o ZLi:/e_r L/ Ereft

Lastly, after specifying the operating frequency and the selection of dielectric substrate

material, the approximate width of the patch can be determined by the formula below,

_ Co 2
S 2f |e 1

(2.43)

where, ‘¢’ is the speed of light in free space or in vacuum, co = 299792458 m/s.
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CHAPTER 3

DESIGN AND PARAMETRIC STUDY

A series-fed linear patch array is studied at the center frequency of 76.5 GHz as the
first stage. Because of mmWave antennas cannot be fed with a conventional SMA
connector, the recent studies in the literature propose to use waveguide feeding.
However, designing the proper passive components such as transition structures
between the waveguide and strip line is still quite difficult. Therefore, the emphasis is
mostly on the design of ground-signal-ground (GSG) padding as the transition
structure at the first stage. Following that, shorting pins are loaded to the GSG pad for
gain enhancement to make the antenna compatible with medium-range or long-range
purposes. At the second stage, a technique is proposed to convert 76.5 GHz linear
patch array into 79 GHz linear array by adjusting the spacings between each two
adjacent array elements. The main argument for this proposal is based on setting the
phase delays between the array elements appropriately to the wavelength variation due
to the increase in operating frequency. A comparative analysis between the first stage
and the second stage performance characteristics is conducted lastly.

3.1 Linear Patch Antenna Array Design at 76.5 GHz
3.1.1 Design Without Shorting Via

To begin with, theoretical dimension calculations are performed for a single resonant
rectangular patch element etched on RO3003 substrate of 0.127 mm (5 mil) thickness
and with relative permittivity of e = 3, and dielectric tangential loss (dissipation factor)
is 0.0013, at 76.5 GHz with the aid of transmission-line model analysis to obtain an

approximate estimation prior to simulations in HFSS, as presented in the table below.

Table 3.1: Transmission-line model calculations of 76.5 GHz antenna

Parameters Value

Width (mm) 1.3855
Effective Dielectric Constant 2.6901
Actual Length (mm) 1.0719
Effective Length (mm) 1.1947
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Table 3.1 (continued)

Guided Wavelength (mm) 2.3893
Free Space Wavelength (mm) 3.9189
Resonance Frequency (GHz) 76.4976

Fringe Factor (‘q’) 0.9475

After the preliminary theoretical estimations, [15] is determined as a reference source
for the initial dimensions of patch and substrate, and it is simulated in HFSS. The
horizontal patch geometry (as width and length) and its dimensions as sixteen element

linear array configuration with series feed is presented in the figures and tables below.

L
L ¢

Ed s e IR EEREEEE R
Lermys L L3 Ls  Ls— Le— L/— Lsu Lj uUmL‘ |_1L<| Lis Lz Lis Lis

(@)

WEIFTYOHM
WTHIN
X
Ty
— (b)

Figure 3.1: Top view geometry of reference sixteen element linear array:

(a) Dimensions of length (y-axis) and (b) Dimensions of width (x-axis) [15]

Table 3.2: Dimensions of spacings between the array elements (in mm) [15]

L1 1.24 Ls 1.25 Lo 11 Lis 1.2
L2 1.2 Le 1.15 L10 1.15 Lis 1.3
Ls 1.25 L7 1.2 L1 1.2 Lis 1.2
L4 1.24 Ls 1.2 L2 1.08 Lie 1.2
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Table 3.3: Length dimensions of array elements, quarter-wave impedance

transformer (matching stub), and 50 Q feed line
L (all sixteen elements) LsTus

LriFTy

1.15 mm

1.08 mm 0.52 mm

Table 3.4: Width dimensions of array elements (in mm)

W1 1.22 Ws 1.19 Wo 1.45 W3 1.05
W2 0.62 We 1.27 W1o 1.42 W14 0.93
W3 0.9 W7 1.38 W 1.31 Wis 0.65
W4 1 W 1.4 W12 1.24 Wi 1.3

Table 3.5: Width dimensions of thin feed line, quarter-wave impedance transformer
(matching stub), and 50 Q feed line

WrHin (Same throughout the
WsTtuB WEIFTYOHM
whole array)
0.12 mm 0.4 mm 0.28 mm

Because of the lack of GSG padding dimensions in the reference article, an in-depth
study is conducted to first approximately find out and then optimize these values, and

so the regarding transition geometry and the optimized values are presented below.

Lrarer (Connect to Patch Array)

4\ _
WFEED  GSG Waveguide Probe

1 . .

! 4 Connection (Signal Trace)
/ /
]

\ /
\ !
“ ‘ ", I L I “
1 1 /4
\ 4 f

WasG_spAcE WGROUNDPAD

Figure 3.2: Top view geometry of GSG padding to microstrip line transition structure

31




Table 3.6: Optimized dimensions of GSG padding transition structure

Lreep LtarPErR WsG_spAcE WEeED WGROUNDPAD

1.48 mm 1.68 mm 50 um 0.12 mm 1.98 mm

The spacing between the central signal trace and each ground pad is kept at 50 um due
to the minimum spacing distance the optical lithography manufacturing technique
allows [44]. Nonetheless, smaller spacing is observed to contribute to bandwidth
during the simulations. While determining the tapered transmission line length,
referring to transmission line theory the initial minimum estimation is chosen around
the three times the quarter wavelength (3\/4), as an odd multiple of quarter
wavelength, to ensure that probe connecting transmission line impedance is correctly
matched to 50 Q line impedance connecting to load (radiating patch array) to prevent
undesired reflections [45]. Also, longer tapering feed line is observed to cause gain
loss, so its length is optimized in accordance with the input transmission line length.
As a result, the lengths of these two sections of transmission line are optimized in

proportion to each other.

The substrate dimensions are kept as small as possible as shown in the following
Figure 3.3 and Table 3.7.

WsBT .

A

LseT
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Substrate (Rogers RO3003, &r = 3)

25x45 mm Ground
(©)
Figure 3.3: Geometry of linear array antenna: (a) 3-D perspective view (b) top view

and (c) side view

Table 3.7: Dimensions of dielectric substrate

WsBT LseT h
25 mm 45 mm 0.127 mm

Input transmission line width (WFreep) is remained the same as the width of thin line
(WrHin) passing through the array elements to keep the whole array in phase. In
addition, it is observed that the width of ground pads (Wgrounorab) significantly
affects the bandwidth, thus it is optimized to obtain the bandwidth of reference article.
The effect of waveguide feed probe connecting line length is demonstrated with the

simulation results in the figures below (Lreep).

Cuvello | mn [oc
0.00 - = — B

I [reme | x ¥ Serpl : Sweep | -20.6059
1| w1 |76.8000 286059 =04’
1| m2 |768000|-26.3513]
w3 |76.7000|-24.4094

Retur Loss

[— B

2000

-30.00
7500

Figure 3.4: Return loss of varying input feed probe connecting line length (Lreep)
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Figure 3.5: Gain vs. frequency of varying input feed connecting line length (Lreep)
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Figure 3.6: Gain versus theta of varying input feed probe connecting line length

(Lreep) in elevation (y-z plane) and at 76.5 GHz
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Figure 3.7: Gain versus theta of varying input feed probe connecting line length

(Lreep) in elevation (y-z plane) and at 75 GHz
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Figure 3.8: Normalized gain versus theta of varying input feed probe connecting line

length (Lreep) in elevation (y-z plane) and at 76.5 GHz
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Figure 3.9: Normalized gain versus theta of varying input feed probe connecting line

length (Lreep) in elevation (y-z plane) and at 75 GHz

The direct effect of input feed line length on the resonance frequency and the gain is
exhibited in the graphs above. Return loss shows that as the line length is shortened
the resonance frequency rises. And from the gain versus frequency graph, it is
observed that shorter line length yields higher peak gain at about 17.37 dBi. It is known
that the transmission line width determines the characteristic impedance and, the
length determines the phase (electrical length) and, the generated phase delay should
be at around 180° to minimize the undesired reflections [45]. Hence, because the width
IS given in the article, the length is optimized according to the 180° phase shift
principle. In addition, from the normalized gain versus theta graph 2° shift in theta is
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observed at 76.5 GHz, however, the pattern is precisely centered at 0° in theta at 75
GHz in E-plane (y-z). Sidelobe level (SLL) of -14.46 dB at 76.5 GHz and, of -15.61
dB at 75 GHz is achieved at this stage.

The next stage relates to the effect of tapered transmission line length as shown in the

figures of simulation results below (Ltaper).
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Figure 3.10: Return loss of varying tapered transmission line length (Ltarer)
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Figure 3.11: Gain versus frequency of varying tapered transmission line length

(LtaPER)
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Figure 3.12: Gain versus theta of varying tapered transmission line length (Ltarer)

in elevation (y-z plane) and at 76.5 GHz
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Figure 3.13: Gain versus theta of varying tapered transmission line length (Ltarer)

in elevation (y-z plane) and at 75 GHz
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Figure 3.15: Normalized gain versus theta of tapered transmission line length

(Lraprer) in elevation (y-z plane) and at 75 GHz

While designing linearly tapered transmission line as a means of phased array, the
most crucial point is that its length should be chosen exactly as an odd multiple of
quarter guided wavelength (Ag) to ensure that the array is in phase [45]. In addition,
due to the lossy nature of transmission line, it is expected that as its length is extended
the gain falls off. Therefore, its length should be determined precisely as an odd
multiple of the calculated wavelength in dielectric substrate, meanwhile, it should be
conserved as short as possible to avoid gain reduction. From the return loss graph in
Figure 3.10 it is seen that, the variation of the length affects the reflection coefficient,
and the antenna resonates at 76.9 GHz with the return loss falling below -46.9 dB in
the best case. Quite a wide 10-dB impedance bandwidth of approximately 2.5 GHz is
obtained from 75.55 GHz to 78 GHz. The gain-frequency graph in Figure 3.11 clearly
shows that as the line length is increased the peak gain drops. Also, the normalized
gain-theta graph at 76.5 GHz shows 2° shift in theta, whereas the pattern is seen to be
accurately centered at 0° in theta at 75 GHz in the elevation plane (y-z). A maximum
gain of about 17.49 dBi is accomplished at this stage with SLL standing below -14.51
dB at 76.5 GHz and, -16.3 dB at 75 GHz.

The last part of this stage deals with the ground pad width optimization as presented

in the following simulation results.
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Figure 3.16: Return loss of varying ground pad width (WgrounprAD)
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Figure 3.17: Gain versus frequency of varying ground pad width (WgrounbpraD)
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Figure 3.18: Gain vs. theta of varying ground pad width (Wgrounprab) in elevation
(y-z plane) at 76.5 GHz
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Figure 3.19: Gain vs. theta of varying ground pad width (Wgrounprab) in elevation
(y-z plane) at 75 GHz
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Figure 3.20: Normalized gain versus theta of ground pad width (Wgrounprap) in

elevation (y-z plane) and at 76.5 GHz
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Figure 3.21: Normalized gain versus theta of ground pad width (WgerounppaD) in
elevation (y-z plane) and at 75 GHz
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When working at mmWave band on-wafer waveguide probe feed is essential to excite
the antenna, and GSG configuration is a common approach, however, this setup tends
to excite parasitic modes. Ground pad width has a drastic effect on the suppression of
parasitic higher order modes if chosen correctly. Referring to the attenuation constant,
which is the real part of propagation constant, the phase constant, the imaginary part
of the propagation constant and, also the steadiness of effective permittivity throughout
the operating band reveals the unwanted multimode excitation. From the published
investigations it is known that reducing the ground pad width helps prevent the higher
order mode propagation [46-48]. On the other side, too narrow ground pad width is
proven to be the main cause of additional parasitic effects due to field discontinuities
of the probe to coplanar pad transition to the detriment of the calibrated measurement
accuracy [46-48]. In addition, as a result of the simulation results above, it is observed
that variation in ground pad width affects the location of resonance frequency and
bandwidth. From Figure 3.17 it is observed that the gain is significantly enhanced as a
result of ground pad width optimization, reaching up to a maximum of 17.59 dBi.
Normalized gain plots in Figure 3.20 and 3.21 exhibit SLL of -14.95 dB at 76.5 GHz
and, -16.74 dB at 75 GHz is achieved, respectively.

Attenu: HERAM i ANSYS

e{Ganmy{L)

7630
Frea [6TH2]

Figure 3.22: Attenuation constant (real part of propagation constant) versus
frequency of varying ground pad width (WgrounbraD)

frequency of varying ground pad width (WgrounpraD)
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From Figure 3.22, 3.23 and 3.24 propagation constant and effective permittivity graphs

obviously show that there appears no higher order or additional undesired mode

excitation for the specified ground pad widths. All the graphs exhibit a steady state

linear upward trend. To sum up the above results related to determining the ground

pad width, a compromise should be reached to avoid higher order modes and the

coplanar waveguide (CPW) probe discontinuity effects.

3.1.2 Shorting Via Loaded Design

The last stage of the 76.5 GHz antenna is on shorting via incorporation into GSG

padding for gain enhancement as shown in the following geometric structure and

simulation results.

Shorting Via, r =20 pm

Wiia

Lspace

Lvia

Figure 3.25: Top view geometry of shorting pin loaded GSG padding

Table 3.8: Dimensions of shorting pin positioning

Lvia

Lspace

Whia

1.48 mm

100 pm

80 um
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Figure 3.27: Gain versus frequency of varying shorting pin positioning (Wyvia)

GSG padding is a commonly used mean, serving as a transition structure between
waveguide microelectronic probe contacting transmission line and 50 Q feed line
connecting to radiating patch array. However, it is quite prone to parasitic higher order
or evanescent modes [49]. These spurious modes are surface and slot-line modes,
originating from discontinuities such as bends. In addition, GCPW transmission line
has tendency to excite parallel plate mode (PPM). Hence, metallized vias are beneficial
to avoid or to minimize the excitation of these parasitic modes if positioned accurately.
In case of mispositioning of the vias, parallel plate mode can still propagate,
particularly when the vias are spaced too far from each other [49]. Also, the vias should
be placed as close as possible to the central signal trace to reduce the side metal

channel, and via-to-via pitch should be less than Ag/4 up to 100 GHz to prevent
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undesired resonances [49]. Therefore, four shorting pins are positioned symmetrically
to central signal trace and, positioning of the pins is optimized for gain improvement.
Figure 3.26 and 3.27 show return loss and gain response to the distance variation of
the vias to ground-signal spacing (Whia), respectively. Return loss graph demonstrates
that the best impedance matching is achieved at -24.996 dB, when the vias’ centers are
placed 100 pum away from ground-signal gap. Figure 3.27 shows that 100 pum
distancing yields higher peak gain at about 17.998 dBi and its minimum gain is higher
than the other cases at above 16.2 dBi. It is also worth noting that it is observed that as
the pin locations are moved further away outwards in the opposite direction of center
signal trace the bandwidth deteriorates significantly. Thus, the pins should be
positioned as close as possible towards the signal trace to avoid bandwidth reduction.

The below graphs analyze via-to-via (V2V) separation.
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Figure 3.28: Return loss versus frequency of V2V separation variations
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Figure 3.29: Gain versus frequency of V2V separation variations
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Recalling from Fig. 3.25 that the via radius is r = 20 um, the via spacing is varied from
1r to 3r in steps of 20 um (r) and in this regard return loss and gain results are shown
in Fig. 3.28 and 3.29, respectively. The limit of 20 um is determined according to the
technology restrictions, the possibility of damaging the wafer gets much higher when
positioning via holes nearer than 20 um. Looking at reflection coefficient graph in Fig.
3.28, the best impedance matching is provided by 1xr spacing at -23.973 dB, however
the largest bandwidth of 1.88 GHz is given by 3xr spacing from 75.63 GHz to 77.51
GHz. Referring to gain graph in Fig. 3.29, the highest gain is clearly given by 3xr
spacing reaching a peak value of above 18.135 dBi, and its minimum is at 16.305 dBi,
exhibiting a maximum fluctuation of 1.83 dBi throughout the whole operating band.

3.1.3 Comparative Analysis Between Vialess and Via Loaded Designs

To conclude this stage, 76.5 GHz linear array antenna design, the end performance

results of without shorting pin and with shorting pin are compared below for clarity.
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Figure 3.30: Reflection coefficient versus frequency
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Figure 3.32: Gain versus theta (at phi = 90°) in E-plane (y-z plane) at 76.5 GHz
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Figure 3.33: Gain versus theta (at phi = 90°) in E-plane (y-z plane) at 75 GHz
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Figure 3.34: Normalized gain vs. theta (at phi =90°), E-plane (y-z plane) at 76.5 GHz
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Figure 3.35: Normalized gain vs. theta (at phi = 90°), E-plane (y-z plane) at 75 GHz

Looking at Fig 3.30, return loss graph obviously shows that shorting via loaded design
exhibits a poorer impedance matching with return loss of -21.7176 dB than vialess
design with return loss of -27.3507 dB. When the resonance frequencies are assessed,
vialess case shows a 200 MHz shift from the excitation frequency at 76.7 GHz, while
the via loaded case can resonate at 76.5 GHz without any shift. Subsequently to loading
vias to the antenna, the bandwidth shows a shrink from 2.03 GHz (vialess case) to 1.88
GHz (with vias case). At the vialess stage, it possesses a -10 dB bandwidth from 75.58
GHz to 77.61 GHz, fulfilling the targeted band interval, which is implemented in the
reference [15]. Via loading to GSG transition structure is shown to have a detrimental
effect on the -10 dB bandwidth resulting from 75.63 GHz to 77.51 GHz in Fig. 3.30.

Fig. 3.31 represents the peak gain with respect to the operating frequency. Shorting
pin loaded case has drastically higher gain in comparison to the pinless case throughout
the entire band, except for 77.5-78 GHz interval, which is out of scope at this stage.
The average gain is improved by 0.375 dB thanks to shorting via loading. And the
maximum peak gain rises to 18.1351 dB from 17.5936 dB after incorporation of
shorting vias. It is also noteworthy that minimum gain grows from 16.1432 dB to
16.305 dB with the aid of shorting via inclusion. The general downward trend in gain
especially for 76.5 GHz and the above frequencies can be attributed to increasing beam
steering angle. As the angle of steer increases the antenna quality deteriorates because
phased array antenna focuses worse at larger angles, resulting in a wider beamwidth.

Fig. 3.32 and 3.33 show two-dimensional rectangular radiation pattern in E-plane at
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76.5 GHz and 75 GHz, respectively. The maximum gain at 76.5 GHz pattern is at
17.01 dB for vialess case and at 17.5058 dB for via loaded case, resulting in a SLL of
-14.55 dB (vialess) and -15.05 dB for via loaded design. When 75 GHz pattern is
analyzed, the maximum gain is at 17.5936 dB for vialess case and it is 17.9984 for via
included case, marking a SLL of -16.35 dB for no-via case and, of -16.75 dB for via

loaded case.

Fig. 3.34 and 3.35 present normalized two-dimensional rectangular E-plane radiation
pattern at 76.5 GHz and 75 GHz, respectively. From the 76.5 GHz pattern, it is seen
that the SLL is at -15.04 dB, while at 75 GHz SLL is reduced to -16.76 dB. In addition,
2° shift in pattern is observed at 76.5 GHz, and 75 GHz the pattern is centered at 0°.
Ideally, the 76.5 GHz pattern is expected to be centered at 0°. This slight shift can be
attributed to the length of tapered line, and it is related to the port type used in the
electromagnetics solver. Because its operational principles resemble the waveguide
behavior, waveport is employed in HFSS simulations in this work, however, vertical
metallized bridge excitation technique can be employed with lumped port as another

available option.

For all the radiation pattern simulations the emphasis is put on E-plane behavior
corresponding to y-z plane in elevation and at phi = 90°, because all the array elements
are aligned along y-axis. Therefore, the designed antenna exhibits radiation
characteristic similar to end-fire array with its E-plane being normal to the plane of
patch (z-axis direction) and in the direction of all the array elements are concatenated

in series (y-axis direction) (from end to end).

To summarize this stage, at the beginning, free space wavelength, guided wavelength,
dimensions of patch, effective substrate permittivity, resonance frequency and fringe
factor are calculated theoretically using transmission line model analysis. At the next
step, patch antenna array is designed in HFSS referring to the dimensions in reference
article [15]. Because of that GSG padding dimensions were lacking in the article, all
the related dimensions are optimized (transmission line length, tapered line length and
ground pad width) respectively. As a result, the optimum dimensions are determined
in terms of the bandwidth and peak gain. After that, four shorting metallized vias are
loaded to GSG transition structure to enhance the gain and to suppress the spurious

excitation modes. Consequently, the overall gain is observed to significantly increase.
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The bandwidth and the reflection coefficient are observed to slightly deteriorate

relatively to the vialess antenna.
3.2 Linear Patch Antenna Array Design at 79 GHz

At first, theoretical estimations are made for a single resonant rectangular patch
element etched on RO3003 substrate of 0.127 mm (5 mil) thickness and with relative
permittivity of & = 3 at 79 GHz by using transmission line model, as preliminary
findings demonstrated in the table below.

Table 3.9: Transmission-line model calculations of 79 GHz antenna

Parameters Value
Width (mm) 1.3417
Effective Dielectric Constant 2.6842
Actual Length (mm) 1.0355
Effective Length (mm) 1.1581
Guided Wavelength (mm) 2.3162
Free Space Wavelength (mm) 3.7948
Resonance Frequency (MHz) 78,999,999.67
Fringe Factor (‘q’) 0.94523

3.2.1 Proposed Method to Adjust the Main Beam Steering

The excitation frequency is risen from 76.5 GHz to 79 GHz and, the targeted operating
bandwidth is 77-81 GHz at this stage. Because of the rise in the operating frequency
the guided wavelength decreases, thus the phase delay between each two successive
array elements increases, resulting in larger steer angle of major lobe at center
frequency. Therefore, the spacing between each two successive elements should be
adjusted to center the main beam at 0° in E-plane at 79 GHz, the center frequency.
Additionally, probable directivity loss can be avoided by setting the major lobe steer

angle. To make this transformation, GSG dimensions are optimized initially as below.

Table 3.10: Renewed dimensions of GSG padding transition structure (Model 1)

Lreep LtaPER WasG_space WEEeED W GROUNDPAD

1.14 mm 1.68 mm 50 um 0.12 mm 1.42 mm
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Table 3.11: Renewed dimensions of GSG padding transition structure (Model 2)

LFeep

LTAPER

WsG_spAcE

WEEED

WGRoOUNDPAD

1.3 mm

1.5201 mm

40 pm

0.12 mm

1.72 mm

There are two models proposed for this stage and their comparative operational

characteristics are demonstrated below.
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Table 3.12: Calculated phase shift of each array element for Model 1

¥ (1) = 17.96° ¥ (5)=8951° | ¥ (9)=156.86° | ¥ (13)=223.92°
¥ (2) = 35.34° P(6) = 106.17° | ¥ (10) = 173.515° | W (14)=242.75°
¥ (3)=53.45° | W(7)=12355° | W (11)=190.896° | ¥ (15)= 260.13°
Y (4)=7141° | ¥ (8)=140.93° | W (12)=206.54° | ¥ (16)=277.51°

When designing Model 1, the length of all the array elements (L) is decreased to 1.07
mm because of the decreasing guided wavelength (Ag) and GSG pad dimensions are
set to the values in Table 3.10. After obtaining the performance results, total phase

shift of each array element is calculated in Table 3.12 employing the formulae in 2.30.

During the design of Model 2, GSG pad dimensions are set to the values in Table 3.11.
The emphasis is put on scaling all the spacings between each successive array element
by a constant scale factor, which is calculated as “0.98” because of the decreasing
operating guided wavelength (Ag). In addition, the length of all the array elements (L)
is scaled by “0.98” according to the actual length value calculated in Table 3.9 using
transmission line model. Also, the length of quarter wave transformer stub (Lstus) is
scaled by the factor “0.98”. And the tapered transmission line length (Ltarer) is set to
the exactly three times the length of quarter wave impedance transformer to ensure
that the array is in phase. The scaling operation is applied to prevent undesired main
beam steering due to the decreased wavelength, in other words to keep the array in

phase. The detriment to antenna quality or directivity is avoided as well utilizing the
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scale method.

Two designs are simulated in HFSS to observe the consequences of this method.
Fig. 3.36 compares the return loss. Model 1 exhibits a larger bandwidth compared to
Model 2 (scaling applied). This phenomenon can be probably related to reduced
conducting cross section area of patch array elements, because Model 2 employs
smaller (scaled) patch length (L). Therefore, smaller patch elements lead to narrower
bandwidth. While Model 2 possesses lower resonance return loss than Model 1 with
-22.9007 dB at 79.2 GHz and -20.5038 at 79 GHz, respectively.

Fig. 3.37 refers to gain with respect to the operating frequency. Model 2 provides better
overall gain, reaching up to 17.8954 dBi at 77.3 GHz, whereas Model 1 gives 17.7679
dBi at 80.4 GHz. Additionally, minimum gain of Model 2 is slightly higher than Model
1 of about 0.017 dBi.

Fig. 38 and 39 evaluates the total gain regarding the angle theta (6) at 79 GHz and 77
GHz, respectively. These graphs as well as Fig. 3.40 and 3.41 signify substantial
decline in the angle of main lobe steering at center frequency (79 GHz) and at 77 GHz.
Applying the scale method (Model 2) produce remarkably better results in terms of
steer angle correction when compared to unscaled Model 1. Fig. 38 and 3.40 shows 2°
correction at 79 GHz, the center frequency, but the unscaled design interestingly
focuses better with 17.27 dBi than the scaled design having 16.45 dBi.

Fig. 39 and 3.41 (normalized) show total gain pattern at 77 GHz. 3° correction is
accomplished consequently to performing scale method, thus centering Model 2 at 0°
with SLL of -17.44 dB in E-plane.

To sum up, two antennas are designed for the target interval of 77-81 GHz at this stage.
Model 1 fulfills the operational requirements in terms of -10 dB bandwidth, however,
at the expense of 6° main beam steer angle at center frequency. Therefore, a method
is proposed based on scaling all the spacing distances between consecutive array
elements to fine tune the phase delays. 2° steer angle correction is implemented at
center frequency (79 GHz) and 3° steer angle correction is achieved at 77 GHz
radiation pattern by virtue of this proposed method.
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CHAPTER 4

CONCLUSION

This thesis focuses on beam scanning series fed phased array composed of sixteen
linearly concatenated patch elements through operating frequency variation. The
aimed frequency interval is 75.6-77.5 GHz at the first stage, and 77-81 GHz at the
second stage. In addition, pencil beam with high directivity is targeted for
compatibility with medium and long-range automotive radar. For this purpose, single
layered microstrip patch antenna array is proposed with an optimized waveguide to

microstrip line transition structure.

Initially, theoretical background information on microstrip patch antenna, scanning
phased array theory and Chebyshev weighting array is provided comprehensively.
Subsequently, 16 element patch array is designed by using Chebyshev distribution for
SLL reduction. After that, a transition structure is designed to enable the on-wafer
GSG probe contact between the waveguide probe and microstrip feed line connecting
to radiating patch. A series of simulations are performed as parametric study to
optimize GSG padding dimensions, which are the input feed line and tapered
transmission line length and also ground pad width. Performance characteristics are
evaluated based on theoretical background. In the next step, the effect of shorting pin
loading to ground pads of GSG transition is investigated in detail. From the parametric
simulations in terms of shorting pin positioning and its radius, it is observed that
incorporating shorting pin to GSG pads significantly contributes to directivity and
gain. However, it can cause slight bandwidth reduction. Moreover, its capability of
spurious excitation mode suppression is highlighted if positioned accurately. As a
result, 75.63-77.51 GHz -10 dB bandwidth with maximum gain of above 18.1 dBi and
with SLL of below -15 dB at center frequency (76.5 GHz) is accomplished.

Additionally, comparative analysis between vialess and via loaded cases is conducted.

At the second stage, the targeted spectrum range is 77-81 GHz and for this purpose
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two design models are proposed. Hence, GSG dimensions are optimized in accordance
with the new band. This model worked in the interval of 77.27-80.97 GHz referring to
the related -10 dB return loss. However, 6° main beam steer is observed at center
frequency. For centering main lobe to 0° a method is proposed based on scaling the
spacing distances between consecutive array elements to fine tune the phase delay. As
a result of implementing the scaling operation not only on spacings but also on the
length of array elements, Model 2 is produced with -10 dB bandwidth at 78.39 -81
GHz. Its gain reached up to 17.895 dBi. And main beam steer is corrected from 6° to
4° at 79 GHz center frequency. Furthermore, it is corrected from 3° to 0° at 77 GHz
by virtue of this proposed method.

Frequency dependent beam scanning microstrip antenna is commonly preferred in the
automotive industry, for long range adaptive cruise control radar module in particular.
However, undesired beam steer correction still remains challenging. Also, bandwidth
and gain enhancements are still needed because this type of linear array is limited only
to a few GHz. Consequently, advanced phase correcting techniques can be developed
to provide a more precise control of the phased array steer angle for future research

endeavors.
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