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Abstract

Demand of high traffic capacity and speed in wireless communication systems led
to the fifth-generation (5G) technologies with high data rate, high reliability, and
low power consumption over the millimeter-wave (mmW) spectrum. Recently, much
attention has been focused on the design of multi-functional antennas, which have
a combination of characteristics in one single structure for different applications. In
fact, having a high-gain antenna featured with beam steering, circular polarization,
switched beam, multiple radiation beams, or wide frequency band is desired. Such
structures are highly required for the next communication systems, since they lead
to lower cost, compact size and even lower power consumption. This thesis develops
switched beam or steerable beam resonant cavity antennas (RCAs) with reasonable
antenna gain as platforms for future multi-functional aperture antennas. The most
focus of this thesis is to design antennas for small cell base stations and wireless sensor
networks, where antennas with switching beam/ steering beam are required.

As initial prototypes, two high-gain circular polarized (CP) RCA with wide fre-
quency band are designed, fabricated and measured, which can be scaled for mmW
5G applications.

Next, two high-gain mmW RCA with unidirectional frequency scanning charac-
teristics are designed, fabricated and measured for 5G applications. A general design
guideline is given by theoretical analysis of the RCA structures using the ray tracing
method to formulate the beam steering functionality versus frequency over desired
predetermined angles. The conventional structures of the RCAs tend to obtain a

conical beam because of the intrinsic characteristics of the symmetric structures of
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the partially reflective surface (PRS) and the feed position. The realization of a RCA
with unidirectional beam has been a challenge, which requires constructive modifica-
tion of the conventional RCAs and is considered in these designs. Besides, a scenario
is defined for the potential application of the designed antennas for 5G base stations.
Also, to ensure that the designed antenna can meet the latest standards of 5G base
stations, several criteria are investigated through some calculations.

Finally, a technique to obtain a high-gain multi-beam antenna is proposed using
the RCA structures. A thin single metallo-dielectric layer is used as the PRS layer
to enhance the radiation performance of the entire structure and provide an off-
axis pencil beam at an arbitrary elevation angle. A cylindrical cavity is designed
using a right-angle-type semi-waveguide (RATSW) structure as the main radiator.
To confirm the functionality of the proposed RCA, a prototype is fabricated with
five coaxial probes to generate five radiation beams; however, the structure can be
extended to more antenna beams by using higher number of probes. The cavity
structure of the proposed antenna is fabricated by the three-dimensional (3D) printing
technology as an easy manufacturing process. Also, a conceptional scenario for the
potential applications of the proposed antenna in the 5G base stations is presented

and discussed.

il



Preface

This thesis is an original work by Azita Goudarzi submitted in partial fulfillment of
the requirements for the degree of master of science. The thesis is written in paper-
based format with the details as follows:

Chapter 3 has been published as: Goudarzi, Azita, Masoud Movahhedi, Mohammad
Mahdi Honari, and Rashid Mirzavand. ”Design of a wideband single-layer partially re-
flective surface for a circularly-polarized resonant cavity antenna.” AEU-International
Journal of Electronics and Communications 129 (2021): 153535.

Chapter 4 has been published as: Goudarzi, A., Movahhedi, M., Honari, M.M.,
Saghlatoon, H., Mirzavand, R. and Mousavi, P., 2020. Wideband high-gain circularly
polarized resonant cavity antenna with a thin complementary partially reflective sur-
face. IEEE Transactions on Antennas and Propagation, 69(1), pp.532-537.
Chapter 5 has been accepted as: Goudarzi, Azita, Mohammad Mahdi Honari,
and Rashid Mirzavand. ” A High-Gain Leaky-Wave Antenna Using Resonant Cavity
Structure with Unidirectional Frequency Scanning Capability for 5G Applications.”
IEEE ACCESS.

Chapter 6 has been accepted as: Goudarzi, Azita, Mohammad Mahdi Honari, and
Rashid Mirzavand. ”A Millimeter-Wave Fabry-Perot Cavity Antenna with Unidi-
rectional Beam Scanning Capability for 5G Applications.” IEEE Trans. Antennas
Propag.

Chapter 7 has been submitted as: Goudarzi, Azita, Mohammad Mahdi Honari, and
Rashid Mirzavand. ” A Millimeter-Wave Resonant Cavity Antenna with Multi-Beam

and High-Gain Capabilities for 5G Applications.” IEEE Trans. Antennas Propag.

v



to my Beloved Parents and Prof. Pedram Mousavi



Acknowledgements

First of all, I would like to express my sincere gratitude to my former supervisor, Prof.
Pedram Mousavi who passed away in a tragic plane crash with his lovely family. I
must confess that he was more than a supervisor for me who taught me how to broadly
think and research.

My special thanks to my technical supervisor Dr. Rashid Mirzavand for providing
me with his valuable guidance and constant support and encouragement during my
program in the intelligent wireless technology (IWT) lab. Thanks for his insightful
comments and introducing me to several aspects of antenna measurements.

My special thanks to Dr. Mohammad Mahdi Honari for introducing me to new
concepts and technologies in antenna design, and for his continuous support. With-
out doubt, this work could not be successfully accomplished without his knowledge,
experience and patience.

Most importantly, I would like to offer my sincerest thanks to Dr. John Doucette,
who supports me after my former supervisor and takes the responsibility of my su-
pervision.

I would also like to thank Dr. Masoud Movahhedi for his support and guidance
through my program.

And last but not the least, my special appreciation goes to my beloved family for

all their supports and motivations throughout my both academic and personal life.

vi



Table of Contents

1 Introduction 1
1.1 Definition of Problem . . . . . . . .. .. ... 0oL 1
1.2 Potential Solution to the Problem: Selecting a Suitable Antenna Type 3
1.3 Potential Application . . . . . . . .. ... 4

1.3.1 Small Cell Base Station . . . .. ... ... ... ....... 4
1.3.2  Wireless Sensor Network . . . . . .. .. ... ... ... ... 5
1.4 Thesis Objectives and the Requirements . . . . . .. ... ... ... 6
1.5 Thesis Outline . . . . . . . . . .. ... 7

2 State of the art on RCA technologies 11
2.1 History . . . . . . e 11
2.2 Analytical Methods of RCAs . . . . . . . ... ... ... ... .... 13

2.2.1 Ray Tracing Method . . . . ... ... .. ... ... ..... 13
222 LW Method . . . . . .. ... 16
223 TL Method . . . . . .. .. ... 16
2.3 Physics of RCA Structures . . . . . . ... ... ... ... ... .. 17
2.4 Basic Types of PRS Structures . . . . . ... ... ... ... ... . 18
2.5 Previous Studies Based on The Mentioned Objectives . . . . . . . .. 21
2.5.1 Wideband RCAs . . . . . ... ... ... ... ... ..., 21
2.5.2  Circular Polarization . . . . .. .. ... ... ... ...... 29
2.5.3 Reconfigurable RCAs . . . ... ... ... ... .. .. ... 31
2.5.4 Beam Steering . . . . . . .. ..o 32

vil



2.5.5  Beam Switching . . . . . .. ... oo 35
2.6 Conclusions . . . . . . . 36

Design of a wideband single-layer partially reflective surface for a

circularly-polarized resonant cavity antenna 37
3.1 Physical functionality . . . . . . .. ... o oo 38

3.1.1 Main Radiator . . . . . . ... ... oL 38

3.1.2 Preferred PRS Reflection Response . . . . . . ... .. .. .. 39
3.2 Proposed PRS Unit Cell . . . . .. ... ... ... ... .. ..... 40
3.3 Antenna Feed (SPA) . . . . . . ... 42
3.4 Proposed RCA . . . . . . . . . ... 46
3.5 Fabricated Antenna and Results . . . . . . . .. ... ... ... ... 48
3.6 Conclusion . . . . . . . ... 50

Wideband High-Gain Circularly-Polarized Resonant Cavity Antenna

with a Thin Complementary Partially Reflective Surface 52
4.1 Physical Functionality . . . . . . .. ... ... L. 53
4.2 Antenna Feed Design . . . . . . . .. ... .. 55
4.3 Broadband PRS Structure . . . . . .. .. ... o000 57
4.4 Proposed Antenna Structure and Measurement Results . . . . . . .. 62
4.5 Conclusion . . . . . . .. L 67

A High-Gain Leaky-Wave Antenna Using Resonant Cavity Struc-

ture with Unidirectional Frequency Scanning Capability for 5G Ap-

plications 68
5.1 Physical Functionality . . . . . . . .. ... ... . ... 69
5.1.1 Main Radiator . . . . . ... ... oo 70
5.1.2  Metallic Wall . . . . .. ... ... 71
5.2 Beam steering analysis . . . . . . ... ... L. 71

viii



5.3
5.4

5.9

PRS Design . . . . . . . . . 75

RCA with Steering Beam . . . . . . . . ... ... ... ... ... 78
5.4.1 Antenna Feed . . . . . . . ... ... L. 78
5.4.2  Simulation and Measurement Results . . . . . . .. ... ... 79
Conclusion . . . . . . . . .. 85

A Millimeter-Wave Fabry-Perot Cavity Antenna with Unidirectional

Beam Scanning Capability for 5G Applications 86
6.1 Beam Steering of FPCAs . . . . . . . . .. ... ... ... 87

6.1.1 Potential Applications . . . . . ... ... ... .. ... ... 87

6.1.2  Brief Description of the Ray Tracing Method . . . . . . . . .. 90

6.1.3 Beam Steering Analysis . . . . ... ... .. ... .. .... 91
6.2 Feeding Antenna . . . . .. ... 93
6.3 PRS Structure . . . . . . ... 97
6.4 Beam Steering of the Proposed FPCA . . . . . ... ... ... ... 100
6.5 Fabrication and Measurement . . . . . . .. .. ... ... 105
6.6 Conclusion . . . . . . . . .. 109

A Millimeter-Wave Resonant Cavity Antenna with Multi-Beam and

High-Gain Capabilities for 5G Applications 110
7.1 Feeder Element . . . . . . . .. ... ... 111
7.2 PRSDesign . . . . .. .. 113
7.2.1 Resonance Condition . . . . . . ... ... ... ... ..... 113
7.2.2 Unit cell Design . . . . . .. ... ... ... . 115
7.3 FPC Antenna Design . . . . . . . ... ... .o 117
7.3.1 Proposed Structure . . . . .. ... ... L. 117
7.3.2 Simulation Results . . . ... .. ... ... L. 118
7.4 Application . . .. ..o 123
7.5 Experiments and Results . . . . . . ... ... ... ... .. 125

X



7.6 Conclusion . . . . . . . .

8 Future Works and Concluding Remarks
8.1 Conclusion Remarks . . . .. ... .. ... ... ... ...

8.2 Future Work . . . . . . . .

Bibliography



List of Tables

3.1 Comparison between the proposed antenna and different RCAs. . . . 49
4.1 Comparison between the proposed antenna and different RCAs. . . . 64
5.1 Comparison between the proposed antenna and different LWAs. . . . 84
6.1 Simulated, Theoretical, and Measured Results. . . . . . . . . ... .. 104
6.2 Comparison between the proposed antenna and different LWAs. . . . 107
7.1 Dimensions of The Main Radiator (All In Millimeter) . . . . . . . .. 111
7.2 Dimensions of The FPCA (All In Millimeter) . . .. ... ... ... 115

7.3 Comparison between the proposed antenna and different FPC antennas

with switched beam. . . . . . . . . . ... 128

x1



List of Figures

1.1
1.2
1.3

1.4

2.1
2.2

2.3

2.4

2.5

2.6

2.7

Application scenario for small cells. . . . . . ... ... ... ....
Application scenario for WSNs for smart homes and factories.

Defined antenna parameters in accordance with the first intended ob-
jective. . . ..o
Defined antenna features in accordance with the second intended ob-

jective. . . .. L

The configuration of RCA structure. . . . . ... ... ... .. ...
A leaky parallel-plate waveguide made from a PRS layer over a sub-
strate layer backed by a ground plane. . . . . . . ... ... ... ..
Reflection characteristic of a single-layer full dielectric unit cell: (a)
magnitude, and(b) phase for different permitivity values. . . . . . . .
Reflection characteristic of a double-layer full dielectric unit cell: (a)
magnitude, and(b) phase for different separation distances. . . . . . .
Configuration of a wideband RCA along with a PRS with positive
reflection phase: (a) Unit cell of PRS; (b) Main radiating element
(PRGW); (c) Entire structure [92]. . . . . . .. ... ... ... ...
(a) Reflection phase of the PRS unit cell; (b) Measured and simulated
gain and efficiency of the RCAin [92]. . . .. ... ... ... ...
Configuration of a RCA with stepped PRS: (a) First PRS configura-

tion; (b) Second PRS configuration; (c) Entire structure [100]. . . . .

xil

19

20

26



2.8

2.9

2.10

2.11

2.12

2.13
2.14

3.1

3.2

3.3

3.4

3.5
3.6

Simulated and measured results of RCA with stepped PRS: (a) VSWR;
(b) Gain [100]. . . . . . . ..
Configuration of a CP RCA: (a) Unit cell; (b) Main radiator; (c) Entire
RCA structure [59]. . . . . . . ...
Measured and simulated results of the CP RCA reported in [59]: (a)
Reflection coefficient; (b) AR; (c) Gain. . . . .. ... ... .. ...
Configuration of a RCA with a tilted beam: (a) Main radiating element
(PRGW); (b) Fabricated prototype of PGS and PDGS [157]. . . . . .
Simulated and measured results of the radiation patterns of the RCA
in [157]: (a) PGS; (b) PDGSs configuration. . . . . ... ... .. ..
Configuration of a RCA with steering beam [164]. . . . . . . .. . ..

Configuration of a RC structure with steering beam [165]. . . . . . .

The geometry of the PRS unit cell. (a) Top and perspective view
(b) Boundary conditions (z = 0.6mm, w = 3.3mm, R. = 3.6mm,
R, =27Tmm, P="75mm and hy = 1.6mm). . ... ... ... ...
The reflection coefficient for variable (a) R, and w = 3.3 mm, and (b)
wand R, =2.7mm . . . . . . . . . . ...
The geometry of proposed SPA, (a) Top view of patch#2, (b) Patch#1
(c) Side view (Lyupt = 90 , Win = 90, Loz = 16, Wiyws = 20,
Lpatens1 = 12.4, Wpaien1 = 15.6, Lypatena = 10.8, Wiyateno = 13.2, Ly = 2,
We=8h;y=33,allinmm).. .. ... ... ..............
Simulated results of the SPA (a) total gain and axial ratio and (b)
Reflection coefficient. . . . . . . . .. ..o
The proposed RCA antenna (a) Top view and (b) Perspective view. .
Simulated results of the RCA antenna. (a) Total gain and AR, (b)

Reflection coefficient for different h,.s values. . . . . . ... .. .. ..

xiil

32
34
34



3.7

3.8
3.9

3.10

3.11

4.1

4.2

4.3

4.4

4.5

4.6

Simulated radiation pattern of the proposed RCA antenna at (a) 6.5
GHz and (b) 7GHz. . . ... .. .. ..
Fabricated antenna prototype. . . . . . . . .. .. ... .. ... ..
Simulated and measured results of the RCA (a) Reflection coefficient,
and (b) Gainand AR. . ... ... ...
Simulated and measured radiation patterns of the RCA antenna with
PRS at 6.5 GHzand 7TGHz. . . . . ... ... ... ... ... ...,

Requirements that are met by the proposed RCA. . . . .. ... ..

The main radiator structure. (a) perspective view. (b) top and bottom
views (L =8.5,h) = 9, wwy =8, ww =4,d=1,dy = 1.4,dy =3, W; =
LWy = 0.5, Wy = 22 W, = 1,Ws = 2, W, = 1.8, W, = 0.45,r =
1.35, Wypa = 72.25,5 = 2.2, W, =26, all inmm). . . ... ... ...
Simulated results of the proposed antenna for different values of h;.
(a) antenna gain and axial ratio. (b) [Syi]. . . .. ...
PRS unit cell. (a) top view. (b) perspective view. (hs = 0.787,w; =
3.12,wy = 0.78, R, = 4.29,R, = 4.68, R, = 4.29, scale=0.97 and
k=9.75, all inmm). . . . ... ...
Simulated result of PRS unit cell. (a) reflection magnitude and phase
for variable hg. (b) phase condition for hy = 0.787 mm. . . . .. ..
Fabricated antenna (a) entire antenna (b) bottom view of PRS struc-
ture, (c) top view of PRS structure, (d) main radiator, (e) bottom view
of the main antenna, (f) top view of the main antenna, (g) antenna un-
der measurement and (h) antenna measurement setup (all dimensions
are the same as Fig. 4.1 and hy = 11.2 mm). . . . . . ... ... ...
Simulated AR and total broadside gain for variable parameters. (a)

hi. (b) ho. (¢) r. (d) we. o v v oo

Xiv

58



4.7

4.8

4.9

5.1
5.2
5.3
5.4

5.9

5.6

5.7

5.8

5.9

5.10

Simulated and measurement results. (a) |S11|. (b) Broadside gain and
AR.
Antenna radiation pattern. (a) 6.7 GHz. (b) 8.3 GHz. Right: Eleva-
tion Plane, Left: Azimuth Plane . . . . . . . . ... ... ... ....

Requirements that are met by the proposed RCA. . . . . .. ... ..

Proposed RCA Structure. . . . . ... ... ... ... ........
The configuration of a conventional RCA structure. . . . . .. .. ..
PRS unit cell boundary condition. . . . . . . . ... ... ... ...
Reflection characteristic of the proposed unit cell: (a) phase, and (b)
magnitude of the unit cell for different values of hgypr. . . . . . . . ..
Reflection characteristic of the proposed unit cell with A, = 4.4 mm:
(a) phase, and (b) magnitude of the PRS unit cell under different
incident wave angles. . . . . . . . ... .. L
Proposed RCA structure: (a) perspective view, (b) top view, (c) per-
spective view, and (d) top view (W =60, L =49, wy =0.6, w; =0.6,
wy =0.2, rog =3.7, 11 =1.9, hy =1, heun =44, dyur =9,wanp =30,
Wsyp =10, and hys =6.4 all inmm). . . .. ..o L0000
Simulation results of the feed antenna: (a) gain patterns at ¢ = 0°,
and (b) Si1. ..
Simulated normalized patterns of the proposed RCA for different fre-
quencies at @ =0° . . . . ..
Effect of the metallic wall on the radiation pattern at 29 GHz (dya; =
9 mm for case I and case III and d,,; = 30 mm for case II and case
IV).
Fabricated antenna: (a) entire RC structure, and (b) antenna mea-

surement setup. . . . . . ..o Lo

XV

72

76



5.11 Results of the proposed RCA: (a) measured radiation patterns at ¢ =
0°, and (b) measured and simulated Sj; and gain. . . . . .. ... .. 82

5.12 Measured and simulated radiation patterns at 26 GHz: (a) ¢ = 0°, and

(b) 6 = 24° for simulation and # = 22° for measurement. . . . . . . . 83
5.13 Requirements that are met by the proposed RCA. . . .. ... ... 85
6.1 Potential application of the proposed FPCA. . . . . . .. ... .. .. 88
6.2 Conventional FPCA structure. . . . . . . . .. ... ... ... .... 90
6.3 The main radiator structure, (a) perspective view, and (b) top view. . 94

6.4 Simulation reflection coefficient of the main radiator for (a) different

ro, and (b) different hy. . . . . ..o oo o o 95
6.5 The gain pattern of the main radiator at ¢ = 0° for different frequencies. 96
6.6 PRS unit cell, (a) top view, (b) bottom view, and (c) perspective view. 98
6.7 Effect of main parameters on reflection amplitude and phase of the

proposed PRS unit cell, (a) ly (hgupo=1.5 mm, [;=2.5 mm), (b) hgu.2

(h=2.5 mm, lp=2.1mm). . .. ... ... ... 99
6.8 Resonant frequency versus scanning angle for different hgyp, 2, (11=2.5

mm, and lb=2.1mm). . .. ... ... 100
6.9 Simulation unit cell reflection coefficient versus different incident wave

angles for different frequencies (a) phase and (b) magnitude (hgup 2=

L5 mm, j=22mm, and lb=21mm). . . . . . ... ... ... ... 101
6.10 Proposed FPCA structure (a) perspective view, (b) side view, and

(c) top view (leyst = 1.8, lewe = 1.1, I3 =3, p=3.1, 1 = 3, |, = 2.5,

lo = 2.1, hsyp.o=1.5, Want = 50, Lont = 58.8, d = 9.8, hyps = 6, 19 = 4.2,

rp=23,allinmm). ... ... 102
6.11 Normalized co-polarization patterns of proposed antenna at ¢ = 0°

plane for different frequencies. . . . . . . .. ... 103

XVl



6.12

6.13

6.14

6.15

6.16
6.17

6.18

7.1

7.2

7.3

7.4

7.5

7.6

7.7

Simulated radiation patterns of proposed FPCA. (a) 24 GHz, and (b)

Impact of metallic wall on the radiation pattern at 28 GHz and ¢ = 0°
(d= 29.8 mm for Case A and d= 9.8 mm for Case B). . .. ... ..
Fabricated prototype of the proposed FPCA. (a) perspective view, (b)
antenna measurement setup, (c) top view of the PRS layer, and (d)
main radiator. . . . . ..o

Simulated and measured gain and reflection coefficient of the proposed

Normalized measured patterns at ¢ = 0° at different frequencies. . . .
Simulated and measured patterns at 29 GHz (a) ¢ = 0°, and (b) 0 =
48Y for simulation and § = 49° for measurement. . . . . . .. . . . ..

Requirements that are met by the proposed RCA. . . . . . ... ..

Geometry of the feeder antenna. . . . . . . . . .. ... ... ... ..
Reflection coefficient for different values of [, and d,. . . . . . . ..
Geometry of the proposed PRS unit cell, (a) top view, and (b) per-
spective view (p=2.16, R,,;»=0.38, Ry4=1.3, h,=0.3, R=0.95, all in

Reflection characteristic of the proposed unit cell for different values
of: (a) Ryand (b) hy. . . o o o
FPCA geometry: (a) perspective and top views, and (b) exploded and
front views. . . . ..
Simulated results by exciting port #1 of the proposed antenna: (a)
maximum gain, (b) normalized radiation pattern at ¢=-90° at 28 GHz,
and (c) gain colormap in the x-y plane at 28 GHz. . . . . . . . . . ..

Beam switching at azimuth plane at 28 GHz through exciting different

xvii

117



7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

8.1

Impact of metallic shields on (a) reflection coefficient, and (b) gain
patterns for different hg,. Note that only probe#1 is excited. . . . . 120
Effect of h on the antenna beam angle: (a) variation of beam angle
versus different h values, and (b) normalized patterns at 28 GHz and

at azimuth cut of ¢=-90°. . . . . .. ... ... ... ... ... ... 121
Multi-beam capability through exciting more than one coaxial probe. 122
The conceptual scenario for the application of the proposed antenna
inthe 5G BSAs. . . . . . .. 124
(a) Fabricated prototype of the proposed FPCA and (b) the measure-

ment setup. . . ... Lo 126
Measured and simulated results through exciting port#1, (a) S-parameters,
and (b) maximum gain.. . . . . . ... 126

Measured and simulation normalized gain patterns of the proposed

antenna through exciting port#1 at 28 GHz at ¢ = —90°. . . . . .. 127
Requirements that are met by the proposed RCA. . . . .. ... .. 129
Proposed RCAs in this thesis. . . . .. .. ... ... ... ..... 133

XVviil



Abbreviations

3D three-dimensional.

5G fifth-generation.

AR axial ratio.

BS base station.

CP circular polarized.

DRA dielectric resonant antenna.

EBG electromagnetic band ga.

EIRP effective isotropic radiated power.
FSS frequency selective surface.

GBP gain-bandwidth product.

GSP gridded square patch.

HIS high-impedance surface.

IOT internet of things.

LMDS Local Multipoint Distribution Service.

Xix



LWASs leaky-wave antennas.

MIMO multiple-input multiple output.

mmW millimeter-wave.

MTM metamaterial.

PRGW printed ridge-gap waveguide.

PRS partially reflective surface.

RATSW right-angle-type semi-waveguide.

RCA resonant cavity antennas.

SIW substrate integrated waveguide.
SPA stacked patch antenna.

SSLP square slot-loaded patch.

TPG transverse permitivity gradient.

UBS unidirectional beam scanning.

WSN wireless sensor network.

XX



Chapter 1

Introduction

1.1 Definition of Problem

Emerging the fifth-generation (5G) communication with desired characteristics such
as higher data rate, much lower latency, larger bandwidth, and enhanced capacity
offers considerable advantages, which has considerably revolutionized wireless com-
munication systems [1]. Remarkable impacts of 5G communications/technologies on
a variety of sectors such as healthcare, agriculture, and manufacturing are undeni-
able. The internet of things (IoT) and 5G bring about smarter cities, factories, and
houses, leading toward a world with all devices connected. This, however, requires the
communication devices to operate over higher frequencies to serve more users with
higher speed. Since the millimeter-wave (mmW) spectrum is pretty much unused,
RF /antenna engineers have considered this frequency band, as a cornerstone of 5G
networks, that allows for large bandwidth with high and efficient frequency reuse |2,
3]. Besides, the elements of 5G systems have smaller sizes, making the entire sys-
tem more compact and lightweight. Despite the advantages that the mmW spectra
provides, there are inevitable challenges and hurdles, which need to be mitigated in
order to improve the performance of the mmW 5G networks. Path loss, diffraction,
shadowing, atmospheric absorption, blockage, and rain absorption are the underlying
potential concerns of the mmW spectrum [4]. To minimize such problems, RF /an-

tenna engineers have developed sophisticated novel ideas and technologies to improve



both software and hardware of 5G systems.

Antennas as one of the most fundamental parts of communication networks have
been developed and modified to meet the requirement of 5G systems. Highly directive
antennas can minimize the propagation loss of mmW band. Having the ability of
steering /switching radiation beam in directive antennas leads to higher capacity and
higher data rate transmission and reception with better reliability, and superior signal-
to-interference ratio [5]. Although conventional array antennas can be designed to
create multiple directive beams, their lossy, expensive, and complex structure makes
their integration with emerging communication systems difficult and inefficient.

Except the aforementioned requirements, designing an antenna featured with high
gain and wideband circular polarization is highly demand not only for 5G commu-
nication systems [6, 7], but also for many other applications such as radar, mobile
communication systems, and more specifically the satellite communication.

Recently, due to remarkable capabilities of RCAs, such as directive radiation beam,
easy-to-realize beam steering/switching functionality, and simple/low-loss feeding
network, they have been studied as one of the potential candidates for 5G appli-
cations. The advancement in three-dimensional (3D) printing technology along with
a variety of metallization methods has brought many advantages in the design of
RCAs, such as design flexibility, reliable quality, lightweight structures, and cost-
effective fabrication process.

As the first objective of this thesis, part of this thesis is dedicated to designing
high-gain antennas with circular polarization and wide frequency bandwidth. The
other part is aimed to design high-gain antennas with beam steering or switching
beam based on a theoretical procedure to realize the second objective of the thesis.
It should be mentioned that the most focus of this thesis is on the application of 5G
communication systems. The antenna design starts with selecting the antenna type
which is easily fabricated and satisfy the requirement of 5G applications while having

low cost, and easy of fabrication. Then, different technical specifications are added



to the antenna step by step to add CP characteristic, or beam steering/switching

functionality.

1.2 Potential Solution to the Problem: Selecting
a Suitable Antenna Type

This section deals with introducing a potential solution to realize the objectives of
this thesis including the design of wideband high-gain CP antennas with circular
polarization or high-gain antennas with the ability to steer/switch the radiation beam.

There are different types of antennas, such as corrugated antennas [8-10], cavity-
backed antennas [11, 12], substrate integrated waveguide (SIW) aperture antennas
[13, 14], phased array antennas [15-17], lens antennas [18-22], reflectar-rays/transmitarrays
23], and RCAs [5, 24] that might meet cited requirements of 5G applications.

Phased array antennas are conventional antenna structures with wideband high-
gain features. The efficiency of phased arrays drops at millimeter-wave frequencies
since they have transmission line feeding networks, which are significantly lossy at
those frequencies. Although lenses and reflectarrays/transmitarrays provide low loss
and high gain steerable radiation pattern, and multi-beam capability, their bulky
configurations and complex controlling mechanism might limit their application in
5G communication systems. Besides, in realization of wideband high-gain antennas,
such structures might have higher loss, and phase errors. This motivates the search for
other types of planar aperture antennas without phase shifters and different feeding
type to reduce the signal loss. Leaky-wave antennas (LWAs) have been studied as
a suitable alternative to provide the mentioned requirements such as directive beam
scanning versus frequency [25] or at a fixed frequency [26].

Recently, resonant cavity antennas (known as 2D LW structures) have been attract-
ing a growing attention due to their planar configuration, low fabrication difficulty,
high-gain characteristic and their capability of integration with other systems. In-

tensive studies have demonstrated the effectiveness of resonant cavity structures for



many applications [24, 27-32], as they are promising alternative for conventional ar-
ray antennas to provide a high gain [33-38]. A conical beam or a pencil broadside
beam can be created by this structure. Therefore, the RCAs with the capabilities of
reconfigurability, polarization conversion, being wideband or multi-band, while keep-
ing high gain features have been investigated in a variety of studies [24]. This type of
antennas, which are a promising candidate to be used in the future 5G communication
systems over the mmW frequency band, will be reviewed in this thesis and considered
as a solution to meet the need of future systems. The comprehensive review on the
recent advances on the RCAs along with the analytical methods, and various capa-
bilities that make them suitable to mitigate the cited problems are prepared in the

next chapter.

1.3 Potential Application

As mentioned in the previous section, high-gain antennas with specific features such as
directive radiation with beam-steerable/multi-beam capabilities can enhance 5G com-
munication systems. In this section, the intended potential applications are demon-
strated by introducing scenarios, where high-gain antennas with switching/steering

radiation beam, compact structure, and low fabrication cost are of interest.

1.3.1 Small Cell Base Station

Small cells are one of the key elements to develop 5G communication networks. The
chief purpose of installing small cells in urban areas with heavy users is to provide
higher capacity and service coverage [39, 40]. In fact, a type of the small cells, such as
Macro cells, Micro cells, Pico cells, or Femto cells, is installed in each location based on
the number of users. In a hierarchical telecommunication network, backhaul provide
the intermediate links to interconnect and support subnetworks of the core network,
while access links denote the interconnection of the users with the small cell base

stations (BSs). These two interconnections are vital in a 5G network. RCAs have
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Figure 1.1: Application scenario for small cells.

the capability of switching/steering radiation beams over a desired frequency band,
covering many users around BSs. Figure. 1.1 illustrates the evolution of 5G small cell
networks with backhaul and access links. As can be seen, a big region can be divided
into several small cells, creating a Macro cell. RCA can be used as a Macro cell BS
antenna, where mmW backhaul is linked to other small cell BSs in different locations.
Figure. 1.1 also demonstrates the intended application in a small cell BS, covering
a small area. As shown, a high-gain antenna with beam-switchable and multi-beam
features operating at different frequencies (shown by different colored arrows in each

beam direction) can be useful in this scenario.

1.3.2 Wireless Sensor Network

Wireless sensor networks (WSNs) as industry 4.0 technologies find various applica-
tions in smart cities and homes, and smart factories. In WSNs, limited numbers of
nodes are organized in a small network, managed by a master node. The master
sensing node communicates with other sensing nodes in the system, collects their

data, and processes them. Although WSNs are strikingly advantageous, several tech-
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Figure 1.2: Application scenario for WSNs for smart homes and factories.

nical challenges are required to be addressed, such as high energy consumption, large
number of sensing nodes, and limited capacity of the system [41]. One of the main
components of a node is a transducer in form of an antenna. In conventional WSNs, an
omnidirectional antenna was used in the master node to enable communication over
wide angles. Such antennas are not effective solution as they radiate in all directions
leading to a high energy loss. Thus, directional antennas with beam switching/s-
canning capability are highly demanded for WSNs to improve the channel capacity,
decrease the power consumption and reduce interference. A schematic of a WSN uti-
lizing a high-gain antenna with multiple beams in a smart home and factory is shown
in Figure. 1.2. Based on the requirements for an efficient WSN, RCAs are suit-
able candidate for master node in these applications, since they can simultaneously
communicate with many nodes/users/machines in different locations at different fre-
quencies. Besides, RCAs are simple, lightweight, low-cost, and easy to be installed in

various places such as ceiling or chandelier.

1.4 Thesis Objectives and the Requirements

In Section 1.1, we defined two different problems and two corresponding objectives.

This section deals with introducing several basic requirements that should be met



to fulfil the mentioned objectives. The provided criteria are prepared based on the

intended applications and also the mentioned objectives by considering RCA struc-
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Figure 1.3: Defined antenna parameters in accordance with the first intended objec-
tive.

sis, designing a RCA with the minimum PRS layer, a maximum gain over than 12
dBic, an overlapped frequency bandwidth bigger than 30%, and circular polarization
is aimed.

Regarding the second objective of this thesis, which is the imperative one, a new
set of requirements are prepared and shown in Figure. 1.4. It is shown that the
designed antenna should offer a maximum gain bigger than 12 dBi with a unidirec-
tional switching/steering beam functionality. Besides, a feeding system with simple
structure and easy of fabrication is desired. The operating frequency of the structure
should cover 28 GHz based on the 5G communication systems requirements. As well,

an structure with an easy design flexibility is required.

1.5 Thesis Outline

This thesis investigates the application of RCAs in 5G communication systems. The

focus of this thesis is two-fold: the design of wideband high-gain CP RCA antenna,
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Figure 1.4: Defined antenna features in accordance with the second intended objec-
tive.

with simple structure and single-layer PRS, and the design of high-gain RCAs with
the possibility of switching/steering beam that has simple feeding structure which
can be analyzed with a less computational design guideline. Therefore, The thesis is
divided into two parts where novel designs and architectures are proposed to address
each of these objectives. This thesis has been written in paper-based format. The
entire thesis is presented in eight chapters. The first part including chapters 3 and
4 is related to designing antennas based on the requirements of the first objective of
the thesis. While, the main focus of the second part including Chapters 5, 6, and 7
is on designing RCAs that can fulfil the requirements of the second objective of this
thesis.

Chapter 1 discusses the need and requirements for 5G antennas along-with the
problem description and challenges towards the realization. Also, some applications
which are considered in this thesis are presented.

Chapter 2 presents a thorough review of the literature on the RCAs based on
the mentioned objectives of this thesis. Moreover, the principle of operation and
analytical methods will be discussed to have a physical insight into the mechanism of
RCA structures.

Chapter 3 presents the design of a wideband single-layer partially reflective sur-
face (PRS) for a CP RCA. The proposed single layer double-sided PRS structure has
complementary design which results in an increase in the 3-dB gain bandwidth of

the antenna over a wide bandwidth due to creating both inductive and capacitive



features. The proposed antenna is initial design, which can be scaled to operate over
millimeter-wave spectrum. A prototype of the proposed antenna was fabricated and
measured.

Chapter 4 introduces a wideband RCA with circular polarization. A wideband
CP crossed-dipole antenna acts as the main radiating element inside the cavity. The
dipole is designed based on self-complementary structures and utilizes several para-
sitic patches and posts to widen the operating frequency. The incorporation of the
proposed antenna with a new broadband thin single-layer dual-sided PRS designed
based on the complementary structure contributes to the improvement of the antenna
gain in a broad bandwidth. The proposed structure was fabricated and measured to
confirm the functionality of the designed antenna.

Chapter 5 presents a high-gain leaky-wave antenna based on a RC structure with
the capability of unidirectional beam scanning over desired frequencies and beam
angles. Steering the antenna beam is achieved by implementing a fully-dielectric PRS
based on a simple design procedure. In the proposed structure, two techniques are
combined to make the beam scanning unidirectional. It is fabricated and measured
with a good agreement with the simulation results.

Chapter 6 presents a millimeter-wave RCA with unidirection frequency scanning.
The proposed antenna consists of a main radiating element, a metallic wall, a ground
plane, and a single-layer PRS. A single radiating element is designed such that it
provides a tilted. The metallic wall is used close to the radiating element as a reflector
to suppress the propagation in undesired directions. A general design guide is given by
theoretical analysis of the RCA structures using the ray tracing method to formulate
the beam steering functionality versus frequency over desired pre-determined angles.
The proposed PRS in this structure is completely different from that used in the
previous structure. It has a metallo-dielectric configuration, which gives more freedom
to adjust the behaviour of the unit cell in terms of the operating frequency, reflection

phase, and reflection magnitude. Besides, By this way, we are able to design more



compact unit cells with thinner thickness. The PRS layer is designed without any
tuning elements to provide the beam scanning. The proposed antenna was fabricated
and measured.

Chapter 7 presents a technique to obtain a high-gain multi-beam antenna for
millimetre-wave mmW 5G base station is proposed using the RCA structures. A
thin single metallo-dielectric layer is used as the PRS layer to enhance the radiation
performance of the RCA antenna and provide an off-axis pencil beam. As the feeding
structure illuminating the PRS layer, a cylindrical cavity is designed using a right-
angle-type semi-waveguide (RATSW) structure. An array of coaxial probes are used
to obtain beam switching at the azimuth plane by exciting different probes. The
cavity structure of the proposed antenna is fabricated by the three-dimensional (3D)
printing technology as an easy manufacturing process.

Finally, Chapter 8 summarizes the main conclusion and contributions from this

study and provides some recommendations for future studies.
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Chapter 2

State of the art on RCA
technologies

In the previous chapter, the context of the thesis was detailed. As was concluded,
RCA was selected since it is a promising candidate to meet the requirements of the
5G applications, especially those that were discussed in detail. As discussed, the
objective of this thesis is to design RCAs with wide frequency band and circular
polarization and RCAs with the ability of steering/switching radiation beam. In this
chapter, first, a short history on RCAs and how to analyze them through a variety
of methods are presented. Then, in order the study the state of the art on RCA
technologies based on the mentioned objectives, we divide the rest of this chapter into
different subsections under the potential solutions of problem, which was discussed
in the introduction chapter. Thus, in the following sections 2.5, solutions potentially

compatible for presented applications are introduced under different subsections.

2.1 History

RCAs were first introduced in 1956 by Trentini [42], who demonstrated how plac-
ing a PRS above a waveguide aperture antenna structure can increase the antenna
direactivity, significantly. Since then, further studies have been carried out in this
area leading to introducing several PRS configurations with different functionalities

in combination with various radiating elements inside the structure. In Reference [43,
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44], Alexopoulos et showed that using full dielectric PRS layers above the antennas
can provide a remarkable directivity improvement. Then, in Reference [45, 46|, Jack-
son and Oliner conducted more studies on RCAs with multi-layer dielectric PRS. In
Reference [47], James et al. added extra discussion to Terentini study and used
a three-layer PRS to increase the gain of an aperture antenna. The conventional
RC structures have utilized thick full dielectric or multi-layer PRS structures. By
emerging electromagnetic band gap (EBG), metamaterial (MTM), and frequency se-
lective surface (F'SS) structures, the trend of studies changed to the design of metallo-
dielectric PRS layers to take advantage of fewer layers, thinner layers, more degrees of
freedom, and layers with flexible properties. In the literature, RCAs have associated
with different terminologies such as EBG [48, 49], RC structures [50], 2-D leaky-wave
LW structures[51, 52|, PRS [53], and Fabry—Pérot Cavity (FPC) structures [54].
RCA structures consist of a PRS in parallel with a perfect electric/magnetic con-
ductor or an impedance surface, which establish a cavity, fed by a main radiating
element inside the cavity to excite the entire structure [24, 42, 55, 56]. Figure 2.1 il-

lustrates the configuration of a typical RCA structure. Open-ended waveguide, patch
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Figure 2.1: The configuration of RCA structure.
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crossed bowtie dipole can be used as the main radiating element inside the cavity.
The PRS layer might have different configurations as will be discussed later in Section
2.4. Due to having a cavity with reflective surfaces, multiple reflections of electro-
magnetic wave happen. A proper cavity thickness (the distance between the PRS and
the ground plane) can superimpose in-phase transmitted waves, which enhances the
antenna gain significantly. The phase and magnitude of the PRS reflection coefficient
have remarkable impact on the performance of the RCAs in terms of gain, bandwidth,
and beam angle. Therefore, designing the PRS structures has an imperative role in

the design of the RCAs to achieve the desired performance.

2.2 Analytical Methods of RCAs

The design of RCA structures for desired radiation performances, requires an appro-
priate theoretical analysis. Many studies have been focused on how these structures
can be analyzed, which led to a variety of analytical methods such as ray tracing,
transmission line (TL), LW, EBG, and the principle of reciprocity methods. Among
the mentioned analytical methods, the ray tracing, TL, and LW methods are more
used in the literature. In this section, a brief review of these three methods is pre-

pared, and a short comparison between them is drown.

2.2.1 Ray Tracing Method

The ray tracing method was first introduced by Terentini [42], in which the RCA
is analyzed as a resonant microwave cavity structure known as a Fabry—Pérot cav-
ity. The resonance condition, which is dependent on the phase and magnitude of
the reflection coefficient of the PRS needs to be satisfied in order to improve the
radiation characteristics of the antenna. According to the resonance condition, the
distance between the PRS and the ground plane layers are adjusted to create in-phase
superposition of waves leaking out from the structure, which leads to high directive

radiation pattern. A brief description of this technique is given in the following.
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The RCA is considered as a resonant microwave cavity. To enhance the gain of
the main radiator, all reflected rays from the PRS layer (reflected rays inside the
cavity) should become in-phase. Based on Figure. 2.1, the first reflected ray gets a
phase difference in comparison with the first ray (first ray is assumed as the first one
radiated by the main radiator.). The reflection coefficient of the PRS structure and
the substrate are given by A;e797rs and A,e=79suv+6nd respectively; where A; and A,
are regarded as the magnitude of reflection coefficients of the PRS structure and the
substrate, respectively. Also, Oprs and 04,1 Gnq are assumed as PRS and substrate
reflection phase, respectively. The phase difference between the first ray and its first
reflected ray depends on the PRS reflection phase (6prs), propagation delay from
ground plane to the PRS and from PRS to the ground plane (—2k,h,.s = %hms),
and also the ground reflection phase (fsup+gna). To have the resonnace condition, the
mentioned phase difference should be integer multiples of 2pi. It can be proven that

the resonance condition for RCA and for a radiation beam at broadside is according

to the following equation [42]:

0 TS esu n A
g = s T subiGnd A (2.1)
—47 2
95ub+Gnd =T = 2t3n71<Zsub tan<ksubhsub)/ZO> (22)

while, A is the wavelength. In (2.1) and (2.2), the phase variation due to the
antenna substrate is included for accuracy. Hence, 04,1 cnq is applied instead of
Ocna, which would correspond to a perfect electric conductor (PEC) with 180 degrees
reflection phase. Z,,, and Z, are the characteristic impedance of the substrate and

the air, and kg, is the dielectric phase constant, given by (2.3) [42]:

Zsub = ZO X 1/87" 5 ksub = 27Tf\/€_r/c (23)

where ¢, is the relative permittivity of the substrate. By assuming 0.4+ cna = Ocna =

180, the cavity height (h,,s) gets the value close to the half of the wavelength. Also,
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the antenna gain increases by an amount according to the following equation:

1+ A

AGlelogl 1
— Ay

(2.4)

As can be seen from (2.4), increasing the magnitude of the reflection coefficient, i.e.,
Ay, contributes to higher antenna gain; however, the impedance bandwidth decreases
[56].

For RCAs, the bandwidth of gain versus frequency is defined as the frequency band,
in which the radiated power is 3 dB lower than the maximum power at the main beam
angle. Based on the ray tracing method, the expression for the gain relative to the
main radiating element can be calculated, given by:

_ (=14
G0, f) = 1 —2A5¢c08(0Gna + Oprs — 2hprskcos(0)) + (Ar)? (2:5)

where 6 is the beam angle of the RCA. Based on (2.1) and (2.5), the maximum gain
for a RCA with broadside or off-axis radiation beam is given by:

1+ 4
= — 2.

Thus, to find 3-dB gain BW, as was defined before, we have to solve this equation:

_ (- 14P) ETR T
G, f) = 1 —2A1c05(0cma + Oprs — 2hprskcos(0)) + (A)2 QGmM 21— A
(2.7)

Based on (2.7), the 3-dB gain BW of the RCAs can be obtained, given by:
(1—|A1])

V1Al

The quality factor can be defined as a function of the reflection phase and magnitude

2
3 —dB gain BW = — (2.8)
T

of unit cell. Near the resonant frequency, the minimum of half power beamwidth

(HPBW=(A0345)min) of the entire RCA can be expressed as [57]:

(Ab3aB)min ~ / Q/2 (2.9)

In [58], another method is used to find the relation between the HPBW and the

quality factor of the cavity.
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In the ray tracing model, the diffracted rays are not considered since the structure
size is assumed infinite. Consequently, this model gives initial design values, which
facilitates the designing process; however, it is not as accurate and general as leaky-
wave analyses, due to having some approximations assumed. In fact, this method is

more applicable when the goal is to calculate the initial design values [50, 59].

2.2.2 LW Method

RCAs are parallel plate waveguides leading to the leakage of the ray and known as
2-D periodic LWAs [60]. Leaky-wave antennas are considered as antennas with a
directive beam, scanning the space as a function of frequency. Leaky-wave antennas
are a kind of phased array antennas without phase shifters, which leads to a compact
structure with a low energy consumption. There are many studies in the literature
in which the functionality of the resonant cavity is discussed by LW method [46,
51, 52, 61-64]. Since comparing to other methods, this method is more efficient
and accurate for different configurations of the RCAs; recent advanced studies are
carried out using LW models, especially those with steering beam functionalities [60,
65-67]. The transverse equivalent network model might be used to derive proper
formulas in terms of the angle of the beam, gain, beamwidth, leaky-wave phase and
attenuation constants of the structure. The propagation constant is dependent on
the PRS reflection coeficient and the distance between the ground plane and the PRS

structure placed above the main radiating element.

2.2.3 TL Method

The transmission-line (TL) method, as the ray tracing method, gives the initial values
of antenna design, making it straightforward and time efficient. Many studies have
been carried out to demonstrate the functionality of the resonant cavity structure by
the TL model [43, 44, 51, 61, 64, 68, 69]. In [43], the TL analysis is used to derive

some formulas related to the bandwidth, gain, and beamwidth of the RCAs. For this
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purpose, the entire RCA structure is modeled by TLs with different characteristics,
and some lumped elements. As a result, the thickness of different parts and the
properties of the PRS in terms of refection coefficient are calculated in order to
improve radiation performance of the RCA structure. Using this method resulted in

better evaluation of the directivity of RCAs [69].

2.3 Physics of RCA Structures

The PRS structure performs like a leaky parallel plate waveguide. To have simplicity,
consider a cavity filled by a dielectric with permitivity and permiability of €. and pu,,
respectively. The proposed structure is shown in Figure. 2.2, which is a simplified
version of Figure. 2.1. The proposed leaky parallel-plate waveguide can be excited
through a simple main radiator inside the substrate. It can be a horizontal electric
dipole. If a perfect conducting layer were used above the substrate instead of PRS, the
entire structure might not be a leaky one and result in exciting two types of parallel-
plate waveguide modes T'M, and also T'E, through using a horizontal electric or

magnetic dipole. By utilizing a PRS instead of a conducting plate above the substrate,
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Figure 2.2: A leaky parallel-plate waveguide made from a PRS layer over a substrate
layer backed by a ground plane.
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the PRS layer. The leaky mode with radially propagation has a transverse complex
wavenumber (k;) given by:

k=B — ja (2.10)

where § and « are phase and attenuation constant, which are related to the reflection
phase and magnitude of the PRS unit cell. Also, the leaky longitudinal wavenumbers

inside the cavity (k.;,) and above the PRS layer (k) are given by:
kzin = Bzin - jazin = HUr€pr — kt2 (211>

kztop = ﬁztop - jaztop =V 1—- th (212>
These longitudinal wavenumbers are depend on the beam angle # shown in Figure.

2.2 and are given by:

Eein = ko\/ pir€, — sin® 0, kstop = ko cos 6 (2.13)

Based on (2.1), and the below formula, we can obtain an approximate design value

for the cavity height (h,,s) in terms of the beam angle.

Oprs = 2Boinhprs + ™20 — 1), Ay = €7 2|in|hprs (2.14)

2.4 Basic Types of PRS Structures

As was discussed theoretically, the improvement of the antenna radiation character-
istics is related to the reflection response of the PRS unit cell. Thus, unit cells with
several types have been introduced in the literature to have different behaviour. It
can be a full dielectric [44, 46], a full metallic [70, 71] or a periodic structure com-
posed of a uniform or nonuniform array of metallio-dielectric unit cells [35]. The use
of dielectric superstrates as the PRS may offer some advantages in terms of reduced
fabrication complexity, however it reduces the degrees of freedom in the design pro-
cedure. From another perspective, PRS structure can have single or multiple layers.

One reason behind using multi-layer PRS structures is creating multiple resonances at
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different frequencies, which can satisfy the multi resonance conditions over a desired
bandwidth. Permitivity and thicknesses of the dielectric slabs, the distances between
layers, and other parameters have impact on creating multiple resonant frequencies.
It is worth noting that using multi-layer PRSs make the RCAs thicker which might

be one of the concerns in some applications.
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Figure 2.3: Reflection characteristic of a single-layer full dielectric unit cell: (a)
magnitude, and(b) phase for different permitivity values.

In the design shown in [46], dielectric layers of alternating thickness and permittiv-

ity values are stacked on top of each other. The higher the number of layers used, the
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Figure 2.4: Reflection characteristic of a double-layer full dielectric unit cell: (a)
magnitude, and(b) phase for different separation distances.

greater the achieved directivity. In [46], it was shown that high dielectric constant
values were chosen in order to achieve high reflectivity values leading to high antenna
directivity and gain. Also, a higher number of PRS layers is necessary in order to
obtain comparable directivity values with the metallo-dielectric PRS structures.

To have a good insight into the impact of permitivity on the reflection behaviour,
a parametric study has been done for a single-layer fully dielectric PRS unit cell with

a thickness of 4.4 mm. The parametric study for different thickness will be shown
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and discussed in chapter 5. The reflection magnitude and phase of a dielectric unit
cell versus different permitivities are shown in Figure. 2.3. As shown, the permitivity
value has impact on the reflection response of the unit cell. Using dielectric slabs
with higher permitivity results in a deep resonance at lower frequencies. Also, we can
find the reflection phase of a dielectric slab based on and 2.3.

In another study, a unit cell with double-layer structure with the same as the pre-
vious single-layer is simulated and studied. The layers are separated with a distance
of hy. The simulated results for variable h, has been done and demonstrated in Fig-
ure. 2.4. By increasing the number of layers, extra resonances are created and the
reflection magnitude and phase response can be adjusted by changing the distance

between the layers.

2.5 Previous Studies Based on The Mentioned Ob-
jectives

In this section, we try to discuss how to reach the objective of the thesis including
wideband RCAs with circular polarization, and RCAs with steering/ switching
beam. Thus, in this section, a comprehensive review on the previous studies based

on the objectives and intended applications are provided.

2.5.1 Wideband RCAs

Designing wideband RCA antennas with frequency scanning is required when spatial
frequency division (as a spectrum usage technique) is required. Moreover, it is still
applicable for developing multiple access techniques when frequency domain is shared
among multiple users. By widening the frequency sweep, the energy consumption or
bit error rate can be reduced as we have the spatial diversity option in the user
management system by assigning different frequencies to users. As well, more users
can be served at the peak gain of antenna and propagation loss will be reduced. Thus,

it is necessary to know how the RCAs can reach wider frequency band.
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RCAs are regarded as resonant structures with the drawback of narrow 3-dB gain
bandwidth [62, 63, 72-75]. In Reference [72], the inverse proportionality between
the maximum gain and 3-dB gain bandwidth of the RCAs is discussed and proved
theoretically by the ray tracing analytical method. Higher gain contributes to nar-
rower bandwidth, which has been considered as one of the concerns that has got the
attention of researchers for many years. Consequently, many studies with different
methods have been introduced to provide a solution to tackle the mentioned short-
comings of the RCAs. This section deals with presenting different methods carried

out to increase the bandwidth of the RCAs.
Positive Reflection Phase Gradient

Inverting the reflection phase gradient of the PRS unit cell to achieve a positive slope
is among the most famous and applicable methods in order to obtain wider 3-dB
gain bandwidth in the design of the RCAs. References [76] and [77] are among the
first studies conducted to demonstrate the possibility of achieving a positive reflection
phase gradient to increase the 3-dB gain bandwidth. Changing the phase gradient
behaviour can be achieved by using multi-layer PRS structures [29, 78-85], thick full-
dielectric PRSs [86], and thin one-layer metallo-dielectric PRSs [37, 38, 50, 77, 87-90].
In [90], a slot antenna is used as the main radiator and a both-sided PRS unit cell
with positive reflection phase gradient is placed above the entire structure to make
the bandwidth wider. A maximum gain of 13.78 dBi and a bandwidth of 17.1% are
obtained. In [29], a wide 3-dB gain bandwidth of 86% is achieved by utilizing a three-
layer truncated PRS, which makes two resonances whose relative reflection phases
have 180° drop. In [80], RCA obtains a 3-dB gain bandwidth of 25%, with a peak
gain of 15 dBi by using a two-layer thick dielectric PRS. Dielectric substrates of 3.175
mm and 1.9 mm thickness are used, which are near a quarter-wavelength and are
separated by a quarter-wavelength distance. As reported in [34], gain enhancement

over a large bandwidth of 55% is obtained by using a high-permittivity dielectric
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PRS, which is flat at the bottom and has a stair-case profile at the top. Basically,
the proposed design in [34] compensates the non-uniform phase distribution of the
antenna aperture to get wider 3-dB gain bandwidth with higher antenna gain. In
[91], a double-layered PRS with a dual-band response is reported with a 3-dB gain
bandwidth of almost 7% and 11% and peak gains of 14.9 dBi and 14.2 dBi over the
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Figure(1): Wideband and High-Gain Millimeter-Wave Antenna Based on FSS Fabry—Perot Cavity
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Figure 2.5: Configuration of a wideband RCA along with a PRS with positive reflec-
tion phase: (a) Unit cell of PRS; (b) Main radiating element (PRGW); (c) Entire
structure [92].

Several studies have been focused on achieving wider 3-dB gain bandwidth using
PRS structures with positive phase slope over millimeter wave spectrum [66, 92—
94]. As an example, in Reference [92], a wideband high-gain mmW RCA with
the operating frequency of 60 GHz is introduced. A printed ridge-gap waveguide
(PRGW) technology is used as the slot antenna feed, because it is a proper candidate
to suppress the surface waves with a good functionality over the mmW spectrum.
The PRS is composed of gridded square patch (GSP) and square slot-loaded patch
(SSLP) structures etched on two different dielectric layers. The configuration of the
PRS unit cell, PRGW, and RCAs structures are demonstrated in Figure 2.5. The

wideband characteristic is achieved by using a double-layer PRS unit cell with positive
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Figure 2.6: (a) Reflection phase of the PRS unit cell; (b) Measured and simulated
gain and efficiency of the RCA in [92].

reflection phase gradient as demonstrated in Figure 2.6a. The "a” is used as a scale
factor to control the phase of the unit cell. A maximum gain of 16.8 dBi and 3-dB
gain bandwidth of 12.5% are achieved as shown in Figure 2.6b.

Most of the mentioned investigations utilize several layers of PRSs separated by
a gap distance to make the antenna wideband. Designing a wideband high-gain CP

RCA with a thin single-layer PRS is a challenge which is addressed in this paper.
PRS Unit Cell with Sharp Resonance

In the studies reviewed in the previous subsection, it was indicated that having a
resonant frequency at the middle of a desired frequency band with a positive phase
gradient leads to a wider 3-dB gain bandwidth. In some studies, it is proved that
having a sharp resonance at the centre of a frequency band results in 3-dB gain
improvement [29, 30, 95, 96]. The phase variation can get a 180 degree jump at a
resonant frequency to achieve a wide 3-dB gain bandwidth.

In Reference [95], a dual-layer full-dielectric PRS structure with a high permitivity
laminate substrate is proposed to provide a sharp resonant frequency. A crossed dipole
is used as the main radiator inside the RCA structure which can result in a wide

impedance bandwidth and suitable CP characteristic. The sharp resonance creates
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extra frequencies (except the center frequency) to satisfy the resonance conditions
which is the reason to make the antenna wideband. The incorporation of the PRS and
crossed dipole contributes to a 3-dB gain bandwidth of 50.9% with a maximum gain of
15 dBic. The introduced antenna in [95] possess simple and compact geometry while
providing a high gain and circular polarization, which makes it a suitable candidate

to be used in base stations.
New Configuration of PRS Structures: Nonuniform PRS Structures

Recent non-uniform configurations of superstrates mostly presented by Baba and
Hashmi et al., have been designed to provide a significant increment in 3-dB gain
bandwidth of the RCAs [34, 49, 97-99]. The proposed PRS structures have taken
advantage of the integration of different dielectric substrate slabs with different either
thickness or permitivity. Basically, such structures are mainly used to compensate
the non-uniform phase distribution of the RCA aperture as will be discussed later
in the next section. In Reference [97], a planar PRS layer consisted of dielectric
slabs with different permitivities is proposed. The proposed PRS named as transverse
permitivity gradient (TPG) is a single-layer planar structure with the capability of the
aperture phase correction using different sections with different permittivities. Next,
Hashmi et al. demonstrated the possibility of a PRS structure composed of multiple
dielectric slabs with different permitivity and thickness in order to improve the 3-dB
gain bandwidth of a RCA [49, 98]. They also investigated the PRS structures with
stepped configurations and indicated how these stepped configurations can increase
the antenna gain over a wide bandwidth. In [99], the PRS structure is a stepped
configuration with laminate substrates of different permitivity and thickness, whereas
in [34], the PRS is the similar stepped configuration with just different thicknesses.
A slot radiator fed by a waveguide is used as the main radiator for these structures.

Recent investigations with stepped configurations have been done in millimetre

wave frequency band to increase the antenna bandwidth [53, 100, 101], which shows
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Figure 2.7: Configuration of a RCA with stepped PRS: (a) First PRS configuration;
(b) Second PRS configuration; (c) Entire structure [100].
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Figure 2.8: Simulated and measured results of RCA with stepped PRS: (a) VSWR;
(b) Gain [100].

the flexibility of RCAs for different frequency bands. In Reference [100], the applica-
tion of two different non-uniform PRS structures to enhance the 3-dB gain bandwidth
and maximum gain of the RCA are investigated over the mmW spectrum. The first
PRS is composed of a four concentric full dielectric rings of different permitivity
and thickness, whereas the second PRS is made of a single laminate substrate with
the same permitivity and different thicknesses. Both of the PRS structures have an

stepped configuration, and an open-ended WR-15 waveguide is used as the main ra-
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diator inside the cavity to feed the antenna. The antenna structure without PRSs
and PRS prototypes are demonstrated in Figure 2.7. The antenna with the sec-
ond PRS has a maximum measured gain of 19.5 dBi with a proper matching from
55.2 GHz to 65 GHz. The simulated and measured results are displayed in Figure
2.8. These kinds of non-uniform PRS structures achieve remarkable gain-bandwidth
product (GBP), which is a true merit used in the comparison between different anten-
nas. The proposed antenna in [100] has a simple structure with a high gain and low
cross-polarization, which makes it beneficial for base stations, point-to-point commu-
nication systems, autonomous radars, remote sensing satellites, and IoT. In [102], a
non-uniform stepped PRS layer is introduced to enhance the aperture efficiency of
the RCA structure, which leads to a maximum gain of 20.3 dBi with a bandwidth of

9.4%.
Shape Manipulation of the Conventional RCA Configuration

The demand for wideband high-gain antennas have led researchers to seek different
and novel methods to efficiently enhance the antenna bandwidth without sacrificing
the antenna performance. It is proved that the performance of RCAs can be im-
proved by curving the ground plane or PRS architecture. In Reference [31, 103, 104],
manipulating the configuration of the ground plane and PRS structures so that the
distance between the PRS layer and the ground plane gradually gets unequal values
for different parts of the RCA structures are considered by different methods. These
manipulated structures are capable to compensate and correct the phase and magni-
tude distribution far from the center of the PRS structure that results in a broader
3-dB gain bandwidth. In Reference [31], a shaped ground plane with a semi-spherical
configuration is used to make the 3-dB gain bandwidth wider. The antenna perfor-
mance is compared with the performance of a conventional RCA with a flat ground
plane. The RCA structure reported in [31] provides a measured 3-dB gain bandwidth

of 25% with a maximum gain of 17.7 dBi. Similar works have been done for mmW
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spectrum by using unconventional RCA structures [33, 105].
Array Feed

Using array antennas instead of single main radiator inside the cavity structure is
another conventional method to increase the 3-dB gain bandwidth. This idea has
been investigated in many studies [48, 54, 68, 106], which mostly used complicated
feeding networks. In Reference [68], an array of patch elements are used as the
radiators. Besides, by adding two PRS layers above the array antennas, the radiation
performance of the antenna is improved. The maximum gain of a 2 x 2 array patch
antenna without any PRS layer is almost the same as a RCA with a single patch as
the main radiator. Similarly, the results are same for a 4 x 4 patch array without

PRS and a RCA with a 2 x 2 patch array as the main radiator.
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Figure 2.9: Configuration of a CP RCA: (a) Unit cell; (b) Main radiator; (c) Entire
RCA structure [59].
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Figure 2.10: Measured and simulated results of the CP RCA reported in [59]: (a)
Reflection coefficient; (b) AR; (c) Gain.

2.5.2 Circular Polarization

High-gain wideband CP antennas are required in many applications such as radar,
satellite, and mobile communication systems. Having RCAs with high-gain, wide-
band, and circular polarization has been a challenge which has been addressed in
many studies [95, 96, 107-122].

Usually two different methods are used to achieve a high-gain CP RCA. The first
one is to use a CP main radiator element and the radiation improvement of the
entire structure is obtained through utilizing a PRS structure whose behaviour is
independent of the polarization [95, 96, 107-113, 121, 122]. In [96], a multi-layer
PRS unit cell with a sharp resonance is introduced to create multiple resonances. The
proposed unit cell consists of three separated layers leading to a common bandwidth
of 70.3%. In [112], an overlapped bandwidth of 29.3% with a maximum gain of
11.45 dBic at 14 GHz are achieved by using a both-sided PRS unit cell. A CP
magneto-electric dipole antenna, composed of horizontally half-wave metallic plates
and vertically quarter-wave shorted vias is used as the main radiator. In [107], a
two-layer PRS unit cell with a CP main radiator is utilized to design a wideband
CP RCA. A 3-dB gain bandwidth of 28.3% from 8.8 to 11.7 GHz and a peak gain
of 14.7 dBic are achieved. In [108], a microstrip patch antenna with a common AR

and impedance bandwidth of 14% and a maximum gain of 11 dBic is presented. The
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proposed antenna uses a hybrid coupler and two coaxial cables to feed the antenna
structure and create circular polarization. Furthermore, the antenna has a large size
of 3 x 3 x0.152 A\3.

The other method is known as self-polarizing RCA. In this method, the linear-
to-circular polarization conversion is the subject that is studied. A Multi-frequency
highly directive LP antenna is used as the main radiating feed and its polarization
is converted to circular through using a proper PRS placed above the RCA [114-
120]. This method is preferred, since it does not need any feeding networks to make
circular polarization; however it might not obtain a wide bandwidth. In [114], the
realization of a directive CP antenna with the axial ratio lower than 2 dB over a
small bandwidth of 2% using a periodic structure is described. However, the entire
antenna size ( 5\ X 5Ag) makes it bulky and heavy. In [116], an antenna with the
size of TAg X TAg is introduced which obtains an AR bandwidth of 3%. In [117],
a wideband low-profile CP RCA antenna fed by an LP microstrip patch radiating
element is proposed. Although an antenna gain of 17.2 dBic for the total size of
2.3)\¢ X 2.3\ is obtained, the narrow CP bandwidth of 7.4% limits the application.

Many studies have been reported for designing a high-gain CP RCA over the mmW
spectrum in the literature [59, 123-125]. Some of them present a practical application
of the CP RCAs for the 5G communication systems. In Reference [59], a CP high-
gain RCA is designed for 5G multiple-input multiple output (MIMO) applications
over 26 GHz to 31 GHz. A single-layer full dielectric PRS structure with a sharp
resonant frequency is used to enhance the antenna radiation performance over a wide
frequency band. A CP truncated patch antenna with a proper slot is placed inside the
cavity to illuminate the entire structure as demonstrated in Figure 2.9. Figure 2.10
exhibits a 3-dB AR bandwidth of 17.5% with a maximum gain of 14.1 dBic achieved

by the structure.
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2.5.3 Reconfigurable RCAs

Reconfigurability of the RCAs is the capability of their structures to alter their ra-
diation features by electrical elements or mechanical mechanism. A reconfigurable
antenna might use different methods to alter operation frequency, radiation pattern,
polarization, beamwidth, or even a combination of these variables.

Multi functional antennas are proper solution for newborn 5G millimeter wave fre-
quency band, where the large size of the systems and the extra equipment to provide
other functions are considered as potential problems. Reconfigurable antennas can
offer other functionalities over multiple bands and can be efficient in variable environ-
ments in case they face a limitation or a new situation. Consequently, reconfigurable
RCAs, due to their simple feed network and high-gain characteristic, can be consid-
ered as an efficient and low-cost option to mitigate the significant challenges in 5G
applications. There are many studies in the literature concentrated on reconfigurable

RCA structures. These studies investigate frequency [126-130], beamwidth [131-133],
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Figure 2.11: Configuration of a RCA with a tilted beam: (a) Main radiating element
(PRGW); (b) Fabricated prototype of PGS and PDGS [157].
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Figure 2.12: Simulated and measured results of the radiation patterns of the RCA in
[157]: (a) PGS; (b) PDGSs configuration.

2.5.4 Beam Steering

Since the beam steering or switching beam functionalities are aimed in this paper,
we try prepare this separated subsection to bring those studies with the reconfigured
pattern. A variety of investigations have been carried out to demonstrate the capa-
bility of the RCAs to achieve reconfigured pattern, and consequently beam steering
over the millimeter wave frequency band. In this section, we review the previous
studies from two different perspectives. For the former, we divided the studies into
two categories based on the producer of beam steering. For the second perspective,
it is important to categorize the beam steering at a fixed frequency or by varying
frequency (frequency scanning).

Regarding the former perspective, many studies proposed that the main radiator
placed inside the RCA structure takes the responsibility of the pattern reconfigura-
bility [27, 158, 159] and the antenna radiation performance can be improved by using
PRS structures. Other studies have proposed suitable PRS structures to manipulate
the RCA radiation pattern instead of using a fed antenna with complicated feed net-
works [146-157]. PRS structures provide more degree of freedom to control the beam
of the main radiator with other functionalities simultaneously without applying extra

equipment. Therefore, many RCA structures have been proposed with either both
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pattern and polarization reconfigurability or pattern and beamwidth reconfigurability
[133, 160-163]. In Reference [157] and [163], the possibility of using RCA with re-
configurable pattern characteristic for 5G is illustrated. In Reference [157], the beam
tilting of a RCA is investigated through four different techniques at 60 GHz. The
techniques used for tilting the beam include wedge-shaped dielectric lens (WSDL),
discrete multilevel grating dielectric (DMGD), printed gradient surface (PGS), and
perforated dielectric gradient surface (PDGS), which are based on the phase gradient
surface method. Among the mentioned techniques, PGS and PDGS have better per-
formance inorder to provide reconfigurability feature. Figure 2.11a shows a PRGW
used as the main radiating element in [157]. Six different structures of the PGS and
PDGS were proposed and their functionality is investigated while they are placed
above the main radiator. Three designs #1, #2, #3 for PGS and PDGS structures
were done for different tilt angles. A maximum gain of around 22 dBi is achieved
when these structures are used to tilt the beam of the RCA. The simulated and mea-
sured results achieved by using these six superstrates are illustrated in Figure 2.12.
As shown, the tilted beam angles of § = 14% 6 = 27° and # = 44° are achieved
by placing every design of PGS or PDGS above the main radiator. The proposed
antenna in [157] is a potential candidate for narrow-band communication systems. It
can be used in mobile devices due to its compact configuration with reconfigurable
radiation pattern.

This paragraph divided the previous studies from the second perspective. There
are several studies in the literature on beam steering of the RCAs at a fixed frequency
[133, 151, 158, 166-174]. Beam steering can be realized by properly designing either
a main feed or the PRS unit cells. In some studies, the periodic structure includes
tuning elements to control the reflection phase of the PRS, and consequently the
radiation beam [133, 166, 167, 172]. In other reports, beam steering is achieved by
mechanically adjusting the periodic structure or the main radiating element [151, 158,

169, 170].
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Figure 2.13: Configuration of a RCA with steering beam [164].
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Figure 2.14: Configuration of a RC structure with steering beam [165].

Scanning the beam of RCAs versus frequency has been also studied in the liter-
ature numerously [150, 164, 165, 173, 175-177]. In [150], a FPC structure with the
capability of frequency scanning was designed with a PRS integrated with active ele-
ments. A phased array feed was used to increase the angle of the scanning beam. In
another work [175], by using two metasurface layers, a conical beam scanning with a
frequency sweep from 36.37 to 39.9 GHz, corresponding to the conical angels from 0°
to 38°, was realized.

The realization of a RCAs with a unidirectional beam has been a challenge, which

requires constructive modification of the conventional RCAs. Although antennas with
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a conical radiation beam have many applications [178], in some cases, an antenna with
a non-conical directive beam scanning over limited angles is preferred [179]. The con-
ventional structures of the RCAs tend to obtain a conical beam because of the intrinsic
characteristics of the symmetric structures of the PRS and the feed. The realization
of a RCAs with unidirectional beam has been a challenge, which requires constructive
modification of the conventional FPCAs. In [164, 177], unidirectional beam steering
was realized using well-designed main radiators. The introduced structure is shown
in Figure 2.13. A low aperture efficiency and difficulty of phasing the elements of
feeding system might limit the application of these structures.

In [165], a high-impedance surface (HIS) was used to achieve the frequency scan-
ning, while the PRS layer was used to provide high directivity. The schematic of
structure is demonstrated in 2.14. A drawback of this structure, however, is the sig-
nificant gain variation versus frequency. Therefore, it is still desirable to design a
RCA with the unidirectional beam steering functionality over desired frequencies and
desired beam angles, using a well-designed PRS structure with minimum layers and

without any tuning elements.

2.5.5 Beam Switching

Complexity of the structures and expensive fabrication cost are two drawbacks of
continuous beam steering. Designing FPC structures with discrete beam switching
has been investigated in [27, 133, 171, 180-185]. In [180], the beam switching is
achieved by controlling the pitches of four springs. Control of the antenna beam can
be achieved by moving of the PRS, as shown in [181]. The beam is scanned from 0° to
14° at elevation plane with a maximum gain of 11.5 dBi at 28.5 GHz. Three switchable
beams at —18°, 0°, and 18° for mmW applications at the elevation plane are achieved
in [171], using multi-layer and complex PRS layer and three feeding sources. Beam
switching through using an array of simple radiators has been investigated in [184,

185]. In [185], the beam reconfigurability at the azimuth plane is achieved by phasing
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the array at a fixed frequency, which requires a complex feeding network.

2.6 Conclusions

This chapter provides a comprehensive discussion on the RCAs in terms of their chal-
lenges, and application based on the objectives of this thesis introduced in chapter 1.
The RCAs owing to their advantages such as simple feed structure, planar configura-
tion, high-gain, low-cost fabrication, and ease of integration with other systems are
promising candidates to be used in 5G communication systems.

The mechanism of the RCAs has been presented by different techniques; among
them are ray tracing, TL, and LW models. Next, a comprehensive discussion on how
to reach the objective of the thesis including wideband RCAs with circular polariza-
tion, and RCAs with beam steering/ switching beam has been provided.

Having wider bandwidth is still challenging in the implementation of the RCAs.
Efficient designs and techniques to make wider bandwidth including using PRS unit
cells with positive reflection phase gradient, sharp resonance, and non-uniform con-
figurations were reviewed. Besides, the possibility to generate a wider bandwidth by
manipulating the configuration of the ground plane and PRS structures was briefly
discussed.

Multi functional antennas are the desired solution for the 5G millimeter wave fre-
quencies to avoid no extra equipment, which lead to bulky structures. Reconfigura-
bility of the RCAs offer altering operation frequency, polarization, radiation pattern,
and beamwidth to address the potential problems of 5G communication systems.
Beam-steering and CP characteristics add more flexibility to the antennas to tolerate
the environment issues and to have stable performance, as explained in this paper.

In summary, bases on the comprehensive literature review prepared in this chapter,
it is the stable functionality and stunning performance of the RCAs over different
frequency bands that make them attractive for our thesis based on the introduced

applications for 5G BSs.
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Chapter 3

Design of a wideband single-layer
partially reflective surface for a
circularly-polarized resonant cavity
antenna

This chapter presents the design of a wideband single-layer PRS for a CP resonant
cavity antenna to fulfil the first objective of this thesis. The proposed single layer
double-sided PRS structure has complementary design which results in an increase
in the 3-dB gain bandwidth of the antenna over a wide bandwidth due to creating
both inductive and capacitive features. Indeed, this complementary structure gives
opposite phase behavior which leads to a reverse phase gradient over a wide range
of frequencies. Instead of using conventional multi-layer PRS structures or PRSs
with thick unit cell for broaden the bandwidth, we have used a thin single-layer PRS
structure with the capability to enhance the antenna gain over a wide bandwidth.
A CP stacked patch antenna (SPA) is used as a main radiating element inside the
RCA structure. To verify the significant effect of the proposed PRS on the antenna
performance, the entire RCA structure is fabricated and the results show a reasonable
agreement between simulations and measurements. The measurement results show
an 3-dB axial ratio and impedance bandwidths of 21% and 32%, respectively. The
antenna gain is more than 10.5 dBic over the 3-dB gain bandwidth from 5.8 to 7.3
GHz, i.e 22.9%, with a peak gain of 13.2 dBic.
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3.1 Physical functionality

It should be mentioned that the physical functionality of a conventional RCA struc-
ture was introduced in chapter 2. Thus, this section presents the physical functionality
of the proposed RCA elements, including the PRS and also the main radiator, indi-
vidually. The objective of this chapter is designing a RCA whose characteristics can
meet the requirements of the first objective shown in Figure. 1.3. Thus a wideband
CP main radiator with a simple configuration and a wideband single-layer PRS are

required.

3.1.1 Main Radiator

Designing a simple stacked patch antenna (SPA) with a single coaxial feed is one
potential solution to achieve wide frequency band. An SPA antenna can possess
multiple layers with different configurations fed by a simple coaxial probe. Generally,
SPAs consist of a single driven patch and multiple parasitic patches which are stacked
one over another. Using a stacked configuration can increase the bandwidth of the
antenna by overlapping the bandwidths of driven and parasitic patches on different
layers.

The next step is designing SPA featured with circular polarization. Circular po-
larization can be obtained by generating two orthogonal modes either by using dual
feeds or manipulation of the antenna structure. Regarding the dual feeds method, a
90° phase difference is obtained between the feeds, while the antenna configuration
is perturbed to get circular polarization in case a single feed is considered. There are
several methods to perturb a simple patch antenna to create circular polarization. By
this way, two different modes with 90° phase difference might be achieved resulting
in a CP antenna. Feeding a patch antenna along the diagonal and using a proper
thin slot on a patch are two well-known methods to realize circular polarization [186].

Thus, designing a SPA antenna with a driven patch fed along its diagonal path and
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a parasitic patch perturbed with a well-positioned slot is aimed.

3.1.2 Preferred PRS Reflection Response

Since the PRS has a resonance structure, the RCA antenna bandwidth is narrow and
in some cases the reflection magnitude is low at this frequency which leads to gain
dropping at this specific frequency. This section provides a comprehensive investiga-
tion on designing a proper PRS unit cell with desired reflection response to enhance
the 3-dB gain bandwidth of a RCA. According to (2.1) and (2.2), a significant increase
in the antenna gain occurs just at the resonant frequency. To overcome the narrow
bandwidth problem, designing a wideband PRS unit cell with a positive reflection
phase gradient is proposed by many investigations. By rewriting (2.1), the below

formulas are extracted.

fo
C

Yo = eprs + esub-i—Gnd (32)

g = 2Py X L +2NT  N=0,1, 2 .. (3.1)

where fy and c are the resonant frequency and the speed of light, respectively. Accord-
ing to (3.1) and (3.2), it is obvious that y; and y, cross each other at just resonant
frequency of fy. Thus, the resonance condition is satisfied at fy. Equation (3.1)
demonstrates a positive gradient for the y; curve, while the equation (3.2) shows a
negative one for the y, curve according to the Foster theorem. Consequently, broad-
ening RCA bandwidth (where y; and y, should be close to each other at wider band-
width) is achieved by inverting the reflection coefficient phase gradient of PRS unit
cell. Under this condition, the slope of y, achieves the same slope of y; at a wide
frequency band, instead of just resonant frequency. This procedure leads to design a
PRS unit cell with a positive reflection phase gradient.

A unit cell with a positive reflection phase gradient and suitable reflection magni-
tude is desired to have a wide bandwidth. As was mentioned in chapter 2, there are

different techniques to achieve a PRS unit cell with positive reflection phase gradient,
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including using multi-layer PRS and a metallo-dielectric PRS with complementary
structure. Based on Figure. 2.3, a fully-dielectric PRS has inductive characteristics.
We can get that positive phase slop required for broad bandwidth, using the self-
complementary structure printed on only one thin substrate layer, as shown in this
section. The idea behind designing the complementary unit cell in this manuscript is
taken from the self-complementary antenna structures with wide bandwidth. Yasuto
Mushiake in [187] investigated different self-complementary antennas to show that the
input impedance of these antennas is constant and independent of source frequency
and shape of the structure. A variety of studies has been carried out since then to re-
alize the wideband antennas using self-complementary structures. It has been shown
that a complementary structure leads to both inductive and capacitive characteris-
tic so that the phase of the impedance will change at the resonant frequency and
the impedance gets a real value [187]. These structures have been used in a variety
of fields to change the polarization, and broaden bandwidth. The proposed unit cell
uses a thin standard laminate substrate with a complementary structure etched on its
both sides. Due to self-complementary structures’ characteristics, the top and bottom
metallic pattern etched on the dielectric slab provide opposite behavior (inductive and
capacitive behavior), according to the Babinet principle [188]. These complementary
structures give opposite phase behavior which leads to a reverse phase gradient over
a wide range of frequencies. By changing the parameters of the metallic pattern on
the dielectric slab, the total inductive and capacitive properties of the entire unit cell

can be adjusted.

3.2 Proposed PRS Unit Cell

In this section, a single-layer double-sided PRS unit cell is proposed. The top and
bottom metallic patterns, which have complementary configuration, are etched on a
dielectric slab. The geometry of the proposed PRS unit cell structure is demonstrated

in Figure 3.1(a). As a laminate substrate, the Rogers 4003C with the thickness of 1.6
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Figure 3.1: The geometry of the PRS unit cell. (a) Top and perspective view (b)
Boundary conditions (x = 0.6mm, w = 3.3mm, R. = 3.6mm, R, = 2.7Tmm, P =
7.5mm and hs = 1.6mm).

mm, permittivity of 3.55 and loss tangent of 0.0027 is used for this design. The total

size of the unit cell is 7.5%7.5x 1.6 mm?3

. The structure is printed on both sides of
the substrate with a complementary design. The excitation of the unit cell model is
accomplished by the Floquet ports in HFSS as illustrated in Figure 3.1(b)

In order to investigate the effect of the parameters including R, and w on the
unit cell behaviour versus frequency, a parametric study has been done. Figure 3.2
shows the reflection coefficient magnitude and phase of the proposed PRS versus
the frequency for different values of R, and w. According to the Figure 3.2(a), the
proposed PRS unit cell has a positive phase gradient over a wide frequency bandwidth.
Increasing R, improves the reflection magnitude of the unit cell.

Figure 3.2(b) shows that increasing the value of w above 1 mm results in only

small changes. An optimum bandwidth of PRS structure is obtained for the values
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Figure 3.2: The reflection coefficient for variable (a) R, and w = 3.3 mm, and (b) w
and R, = 2.7 mm .

of R, = 2.7 mm and w = 3.3 mm. The proposed wideband PRS unit cell operates
at a resonant frequency of 6.75 GHz, with a relative bandwidth of 22.2% (6- 7.5
GHz). Moreover, the reflection magnitude is above 0.62, which contributes to notable

antenna gain improvement.

3.3 Antenna Feed (SPA)

To design a wideband CP RCA, a wideband CP main radiating element is required.
The wideband PRS unit cell designed in the previous section is ready to be used as
a superstrate above a wideband CP antenna to increase the antenna performance

over its frequency band. Therefore, designing a wideband CP antenna which covers
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Figure 3.3: The geometry of proposed SPA, (a) Top view of patch#2, (b) Patch#1
(C) Side view (Lsubl = 90 5 Wsubl = 90, LsubQ = 16, Wsub2 = 20, Lpatch#l = 124,
Watent = 15.6, Lpatenz = 10.8, Wyarens = 13.2, Ly = 2, W, = 8, hy = 3.3, all in mm).

the frequency band of the proposed PRS unit cell, i.e., 6- 7.5 GHz, is a demand. The
geometry of the SPA is shown in Figure 3.3. This antenna consists of two layers of
laminate substrate Rogers 5880 with the thickens of 1.6 mm and permittivity of 2.2,
which are labeled by first and second stages in Figure 3.3. The first and the second
layers have a rectangular patch and a patch with a slot, respectively. There are many
parameters to be optimized in the design of the entire structure to improve the AR
and impedance bandwidth of the antenna. Among them, the distance between the
first and the second layers (hy) has significant effect on the antenna functionality,

especially on the AR bandwidth. Figure 3.4 shows the effect of changing hy value
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Figure 3.4: Simulated results of the SPA (a) total gain and axial ratio and (b) Re-
flection coefficient.

on the antenna gain, AR and impedance bandwidth. The other parameters are the
same as mentioned in Figure 3.3. According to Figure 3.4, increasing h;, decreases
the AR bandwidth. Moreover, the value of h; has not any considerable effect on the
antenna gain and the impedance bandwidth. As can be seen, AR is acceptable over
the frequency band from 6.5 to 7.5 GHz and has its optimum value at 7.4 GHz for
hy = 4.1 mm. It is important to mention that, after placing the PRS structure above
the proposed antenna, the entire structure should be optimized again, which leads to

an slight change in h; value.

44



*
L
@
&
L
@
*
&
®
L
@
&
L3

000000000006
9000000800006

(b)

15 T 6
—h =21.7mm
prs
10 — -hprS=22.4mm
~ | 7w YA L h =22mm {4 _
/M s /M
<) o
=5 W i\ o~ 0 Y= =
g (a7
s <
O 42
0
-S54 0
5 5.5 6 6.5 7 7.5 8 8.5 9
Frequency (GHz)
(a)
0 T T T T T T
-10
w 207 .
- —h =21.7mm o
prs v
30 = -hprS=22.4mm \ I .
..... h_ =22mm J
prs
_40 1 1 1 1 1 1 1
5 5.5 6 6.5 7 7.5 8 8.5 9
Frequency (GHz)
(b)

Figure 3.6: Simulated results of the RCA antenna. (a) Total gain and AR, (b)
Reflection coefficient for different h,,,.; values.
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Figure 3.7: Simulated radiation pattern of the proposed RCA antenna at (a) 6.5 GHz
and (b) 7 GHz.

3.4 Proposed RCA

In this section, the proposed PRS layer consisted of 13 x 13 unit cells is placed above
the SPA antenna to enhance the antenna performance. A prototype of the entire
structure with PRS layer is shown in Figure 3.5.

When the antenna is loaded with the PRS structure, the entire structure is op-
timized to have the best performance. After parametric simulations, all parameters
are remained the same as Figure 3.3, except L,;1=97.5 mm and h;=3.3 mm. A
parametric sweep on h,, is carried out to find out its effect on the radiating char-
acteristic of the antenna. Figure 3.6(a) highlights that increasing h,,s decreases the
antenna gain over higher frequencies, while deteriorates the CP characteristic at lower
frequencies. It also can be seen that varying h,,s dimension contributes to an slight

change in the impedance bandwidth. The optimum cavity height of 22 mm is derived
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Figure 3.8: Fabricated antenna prototype.

from the parametric analysis, which is slightly different from the corresponding value
of 21.6 mm at the center frequency of 6.75 GHz derived from (1). According to the
Figure 3.6(b), the 10-dB impedance bandwidth is from 5.8 to 8.5 GHz, i.e., 37.8% for
hprs=22 mm. It is also observed that the proposed RCA provides a gain of 13.5 dBic
at 6.2 GHz. It is further shown that the 3-dB-gain bandwidth is occurred over the
frequency bandwidth from 5.7 to 7.4 GHz, i.e., 25.95%. Moreover, AR bandwidth
is about 22% (6- 7.5 GHz). A trade off exists between the AR and the 3-dB gain

bandwidths.
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Figure 3.10: Simulated and measured radiation patterns of the RCA antenna with
PRS at 6.5 GHz and 7 GHz.

The simulated radiation patterns for co-polarization and cross-polarization at the
frequencies of 6.5 and 7 GHz are plotted in Figure 3.7. As demonstrated, the proposed
antenna has circular polarization due to the acceptable difference between co- and

cross-polarizations.

3.5 Fabricated Antenna and Results

Finally, the proposed antenna has been fabricated and measured. The fabricated
prototype is shown in Figure 3.8. The S-parameter measurement was performed

by ZNV13 vector network analyzer, and radiation characteristics and patterns were
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measured using NSI near-field Anechoic Chamber. Figure 3.9 plots the simulated
and measured results of the antenna gain, impedance, and AR versus frequency. A
remarkable agreement between the experimental and simulation results was achieved,
which demonstrates the reliability of the proposed design. The differences between
the simulation and experimental results might be due to the fabrication errors and
uncertainty in hy,,.s and h; during the assembly of structures. Figure 3.10 presents the
simulated and experimental radiation patterns at 6.5 and 7 GHz. Good agreements
between simulated and measured patterns are achieved. Figure 3.10 demonstrates

broadside radiation patterns with satisfactory sidelobes level less than -20 dB.

Table 3.1: Comparison between the proposed antenna and different RCAs.

Ant Pol Imp 3-dB gain AR volume Max-gain H Max layer

BW (%) | BW (%) | BW (%) | Owin)® | @Bi0) | (min) | ea(%) | ().
[108] CP 14 14 2.7 X 2.7 11 0.14 14 1
[121] CP 3 2.42 4.8 x 4.8 18.98 0.56 26 1
[122] CP 1.3 6 x 6 19.6 1.37 20 3
[110] Cp 24.35 26 13.6 1.37 x 1.37 13.17 0.6 70 1
[1171] CP 31.7 22.38 13.7 2.27 x 2.27 13.17 0.42 33 1
[189] Cp 12.13 18.4 19.8 2.69 x 2.34 17 0.56 58 1
[190] CP 15.7 13 0.92 x 0.92 10 0.11 98 1
[90] LP 15.5 18.7 2.62 X 2.62 13.78 0.61 24 1
This work | CP 32 22.9 21 1.95 x 1.95 13.2 0.5 41.5 1

For comparison purposes, several RCAs in literature and the proposed structure
are listed in Table 3.1. In terms of antenna excitation, proposed design is fed by
a coaxial cable in contrary to [108] that used a complicated feeding structure by
using a directional coupler. In [121] and [122], thicker and multiple PRS layers with
complicated feed network are used to have better total gain and CP feature, which has
been at the expense of other antenna’s features including total size and AR bandwidth.
It is also observed that the proposed single-layer PRS has wider 3-dB AR, impedance
and reasonable 3-dB gain bandwidths compared with other works demonstrated in

Table 3.1. Aperture efficiency, i.e., e, is considered as another merit to compare the
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performance of the mentioned RCAs. A reasonable value for the aperture efficiency is
achieved for the proposed RCA by considering the bandwidths and the number of PRS
layer, which are not taken into account in calculation of e,. The significant feature of
the proposed design compared to the other works in literature is wider CP bandwidth
with a thin single-layer PRS. The total cavity heights of RCAs listed in Table 3.1 are
normalized to their minimum operating frequency and shown as parameter H. By
considering this parameter, it can be found that the proposed RCA has a reasonable
cavity height. The RCA in [111] has almost the same maximum gain, cavity height,
and 3-dB gain bandwidth. However, the proposed RCA has wider AR bandwidth,
lower volume, and higher aperture efficiency. Overall, the proposed RCA structure
has a high-gain characteristic along with wider AR bandwidth by using a reasonable
antenna size and a single-layer PRS structure.

The proposed antenna has the ability to meet the requirements of first objective

Max Gain > 12 dBic

BW >30%

Polarization CP
(CP/ LP)

layer (#) Single-layer
PRS

O® O

Figure 3.11: Requirements that are met by the proposed RCA.

3.6 Conclusion

A wideband high gain CP RCA using a single-layer PRS structure has been proposed.

A stacked patch antenna is used as the main radiator. The total size of the antenna is

50



97.5mm x97.5mmx23.3mm (2.2X¢ X 2.2y x 0.54 )¢ at 6.75 GHz). The AR bandwidth
of the final antenna is 21% with the impedance bandwidth of 32%. A high antenna
gain is achieved across the frequency band of 5.8 -7.3 GHz, with a maximum of
13.2 dBic, and small gain variation less than 3 dB. Measurement results validate
the antenna functionality. The remarkable agreement between the experimental and
simulated results demonstrates the reliability of the proposed antenna structure. The
proposed antenna can be used in radio-location, space research, and fixed satellite.

Besides, it can be redesigned for the 5G applications.
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Chapter 4

Wideband High-(Gain
Circularly-Polarized Resonant
Cavity Antenna with a Thin
Complementary Partially
Reflective Surface

In this chapter, a new wideband RCA with circular polarization is proposed redto
fulfil the first objective of this thesis. A wideband CP crossed-dipole antenna acts as
the main radiating element inside the cavity. The dipole is designed based on self-
complementary structures and utilizes several parasitic patches and posts to obtain
wideband circular polarization and impedance characteristic. The incorporation of
the proposed antenna with a new broadband thin single-layer dual-sided PRS de-
signed based on the complementary structure contributes to the improvement of the
antenna gain in a broad bandwidth. The fabrication of the PRS on both sides of a
thin single laminate substrate reduces thickness of the PRS compared with conven-
tional multilayer PRS structures, in which the layers are separated by a gap distance.
The measured results, which are in agreement with the simulations, show that the
proposed antenna has a maximum measured gain of 12.5 dBic, while the 3-dB gain
bandwidth, and 3-dB axial ratio bandwidths are 39% and 43.37%, respectively. The

measured results demonstrate the wideband functionality of the proposed antenna.
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The main objectives of this chapter are as follows: (1) A new wideband CP main
radiating element, which is based on the self-complementary structures, is proposed.
(2) A new thin single-layer double-sided broadband PRS unit cell is introduced and (3)
wide AR and impedance bandwidth as well as acceptable antenna gain are obtained
by the proposed PRS and the main radiating element. This paper is organized as
follows. The physical functionality of the crossed-dipole antennas are investigated in
section 4.1. In section 4.2, the feed antenna design is introduced. A new wideband
PRS structure is proposed in Section 4.3. In section 4.4, the entire structure is

fabricated and measured. Finally, section 4.5 concludes the paper.

4.1 Physical Functionality

In the previous chapter, the proposed design could not meet the frequency bandwidth
requirement. Thus, in this chapter, we will design a new main radiator with wider
frequency bandwidth to meet all mentioned requirements related to the first objective
shown in Figure. 1.3. The most focus of this chapter is on the main radiator, and
the previous designed PRS is used to enhance the performance of the entire RCA
structure. This can be accomplished by using a crossed dipole antenna with a single
feed instead of the previous SPA, since crossed dipole can be easily modified to add
extra functionalities and to meet the requirements.

The crossed dipole has been used in a variety of applications with a radio frequency
to millimeter-wave frequency range. This antenna can be used in many wireless
communication systems, satellite communications, and mobile communication due
to its significant features and design flexibility. The traditional configuration of a
crossed dipole known as turnstile antenna consists of two half-wavelength dipoles
with the same current magnitude which are in phase quadrature. This geometry has
a quasi-isotropic radiation pattern and linear polarization with narrow bandwidth and
antenna gain. So, several types of modified crossed dipole have been introduced to

reach a wideband high-gain CP dipole with a single feed configuration, and
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unidirectional pattern. In the following, we prepare a comprehensive explanation
to modify a conventional crossed dipole to reach the desired requirements step-by-step
to give insight into the physical functionality of the new well-designed main radiator.

First, To obtain unidirectional radiation pattern, the a perfect electric conductor
(PEC) reflector is placed under the dipoles. By this way, one-halp of the radiation is
redirected in the opposite direction, which results in the antenna gain improvement by
approximately 3 dB. The distance between the PEC and the antenna should be 0.25\
(A is the wavelength in free space). If the antenna is placed close to the PEC layer,
a low radiation efficiency might be achieved due to the antenna current cancellation
by the image current. To decrease this distance, there are different methods among
them using an artificial magnetic conductor (AMC) instead of the PEC layer is well-
known. Also, the integration of a cavity-backed reflector with dipoles has been used
to provide higher gain unidirectional radiation pattern with easy of control and better
front-to-back ratio.

Second, the focus is on widening the frequency bandwidth. For broadband charac-
teristics, the straight arms of dipoles can be modified so that a wider bandwidth
response will be achieved. Under this condition, extra resonant frequencies can be
obtained leading to a broadband feature. For example, using a crossed dipole with
multibranches can obtain multiple resonances. Also, utilizing some techniques such
as self-complementary structures (it was described in chapter 3) might be ef-
fective to widen the operating frequency of a crossed dipole. As well, using some
parasitic elements has been investigated to broaden the operation bandwidth of an
antenna, that can be also used for dipoles. The reason behind this method is that the
parasitic elements can obtain extra resonances which can be overlapped with each
other resulting in a wider frequency bandwidth.

Third, circular polarization through using a single feed is required. To generate
CP wave, two feeds were used in the conventional configuration of a crossed dipole.

By this way, two different arms are excited by the same magnitude and a phase
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difference of 90°. The excitation can be accomplished by a feeding network with
a power divider and a quarter-wavelength phase shifter. Another method to have
circular polarization is using a single feed. Two orthogonal dipoles excited by a
common feed can featured with circular polarization. The same power amplitude
for two arms and the phase difference can be achieved by properly adjusting the
length of the two dipoles. The dipole admittance depends on the length of the
arms. The longer arm has an inductive reactance, while the shorter arm possess a
capacitive reactance. By optimizing these length, a phase difference around 90° can
be realized resulting in a circular polarization. Based on this approach, a variety of
CP crossed dipole antennas with a single feed have been developed for a variety of
applications. As well, connecting the dipoles with a vacant-quarter printed ring
has been introduced to reach appropriate phase between the dipoles to obtain circular
polarization. Under the condition that the ring gets a circumstance of around /4, a
phase difference of around 90° can be achieved.

Overall, a single-feed crossed dipole is a good choice of main radiator in a RCA
structure to achieve broadband high-gain CP radiation performance. In the next
section, a proper crossed dipole is proposed in which a variety of above-mentioned

techniques are used.

4.2 Antenna Feed Design

The geometry of the proposed antenna is shown in Fig. 4.1. Two crossed bowtie
dipole antennas with a circular microstrip line phase delay are printed on both sides
of a laminate substrate (Rogers RT5880) with the thickness of 0.787 mm, relative
permitivity of 2.2, and loss tangent of 0.0009 to create a CP characteristic. Four
parasitic elements are employed in order to broaden the CP and impedance band-
widths by creating coupling with the crossed bowtie dipole antenna. It is important
to mention that to have wider bandwidth, the top and bottom sides of the antenna are

complemented. Yasuto Mushiake in [191] investigated different self-complementary
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Figure 4.1: The main radiator structure. (a) perspective view. (b) top and bottom
views (L = 8.5,h; = Qwwy = 8ww = 4,d = 1,d; = 1.4,dy = 3, W, = 1,W, =
0.5, Ws = 2.2, W, = 1,Ws = 2,W, = 18, W, = 0.45,1 = 1.35, Wypg = 72.25,5 =
2.2, Wy = 26, all in mm).

antennas to show that the input impedance of these antennas is constant, resulting
in a wider bandwidth. A metallic layer is placed under the complementary crossed

bowtie dipole antenna to change its bi-directional pattern to a uni-directional one
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and increase the directivity. As can be seen, four metallic posts are embedded be-
tween the parasitic elements and the ground plane. This method is implemented to
improve the CP characteristic of the antenna. Among all of the antenna parameters,
hi, r, and W, are of prime importance to adjust AR and 3-dB gain bandwidth. To
have a better understanding, the effect of different values of h; on impedance, AR
bandwidth, and antenna gain is demonstrated in Figure. 4.2. It should be mentioned
that HFSS software package is used to carry out the simulations. As Figure. 4.2
shows, by increasing the distance between the ground plane and the main radiator,
the axial ratio and impedance bandwidth are improved at the lower frequencies. A
reasonable reduction in the antenna gain is experienced by increasing the value of h;.
The desired hy = 9 mm is derived from the parametric analysis to have proper gain
while a proper AR bandwidth is achieved. Moreover, the parameters r and W, should
be chosen to make a quarter wavelength path for circular microstrip line and make a
90 degree phase delay between two crossed bowtie dipole antennas. By changing the
other dimensions, the antenna bandwidth can be optimized over the desired band of
interest. The proposed antenna shows a remarkable AR and impedance bandwidth
of 49% and 65.3%, for h; = 9 mm, respectively. The maximum gain is about 8 dBic,

which can be improved by the proposed PRS.

4.3 Broadband PRS Structure

A main part of an RCA is designing a proper PRS that can improve the antenna
radiation properties over the band of interest. In this section, a new thin single-layer
double-sided PRS unit cell with desirable broadband properties is presented based
on the self-complementary structures. The proposed unit cell uses a thin standard
laminate substrate with a complementary structure etched on its both sides. Due
to using self-complementary structures, the top and bottom metallic patterns etched
on the dielectric slab provide opposite behavior (inductive and capacitive behavior),

according to the Babinet principle [188], which leads to a reverse phase gradient over
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Figure 4.3: PRS unit cell. (a) top view. (b) perspective view. (hs = 0.787,w; =
3.12,wy = 0.78, R, = 4.29, R, = 4.68, R. = 4.29, scale=0.97 and k=9.75, all in mm).

The geometry of the proposed double-sided unit cell is demonstrated in Figure. 4.3.
It is printed on both sides of a laminate substrate (Rogers RT5880) with the thickness
of 0.787 mm. Moreover, its complementary structure makes a desired bandwidth.
There are seven variables to optimize the proposed unit cell as depicted in Figure.

4.3. The value of the gap (w;) and all redii have significant effect on the unit cell

58



........

1-10 @

S,,| (dB)

ﬁ —=—h =0.127mm/{-15
160 8
- =h =0.787
140 | s 20
..... hS:l.524mm
120 -25

15,1 @)

8 9
Frequency (GHz)

(b)

Figure 4.4: Simulated result of PRS unit cell. (a) reflection magnitude and phase for
variable hs. (b) phase condition for hy = 0.787 mm.

bandwidth. The dielectric substrate thickness (hs) has an impact on the reflection
phase behaviour. For the purpose of illustration, a parametric study is done and
the corresponding results are given in Figure. 4.4(a). By having a glance at this
figure, it can be understood that by reducing the thickness of the substrate, the
resonance gets sharper. To avoid a gain reduction at the resonant frequency, the
unit cell is optimized to have a positive reflection phase gradient and a reasonable
reflection coefficient magnitude. A trade-off between the desired phase and magnitude
is necessary. Finally, it is reasonable to select a substrate with thickness of 0.787
mm (0.02) according to the center frequency of 7.5 GHz) to have a better reflection
coefficient magnitude and proper bandwidth. The resonance for this selection happens
at fo =7.5 GHz. In this situation, the reflection phase curve is prone to cut the g;
curve at multiple frequency points as shown in Figure. 4.4(b). From the PRS phase

condition [42], the reflection phase of PRS unit cell should be equal to g; to have a
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Figure 4.5: Fabricated antenna (a) entire antenna (b) bottom view of PRS structure,
(c) top view of PRS structure, (d) main radiator, (e) bottom view of the main antenna,
(f) top view of the main antenna, (g) antenna under measurement and (h) antenna
measurement setup (all dimensions are the same as Fig. 4.1 and hy = 11.2 mm).

broader unit cell bandwidth. The corresponding equation is given as (1),

91:4X7T><(h2+h1)><é+(2N—1)7T; N=0,1,.. (4.1)

where fy and ¢ are the resonant frequency and the speed of light, respectively
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Figure 4.6: Simulated AR and total broadside gain for variable parameters. (a) h;.
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[42]. The parameter hsy is the distance between the PRS structure and the main
radiator. Also, the antenna gain will dramatically increase if the reflection coefficient
magnitude of PRS unit cell is close to 1 according to (2.4). To gain insight into the
unit cell bandwidth behaviour, both g; and PRS reflection phase are depicted together
in Figure. 4.4(b). As shown in the Figure. 4.4(b), the reflection phase has a positive
slope while crossing the g; curve at three different frequencies of fi, fo, and f3 instead
of one frequency point in conventional PRS unit cells. It is expected that by this
PRS, the entire resonant cavity antenna achieves bandwidth improvement. It should
be mentioned that the proposed PRS has many free parameters. Consequently, it can
be optimized to operate in different frequency bands without changing the thickness
of the PRS substrate and its permittivity. This is an advantage of the proposed PRS
over dielectric PRSs, that are required the thickness and permittivity of the substrate

to be changed for different frequency bands.
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Figure 4.7: Simulated and measurement results. (a) |S11|. (b) Broadside gain and

AR.

4.4 Proposed Antenna Structure and Measurement
Results

The goal is achieving wider bandwidth while having a high-gain characteristic. An
appropriate array of the proposed PRS unit cell is placed above the main radiator in
a proper distance of hy. The geometry of the antenna with PRS layer is demonstrated
in Figure. 4.5. The total size of the antenna is 72.25 x 72.25 mm?. An array of 7x7
unit cells is placed above the antenna of hy distance to improve the antenna gain.
In order for the main radiator to provide a high gain and wider CP bandwidth,

both distances of hy and hy; and even r and W, must be optimized. To investigate
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Figure 4.8: Antenna radiation pattern. (a) 6.7 GHz. (b) 8.3 GHz. Right: Elevation

Plane, Left: Azimuth Plane

this better, an extensive parametric study is done as shown in Figure. 4.6. It should
be noted that in the parametric study, all other parameters, except the one under
investigation, are set to the values presented in Figure. 4.1. As shown in Figure.
4.6(a) and Figure. 4.6(b), the variation of h; and hy has a significant impact on both

antenna gain and CP bandwidth. Therefore, by finding the optimal values of these

parameters, the desired antenna gain can be obtained.

Regarding the distance between the complementary crossed bowtie dipole antenna

and ground plane (h;), Figure. 4.6(a) shows that a reduction of 1 mm results in
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Table 4.1: Comparison between the proposed antenna and different RCAs.

Ant fmin 1| Layey AR | Imp Max 3-dB A ()\fm-n) 2| PRSTh GBP/Al Overlapped Max
(GHz) | (#) | (%) | BW gain gain (Amin)? BW (%) | ea(%)
(%) (dBi/d- | BW
Bic) (%)
Circularly-Polarized
[118] | 3.55 3 24.69| 35.29 9.32 24.69 1.04x0.71 0.009 2.85 21.38 79
[96] 6 3 73.7 | 73.7 13.5 73.7 2x2 0.21 4.1 73.7 44.5
(107] | 8.8 2 28.3 | 33.2 14.7 28.3 1.88x1.88 0.097 2.3 28.3 66
[95] 6 2 47.7 | 55.7 15 50.9 1.2x1.2 0.13 11.2 47.4 777
[109] | 6.3 1 25.6 | 40 15.5 42.7 1.7x1.7 0.133 5.2 25.6 64.6
[111] | 5.45 1 13.7 | 31.7 13.3 22.38 2.3%x2.3 0.018 0.9 13.7 29.5
[36] 124 1 29.3 | 54 11.45 42.3 1.45x 1.45 | 0.124 2.8 29.3 61
(189] | 8.6 1 13.76| 20.3 16.9 19.78 2.64x2.24 1.63 12.7 65.7
Our 6.5 1 43.73| 57.76 12.5 39 1.56 X 0.017 2.85 35.5 44
RCA 1.56
Linearly-Polarized
[82] 13.55 3 15 19.5 15 3.61 x | 1.05 1.15 15 53
3.61
(85] 13.1 3 10.7 16.3 10.9 3.5 x 35 0.49 0.38 10.7 25.5
[30] 9.7 1 40.4 16.35 9.415 2.1 x 2.1 0.025 0.92 104 70.58
[77] 11.5 1 26.8 16.2 15.7 11.3x11.3 0.061 0.05 12.6 2.6
(86] 10.5 1 52 16.95 16.25 2.64 x | 0.075 1.16 16.25 77.8
2.64
(34] 10 Stair 51.8 19.3 55.9 2.5 x 2.5 0.39 7.6 51.8 s

case

L fmin is the minimum operation frequency.

3 PRSty, is the thickness of PRS.

2 Apnin is the wavelength based on the minimum operation frequency.

an increase of 1 dB in the axial ratio. It happens over the frequencies from 6 to 8

GHz. However, the antenna gain has an improvement over high frequencies from 9

to 10 GHz. It should be noted that the same trend is demonstrated by decreasing

the distance between the antenna and the PRS layer, which is shown in Figure.

4.6(b).

A trade-off between AR and 3-dB gain bandwidths is required to have the

desired performance. According to the simulations, it is obvious that A; = 9 mm and

ho = 11.2 mm are the optimum values.

Furthermore, from Figure. 4.6(c) and Figure. 4.6(d), it is found that the di-

mensions of r and W, only affect AR bandwidth. In fact, the delay line length has

significant impact on the AR of the antenna. Figure. 4.6(c) demonstrates that the

values above and below the optimum value of » = 1.35 mm are not proper. It can
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be seen that for » = 1.55 mm, the AR increases at high frequencies above 7.9 GHz.
For r = 1.25 mm, which is lower than the optimum dimension, AR bandwidth is
reduced. The effect of W, on the AR bandwidth is presented in Figure. 4.6(d). It is
observed that by changing the value of W, from 0.35 to 0.55 mm, the AR increases at
low frequencies while it decreases at high frequencies. Consequently, to achieve the
desired AR bandwidth, W,= 0.35 mm is selected.

A prototype of the proposed antenna is fabricated and measured. The S parameter
measurement was performed by ZNV13 vector network analyzer, and other measure-
ments such as the gain and AR were done by NSI near-field Anechoic Chamber. The
simulated and measured results are illustrated in Figure. 4.7. According to Fig-
ure. 4.7, the proposed antenna exhibits a simulated impedance, CP, and 3-dB gain
bandwidths of 70%, 56.9% and 35.44%, respectively.

The measured impedance bandwidth is about 57.76% (6.18 — 11.2 GHz). Also
the measured 3-dB AR and gain bandwidth of 43.37% (6.5 — 10.1 GHz) and 39%
(6.4 — 9.5 GHz) are obtained, respectively. Simulation results are in good agreement
with measurements. The radiation patterns of the RCA are depicted in Figure. 4.8
for 6.7 GHz and 8.3 GHz. Both the right-hand circular polarization (RHCP) and left-
hand circular polarization (LHCP) in azimuth and elevation planes are demonstrated.

The differences between the simulated and measured results are attributed to the
fabricated errors and the lack of alignment between different layers. Moreover, the
PRS substrate is deformed since it is thin and flexible. Another factor that makes
a slight difference between the measured and simulated AR is the realization of the
posts. As it can be seen in Figure. 4.7, the contribution of the posts to the im-
provement of the antenna AR bandwidth is obvious. To connect the posts to the
ground plane, copper tape is used. Besides, the posts are bent during the assembly
process. These fabrication issues made the results a bit different from the simulated
ones. To demonstrate the advantages of the proposed RCA, a comparison between

the proposed antenna with other works in the literature is given in Table 4.1.
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The proposed antenna achieves wider AR bandwidth in comparison with different
RCAs, listed in Table 4.1 that employ single-layer PRS structure. Contrary to [109]
uses thick-layer PRS of half wavelength thickness, the proposed antenna employs a
PRS substrate with a thickness of 0.02)\y. Besides, the proposed antenna has wider
AR bandwidth and smaller size. Compared with the structure presented in [36], the
gain of the proposed antenna is almost the same while the bandwidth is larger. The
low profile and wider overlapped bandwidth are the advantages of the proposed RCA
in comparison with [189]. It is also observed that the proposed single-layer double-
sided PRS has wider bandwidth compared with multi-layer PRS structures reported
in [118] and [107]. In [96], three PRS layers with thick dielectric slabs of 1.19 mm
thick (Taconic Cer-10, €,= 10) are used, which are separated by distances of 3 mm
and 4 mm. Also compared to [82] and [85], which have multi-layer PRS structure,
the proposed self-complementary PRS structure provides wider bandwidth.

Unlike [111], which uses a single layer PRS structure with a reflection phase without
positive phase gradient, our proposed structure, despite being single-layer, provides
positive phase gradient due to using self-complementary PRS structure. This is why
our proposed structure has wider bandwidth compared to [111]. The advantage of
the proposed design is wider CP bandwidth, which (as a merit) cannot be considered
in aperture efficiency, i.e. e,. As it is shown in Table 4.1, our proposed antenna has
better bandwidth among others with only a single layer PRS. It is worth pointing out
that in comparison with [189] and [109], the AR bandwidth and overlapped bandwidth
of the proposed antenna are wider, which are not considered in e,. The merit of
gain-bandwidth product per unit area (GBP/A) used in Table 4.1 helps to have a
comparison regarding the antenna gain functionality and antenna size. Actually, the
overlapped bandwidth is the bandwidth including all 3-dB gain bandwidth, 3-dB AR
bandwidth and impedance bandwidth.

Overall, based on the achieved results, the proposed RCA with a well-designed

crossed dipole main radiator can meet all required criteria as shown in Figure. 4.9.
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Figure 4.9: Requirements that are met by the proposed RCA.
4.5 Conclusion

A wideband CP resonant cavity antenna that uses a thin single-layer double-sided
PRS with complementary structure is proposed. A complementary crossed bowtie
dipole antenna with parasitic elements and four posts is proposed and utilized as
the main radiator. The total size of the antenna is 72.25 mm x 72.25 mm x 20.2
mm (1.8A\gx 1.80x0.5)\ at the center frequency of fy = 7.5 GHz). The AR band-
width of the proposed antenna is 43.37% (6.5- 10.1 GHz). A satisfactory antenna gain
is achieved over the frequency band of 6.4 to 9.5 GHz, with a maximum measured
gain of 12.5 dBic. Measurement results demonstrate the great performance of the

proposed antenna.
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Chapter 5

A High-Gain Leaky-Wave Antenna
Using Resonant Cavity Structure
with Unidirectional Frequency
Scanning Capability for 5G
Applications

This chapter presents a high-gain leaky-wave antenna based on a RC structure with
the capability of unidirectional beam scanning over desired predefined frequencies
and corresponding beam angles to fulfil the second objective of this thesis. Steer-
ing the antenna beam is achieved by implementing a properly-designed single-layer
PRS based on a simple design procedure. In the proposed structure, two techniques
are combined to make the beam scanning unidirectional. First, a metallic wall is
installed at a proper distance from the radiator to suppress the antenna propagation
at undesired directions. Second, a feed antenna with a tilted beam is designed as the
main radiating element inside the cavity to create the beam over desired angles. A
prototype of the proposed antenna is fabricated and measured demonstrating a beam
scanning from 12° to 46° over the frequency band from 25 to 31 GHz. Moreover, a
maximum gain of 15.4 dBi is achieved at 26 GHz on the elevation plane with tilted
angle of 22°. The proposed leaky-wave antenna is suitable for various wireless appli-

cations, in particular the 5" generation of cellular networks and BSA applications.

68



Main radiator hprs
«——>
d Ih1

Ground plane

Metallic Wall

Figure 5.1: Proposed RCA Structure.

The chapter is organized as follows: Section 5.1 gives an insight into the physical
functionality of the proposed main radiator and the entire structure. In Section 5.2, a
beam steering analysis is introduced. In Section 5.3, a PRS with a performance closed
to the analysis is designed. Moreover, the reflection behaviour of the designed PRS
unit cell is studied. Section 5.4 focuses on the design of the entire RCA structure
including the main radiator. Besides, experiments are performed to validate the
performance of the designed RCA prototype. Finally, conclusions are drawn in Section

9.5.

5.1 Physical Functionality

This paper is aimed to design a high-gain RCA antenna with unidirectional frequency
scanning capability over desired predefined frequencies and corresponding predefined
beam angles using only one radiating source and without any active elements based
on the second objective. The proposed RCA which is a modification of a conventional
one is shown in Figure. 5.1. The proposed antenna consists of a single-layer PRS, a
main radiating element, and a metallic wall. The PRS is theoretically designed based

on a simple design procedure to simultaneously increase the antenna gain and steer
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the beam over desired frequencies and beam angles. The physical functionality of the
proposed PRS unit cell will be discussed in Section 5.2. Thus, in this section, we
will provide some explanation about the functionality of the main radiator and the

metallic wall whose functionality is making the radiation beam unidirectional.

5.1.1 Main Radiator

The conventional structure of the RCA fed by a main radiator at the center of the
structure tends to obtain a conical beam when a uniform PRS is used. The conical
beam is because of both the intrinsic characteristics of the symmetric structure of
PRS and the position of the feed. We designed radiating source with a tilted beam to
realize a unidirectional beam. There are a variety of methods to design an antenna
with a tilted beam. Using an asymmetric geometry for the feed antenna is
considered as a method to tilt the antenna radiation beam, as can be seen in [192].
The main reason behind this solution is that the equivalent current distribution over
the structure might change resulting in the change of the beam direction. Modifying
a simple patch antenna by changing the feed position or making several slots are
some techniques that have been used to achieve an asymmetric structure [193, 194].
Another technique to achieve a tilted beam is using metasurfaces to change the
characteristics of the radiation [169, 195, 196]. Using monofilar spiral antenna
or multi-loop antenna is considered as another technique to obtain a tilted beam
under some conditions [197, 198]. To have a tilted beam for a double-loop antenna, the
inner and the output circumferences should be around A and 2\, respectively. Under
this condition, a tilted beam can be achieved by superimposing the electrical fields of
the inner and outer circular rings. The radiation field of the inner ring has in-phase
fields at two symmetric points corresponding to the z-axis, while the radiation field
of the outer ring has a phase difference at these points. Thus, this phase difference
leads to a tilted beam. In this chapter, a multi-loop antenna which is backed by a

PEC is designed to have a tilted beam over the desired predefined frequency band.
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5.1.2 Metallic Wall

Although a main radiator with a tilted beam helps to have unidirectional beam, the
back radiation of the main radiator is improved while a PRS layer is placed above
the ground plane. Thus, another technique is required to minimize this potential
problem. By completely or partly covering the sides of structure with metal, the
undesired radiations might be minimized. Therefore, a metallic wall is placed at a
certain distance from the antenna structure as another reflective surface to suppress
the undesired propagation and create a better unidirectional radiation pattern. In
fact, the metallic wall acts as another reflector that reflects EM energy that was
propagating the wrong way back toward the main radiator where it combines in-phase
with the incident wave. the distance between the main radiator and the metallic wall

should be smaller than a quarter of wavelength at the center frequency.

5.2 Beam steering analysis

The geometry of a conventional RC antenna, which consists of a main radiating
element, a ground plane, and a PRS layer placed above the ground plane with an
optimum distance of Ay, is shown in Figure. 5.2. There are various methods in order
to analyze the RC mechanism such as ray tracing, transmission line (TL), LW, EBG,
and the principle of reciprocity methods; among them, ray tracing is more popular
[42]. Based on the calculations, it can be understood that extending the TL method to
design a PRS unit cell with a frequency scanning functionality might be complex and
time-consuming. It requires us to calculate the equivalent capacitance and inductance
of the unit cell, which is not as effective as the ray tracing method in terms of time and
complexity. For the leaky-wave theory, we can get to the same conclusion. In fact,
using the leaky-wave analysis to design a beam scanning over desired angles might
lead to a tough calculation. Thus, based on the previous studies in the literature,

extending the TL and leaky-wave methods to get the intrinsic characteristic of the unit
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cell to achieve different beam angles at different frequencies, might not be effective.
Consequently, we used the ray tracing method, which is a simple and effective method
to design beam scanning over desired angles and frequencies. Although the ray tracing
method is not as accurate as the other methods, the initial values of the design can
be easily obtained, which is enough to meet the requirements and achieve reasonable
results. More importantly, in addition to being a simple and effective method, the ray
tracing method can simply be adapted to analysis of beam scanning with the beam

angles and the frequencv band as predesigned values. Despite the extensive literature

P RS hsubl ]

h Main radiator
pT'S — h
| | Mtsub2

v Ihl

Ground plane

Figure 5.2: The configuration of a conventional RCA structure.

In RC antennas, the radiation pattern is easily controlled by designing PRS struc-
tures such that they provide suitable magnitude and phase of reflection for different
functionalities such as gain enhancement, polarization control, side lobe level reduc-
tion, etc. [24]. Based on the ray tracing method, and by controlling the amplitude
and phase of the reflection coefficient in the unit-cell level, we can design an ac-
tive antenna with beamforming capability at fixed frequencies or realize a leaky-wave
antenna with beam scanning capability over a frequency range.

Here, the reflection coefficient of the PRS structure and the ground plane are based

on Section 2.2.1. For a perfect conductor ground plane with 05,y = 7™ and Ay = 1, it
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can be shown that the resonance condition of RCAs is given by [42]:

QpRs(f, 9) + eGnd =2N7 + 2k x hprs X cos (51)

where k = @, ¢, and # are the propagation constant, the speed of light, and the inci-
dent angle, respectively. Oprs(f, ) denotes the PRS reflection phase at the frequency
f under the incident angle 6. It should be noted that h,,.s can be calculated by (5.1)
considering the reflection phase at a specific frequency and angle, then it can be used

as a constant for the other frequencies and angles. The interesting point is that a
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Figure 5.3: PRS unit cell boundary condition.

The initial goal of this paper is steering the antenna beam from 10° to 45° over
the frequency band of 25-31 GHz. Consequently, a unit cell with a high reflection

magnitude and a proper reflection phase is required over the desired bandwidth. In

73



Frequency (GHz)
(a)

—h  =34mm--h  =44mm..h =54mm
subl sub1

b subl

0.8 — 1_—-""""""'-'-'=.— e
S TN - T
o

Frequency (GHz)
(b)

Figure 5.4: Reflection characteristic of the proposed unit cell: (a) phase, and (b)
magnitude of the unit cell for different values of hgyp;.

order to design the unit cell, it is necessary to determine the phase difference between
the start (25 GHz) and end (31 GHz) frequencies of the desired band. Then, Opgs(f, 0)
is designed to have the beam steering from 10° at 25 GHz to 45° at 31 GHz.

For the design of the unit cell, the first step is to determine the value of h,,s. This
can be calculated from (5.1) by having Oprs(f = 25 GHz,0 = 10°) as the desired
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start frequency and beam angle. Then, the PRS needs to be designed such that its
phase difference between the start and the end frequencies of the operating bandwidth

satisfies the following equation:
00 = QPRS(25 GHZ, 100) - OPRS(31 GHZ, 450) (52)

Hence, the reflection magnitude of the unit cell should be close to 1 and its phase
difference at the edges of the frequency bandwidth needs to satisfy (5.2). In the next
section, a single-layer unit cell that supports the beam steering over a predesigned

frequency band is designed based on the above analysis.

5.3 PRS Design

In this section, the design of a unit cell capable of steering the antenna beam over
desired frequencies and angles is considered. Although any unit cell with metal and
dielectric layers can be designed, a fully dielectric structure is designed here for sim-
plicity. The Rogers TMM10i substrate with the thickness of gy, relative permitivity
of 9.8, and loss tangent of 0.002 is used as the PRS layer. The unit cell is simulated
using Ansys HFSS with periodic boundary conditions and Floquet port excitation as
shown in Figure. 5.3. First, designing a proper PRS, which is able to satisfy the phase
difference estimated by (5.2) is of prime importance. Note that in fully dielectric unit
cells, we have two key parameters, which are the thickness and permittivity of the di-
electric in order to adjust the reflection phase and magnitude. The thickness of A
has great impact on the proposed unit cell behaviour, which should be optimized to
achieve the best performance. To have a deep insight into the impact of the substrate
thickness on the reflection phase and magnitude, a parametric study is performed in
Figure. 5.4. As shown, changing h,;; affects both the phase and magnitude of the
unit cell. Based on Figure. 5.4(a), for hg,p= 4.4 mm, the phase difference between
the start and end frequencies is matched with the theoretical value of 060 = 42°, cal-

culated by (5.2). Also, Figure. 5.4(b) shows that the proposed unit cell has a proper
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Figure 5.5: Reflection characteristic of the proposed unit cell with hg,p = 4.4 mm: (a)
phase, and (b) magnitude of the PRS unit cell under different incident wave angles.

1

reflection magnitude over the desired frequency band of 25-31 GHz for hg,,= 4.4
mm, while for the other values, the magnitude of the reflection coefficient has a sharp
resonance or null over this frequency range. Thus, the optimum value of hgy is 4.4
mm due to its high reflection magnitude and desired phase variation over 25-31 GHz
for achieving beam scanning.

For more investigation on the behaviour of the designed fully dielectric PRS unit
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Figure 5.6: Proposed RCA structure: (a) perspective view, (b) top view, (c) perspec-
tive view, and (d) top view (W =60, L =49, wy =0.6, w; =0.6, wy =0.2, ry =3.7,
r1 =1.9, hy =1, hsupn =4.4, dypar =9,wenp =30, Wy =10, and hy,s =6.4 all in mm).

cell with hg,p = 4.4 mm, its reflection phase and magnitude for different incident
wave angles versus frequency are demonstrated in Figure. 5.5. As shown, more
variations are observed at higher frequencies. The reflection phase has the values of
200° and 150° at 25 GHz and 31 GHz, respectively, which are corresponding to the
beam scanning angles of 10° at 25 GHz and 45° at 31 GHz, according to (5.1). The
theoretical phase differences, i.e., 60, using (5.2), and the simulated phase difference
based on Figure. 5.5(a) are around 42° and 50°, respectively, which are close together.
This assures that the proposed unit cell is suitable to steer the antenna beam from
10° to 45° over the desired frequency band. Figure. 5.5(b) shows a high reflection
magnitude around 0.8, demonstrating the ability of the proposed unit cell to increase

the antenna gain over a wide frequency band from 25 to 31 GHz.
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5.4 RCA with Steering Beam

The proposed leaky-wave antenna based on an RC structure is depicted in Figure. 5.6.
It consists of a feed antenna, a dielectric PRS, a metallic wall, and a ground plane.
In order to have unidirectional beam scanning, two techniques are considered. The
first one is to design a feed antenna with a tilted beam along with a metallic wall that
suppresses undesired propagations and makes the radiation pattern unidirectional.
The second step is the proper design of the PRS, which was discussed in the previous
section to steer the beam by changing the frequency. To have a large scan angle with
high gain, not only should the PRS phase be designed properly, but the feed antenna
beamwidth needs to be wide. Consequently, both the PRS and feed antenna are
required to be designed properly to have a large scanning angle with a high antenna

gain.
5.4.1 Antenna Feed

This subsection focuses on designing a proper feed antenna inside the RC structure.
It is aimed to design an antenna with a tilted beam for obtaining an unidirectional
radiation beam, instead of a conical beam. The proposed feed is demonstrated in
Figures. 5.6(c) and 5.6(d). Two rings are printed on a Rogers TMM4 laminate
with a thickness of hgupe = 1.524 mm, relative dielectric constant of 4.5, and loss
tangent of 0.002. The operating frequency band can be adjusted by changing the
radius of the rings and the distance between the patch and the ground plane. A via
is used to decrease the cross radiation, as shown in Figure. 5.6(c) [199]. The feed
element has an asymmetric structure to achieve a tilted beam, which has been used
in other previous studies [192]. The feed element is simulated and the results are
demonstrated in Figure. 5.7. As shown, the feed antenna has a tilted beam with a
wide beamwidth over the antenna bandwidth of 25-31 GHz. Note that designing the

feed with lower sidelobe level and backward radiation is desired. Therefore, in the
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final RCA structure, a metallic wall is also used to decrease such undesired radiation.

5.4.2 Simulation and Measurement Results

This subsection demonstrates the performance of the proposed leaky-wave antenna.
The dielectric PRS is placed above the ground plane at a distance h,,s, as shown in

Figure. 5.6(a). It is obvious that multi reflections in the cavity require bigger PRS
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Figure 5.9: Effect of the metallic wall on the radiation pattern at 29 GHz (dyu =
9 mm for case I and case III and dq; = 30 mm for case II and case IV).

structure as the scanning angle increases. Thus, the dimension of the PRS structure
should be large enough to increase the antenna gain for the desired scanning angles.
Therefore, optimizing the values of W and L is imperative. The simulated radiation

patterns for different frequencies at ¢ = 0° are shown in Figure. 5.8. As it is evident,
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Figure 5.10: Fabricated antenna: (a) entire RC structure, and (b) antenna measure-
ment setup.

Figure. 5.9 is plotted to investigate the impact of the metallic wall on the antenna
radiation pattern. As shown, four different cases are considered. For Case I and Case
I1, there is no metallic wall in the design, while in Case III and Case IV, the metallic
wall is used with different distances from the feed antenna (d.;). As can be seen
from these four cases, the backward radiation can be suppressed to a certain degree
by using a metallic wall with the optimized value of dq; = 9mm (Case III).

To verify the performance of the designed RC antenna, the proposed structure
is fabricated and measured with a DVTEST dbSafe enclosure using Signalshape(®)
Near-field Antenna Measurement software. A fabricated prototype of the proposed
antenna and the measurement setup are shown in Figure.5.10. The measured radia-
tion patterns for different frequencies at ¢ = 0° are plotted in Figure. 5.11(a), which

show the beam steering capability of the proposed antenna. The simulated and mea-

81



330 30
4 i
| I ARS8
300 105 N 60
e A10)
£ AF 1
4\ \t 1 -15 7
S (\ _2 W A |
270 - s } 90
= i %.g M\n
—25 GHz *h$
—26GHz ' %
240 \|-~-29GHz 120
--30 GHz
210 150
180
(a)

16 0
=11 10
z s
g -+ Simulation =
8 6 — Measurement| -20 @2

—Simulation
| | | - -Measurement 30
24 26 28 30 32
Frequency (GHz)

(b)

Figure 5.11: Results of the proposed RCA: (a) measured radiation patterns at ¢ = 0°,
and (b) measured and simulated S;; and gain.

sured reflection coefficients and gain of the proposed RCA are in good agreement,
as shown in Figure. 5.11(b). The simulated and measured radiation patterns of the
proposed antenna at 26 GHz are illustrated in Figure. 5.12. The slight differences

between simulated and measured patterns are attributed to fabrication errors and
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Figure 5.12: Measured and simulated radiation patterns at 26 GHz: (a) ¢ = 0°, and
(b) # = 24° for simulation and € = 22° for measurement.

alignments between the feed antenna and the PRS in the assembly process.

A comparison between the proposed RC antenna and other works in the literature
is summarized in Table 5.1. As seen, the proposed antenna in this paper shows a com-
parable leaky-wave performance with the works listed in Table 5.1. In comparison
with [173], the proposed antenna has higher antenna gain in addition to having an

easier design approach. References [175] and [165] use multiple PRS layers to improve
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the radiation characteristics of the structure while this paper uses a single dielectric
as PRS for simplicity. In [177], the PRS layer is only used for improving the radiation
characteristics of the antenna and the beam scanning is performed by the main radi-
ator. Also, in [177], the author used a PRS with a sharp reflection phase. This 180°
jump in phase leads to a wide bandwidth. The main problem with such structures
is the sudden gain drop at the resonant frequency of the PRS, due to having a low
reflection magnitude. In comparison with [164], the proposed antenna has smaller
size and higher aperture efficiency. Moreover, the design in [164] needs to provide
phasing for an array of feeds to steer the antenna beam. This makes the design and
fabrication process more complex compared to our proposed antenna, where the PRS
is responsible for beam steering.

Table 5.1: Comparison between the proposed antenna and different LWAs.

Ref Realization fol Freq Scanning | Conical | Max- layer size
or gain
Method (GHz) | sweep angle uni (dBi) no.(#) | (Ae)3?
(GHz) (deg)
[173] | half phase | 10.6 9.9- 12 to 50 Uni 13.5 1 5.5%5.5%x0.6
gradient PRS 11.3
with MEMS
[175] | spiraphase- 36.5 36.37- 0 to 38 Conical | N.A 3 12.2x12.5%0.2
type reflectar- 39.9
ray
[165] | high- 14 11-16 5 to 67 Uni 12.2 2 9.2x0.5x1
impedance
surfaces
[177] | SIW LWA 11.85 | 9.1- -38 to 28 | Uni 14.6 1 5.37x1.84x0.67
14.6
[164] | properly phas- | 18 16-21 6 to 42 Uni 17 1 8.43%x8.43%x0.2
ing the array
feed
This PRS and | 28 25-31 12 to 46 Uni 15.4 1 5.6x4.5x0.6
work | tilted main
radiator
1 . is the center frequency. 2 ). is the wavelength at the center frequency.

Overall, based on the achieved results, it can be concluded that the designed RCA
can meet the requirements of the second objective as shown in Figure. 5.13. The
proposed design uses a full-dielectric PRS layer, which might degrade the design
flexibility. In some cases, a PRS unit cell with a thickness or a permitivity which

are not standard are required. It is the main problem of designs integrated with a
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Figure 5.13: Requirements that are met by the proposed RCA.

full-dielectric unit cell.

5.5 Conclusion

In this paper, a leaky-wave antenna based on the RC structures with unidirectional
beam scanning over the millimeter waves is presented. The proposed RCA consists of
a main radiating element with tilted beam, a metallic wall, and a PRS layer. Utilizing
a metallic wall and a main radiating element with a tilted beam are methods to make
beam scanning unidirectional over the desired frequency band from 25 to 31 GHz. The
PRS unit cell is designed so that the beam scanning by varying frequency is achieved,
while the antenna gain is improved. A prototype of the antenna was fabricated and
measured, and the results confirm the theoretical formula and the functionality of the
proposed high-gain mmW leaky-wave antenna. A beam scanning from 12° to 46° was
achieved over the frequency band from 25 to 31 GHz. Moreover, a maximum gain of

15.4 dBi was achieved at 26 GHz on the elevation plane with tilted angle of 22°.
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Chapter 6

A Millimeter-Wave Fabry-Perot
Cavity Antenna with
Unidirectional Beam Scanning
Capability for 5G Applications

In this chapter, a millimeter-wave leaky-wave antenna with unidirectional beam scan-
ning (UBS) capability based on the FPC structure is proposed for 5G applications
to fulfil the second objective of this thesis. The proposed antenna consists of a main
radiating element, a metallic wall, a ground plane, and a single-layer PRS. To improve
the UBS performance, a single radiating element is designed such that it provides a
tilted beam with good radiation performance over the scanning angles. The metallic
wall is used close to the radiating element as a reflector to suppress the propaga-
tion in undesired directions. A general design guide is given by theoretical analysis
of the FPC structures using the ray tracing method to formulate the beam steering
functionality versus frequency over desired pre-determined angles. The PRS layer is
designed without any tuning elements to provide the beam scanning over the angles
of 10° < 0 < 45° and the frequency range of 24-30 GHz. The proposed FPCA
structure is fabricated and the measurement results show a beam steering from 19°
to 54° over the frequency band from 24 GHz to 30 GHz, which is in a good agreement
with the calculated results from the theoretical analysis. A maximum measured gain

of 15 dBi at 24 GHz is achieved. The proposed antenna can be used in the 5G mobile
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communication systems, and 5G BSAs, where beam steering with high-gain and low
fabrication cost features over the mmW spectrum is required.

This chapter is organised as follows. In Section 6.1, theoretical analysis of beam
scanning of FPC Structures based on the ray tracing method is performed. Also, the
potential application of the proposed antenna is presented. In Section 6.2, a main
radiating element with a tilted beam is designed to operate over the band of interest.
In Section 6.3, a PRS unit cell based on the design guideline given in Section 6.2 is
designed to unidirectionally steer the antenna beam over the desired angles at the
desired frequency range. The performance of the proposed FPCA is studied in Section
6.4. The measurement results of the fabricated antenna are illustrated in Section 6.5.

Finally, Section 6.6 presents the conclusion of this work.

6.1 Beam Steering of FPCAs

There are different methods to analyze the FPCAs. Here, since using a method with
less complexity is aimed to design a suitable PRS unit cell, we prefer to follow the ray
tracing method. This section has three subsections. First, we introduce the potential
applications of the proposed antenna. Next, a brief description of the ray tracing
technique (modified based on the aim of this chapter) is given followed by formulas
to design a proper PRS unit cell so that the beam steering is achieved. The design

guideline is an extended version of that one described in the previous chapter.

6.1.1 Potential Applications

As mentioned, beam-steerable antennas with low fabrication cost and acceptable gain
are the demand of 5G applications. In fact, the proposed antenna can be used when
spatial frequency division (as a spectrum usage technique) is required. Moreover, it
is still applicable for developing multiple access techniques when frequency domain
is shared among multiple users. By this way, the energy consumption or bit error

rate can be reduced as we have the spatial diversity option in the user management
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system by assigning different frequencies to users. As well, more users can be served
at the peak gain of antenna and propagation loss will be reduced.

A FPCA with UBS capbility can be used in 5G base stations, where many users
are linearly distributed [179]. Consider a building with many floors, where the ca-
pacity is high and consequently 5G technology is required to serve all the users. The
schematic of the proposed scenario is demonstrated in Figure. 6.1. By using an an-
tenna with a UBS feature, the entire building would be under data coverage without

any interference. The proposed antenna should have scanning angle from ¢ at fo

for the toan flanr tn A . at £ . for the firet lanr The antenna hac an midirectinnal

Figure 6.1: Potential application of the proposed FPCA.

To ensure that the designed antenna can meet the latest standards of 5G base
stations, several criteria should be investigated. For the base station antennas, it
is of utmost importance to estimate the distance between the 5G BSAs and the
users so that the signal can penetrate the building to meet the requirement of the
5G communication. Based on the studies about 5G communications [200, 201], the
average penetration loss (Lpep) is around 30 dB. Also, Effective Isotropic Radiated
Power (EIRP) is an important factor to determine the transmitter power of a 5G

base station antenna. Based on [202], for 5G base stations and for downlink, the
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value of EIRP is 52 dBm. So, under the condition that the transmitter antenna gain
(Gy) is 15 dBi, the transmit power (Pg,) becomes 37 dBm (Py,= EIRP - G;), which
is a reasonable for a BS. Also, a typical 5G receiver has a sensitivity of better than
-82.6 dBm (based on the conventional Qualcomm receivers for handsets [202]). The

maximum possible path loss (Lpqtr) for a communication link can be given by:
Lyatn = EIRP + G, — Lyen — Pry (6.1)

Where G, and P,, denote the receiver antenna gain and the required received
power at receiver, respectively. Considering a typical receiver antenna gain of 5 dBi
for a typical handset antenna (G, = 5dB) and the required received power at the
receiver (P, = -82.6 dBm), and based on (6.1), the maximum possible path loss
of 109.6 dB is obtained. This free space path loss can be achieved at 300 meters
distance between the transmitter and receiver at 24 GHz. This calculation indicates
the possibility of practical scenarios using the proposed antenna. Similarly, other
scenarios can be defined for less distances but with support of more penetration losses.
For the other operating frequencies over the desired frequency band, same calculation
can be done resulting in lower distances for higher frequencies. For example, at 30
GHz, the mentioned path loss can be achieved at 240 meters from the transmitter.

Besides, the number of total channels which can be supported with a base station
antenna is another feature, which should be determined. Commonly, a channel has
a certain capacity measured by its bandwidth, which is reported as 100 MHz for a
general mmW 5G mobile communications. As we will see in this paper, the proposed
antenna has a maximum variation of 0.5 dBi over every bandwidth of 100 MHz from
24 GHz to 30 GHz. By considering these frequencies from 24 GHz to 30 GHz, we have
60 channels with 100 MHz bandwidth; each of which is at certain direction covering

the angles from 19° to 54°.
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6.1.2 Brief Description of the Ray Tracing Method

PRS

hPTS Main radiator

Ground plane

Figure 6.2: Conventional FPCA structure.

We assume that the reflection coefficient of the PRS unit cell and ground plane
are given by A;e 34Frrs(fi0) and A,e 9“RenD  respectively, where A; and A,
denote the magnitude of the reflection coefficient of the PRS and the ground plane,
respectively. The phases ZRprs(fi, 0;) and ZRgnp are the PRS and the ground
plane reflection coefficient phases, where f; is a certain frequency within the band of
interest with 6; as corresponding beam angle. It can be shown that the resonance
condition for a FPCA at the resonant frequency fo at broadside is given by [42] (based
on (2.1)):

ZRprs(f0,0°) + ZRanD

A
Rprs = A—NZ= 6.2
P o 5 (6.2)

where hp,s is the distance between the PRS surface and the ground plane. Also,

in FPCAs, the total antenna gain at broadside increases by an amount equal to AG

as [42] (based on (2.4))

1 ‘|‘ Al(anoo)
1 — A1(fo,00)°
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In what follows, a guideline is given to design a proper PRS unit cell for a leaky

wave antenna with desired beam scanning angles over desired frequency range.

6.1.3 Beam Steering Analysis

The proposed FPCA structure consists of a main radiating element, a PRS layer,
a ground plane, and a metallic wall (reflector). The distance between the radiating
element and the reflector is d as demonstrated in Figure. 5.1. The main radiator
is designed such that it provides a tilted beam with 3-dB beamwidth, enough to
cover the desired beam scanning angles. Incorporating the metallic wall improves
unidirectionality by suppressing parts of radiated power in backward direction. The
PRS is responsible for enhancing the antenna gain and steering the antenna beam.
According to the ray tracing method, the PRS reflection phase at certain frequency

and certain incident oblique angle, i.e., ZRprs(fi, 0;), satisfies the following relation:
ZRpRs(fi, 91,) + ZRgNnDp = 2N7 + 2k; X hprs X cos(Oi) 1= 0,1,2,... (64)

where k; = and c are the propagation constant and the speed of light, respec-

2nfs
c
tively.
In this paper, f; and 6; are considered to be in the ranges of fo = 24 GHz <
fi < fena = 30 GHz and 6y = 10° < 0; < 0,4 = 45°, respectively. The aim
is to find the desired values of ZRprs(fi, 6;) in order to obtain the beam steering

over predefined frequencies and scan angles of f; and 6;, respectively.

Proposed step by step design procedure of beam steering FPCAs is listed as follows:

1. Design an antenna with a tilted beam as the main radiating element inside
the FPCA structure. This provides low sidelobes at undesired directions and

unidirectional radiation pattern.

2. Incorporate a metallic wall as a reflector close to the main radiating elements to
suppress backward radiation. This way, the antenna gain in forward directional

increases as shown in Figure. 5.1.
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3. Calculate the cavity height hp,.s using (6.4) with f;= fo and 6;=60,, which
are the desired start frequency and angle. Under the circumstance where

ZRgnp = 180° and N = 0, hp, is given by:

ZRprs(fo,60) + 7

6.5
47rf—c° cos 0y (6.5)

hprs =

4. Substitute the obtained cavity height hpys in (6.4) to attain the required PRS

phase ZRprs(fi, 0;) for different frequencies and angles, as given below:

fi cos@;

ZRprs(fi,0;) = o 05 6o

(LRprs(fo,00) + ) — (6.6)

It should be noted that (6.6) has been obtained by assuming a conductor ground

plane with 180° reflection phase.

5. Design and simulate a PRS unit cell under the incident angle of 6;, and extract
ZRprs(fi,0;) where fo < f; < fena and 6p < 6; < Ocnq. Note that feng

and B.,q4 are the desired end frequency and beam angle.

6. The goal is design a unit cell with values of ZRprs(fi,0;) close to the theo-
retical ones in (6.6), for desired frequencies f; and scan angles 6;. This ensures
that we have a beam scanning over the desired f; and 6;. The PRS unit cell
needs to be designed such that its reflection phase satisfies (6.6) over the desired

frequency and scan angle ranges.

7. Simulate the entire FPCA. The entire FPC structure should be optimized to
achieve the desired antenna gain and reflection coefficient over the bandwidth
of interest. Also, the scanning angles should be tracked in each optimization to

ensure that each optimization does not deteriorate the desired scanning angle.

To simplify the design procedure, one may only consider the desired start and

end frequencies and scanning angles as the goals and satisfy the resonance condition
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only at (fo, 6o), and (fend, @ena). In this case, it can be proved that the following
relation needs to be satisfied to have a beam scanning between the desired start and

end frequencies and scanning angles:

f end COS eend

ZRprs(fo,600) — ZRprs(fends Oena) = (1 —
fo cosBy

)(£{Rprs(fo,00)+)
(6.7)

Again, it should be noted that in (6.7), we have assumed a reflection phase of
180° for the ground plane. To be able to steer the antenna beam over the desired
frequency band and scanning angle range, the PRS unit cell must be designed properly
to provide the phase variations between start and end ranges in (6.7). Note that in a
proper design of the entire PRS, both (6.6) and (6.7) should be satisfied to have the
required phase of the PRS for the aforementioned beam steering. It is obvious that
the reflection amplitude of the PRS needs to be high over the entire bandwidth to
have a directive antenna. Therefore, choosing a proper unit cell is vital in the PRS

design.

6.2 Feeding Antenna

As noted earlier, it is aimed to scan the beam of FPCA by using the PRS layer and
make the pattern unidirectional by using the main radiator with a tilted beam. Thus,
since the scanning functionality is not the responsibility of the main radiator, design-
ing the main radiator without frequency scanning functionality and consequently,
minor variation of beam direction by varying frequency over the desired frequency
band is required. In fact, it is the beamwidth of the main radiator that should be
adjusted based on the predefined beam angles. It is obvious that the radiations from
the main radiator are considered as the incident wave angles for the PRS layer. Con-
sequently, the main radiator should have enough beamwidth to illuminate the PRS
layer to make in-phase leakage at desired predefined beam angles. Thus, designing a

main radiator whose beamwidth covers the steering beam angles is essential.
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Figure 6.3: The main radiator structure, (a) perspective view, and (b) top view.

A dual circular ring patch plays the role of antenna’s main radiator. The proposed
antenna is presented in Figure. 6.3. The structure is designed on a Rogers TMM4
substrate with a thickness of 1.52 mm, relative permitivity of 4.5, and loss tangent
of 0.002. The antenna is backed by a ground plane and is fed by a coaxial probe.
Utilizing a via in a proper position, as shown in Figure. 6.3, can reduce the cross

polarization, effectively [199]. Note that such asymmetric structure may tilt the
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Figure 6.4: Simulation reflection coefficient of the main radiator for (a) different 7o,
and (b) different hj.

radiation pattern of the antenna. Using another analysis, the tilted radiation beam
is achieved by superimposing the antenna field from the inner and the outer circular
rings as was investigated in several previous studies [197, 198]. To have this, the outer
ring should possesses a circumstance more than two wavelengths at the operating
frequency. The optimized parameters of the antenna are as wgnp = 25, Wsup =
11, wy = 0.6, w; = 0.6, wy = 0.2, 79 = 3.8, r; = 2.3, hy = 2.6 and
hsupis = 1.52 mm. The antenna reflection coefficient is mainly controlled by the

radius of the inner and outer rings, i.e. 7y and ry, and the distance between the
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Figure 6.5: The gain pattern of the main radiator at ¢ = 0° for different frequencies.

antenna and the ground plane, i.e. h;. Figure. 6.4, depicts the simulation results
of the antenna S-parameter for different values of hy; and rg. As depicted in Figure.
6.4(a), by increasing rg, the resonances shift to lower frequencies. The value ro=3.8
mm provides an antenna bandwidth from 24.35 GHz to 32.5 GHz, i.e. 28.7%, which
is enough for beam scanning around 28 GHz. As shown in Figure. 6.4(b), h; not only
shifts the resonances, but also affects the antenna bandwidth. The above parametric
study demonstrates that the antenna bandwidth can be easily adjusted.

Figure. 6.5 indicates the antenna patterns for different frequencies from 24 GHz
to 30 GHz at ¢ = 0°. As shown, the tilted pattern with enough beamwidth does not
change significantly over the desired range of frequencies, which enables the entire
leaky-wave antenna to operate over the desired bandwidth. In the next sections, by
placing a PRS above the antenna, a beam steering mechanism will be achieved, while

the antenna gain is improved.
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6.3 PRS Structure

In order to steer the antenna beam, a suitable PRS unit cell needs to be designed
based on the presented design guideline to provide the required amplitude and phase
of reflection for all frequencies within the band of interest. The proposed unit cell is
demonstrated in Figure. 6.6, which consists of two metallic square rings and a mi-
crostrip patch etched on the both sides of a Rogers TMM4 substrate with a thickness
of 1.52 mm, relative permitivity of 4.5, and loss tangent of 0.002. The periodicity of
the unit cell is p= 3.1 mm. The dimensions of the rings on top and bottom sides
are set to be [I=3 mm and lz3= 2.3 mm, respectively. One advantage of the proposed
unit-cell is that it can provide low to high reflection phase variation over frequency,
which needs to be adjusted for the desired frequency scanning. In fact, there are
many variables in the proposed unit cell that allow the parametric study to achieve
a proper reflection phase with enough variation over a frequency band. Besides, the
proposed unit cell has a simple single-layer configuration without any active tuning
elements.

The unit cell has been simulated in Ansys® HFSS using a periodic boundary con-
dition and Floquet port excitation. A parametric study has been carried out to show
the effect of unit cell dimensions on the reflection amplitude and phase. It can be
observed from Figure. 6.7(a) that the reflection magnitude of the unit cell can be
easily adjusted over desired frequency band from 24 GHz to 30 GHz by varying 5.
By considering Iy constant, smaller I3 makes a bigger gap width between the patch
and the ring, which ensures the fabrication of gap very precisely. Although lo= 2.3
mm can provide a little bit higher gain at the cost of larger structure, we select lo=
2.1 mm to have an easier fabrication process. As shown in Figure. 6.7(b), the thick-
ness of the substrate is required to be chosen carefully due to its significant effects on
both the slope of the reflection phase and the reflection magnitude. It is seen that

by increasing the height of the substrate, the frequencies with minimum reflection
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Figure 6.6: PRS unit cell, (a) top view, (b) bottom view, and (c) perspective view.

magnitudes shift to lower frequencies. We chose hgyup 2= 1.5 mm since it provides a
proper reflection magnitude and a high slope reflection phase variation, which results
in a larger angle scanning over 24-30 GHz, as discussed in Section II.

To investigate the effect of hgyup o on the range of scanning angle, the resonant
frequency versus scanning angle is plotted for the proposed unit cell using (6.5) and
(6.6), as shown in Figure. 6.8. It should be mentioned that we set the cavity height by
(6.5) for each hgyp 2 to have a start scanning angle of 10° at 24 GHz. As can be seen
by increasing hgyp 2, the antenna will have a larger scanning angle for a certain end
frequency. This is in line with the reflection phase curves in Figure. 6.7(b), where a
higher phase gradient versus frequency is observed for larger hgyp 2. Since this paper
aims to achieve a scanning angle from 10° to 45° over 24-30 GHz, hgyup 2= 1.5 mm is

chosen.
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Figure 6.7: Effect of main parameters on reflection amplitude and phase of the pro-
posed PRS unit cell, (a) la (hsup2=1.5 mm, 1;=2.5 mm), (b) hsup2 (l1=2.5 mm,
l5=2.1 mm).

Figure. 6.9 demonstrates the simulated reflection phase and amplitude of the

designed unit cell versus the angle of incidence 6; for different frequencies. Also
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Figure 6.8: Resonant frequency versus scanning angle for different hgyp 2, (11=2.5
mm, and [;=2.1 mm).

the theoretical values of reflection phase for each f; based on (6.6) are added to the
phase curves. The intersections between the theoretical curve and simulated reflection
phase for each frequency show the resonance condition satisfaction for each frequency.
Figure. 6.9(a) exhibits beam steering functionality from 12° at 24 GHz to 47.5° at
30 GHz. Therefore, it is expected to have these scanning angles over 24-30 GHz after
placing an array of the proposed unit cells above the designed main radiator. Figure.
6.9(b) indicates higher reflection magnitude for larger incident wave angles, which

implies the necessity of using a larger PRS layer to increase the antenna gain.

6.4 Beam Steering of the Proposed FPCA

The performance of the proposed FPC structure is studied in this section by placing
the designed PRS above the main radiating element. The entire structure of the
proposed FPCA is exhibited in Figure. 6.10.

The antenna prototype comprises four main parts: 1) main radiating element, 2)
PRS, 3) metallic wall, and 4) metallic ground plane. The main radiator is placed at
a height of hy above the ground plane. The PRS structure is composed of an array
of 19 X 16 of the PRS unit cells as described in the previous section. A metallic wall

is placed at a distance of d from the main radiating element, as shown in the Figure.
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Figure 6.9: Simulation unit cell reflection coefficient versus different incident wave
angles for different frequencies (a) phase and (b) magnitude (hgyp.2= 1.5 mm, l;=
2.2 mm, and ly= 2.1 mm).

6.10. The metallic ground plane is placed at a distance of hy,s from the PRS layer.

The number of unit cells in the PRS layer is chosen in a way that some performances
such as gain and aperture efficiency are obtained with reasonable values. This is more
pronounced in beam scanning scenarios since the effective aperture size is different for
various beam angles (due to having rays with different angles hitting the PRS) over
wide bandwidth. It is obvious that if we increase the number of unit-cells (increase
of entire PRS layer size), the antenna gain can be improved, however, the aperture
efficiency would probably drop (since the rate of increase in size is more that the rate

of increase in gain). Therefore, there is a trade-off between size, gain and aperture
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Figure 6.10: Proposed FPCA structure (a) perspective view, (b) side view, and (c)
top view (lowss = 1.8, lowtz = 1.1, 13 = 3, p = 3.1, 1 = 3, [; = 2.5, I = 2.1,

Bsub2—1.5, Want = 50, Lans = 58.8, d = 9.8, hpps = 6, 7o = 4.2, 71 = 2.3, all
in mm).

efficiency. We need to obtain the optimum dimensions such that acceptable values
for gain, size, and aperture efficiency are achieved. In general, for periodic structures,
the optimum dimensions can be achieved through a parametric study. By doing
some simulations, the optimum values can be obtained. It is the same for all FPC
structures. It is required to optimize the entire structure together to obtain a proper
impedance matching, high gain and steerable beam over the pre-determined frequency
band. This step is necessary since by placing the PRS above the main radiating
element, the impedance matching will be deteriorated.

In addition to the PRS dimensions, all the other parameters in Figure. 6.10,
including d, hprs, Lant, Wane and even hq, have significant effect on the tilt angle
and the antenna gain. Optimizing all these parameters to have a steered beam with

a proper gain is vital. The simulated co-polarization patterns at ¢=0° for different
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Figure 6.11: Normalized co-polarization patterns of proposed antenna at ¢ = 0°
plane for different frequencies.

frequencies over 24-30 GHz are shown in Figure. 6.11, which shows a beam scanning
from 18° to 54°. The simulated radiation patterns of the antenna at 24 GHz and 29
GHz are depicted in Figure. 6.12 to demonstrate more details about the radiation
patterns of the antenna. The radiation patterns of the antenna in two orthogonal
planes (¢=0° and 6=18° at 24 GHz, and ¢=0° and 0=48° at 29 GHz) demonstrate
a beam scanning with stable linear-polarized features. It can be observed from Figure.
6.12(a) that the cross-polarization and the co-polarization have a reasonable difference
of around 14 dB at 24 GHz at the main beam plane, i.e. 8; = 18° and E-plane. It
is also seen that the level of the cross-polarization is below -15 dB at 29 GHz at the
main beam plane, i.e. 8; = 48° and E-plane.

To show the impact of the metallic wall on the radiation pattern of the proposed
FPCA, a parametric study is performed and demonstrated in Figure. 6.13. Two cases
A and B are displayed that have different distances between the edge of the structure
and feed antenna (d). Also, for these two cases, the structure with and without

metallic wall is studied. It can be seen that the backward radiation is suppressed
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Figure 6.12: Simulated radiation patterns of proposed FPCA. (a) 24 GHz, and (b)

significantly when a metallic wall is placed near the main radiator.

Table 6.1: Simulated, Theoretical, and Measured Results.
f; (GHz) 24 | 25| 26 | 27 | 28 | 29 | 30
0;, analysis (deg) 12 21129 | 36 | 39 | 43 | 47.5
(Ant beam)gsim(deg) | 18 | 24 | 30 | 36 | 42 | 48 | 54
(Ant beam)meas(deg) | 19 | 26 | 30 | 33 | 44 | 49 | 54
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Figure 6.13: Impact of metallic wall on the radiation pattern at 28 GHz and ¢ = 0°
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Figure 6.14: Fabricated prototype of the proposed FPCA. (a) perspective view, (b)
antenna measurement setup, (c) top view of the PRS layer, and (d) main radiator.

6.5 Fabrication and Measurement

A prototype of the proposed FPCA is fabricated and measured to validate the concept,

as shown in Figure. 6.14. The main three sections of antenna (ground plane, PRS
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Figure 6.15: Simulated and measured gain and reflection coefficient of the proposed
FPCA.
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Figure 6.16: Normalized measured patterns at ¢ = 0° at different frequencies.

surface and main radiating element) are assembled together by the plastic spacers
and fed through a coaxial probe. As the metallic wall, a dielectric substrate with
a copper cladding of 17 pm is used. The S-parameter measurement was performed
by ZNV13 vector network analyser, and the radiation performance was done by a
DVTEST®) dbSafe enclosure using Signalshape®) Near-field Antenna Measurement
software. Figure. 6.15 shows the simulated and measured reflection coefficient and
maximum gain of the proposed antenna versus frequency. As shown, the measured

impedance bandwidth of the antenna is about 17% over 25.4-30.1 GHz. As shown,
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Figure 6.17: Simulated and measured patterns at 29 GHz (a) ¢ = 0°, and (b)
0 = 48° for simulation and 6 = 49° for measurement.

Table 6.2: Comparison between the proposed antenna and different LWAs.

Ref conical | fe ! Freq Scann | Realization | Max- | 8G 2 | layer size 3-
gain dB
Gain
or uni | (GHz) | sweep angle | Method (dBi) | (dBi) | no.(#) (Ae)33 BW
(GHz) (deg) (%)
[175] | Conical| 36.5 36.37- 0 to | spiraphase- | NR NR 3 12.2x12.5x0.2| NR 4
39.9 38 type  re-
flectarray
[165] | Uni 14 11-16 5 to | high- 12.2 10.4 2 9.2x0.5X1 NR
67 impedance
surfaces
[176] | Uni 10 9.4-10.6 11 to | 2D wvary- | 13.5 | 3 1 4.5%x4.5%0.76 | 8.5
35 ing PRS
[177] | Uni 11.85 9.1-14.6 -38 SIW LWA 14.6 10 1 5.37%x1.84x0.7| 26.1
to 28
[164] | Uni 18 16-21 6 to | array feed 17 3.5 1 8.43x8.43x.2 | 15.4
42
This | Uni 27 24-30 19 to | PRS and | 15 3 1 5.3%x4.5%x0.54 | 22.2
work 54 tilted-
beam
radiator

1 f. is the center frequency. 268G is the gain variation over the frequency sweep. 3 A is the wavelength
at the center frequency % ”NR: Not reported”

the simulated and measured antenna gains are in agreement and more than 11 dB
over 24-30 GHz. Also, the simulation and measured maximum gain are about 16 dBi
at 24.5 GHz and 15 dBi at 24 GHz, respectively.

To show the beam steering functionality of the proposed antenna, the measured
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antenna beams at three frequencies are demonstrated in Figure. 6.16. Measurements
show that a beam scanning over 19°- 549 is achieved across the bandwidth from 24
GHz to 30 GHz. The simulation and measured radiation patterns at 29 GHz are
demonstrated in Figure. 6.17. The measured cross-polarizations are at least 13 dB
below the corresponding co-polarization, which implies that the antenna polarization
is linear.

The scan angles of the proposed antenna obtained by analytical method, simula-
tion, and measurement are presented in Table 6.1. The theoretical values are the same
as shown in Figure. 6.9(a) based on (6.6). The simulation and measured antenna
beam are shown in Figure. 6.11 and Figure. 6.16, respectively. When the antenna
is integrated with the PRS layer, the beam angle (angle of incidence) is defined as
the angle with maximum antenna gain. As shown, the maximum difference between
the simulation and the measurement is around 3°. These differences are probably
due to the fabrication errors, misalignment in assembly process, and measurement
tolerance/errors.

Table 6.2 compares the performance of the proposed leaky-wave antenna using
FPC structure with other works in the literature with different structures. As shown,

the proposed method has a fair performance compared to the other reported works.

Max Beam Frequency Sweep Beam Uni / Layer Feeding Flexibility
Gain Angle Conical #) Structure Of Design
> 12 dBi Steering 28 GHz :
(27.5-28.35 GHp), 0°< 6< 90° Uni Single- Simple Easy
(29.1-29.25 GHz) layer
PRS

O VO |9V |9 O

Figure 6.18: Requirements that are met by the proposed RCA.
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Overall, based on the achieved results, it can be concluded that the designed RCA
can meet the requirements of the second objective as shown in Figure. 6.18. The
proposed design uses a metallo-dielectric PRS instead of the previous full-dielectric
PRS layer, to make the design flexibility much easier. The proposed unit cell makes
higher freedom, since it has a variety of parameters to be tuned to change the reflection

behaviour of the PRS layer.

6.6 Conclusion

In this paper, a millimeter-wave FPCA with unidirectional frequency scanning is
designed, analyzed and fabricated. Beam steering with a reasonable gain is achieved
by utilizing a single-layer PRS, designed based on the ray tracing method, to satisfy
the resonance condition with the required reflection amplitude and phase for desired
beam angles over desired frequency band. Besides, a main radiating element with
tilted beam is designed to make the radiation pattern unidirectional. We Terminated
the entire FPCA by a metallic wall to create better unidirectionality. The proposed
FPCA offers a beam steering from 19° to 54° with the maximum measured gain of
15 dBi over 24-30 GHz. This antenna can be used in 5G base station antennas, and
other potential applications where beam steering along with a high gain is required

for pre-determined scanning range over specific frequency band.
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Chapter 7

A Millimeter-Wave Resonant
Cavity Antenna with Multi-Beam

and High-Gain Capabilities for 5G
Applications

In this chapter, a technique to obtain a high-gain multi-beam antenna for millimetre-
wave mmW fifth-generation base station is proposed using the FPC structures to fulfil
the second objective of this thesis. A thin single metallo-dielectric layer is used as the
PRS layer to enhance the radiation performance of the FPC antenna and provide an
off-axis pencil beam. As the feeding structure illuminating the PRS layer, a cylindrical
cavity is designed using a right-angle-type semi-waveguide (RATSW) structure. An
array of coaxial probes are used to obtain beam switching at the azimuth plane
by exciting different probes. To confirm the functionality of the proposed FPCA,
a prototype is fabricated with five coaxial probes to generate five radiation beams;
however, the structure can be extended to more antenna beams by using higher
number of probes. The cavity structure of the proposed antenna is fabricated by the
3D printing technology as an easy manufacturing process. The measurement results
show that multiple switchable beams with high antenna gain are obtained over the
desired frequency bandwidth of 27-30 GHz. The maximum measured gain is 19 dBi
at 27.5 GHz when a single probe is excited. A conceptional scenario for the potential

applications of the proposed antenna in the 5G base stations and indoor wireless
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network is presented.

The organization of this chapter is as follows. Section 7.1 introduces the structure
of the proposed feeder element of the FPC structure leading to an insight into the
physical functionality of the feeding system. In Section 7.2, a proper PRS unit cell is
designed. Besides, a brief description of the ray tracing method is presented. Section
7.3 presents the proposed FPCA structure with its simulated results. In Section 7.4,
a conceptual scenario for the application of the proposed antenna is presented. In
Section 7.5, measured results are demonstrated and discussed. Finally, conclusion is

given in Section 7.6.

7.1 Feeder Element

One of the main steps in the design of a FPC structure is selecting a proper feeding
technique with less complexity and desired performance. This becomes more chal-
lenging over the mmW spectrum due to higher loss and lower efficiency. Designing
a feeder element that can be realizable with an easy fabrication process is a great
advantage. There are several feeding techniques to illuminate a PRS layer in a cav-
ity structure [203]. In this section, we introduce a waveguide-based feeder element.
Then, in the next sections, we use an array of these elements in the FPC structure
to switch the antenna beam.

A right-angle-type semi-waveguide antenna (RATSWA) is designed as feeder ele-

ment, as shown in Figure. 7.1. A coaxial probe excites a semi-waveguide, which is

Table 7.1: Dimensions of The Main Radiator (All In Millimeter)

Parameter || Dimension || Parameter || Dimension
l 25 w 20
h, 7.2 h, 1.5
I, 24 d, 3
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Figure 7.1: Geometry of the feeder antenna.

terminated by a wall with the distance d, away from the probe. This configuration
is similar to an E-plane coupling, where the reflected electromagnetic (EM) fields
become in phase with the incident wave. The length of the center pin of the probe
(Ip), and its distance from the wall (d,,) affect the impedance matching, resonant fre-
quency, and impedance bandwidth. Table 7.1 shows the dimensions of the designed
RATSWA structure.

To have a better understanding of the impact of both d, and [, on the reflection
coefficient, a parametric study has been carried out, as shown in Figure. 7.2. By
increasing the value of d,, the resonant frequency shifts toward higher frequencies.
Also, by adjusting the length of the probe [, the input impedance can be matched.
Note that by an increase in dj,, the resonant frequency shifts toward lower frequencies.

This simple RATSWA structure can be easily integrated with the RCA antenna to
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Figure 7.2: Reflection coefficient for different values of 1, and d,,.

increase the antenna gain.

7.2 PRS Design

In this section, the ray tracing method is briefly discussed. Then, a PRS unit cell is

proposed and analyzed using the ray tracing method.

7.2.1 Resonance Condition

Based on the ray tracing method, the resonance condition of FPC structures, i.e., fo,

is given by [42]:

ésll(fo) +n7m+2Nw =2k X h X cos(0) (7]_)
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Figure 7.3: Geometry of the proposed PRS unit cell, (a) top view, and (b) perspective
view (p=2.16, Ryin=0.38, Rpmaax=1.3, h,,=0.3, R=0.95, all in mm).

where k = 27rf°

, ¢, and h are the propagation constant, speed of light, and distance
between the PRS and the ground plane, respectively. In a FPC structure, to point
the radiation beam at an arbitrary direction of 8 from the broadside along with the
maximum directivity, the reflection phase of the unit cell, i.e., £S7; should be tuned
to satisfy (7.1). In this paper, it is aimed to have a high-gain radiation beam at fo=
28 GHz in the elevation angle of 8= 35°. For ease of fabrication, the height of cavity
is chosen equal to the height of the feeder element, i.e., h= h;= 7.2 mm. Substituting
these values in (7.1), the resonance condition happens when the reflection phase of
the unit cell is -143° at 28 GHz. Besides, it was shown in (2.4) that a higher PRS
reflectivity, i.e. |S11] = Ai, leads to a higher antenna gain. Note that in a FPC

structure, the wave launched between the ground plane and the PRS layer leaks out

depending on the value of the reflection magnitude.
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Figure 7.4: Reflection characteristic of the proposed unit cell for different values of:
(a) R, and (b) hy,.

In this section, a single-layer one-sided PRS unit cell with a thin thickness is proposed.
The schematic of the proposed PRS unit cell is shown in Figure. 7.3. It is printed
on one side of a Rogers 4003 substrate with a thickness of h,= 0.3 mm, relative
permitivity of 3.55, and loss tangent of 0.0027. The period of the unit cell, i.e. p,
with other parameters are shown in Figure. 7.3. The full-wave simulations are carried
out by Ansys® HFSS software, in which the periodic boundaries are assigned in the

x and y directions, and two Floquet ports are used to excite the structure.

Table 7.2: Dimensions of The FPCA (All In Millimeter)

Parameter || Dimension || Parameter || Dimension
Wroof 7 R, 24.5
h, 1.5 d, 28.5
h, I, 2.3
dshn hgp 5
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Figure 7.5: FPCA geometry: (a) perspective and top views, and (b) exploded and
front views.

A parametric study has been performed to show the effect of parameters R and h,,
on the reflection behaviour of the unit cell, as demonstrated in Figure. 7.4. Figure.
7.4(a) shows the magnitude and phase of the reflection coefficient of the unit cell for
different values of the parameter R. It is shown that the reflection magnitude becomes
greater for higher values of R. Also, the proposed unit cell has a reflection phase of
Z811=-145° at 28 GHz for R = 0.95 mm, which is close to the calculated value in the
previous subsection (i.e. -143%). Note that the slop of reflection phase curve versus
frequency is gentle and can provide a stable antenna beam over the desired frequency
band. Figure. 7.4(b) demonstrates the effect of the substrate thickness, i.e. h,, on
the reflection behaviour of the proposed unit cell. Higher reflection magnitude, which

leads to higher gain increment, is obtained by increasing h,,. The value of h,= 0.3
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mm is selected since its corresponding reflection phase is close to the desired phase of

-143°. Beside, h,= 0.3 mm is a standard thickness for PCB substrates that makes

fabrication much easier.
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Figure 7.6: Simulated results by exciting port #1 of the proposed antenna: (a)
maximum gain, (b) normalized radiation pattern at ¢=-90° at 28 GHz, and (c) gain
colormap in the x-y plane at 28 GHz.

7.3 FPC Antenna Design

7.3.1 Proposed Structure

The perspective and exploded views of the proposed FPCA are shown in Figure.
7.5. The proposed FPC structure consists of a PRS, a feeding structure, a metallic

ring, and an array of metallic shields. A periodic array of the proposed unit cell is
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placed above the FPCA aperture with a radius of R;. To design a beam switching
functionality, an array of RATSWASs is arranged in a circular configuration creating
a cylindrical cavity structure. Although we have used five RATSWAS to create five
switchable beams, higher number of feeder elements can be used to provide more
swichable beams. The probes are evenly distributed on a circular curve at a distance
d, from the wall, as shown in the top view of Figure. 7.5(a). A metallic ring with
the same thickness of the PRS layer is wrapped around the PRS, as shown in Figure.
7.5(b) in the exploded view. Several metallic shields are used around the probes to
improve the radiation characteristics and matching of the antenna. They are located
exactly above the coaxial probes and attached to the metallic ring. The radius and
the height of the entire structure is Ry + W00y = 31.5 mm and h,, 4+ k1= 7.3 mm.
Therefore, the overall size of the designed FPCA is 27.1 A.2 X 0.68 A., where X, is

the wavelength at the center frequency (28 GHz).

7.3.2 Simulation Results

The designed FPCA was optimized to achieve the optimum performance. The opti-
mum design parameters of both PRS unit cell and feeding structure are listed in Table
7.2. The simulated normalized radiation pattern at ¢ = -90°, the gain colormap in
the x-y plane at 28 GHz, and the maximum gain over frequency, while probe #1 is
excited, are shown in Figure. 7.6. As shown, the proposed antenna has a suitable
gain over 27-30 GHz with the maximum gain of 19.4 dBi at 27.8 GHz. The antenna
has an off-broadside radiation beam at 28 GHz at ¢= -90° and 8 = 34° (8 and ¢
are the elevation and azimuth angles of antenna beam) with the gain of 18.9 dBi, as
shown in Figure. 7.6(c).

Since the proposed FPCA has a symmetric feeding configuration, the radiation
patterns corresponding to each excited coaxial probe are identical, but at different
angles. Figure. 7.7 demonstrates the far-field radiation patterns, each of which excited

by a different coaxial probe. Note that the radiation beams are labeled based on their
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Figure 7.7: Beam switching at azimuth plane at 28 GHz through exciting different
probes.

corresponding excited coaxial probe. The direction of the radiation beams are at a
fixed elevation angle (6 = 349) and five different azimuth angles. Thus, the proposed
structure offers a beam switching functionality with five switchable beams at the
azimuth plane .

In fact, the mutual coupling between the coaxial probes has destructive effect on
the performance of the entire antenna structure. Using tuning screws is a conventional
method to enhance the frequency matching of a waveguide in factory. These tuning
screws are almost installed on the opposite side of the probes. Once they are tuned,
they are fixed so that it is not possible to change the position and also the amount

of penetration into the waveguide. It is the main reason in which several metallic
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Figure 7.8: Impact of metallic shields on (a) reflection coefficient, and (b) gain pat-
terns for different hgn. Note that only probe#1 is excited.

shields are placed above the coaxial probes. Actually, their functionality is the same
as the tuning screws. In fact, these screws can give a variable amount of capacitive
or inductive susceptance. The equivalent susceptance of a screw depends on both
the depth of penetration (hgp), and also the position. To show the impact of the
metallic shield on the antenna performance, a parametric study has been performed
and the results are shown in Figure. 7.8. The simulated reflection coefficient of the
designed FPCA for different shield heights, i.e., hg,, while port #1 is excited, is
shown in Figure. 7.8(a). The other parameters are kept the same as listed in Table.
7.2. As demonstrated in Figure. 7.8(a), increasing hg, more than 5 mm decreases the

antenna impedance matching. Also, the reflection coefficient of the designed antenna
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Figure 7.9: Effect of h on the antenna beam angle: (a) variation of beam angle
versus different h values, and (b) normalized patterns at 28 GHz and at azimuth cut
of ¢p=-90°.

without shields, is demonstrated. As seen, without shields, the antenna matching
is deteriorated at lower frequencies, which shown the positive effect of shields on
the antenna matching. Besides, the effect of hg, on the antenna gain is shown in
Figure. 7.8(b). By increasing hgp, the antenna gain has improvement, particularly
at higher frequencies. However, based on Figure. 7.8(a), increasing hgp more than 5
mm deteriorates the impedance matching over frequency band of 27-30 GHz. Thus,
hsp= 5 mm is selected as the optimum value.

In this paper, the PRS layer is placed above the cavity aperture at a constant
height. In Section 7.2, it was discussed that by adjusting the reflection phase of the
PRS unit cell or the distance between the PRS layer and the ground plane, the beam
direction at the elevation plane can be adjusted. According to (7.1), the tilt angle
can get higher values by increasing the cavity height h. This provides freedom to use
the proposed antenna in different applications where beam switching at the azimuth
plane and with certain elevation angle is required. To demonstrate this, a parametric

study on the cavity height has been done. As shown in Figure. 7.9, the PRS layer
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Figure 7.10: Multi-beam capability through exciting more than one coaxial probe.

and its surrounding metallic ring are placed at different distances from the ground
and the corresponding results are plotted at 28 GHz. The theoretical values of the
beam angle based on (7.1) and also the simulated beam angle of the antenna at the
elevation plane versus different values of h are demonstrated in Figure. 7.9(a). The
corresponding 2D radiation patterns are shown in Figure. 7.9(b), as well. It can be
seen that by properly changing h, a beam steering at fixed frequency at the elevation
plane can be achieved . It should be mentioned that a compromising between the
cavity height and the entire size of the structure is required to maintain the antenna
gain satisfactory. It means that for bigger beam angle, bigger PRS layer is required
to allow enough multiple reflections inside the structure to improve the radiation
characteristic.

The multi-beam antennas that can offer more than one synchronized beam are able
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to mitigate the potential challenges of an antenna with a single radiation beam. The
proposed FPC structure with its properly-designed feeding system has the capability
of having simultaneous multiple radiation beams through exciting multiple coaxial
probes at the same time. A radiation pattern with dual, triple, quadruple, and
quintuple beam can be obtained through exciting multiple probes as can be seen in
Figure. 7.10. By exciting all coaxial probes, a maximum number of five beams is
achieved, which gives a radiation pattern resembling a clover flower. By exciting
two probes such as #1 and #4, a dual-beam is achieved with the maximum gain
of 15.36 dBi. The direction of beams are the same as the case when one of these
probes are excited; however, the peak gain has a reasonable reduction. The peak
gains related to the dual, triple, and quintuple beam are 15.36 dBi, 13.43 dBi, and
11.2 dBi, respectively. Also, it should be mentioned that the proposed FPC structure
offers a radiation pattern with almost a same tilted elevation angle and suitable gain

by changing frequency over the desired frequency bandwidth.

7.4 Application

Wide range of spectrum is needed to enable higher speeds and capacity. As was men-
tioned, the proposed structure has a switchable radiation pattern with almost a same
tilted elevation angle and suitable high gain by changing frequency over the desired
frequency bandwidth including 28 GHz. For example, at the operating frequency f,
the antenna beam can be switched at the azimuth plane with a constant elevation
angle. The same scenario can be achieved at another operating frequency (for exam-
ple at f2) in the desired frequency band with almost the same elevation angle and
antenna gain. Thus, the designed antenna can be used for base stations with devel-
oping multiple access techniques where frequency domain or time domain is shared
among multiple users. By this way, receiver complexity, energy consumption become
less. As well, more users can be served with less interference with neighboring base

stations.
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Figure 7.11: The conceptual scenario for the application of the proposed antenna in
the 5G BSAs.

Also, at high load, a multi-beam antenna is required that can simultaneously serve
more users leading to significant increment of the user coverage and the capacity of the
communication systems. This can be more effective when an antenna with multiple
beams over desired frequency band is used, which is considered in this paper.

Based on the aforementioned description, since the designed antenna offers multiple
beams at different frequencies and also switched beams at azimuth plane over desired
frequency band, it is of high interest for 5G base stations for small cell networks.
For the purpose of illustration, a conceptual scenario of a 5G BS which uses the
proposed antenna to serve multiple users for a dense low-rise urban at the same time
is prepared in Figure. 7.11. As seen, by adjusting the number of beams and the
operating frequency, a big space with many users can be served. For example, the
antenna with clover pattern can be used for users that are assigned to the operating

frequency of f;, which is shown with blue color. By this way, larger space with
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users of different features can be served without using bulky array antennas with the

expensive and complex architectures.

7.5 Experiments and Results

To demonstrate the performance of the proposed antenna, a prototype is fabricated
and measured as exhibited in Figure. 7.12. As shown, all metallic ring, shields,
and the cavity are 3D printed all together, which makes the fabrication process and
assembly steps significantly easy. We have used the ANYCUBIC Photon 3D Printer
that uses the UV Resin with a wavelength of 405 nm. The axis and layer resolutions
of this 3D printing machine are 1.25 pm and 25~100 pm, respectively, which are
reasonably fine for the mmW circuit fabrications. Next, the fabricated structure is
cured and washed by ANYCUBIC wash and cure machine. This machine not only
removes most of the remained chemicals, but also makes the model more durable
with smoother surface to reduce loss and unwanted reflections from the surfaces. The
next step of fabrication is the metallization of the fabricated cavity structure by a
conductive material such as silver or copper ink as shown in Figure. 7.12(a). By this
way, the printed structure is coated by a conductive surface leading to a lightweight
and easy fabrication process in comparison with the full Aluminium prototypes. These
advantages can enhance development of 5G communication systems.

The S-parameter measurement was performed by ZNV13 vector network analyzer,
and the radiation performance was done by a DVTEST dbSafe enclosure using Sig-
nalshape®) Near-field Antenna Measurement software. The measurement setup is
shown in Figure. 7.12(b).

The simulated and measured reflection coefficient of the FPCA and the mutual
coupling between the feeding ports through exciting port#1 and keeping remaining
ports open circuited are shown in Figure. 7.13(a). As seen, the measured and simu-
lated isolation between port#1 and other ports are better than 10 dB, which provides

less interference among the ports. The simulation and measured impedance band-
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Figure 7.12: (a) Fabricated prototype of the proposed FPCA and (b) the measurement
setup.
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Figure 7.13: Measured and simulated results through exciting port#1, (a) S-
parameters, and (b) maximum gain.

widths of the designed antenna are 10.5% (27-30 GHz) and 8.85% (27-29.5 GHz),
respectively. Also, the measured and simulated maximum gain of the antenna at the
main direction of radiation beam are depicted in Figure. 7.13(b). The simulated and
measured maximum gain of the antenna when port#1 is excited and the rest are open
circuited are 19.4 dBi and 19 dBi, respectively.

Figure. 7.14 demonstrates the simulated and measured radiation patterns of the
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Figure 7.14: Measured and simulation normalized gain patterns of the proposed an-
tenna through exciting port#1 at 28 GHz at ¢ = —90°.

antenna at ¢ = -90° plane at 28 GHz. As can be seen, the designed antenna has a
simulated and measured tilted beam of 34° and 32° at the elevation plane. Besides,
it has a good co-polarization pattern at its main beam plane. The measured cross-
polarization is at least 30 dB below the corresponding co-polarization, which implies
that the antenna polarization is linear.

Table 7.3 provides a comparison between the proposed and related antennas in lit-
erature, in terms of antenna performance and mechanism. To have a fair comparison,
the table is limited to the structures with FPC configurations. Besides, the switching
functionality of antennas at fixed frequency is considered at the second column of
the table. In [184], beam switching is achieved through phasing a circular array of
vertical probes, which might make it improper for 5G BSs. In [185], the functionality
of the proposed antenna is confirmed by theoretical processes without any experimen-

tal confirmation. In [180], four springs are used which may not be proper for mmW
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Table 7.3: Comparison between the proposed antenna and different FPC antennas
with switched beam.

Ref Fixed- Fmin| Freq Tilted Realization Max- layer size Max
frequency | ! gain
steering (GHz) BW angle Method (dBi) n10.(#) | (Amin)?f €ap(%)
(El/Az) (GHz) | (deg)
[150] | El 5.5 5.5- - phased 12 1 3.1x3.1 | 13 for
5.7 15,0,+15 array and tilted
beam
reconfigurablg and 32 for
PRS broadside
(184] | Az 18.5 | 18.5- full cover | array of | 14.8 1
22.3 probes
(185] | Az 13.5 | 13.5- full cover | array of | 185 1
18.5 probes
[180] | Az/El 2.3 2.3- ElL memory al- | 9.98 1 1.8x1.8 | 21
2.6 -30,+30 loy (SMA)
Az: full | actuator
cover springs
(181] | El 27.2 | 27.2- 0-14 moving the | 11.53 4 0.9%x0.9 | 11077
30.2 superstrate
[27] El 57 57- - quasi-curve 16.3 7 10x5.8 | 22
64.2 18,0,+18 reflector
with 3 feed-
ing sources
This | Az 27 27-30 El: 32 Cylindrical 19 1 5.2X5.2 | 24.2
work cavity
Az:  five
beams
! finin is the minimum operating frequency. 2 Apnin is the wavelength based on the minimum operating
frequency. 3 eqp is aperture efficiency.

spectrum. Besides, using springs may cause delay when the switching is required.
In [181], a mechanically movement of a supersaturate is needed to obtain the beam
switching. Moreover, the scanned range is small with the maximum angle of 14°. The
other figure of merit to show the performance of the antennas is aperture efficiency,

i.e., eqp. The aperture efficiency is defined as:
eap = (109*n(dBI/10 5 32 /(47 A) (7.2)

where A and A account for physical surface area of the antenna and wavelength,
respectively. Based on Figure. 7.13 and (3), the maximum simulated and measured
aperture efficiency of the designed antenna are 26% and 24.2%, respectively, which are
reasonable for such structures. Overall, it can be concluded that the designed antenna

achieves higher gain by utilizing the minimum PRS layers and simple realization

128



Max Beam Frequency Sweep Beam Uni / Layer Feeding Flexibility

Gain Angle Conical #) Structure Of Design
> 12 dBi Steering 28 GHz :
(27.5-28.35 GHy), 0°< 6< 90° Uni Single- Simple Easy
(29.1-29.25 GHz) layer
PRS

90| VO |9V 9O O

Figure 7.15: Requirements that are met by the proposed RCA.

Overall, based on the achieved results, it can be concluded that the designed RCA

can meet the requirements of the second objective as shown in Figure. 7.15.

7.6 Conclusion

In this work, the design of a FPCA with switchable beams is presented for the 5G
base station applications. To achieve the beam switching functionality, an array of
RATSWASs is arranged in a circular configuration feeding the entire structure. A
suitable thin metallo-dielectric PRS layer with decent reflection behaviour is placed
directly above the cavity aperture to enhance the radiation characteristics of the
feeding structure at an arbitrary elevation angle. Through exciting single or multiple
probes, a tilted pencil beam or multiple beams with high antenna gain are achieved.
By exciting all of the coaxial probes, a pattern with five beams like a clover flower
is obtained. The cylindrical cavity was fabricated by the 3D printing technology to
realize a lightweight structure at a low fabrication cost. The measured maximum
gain of 19 dBi was achieved at 27.5 GHz by exciting Port #1, which is in a good

agreement with the simulation result.
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Chapter 8

Future Works and Concluding
Remarks

8.1 Conclusion Remarks

The major contributions of present thesis are concluded in this chapter. As was dis-
cussed along the thesis, the work started with a discussion about the problem and the
potential solution, which helps to select a proper antenna type. Also, the proposed
applications for 5G communication systems were presented to have insight into two
different intended objectives of this thesis. Next, a comprehensive review on RCAs
based on the requirements of 5G systems as discussed before was provided. This was
followed by introduction of the concept, design and experimental validation of the de-
signed antennas for each of these scenarios. Each chapter is a step forward to develop
a RCA structure which is compatible with the mentioned technical requirements and
potential applications. The entire thesis is divided into two different parts. The first
part (chapters 3 and 4) presents two RCA structures to meet the requirements of the
first objective, while the second part (chapters 5, 6, and 7) presents new design guide-
line and also techniques to design RCAs based on the second requirements related to
the second objective.

Chapter 3 introduces the design of a wideband single-layer PRS for a CP RCA.
The proposed PRS structure has complementary design which results in an increase

in the 3-dB gain bandwidth of the antenna over a wide bandwidth. As the main
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radiator, an stacked patch antenna is proposed so that wide impedance and circular
bandwidths are achieved. The proposed antenna was as the initial design for starting
this thesis, which can be scaled to operate over mmW spectrum. A prototype of the
proposed antenna was fabricated and measured. The measurement results show an
3-dB axial ration (AR) and impedance bandwidths of 21% and 32%, respectively.
The antenna gain is more than 10.5 dBic over the 3-dB gain bandwidth from 5.8
to 7.3 GHz, i.e 22.9%, with a peak gain of 13.2 dBic. Although the proposed RCA
meets most of the requirements shown in Figure. 1.3, the frequency bandwidth is
lower than 30%. Therefore, in the next chapter, we try to meet this figure of merit
by introducing a new wideband main radiator.

Chapter 4 introduces the second wideband RCA with circular polarization. A
wideband CP crossed-dipole antenna acts as the main radiating element, which is
based on self-complementary structures. Also, several parasitic patches and posts
are used to widen the operating frequency. The incorporation of the proposed an-
tenna with a new broadband thin single-layer dual-sided PRS designed based on the
complementary structure contributes to the improvement of the antenna gain over a
broad bandwidth. The proposed structure was fabricated and measured to confirm
the functionality of the designed antenna. The total size of the antenna is 72.25 mm
X 72.25 mm X 20.2 mm (1.8AgX 1.8AgX0.5Ag at the center frequency of fo = 7.5
GHz). The AR bandwidth of the proposed antenna is 43.37% (6.5- 10.1 GHz). A
satisfactory antenna gain is achieved over the frequency band of 6.4 to 9.5 GHz, with
a maximum measured gain of 12.5 dBic. Measurement results demonstrate the great
performance of the proposed antenna. the proposed RCA is capable to meet all re-
quirements shown in Figure. 1.3. Thus, in the next chapters, the main focus will be
on the second objective and the relevant defined requirements.

Chapter 5 presents a high-gain leaky-wave antenna based on a RC structure
with the capability of unidirectional beam scanning over desired predetermined fre-

quencies and corresponding beam angles. Steering the antenna beam is achieved
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by implementing a fully-dielectric PRS based on a simple design procedure. In the
proposed structure, two techniques are combined to make the beam scanning unidi-
rectional. It is fabricated and measured with a good agreement with the simulation
results. A beam scanning from 12° to 46° was achieved over the frequency band from
25 to 31 GHz. Moreover, a maximum gain of 15.4 dBi was achieved at 26 GHz on the
elevation plane with tilted angle of 22°. Although the proposed RCA meets the main
requirements shown in Figure. 1.4, the proposed structure does not have a design
flexibility. The main reason it that the proposed PRS is a full-dielectric structure
with less tuning parameters to optimize the reflection behaviour of the unit cell.

Chapter 6 presents the second millimeter-wave RCA with unidirection frequency
scanning. The proposed antenna consists of a main radiating element, a metallic wall,
a ground plane, and a single-layer PRS. A single radiating element is designed such
that it provides a tilted. The metallic wall is used close to the radiating element
as a reflector to suppress the propagation in undesired directions. A general design
guide is given by theoretical analysis of the RCA structures using the ray tracing
method to formulate the beam steering functionality versus frequency over desired
pre-determined angles. The PRS layer is designed without any tuning elements to
provide the beam scanning. The proposed PRS in this structure is completely different
from that used in the previous structure. It has a metallo-dielectric configuration,
which gives more freedom to adjust the behaviour of the unit cell in terms of the
operating frequency, reflection phase, and reflection magnitude. Besides, By this
way, we are able to design more compact unit cells with thinner thickness. The
proposed antenna was fabricated and measured. It offers a beam steering from 19°
to 54% with the maximum measured gain of 14.5 dBi over 24-30 GHz. the proposed
RCA is capable to meet all requirements shown in Figure. 1.4. Thus, in the next
chapters, the focus is on RCA featured by a switching beam with a simple feeding
structure, low-cost, and also lightweight features.

Chapter 7 presents a technique to obtain a high-gain multi-beam antenna for
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mmW 5G base station is proposed using the RCA structures. A thin single metallo-
dielectric layer is used as the PRS layer to enhance the radiation performance of
the RCA antenna and provide an off-axis pencil beam. As the feeding structure
illuminating the PRS layer, a cylindrical cavity is designed using a RATSW structure.
An array of coaxial probes are used to obtain beam switching at the azimuth plane by
exciting different probes. The cavity structure of the proposed antenna is fabricated
by the 3D printing technology as an easy manufacturing process. The measured
maximum gain of 19 dBi was achieved at 27.5 GHz by exciting Port #1, which is in
a good agreement with the simulation result. the proposed RCA is capable to meet
all requirements shown in Figure. 1.4.

Overall, to have a better comparison between the proposed RCA designs, the

characteristics of the structures are shown in detail in Figure. 8.1.

Chapter 3 Chapter 4
Chapter 3
Max Gain > 12 dBic @ @
BW >30% ® @
Polarization Ccp @ E
(CRIEL) @ Chapter 4
layer (#) Single-layer
PRS @ @
Max Beam Frequency Sweep Beam Uni/ Layer Feeding Flexibility Design
Gain Angle Conical () Structure Of Design
> 12 dBi Switching/ 28 GH (licensed): 0°< 6< 90° Uni Single layer Simple Easy
Steering PRS
ol @] @ | o |@ @] @ | @ | M cuwes
@ @ @ @ @ @ @ @ Chapter 6
@ @ @ @ Q| @ @ @ Chapter 7

8.2

Figure 8.1: Proposed RCAs in this thesis.

Future Work

In the present thesis, we try to introduce, design, and fabricate new RCA structures

whose functionalities are compatible with the requirements of 5G communication sys-
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tems. These structures can be further investigated to improve the performance of the
entire system. The further studies might focus on designing the main radiator, or
metasurface layer, individually. Following some extra works are recommended.
Reconfigurable PRS

Designing a reconfigurable metasurface as a PRS layer in combination with the pro-
posed main radiators could yield even better performance with multiple functionality.
Smart PRS

Designing a coded-metasurface with active elements, which can be controlled and
programmed through microcontroller such as Arduino, FPGA.

Feed elements with low sidelobe level

The feed should also be modified in order to much improve the radiation character-
istics of the proposed RCAs. Considering main radiators with lower sidelobe level is
another interesting work, that can be done in future.

Theoretical analysis

in order to have a design with much better accuracy, the design procedure in Chapter
6 could be carried out by other methods.

Aperture efficiency improvement

We can design metasurfaces whose functionality is to compensate the non-uniform
aperture phase and magnitude distribution of a RCA, which leads to a higher direc-
tivity and aperture efficiency.

3D printed structures

Focusing on the structures, which can be fabricated with the 3D machines, might be
desired for both the PRS and the main radiator since low cost and easy of fabrication
are two key factors and are highly demanded for 5G communication systems.
Switching with full coverage

In chapter 7, a RCA with the capability of switching beam at the azimuth plane was
designed and fabricated. It can be improved to add the switching functionality at

both elevation and azimuth planes to achieve a full coverage.
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