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Abstract

Future antenna solutions are based on innovative technologies like multiple-
input-multiple-output (MIMO), which can substantially increase data rate
and improve the reliability of wireless communication, without extra spec-
trum and power resources. The multiple-antenna systems play a key role in
providing high spectrum efficiency and improved quality of service for next
generation wireless systems. Motivated by this, this thesis provides valuable
insights in the design of compact, decoupled multiple antennas for efficient
MIMO communications.

In the course of the thesis work, five novel compact quad element MIMO
antennas have been proposed, utilizing the various forms of diversity mecha-
nisms to exploit the degrees of freedom between the multiple elements. The
thesis examines the potential of combining different decoupled microstrip
patch antennas utilizing their multiple resonant modes to adapt in a com-
pact co-located multi-element antenna. The thesis also demonstrates efficient
design of compact multiband and wideband MIMO antenna systems for use
in small wireless terminals. These antennas supports multiple bands, com-
patible with different wireless standards like LTE, UMTS, WLAN, WiMAX,
Bluetooth and sZigBEE.

To design, efficient multiple antenna systems in compact terminals, several
decoupling methods are proposed to reduce mutual coupling between antenna
elements. These include radiating slots on the ground, stop band structures
and reversing the polarity of coupling waves. The working mechanism and
design procedure of each method are investigated, and their effectiveness is
compared. These methods can be applied to the terminal antennas, for re-
ducing the mutual coupling by 6 - 13 dB.

Critical factors influencing the performance of multiple antenna systems
are also analyzed in detail. MIMO diversity and system performances are
evaluated using the figure of merit parameters like mutual coupling, envelope
correlation coefficient, channel capacity and throughput. The ultimate aim of
this thesis is to investigate and enhance the MIMO /diversity performance of

multiple antenna systems for future wireless communication.






1.1
1.2
1.3
1.4

1.5
1.6

1.7
1.8
1.9
1.10
1.11

1.12
1.13

2.1
2.2
2.3
2.4
2.5
2.6

2.7

3.1
3.2

List of Figures

Evolution of wireless communication standards . . . . . . . . . 3
Plot of generational data rates for 3G, 4G and 5G networks 4
Global internet traffic by local access technology . . . . . . . . 4
(a) Received Power v/s distance between TX and RX (b) Losses

in the received power . . . . .. . ... oL 5
Block diagram of (a) SISO (b) MISO (c) SIMO (d) MIMO system 8
Comparison in channel capacity between SIMO/ MISO and

MIMO configurations . . . . . . . . . .. ... 9
MIMO communication system . . . . . . .. .. ... .. ... 13
MIMO system for diversity . . . . . . .. .. .. .. ... ... 16
MIMO system for spatial multiplexing . . . . . .. ... ... 19

(a) Fixed (Switched) beamforming (b) Adaptive beamforming 22
Coverage patterns for low interference and high interference re-

gion for conventional, fixed beamforming and adaptive beam-

forming systems . . . .. ..o 23
Single user and Multi-user MIMO systems . . . . . . ... .. 23
Types of Multi-Antenna systems (a) Space diversity (b) Pattern

(angle) diversity (c) Polarization diversity . . . . .. ... .. 26
Diversity gain and Effective diversity gain . . . . . . .. . .. 51
Multiprobe configuration (TR 37.976 [150]) . . . . . . .. . .. 56

Reverberation chamber setup with single cavity (TR 37.976 [150]) 57
Two-Stage testing method for MIMO OTA test (TR 37.976 [150]) 58
S parameter measurement setup using Network Analyzer . . . 62

Photograph of the anechoic chamber used for the antenna mea-

surements . o.o. .. L e e 63
Experimental setup for antenna characterization . . . . . . . . 64
Geometry of the four port MIMO antenna system . . . . . .. 7

Vector current distribution with (a) Pi, (b) Ps, (¢) P; and (d)
Pyexcited at 245 GHz . . . . . . ..o 78



3.3
3.4
3.5
3.6

3.7
3.8

3.9
3.10

3.11

3.12
3.13

3.14
3.15
3.16

3.17

3.18

3.19

3.20

3.21
3.22

Effect of L slot length and width on reflection characteristics .
Effect of outer ring width on Ss3 / Sy characteristics . . . . .
Simulated S Parameters . . . . .. ... ... ... ...
Geometry of ground plane of the antenna with ring DGS; Ly, =
38mm, W =4mm . . . . ... ..o
E Field measured within dielectric from simulation using probe
Parametric studies of length and width of ring DGS (a) effect
of the width of ring DGS on square patch antenna resonance
(b) effect of length of ring DGS on square ring patch antenna
resonance (c) effect on ring DGS length on Sy; / S32 (d) effect
of ring DGS width on Sy; / S3o . . . . . . . ...
Simulated S parameters with ring DGS . . . . .. ... .. ..
Simulated 3D radiation pattern of the MIMO antenna (a) P
excited (b) P, excited (c¢) Ps excited (d) Py excited . . . . ..
Fabricated prototype of the antenna (a) top view (b) bottom
VIEW . .o e e e e e
Measured reflection and transmission characteristics . . . . . .
Measure radiation patterns of the antenna (a) P; excited (b)
Py excited (c) P3 excited (d) Py excited . . . . . ... ... ..
Envelope correlation coefficient between waveforms . . . . . .
Geometry of the MIMO antenna using concentric rings . . . .
Effect of inner ring patch width on inner ring reflection char-
acteristics . . . . . ... Lo
Effect of slits on outer ring patch antenna bandwidth . . . . .
Simulated reflection and transmission characteristics . . . . . .
Geometry of ground plane of the antenna with CSRR (a) back
view (b) CSRR enlarged view; r; = 16.4mm, y; = 16.4mm, ¢
= 0.5mm, s = 0.bmm, g = 0.5mm, » = 0.4dmm . . . . . . . ..
Polarity reversal on adjacent ring with P; excited at 0° phase
with and without CSRR (a) H field (b) surface currents . . . .
Isolation characteristics without and with CSRR . . . . . . ..
Surface current on ground without and with CSRR for (a) P,
(b)) Py (c) Py (d) Py o o v oo oo

79
80
81

82
83

84
85

86

87
87

38
89
91

92

92

93

94

95
95



3.23

3.24

3.25

3.26
3.27

3.28
3.29
3.30

3.31

3.32

3.33

3.34

3.35
3.36

3.37
3.38

3.39
3.40
3.41
3.42

Simulated reflection and transmission characteristics with CSRR

onground . . .. ... 96
Simulated 3D radiation pattern of the MIMO antenna (a) Py

excited (b) P, excited (c) Ps excited (d) Py excited . . . . .. 97
Fabricated prototype of the antenna (a) top view (b) bottom

VIEW . .o 98
Measured S parameters of the MIMO antenna . . . . .. . .. 98
Measured radiation patterns of the antenna (a) Py (b) P (c)

Py (d) Pyexcited . . . ... 99
Envelope correlation coefficient between waveforms . . . . . . 100
Geometry of the four port MIMO antenna system . . . . . . . 101

Two port cross patch antenna (a) Geometry (b) Effect of cross
patch length on reflection and transmission characteristics of
two port antenna . . . . ... ..o 102
Bandwidth enhancement with slit dimensions . . . . . . . .. 103
Effect of slit dimensions on ring antenna modes (a) Ss3 / Si3
with varying slit lengths (b)Ss3 / Ss3 with varying slit widths 104

Simulated reflection and transmission characteristics of the an-

Geometry of ground plane of the antenna with ID-DGS (a)
back view of antenna (b) ID-DGS enlarged view; d5 = 20.9mm,
de = 10.4mm, Lg = 17.4mm, g = 0.6mm, [ = 3.2mm, d = 3.8mm106
Isolation characteristics with ID-DGS . . . . . . ... ... .. 106
Ground surface current distribution (a) Py excited without DGS,
(b) Py excited with DGS, (c¢) Ps excited without DGS (d) P;

excited with DGS . . . . . . ... .. ... ... 107
E field probe measurement without and with ID-DGS . . . . . 108
TM Surface wave measurement using probe antennas without

and with ID-DGS on ground . . . . . . ... ... ... ... 109
Cross and co-polarization levels without and with ID-DGS . . 110

Effect of ID-DGS parameters (g, 1) on isolation characteristics 110
Stopband analysis with varying (a) gap and (b) length of ID-DGS111

Simulated reflection and transmission characteristics of the an-



3.43 Simulated 3D radiation pattern of the MIMO antenna (a) P;
excited (b) P, excited (c) P3 excited (d) Py excited . . . . ..
3.44 Fabricated prototype of the antenna (a) top view (b) bottom
VIEW ..o
3.45 Measured S-parameters of the MIMO antenna . . . . . . . ..
3.46 Measured radiation patterns of the antenna (a) P, excited (b)
P, excited (c) Ps excited (d) Py excited . . . . ... ... ...

3.47 Envelope correlation coefficient between waveforms . . . . . .

4.1 Geometry of quad element tri-band MIMO antenna; L. = 12mm,
W =4mm,d=55mm . . . ... ... ... ... .. .....
4.2  Geometry of the meander line antenna with dimensions W; =
2mm, Wy = Imm, W3 = 0.6mm, W, = 1.6mm, L; = 4mm, L,
=1025mm, Ly =32mm . . . . . . . ... ...
4.3 Geometry of the stub loaded meander line antenna with dimen-
sions W5 = 4.3mm, Wi = 3.3mm, W7 = 0.2mm, L, = 4mm,
Ls = 3.8mm, Lg = 9.4mm, Ly =5mm . . .. ... ......
4.4 Si; characteristics at various stages of antenna evolution
4.5 SRR ring for isolation enhancement with dimensions a = 12.5mm,
b= 13.75mm, m = 10.75mm, n =3mm . . ... . ... ...
4.6 Unwrapped phase and group delay between P, and P3 . . . . .
4.7 Surface current distribution of the four port MIMO antenna at
2.4 GHz (a) w/o SRR ring (b) with SRR ring . . . . ... ..
4.8 Reflection and transmission characteristics w/o and with SRR
4.9 Simulated S parameters of the MIMO antenna . . . . . .. ..

132
133
133

4.10 Fabricated prototype of the MIMO antenna (a)top view (b)bottom

VIEW ..
4.11 Measured S parameters of the MIMO antenna . . . . . . . ..
4.12 Measured radiation patterns of antenna element 1 at (a) 2.4

GHz, (b) 3.5 GHz and (¢) 5.5 GHz . . . .. ... ... .. ..
4.13 Measured gain and efficiency in the three operating bands
4.14 Correlation coefficients at three operating bands . . . . . . . .
4.15 Geometry of quad element wideband MIMO antenna with W

= 45mm (a)top side (b)bottom side . . . . . . .. ... L.

134



4.16

4.17
4.18

4.19
4.20

4.21

4.22
4.23

4.24

4.25
4.26

4.27
4.28
4.29
4.30
4.31

4.32
4.33

5.1
5.2
5.3
5.4

Printed monopole antenna with dimensions W; = 3mm, Wy =
21lmm, W3 = 15.5mm, L; = 14mm, L, = 5mm; black: metal
on top side; Grey: metal on back side . . . . . . . .. .. ...
Return loss characteristics of the monopole antenna . . . . . .
Slotted ground monopole antenna with dimensions ¢ = 0.5mm,
Ly =16mm . . . . . . . . .
Reflection characteristics of slotted ground monopole antenna
Slotted ground monopole antenna loaded with SRR having di-
mensions s = 0.bmm, d = lmm, g = 0.4mm, W, = 10mm, L4
=5.2mm, Ly = 12mm . . . . . .. ...
Current distribution (a) without (b) with ring shaped ground
at 22 GHz . . . . . .
Reflection characteristics of wideband antenna . . . . . . . ..
Transmission coefficients S12/S14 at various stages of antenna
evolution . . . . . . ...
Transmission coefficients S13 at various stages of antenna evo-
lution . . . . . .
Simulated S parameters of the quad element antenna . . . . .
Surface current distributions of the four port MIMO antenna
with P; excited at (a) 2.5 GHz (b) 3.5 GHz (¢) 5.5 GHz . . . .
Effect of ground ring width on return loss characteristics
Effect of ground ring length on return loss characteristics . . .
Prototype of fabricated antenna (a) Top view (b) Bottom view
Measured S parameters of the quad element antenna . . . . .
Measured radiation patterns (a) at 2.5 GHz, 3.5 GHz and 5.5
GHz for XZ and YZ planes for element 1 (b) in XY plane for
four antenna elements . . . .. ... ..o
Gain and efficiency of the four port MIMO antenna . . . . . .

Envelope correlation coefficients between antenna elements . .

System for analysis using SystemVue . . . . .. ... ... ..
Channel capacity models (a) Correlation (b) WinnerII
Channel capacity of square and ring patch MIMO antenna . .

Channel capacity of concentric ring patch MIMO antenna . . .

144
144
145
145
146



5.5
5.6
5.7
5.8
5.9

5.10

0.11

5.12

5.13

Al
A2

A3
A4

A5
A6
A7

B.1
B.2
B.3
B4
B.5

Channel capacity of cross and ring patch MIMO antenna . . .
Channel capacity of triband MIMO antenna at 2.45 GHz . . .
Channel capacity of wideband MIMO antenna at 2.45 GHz . .
Throughput measurement model . . . . . . . ... ... ...
Throughput fraction and BLER of square and ring patch MIMO
antenna . . .o ... oL oL e
Throughput fraction and BLER of concentric ring patch MIMO
antenna . . ... Lo Lo
Throughput fraction and BLER of cross and ring patch MIMO
antenna . ... oL oL oL oL
Throughput fraction and BLER of triband MIMO antenna at
245 GHz . . . ...
Throughput fraction and BLER of wideband MIMO antenna
at 245 GHz . . . . . ..

Geometry of the four port MIMO antenna . . . . .. ... ..
Simulated S parameters of the four port MIMO antenna with-
out DGS . . . . ..
Simulated S parameters with ring DGS . . . . . . ... .. ..
Cross Polarization levels with and without isolation structure
(a) Py excited (b) Py excited . . . . . ... ... ... .. ..
Fabricated prototype of quad element antenna . . . . . . . ..
Measured S parameters of the antenna . . . . . . . . .. ...
Measured radiation patterns of the antenna (a) P, (b) P (c)
Py (d) Pyexcited . . . . ...

Front panel controls of MIMO diversity measurements GUI . .
Front panel of the GUI for measuring ECC . . . . ... .. ..
Front panel of the GUI for measuring MEG . . . . . .. ...
Front panel of the GUI for measuring diversity gain . . . . . .
Front panel of the GUI for measuring multiplexing efficiency .

160
161
162
165

216



1.1

3.1
3.2
3.3
3.4

4.1

Al

List of Tables

MIMO Technology used in various wireless standards . . . . . 24

Antenna Dimensions of square and ring patch MIMO antenna 77
Antenna Dimensions of concentric ring MIMO antenna . . . . 91
Antenna Dimensions of cross and ring patch MIMO antenna . 101
Comparison Table for Pattern & Polarization Diversity Based

MIMO Antennas . . . . . . . . . .. .. ... 117

Comparison Table for Multiband and Wideband Quad Element
MIMO Antennas . . . . . . . . .. ... 149

Antenna Dimensions . . . . . . . . .. ... 210






Glossary

2G ...l Second Generation

3G ... Third Generation

4G ... Fourth Generation

5G ... Fifth Generation

3GPP ........ 3rd Generation Partnership Project
AOA ......... Angle of Arrival

AOD ......... Angle of Departure

AWGN ....... Additive White Gaussian Noise
AUT .......... Antenna Under Test

BLER ........ Block Error Rate

CAGR ....... Compound Annual Growth Rate
CDMA ....... Code Division Multiple Access
COST ........ European Cooperation in Science and Technology
CPW ......... Coplanar Waveguide

CSI ........... Channel State Information

CSRR ........ Complementary Split Ring Resonator

CTIA ......... Cellular Telecommunications Industry Association



DGS .......... Defected Ground Structure

DG ........... Diversity Gain

DOF .......... Degrees Of Freedom

EBG .......... Electromagnetic Band Gap

ECC .......... Envelope Correlation Coefficient

EDG ......... Effective Diversity Gain

EDGE ........ Enhanced Data for GSM Evolution
EGC .......... Equal Gain Combining

EM ........... ElectroMagnetic

FDMA ....... Frequency Division Multiple Access
GPRS ........ General Packet Radio Service

GSM ......... Global System for Mobiles

GUI .......... Graphical User Interface

IEEE ......... Institute of Electrical and Electronics Engineers
Il ........... Independent and Identically Distributed
ISM .......... Industrial Scientific and Medical

LOS .......... Line Of Sight

LTE .......... Long Term Evolution



MEG ......... Mean Effective Gain

MIMO ....... Multiple Input Multiple Output
MISO ........ Multiple Input Single Output
ML ........... Maximum Likelihood

MRC ......... Maximal Ratio Combining
MWS ......... Microwave Studio

NLOS ........ Non Line of Sight

OFDM ....... Orthogonal Frequency Division Multiplexing
OTA .......... Over The Air

PCB .......... Printed Circuit Board

PAS .......... Power Azimuth Spectrum
PDF .......... Probability density function
PDP .......... Power Delay Profile

PIFA ......... Planar Inverted-F Antenna
QoS ........... Quality of Service

RAN ......... Radio Access Network

RF ............ Radio Frequency

SC ............ Selection Combining



SCPI ......... Standard Commands for Programmable Instruments

SIMO ........ Single Input Multiple Output

SISO ......... Single Input Single Output

SM ........... Spatial Multiplexing

SER .......... Symbol Error Rate

SNR .......... Signal to Noise Ratio

SRR .......... Split Ring Resonator

STBC ........ Space Time Block Code

STC .......... Space Time Code

SWC ......... Switched Combining

TDD ......... Time Division Duplex

TDMA ....... Time Division Multiple Access

™ ........... Transverse Magnetic

UMTS ........ Universal Mobile Telecommunications Service
UWB ......... Ultra Wide Band

VNA ......... Vector Network Analyzer

VSWR ....... Voltage Standing Wave Ratio

WCDMA .... Wideband Code Division Multiple Access
WiMAX ..... Worldwide Interoperability for Microwave Access

WLAN ....... Wireless Local Area Network



Contents

1 Introduction 1
1.1  Wireless Communication Systems . . . . . .. ... ... ... 2
1.1.1 Need for Multiple Antennas . . . . . . ... ... ... 3

1.2 MIMO Wireless Communications . . . . . . .. ... .. ... 7
1.2.1  MIMO Techniques . . . . .. ... ... ... ..... 13

1.2.1.1  Diversity . . . . ... ... 15

1.2.1.2  Spatial Multiplexing . . . . . . ... ... .. 18

1.2.1.3 Beamforming . . . .. .. ... .. ... ... 20

1.3 Multiple-Antenna Systems . . . . . ... .. ... ... ... 25
1.4 Motivation of Research . . . . . . . . . . .. ... ... .... 29
1.5 Thesis Organization . . . . . . . . .. ... ... ... ..... 31

2 Methodology 35
2.1 Guidelines for MIMO Antenna Design . . . . . ... ... .. 36
2.2 MIMO Antenna Performance Measures . . . . . ... ... .. 38
2.2.1 Isolation Performance. . . . . . .. ... ... ... ... 39

2.2.1.1 Isolation Enhancement Techniques . . . . . . 41

2.2.2  Diversity Performance . . . .. .. ... ... ... .. 46

2.2.2.1 MIMO Diversity Quality Measures . . . . . . 47

2.2.3 Channel Performance . . . . . . ... ... ... ... 54

2.2.3.1 OTA Measurement Techniques . . . ... .. 55

2.3 Simulation and Optimization. . . . . . . . ... ... ... .. 58
2.4 Fabrication . . . . ... ... 60
2.5 Antenna Measurements . . . . . . . . . . ... ... ... ... 61
2.6 Chapter Summary . . . . . .. .. ... ... ... 67

3 Multimode MIMO Antennas Using Microstrip Patches 69
3.1 Multimode MIMO Antennas: Review . . . . . ... ... ... 70

3.2 Microstrip square and ring patch MIMO Antenna with ring DGS 75
3.2.1 MIMO Antenna Geometry and its Design . . . . . . . 76



3.2.2  Study of square ring DGS for isolation enhancement . . 81

3.2.3 Simulations and Measurements . . . .. ... .. ... 84
3.3 Concentric square ring patch MIMO Antenna loaded with CSRR 90
3.3.1 MIMO Antenna Geometry and its Design . . . . . . . 90
3.3.2  Study of CSRR for isolation enhancement . . . . . .. 93
3.3.3 Simulation and Measurements . . . . . . ... .. ... 95

3.4  Microstrip cross and ring patch MIMO Antenna with interdig-

ital structure . . . . ... 99
3.4.1 MIMO Antenna Geometry and its Design . . . . . . . 100
3.4.2  Study of Inter-digital structure to reduce mutual coupling104
3.4.3 Simulation and Measurements . . . . . . ... .. ... 111
3.5 Chapter Summary . . . . . .. .. .. ... ... 115

Compact Multi-band And Wide-band MIMO Antennas 119

4.1 Multiband and Wideband MIMO Antenna: Review . . . . .. 120
4.2 Compact quad element Tri-band MIMO antenna . . . . . . . . 126
4.2.1 MIMO Antenna Geometry and its Design . . . . . .. 126
4.2.1.1 Basic Meander Line Antenna Design . . . . . 127

4.2.1.2 Stub Loading on Meander Line Antenna . . . 128

4.2.2  Study of SRR ring for Isolation Enhancement . . . . . 131
4.2.3 Measurements using prototype . . . . . ... ... .. 133

4.3 Compact quad element Wide-band MIMO antenna . . . . . . 136
4.3.1 MIMO Antenna Geometry and its Design . . . . . .. 137
4.3.1.1 Basic Printed Monopole Antenna Design . . . 138

4.3.1.2  Design of Wideband Antenna . . . . . . . .. 138

4.3.2 Simulations and Measurements . . . . . ... ... .. 143

4.4 Chapter Summary . . . . . . . . .. .. ... 147
Channel Performances Of The MIMO Antennas 151
5.1 MIMO OTA Performance Analysis using Two Stage Method . 152
5.2 Channel Model Approach . . . . ... ... ... ... ..., 154
5.2.0.1 Correlation Channel . . . ... .. ... ... 154

5.2.0.2  Winner IT Channel . . . ... ... ... ... 155

5.3 Channel Capacity Measurements . . . . . . .. .. ... ... 156



5.4 Channel Throughput and Block Error Rate Measurements . . 163

5.5 Chapter Summary . . . . . .. .. ... 167
6 Conclusion And Future Perspective 169
6.1 Conclusions . . . . . . . .. . ... ... 169
6.2 Thesis Summary . . . . . . .. ... 171
6.3 Suggestions for Future Work . . . . . .. ... ..o 177
References 179
Appendices 209

A Diversity Based MIMO Antenna With Square Ring DGS 209
B GUI For MIMO Antenna Diversity Measurements 215
List Of Publications 219

Resume 223






Chapter 1

Introduction

Contents

1.1 Wireless Communication Systems . ... ... .. 2
1.1.1 Need for Multiple Antennas . . . . ... ... ... 3

1.2 MIMO Wireless Communications. . . . ... ... 7
1.2.1 MIMO Techniques . . . ... ... ... ...... 13
1.2.1.1 Diversity . . .. ... ... ... ... 15

1.2.1.2  Spatial Multiplexing . . . . . . ... ... 18

1.2.1.3 Beamforming . . . . .. ... ... .. .. 20

1.3 Multiple-Antenna Systems . . . . ... ....... 25
1.4 Motivation of Research . . .. .. ... ....... 29
1.5 Thesis Organization . . ... ... .......... 31

Advances in wireless communication over the past two decades have shaped
our society and way of life to a point where access to wireless transmitted
information is ubiquitous in both our personal and professional lives. A num-
ber of outstanding researchers, scientists, engineers and visionaries have con-
tributed to this core technology, whose outcome, our generations have been
so fortunate to enjoy. This chapter aims to guide the reader through the
evolution of wireless technology from the past with a vision of modern wire-
less communications. The scope of introduction is mainly focused on a core
technology, multiple-input-multiple-output (MIMO) which has emerged as an
integral part in modern wireless communication systems. A description of the
motivation behind the research investigations is presented and the chapter
concludes with the details of the organization of the thesis.
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1.1 Wireless Communication Systems

Experiments in the transmission and reception of electromagnetic waves in the
late 19th century by Heinrich Hertz, was the first of its kind in communication
history. Later in the 20th century, wireless communication was successfully ac-
complished by Marconi, which marked the beginning of a new era for wireless
communication. Following decades saw a proliferation of wireless communica-
tion standards, devices and systems. Wireless technology advanced rapidly to
enable transmission over larger distances with low cost devices having com-
pact size and less power requirements, thereby enabling public and private
radio communications, mobile communications and wireless networking.

The demand for faster transmission and reception of information seems to
be endless and has been the thriving force behind the development of mod-
ern wireless communication systems. Since 1985, wireless communication has
been emerging from the very basic first generation analog systems (1G) to
second-generation (2G) digital systems (TDMA, CDMA), and later to 2.5G
systems (GPRS and EDGE). In order to further increase wireless capability
and data rate, third generation (3G) systems like WCDMA and fourth gener-
ation (4G) systems like LTE was introduced, which became widely popular.

Existing wireless standards like LTE advanced and IEEE 802.11ac are able
to provide reliable wireless services at high data rates. The more stringent
requirement on data rate, latency and spectrum efficiency defines the scope
of 5G networks or next generation wireless systems. Figure 1.1 summarizes
the evolution of wireless communication standards. It can be observed that a
large portion of the available RF spectrum is reserved for these systems.

Numerous highly efficient wireless networking technologies have been de-
veloped and widely deployed. The demand for wireless internet data is ex-
pected to increase by more than 50 times over the next decade [1] as shown
in Figure 1.2. As 'wireless internet’ is progressing to evolve its forms, today’s
commercial wireless communications landscape is powering a transformation
in the way people access and share information. Users are embracing these
new potential and are demanding additional competencies to satisfy their

needs. This interdependent relationship is creating an astonishing evolution
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Generation 1G 2G 3G 4G 5G
Features
Years 1970-1984 1980-1999 1990-2002 2010s 2020s
Data 2 Kbps 14.4 1o 64 Kbps 2 Mbps 200 Mbps to = 1Gbps
Bandwidth 1Gbps
Standards AMPS TDMA, CDMA< WCDMA, Single unified Single unified
GSM, GPRS, CDMA-2000 standards standards
EDGE
Technology Analog Digital cellular Broad Unified IP and Unified IP and
cellular bandwidth seamless seamless combination
CDMA, IP combination of of broadband, LAN,
technology broadband, LAN, | WAN WLAN, WWWW
WAN & WLAN
Multiplexing FDMA TDMA, CDMA CDMA CDMA CDMA
Services Mobile Digital voice, Integrated Dynamic Dynamic information
telephony SMS, Higher high quality information access, wearable
(voice) capacity audio, video | access, wearable devices with Al
packetized and data devices capabilities
Switching Circuit Circuit & packet Packet All packet All packet

Figure 1.1: Evolution of wireless communication standards

in wireless networking capabilities in the commercial domain. A recent anal-
ysis performed by Cisco shows the global internet traffic by means of local
access technology in Figure 1.3. It can be observed that there is a 29 %
growth in compound annual growth rate (CAGR) in the period from 2011 -
2016 and by 2016, the wifi or the wireless traffic surpasses the traffic through

a fixed wired connection.

It is still astounding how wireless technologies have become so integrated
in our daily lives, even in the remotest parts of the world. Cell phones, laptops,
smart TVs, tablets, and other devices provide a medium of connectivity to
the world and media content that we could not have thought up in the recent
past. This trend continues to accelerate, making it tough to visualize the type
of wireless society we might find in another 20 years. The vast increase of data
in the various forms needs to go through the available spectrum in a fast and
reliable manner. Therefore designing and building future wireless devices and

networks becomes more and more challenging.
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Figure 1.3: Global internet traffic by local access technology
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1.1.1 Need for Multiple Antennas

The wireless revolution has progressed with the developments in technology
and wireless standards and algorithms. The initial thrust was for having re-
liable portable wireless devices, then miniaturization came into the picture,
later multi-standard support and multiband operation were concentrated on,
and finally the thrive is for achieving higher data rates, that exceed the the-
oretical limits set for single channel communication systems. Generally, in
urban and indoor environments, there is no clear line-of-sight (LOS) between
transmitter and receiver. Instead the signal is reflected along multiple paths,
before finally being received at the receiver. Each of these rebounds can pro-
duce phase shifts, time delays, and distortions that can destructively interfere
with one another at the aperture of the receiving antenna.

Generally, the wireless data that is transferred from transmitter (7X) to
receiver (RX) through a communication channel takes different paths on its
travel to the receiving end. Strength of signal at the receiving end will vary
depending on the distance traveled by the signal as shown in Figure 1.4(a) [2].
The loss of signal power can be attributed mainly to the path loss and to the
fading across the channel as shown in Figure 1.4(b). According to Friss free

40 T

1
Al | |'l . ‘ \
A L ETRT
60 i 1 ‘l”i'lhl 1 4 S
| "'Il ||H | ~_(a) Path loss
80 | | ‘ V ' ' ” _ TTT————
o f
2
g 100 : /
= T (b) Large-scale fading 7 Large-scale
g 120 (Log-normal) ,_}:7,;’ average
] Vil N
3 .\/,f
140 :?[10;,‘..40;
(c) Small-scale fading P
160 (Rayleigh, H‘K 4 \
180 ‘ ',\‘:”‘ Small scale
10 100 1000 10,000 Wt average

Distance from BS/m

(a) (b)

Figure 1.4: (a) Received Power v/s distance between TX and RX (b) Losses in the

recetved power

space equation [3], the signal strength at receiver, in case of a clear line of
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sight (LOS) path between T'X and RX is

P Gp Gg A2

Pra) = (472)d2L (1.1)

where d is TX — RX separation distance (in meters), Pr and Pg represents
the powers of transmitted and received signal, Gr and Gg are the power gains
of transmitting and receiving antennas respectively, A is the wavelength, L is
the system loss factor or propagation loss in channel given by

L=LpLsLp (1.2)

where Lp is the path loss, Lg is the slow fading and L is the fast fading. For
Friss equation (1.1) to hold true, distance d should be in the farfield of the
transmitting antenna. Path loss or free space loss depends on the distance
between transmitter and receiver. It represents the signal attenuation in dB
or the difference between effective TX power and RX power.

P Gr Gr \2
PL(dB) = =10 log == = —10 log———"&

Pr (4m2) 2L (13)

Various channel models depicting the path loss are developed and reported
[4-6]. The fading effect is usually divided into two types, namely large-scale
fading and small-scale fading. Large scale fading is mainly due to path loss
as a function of distance and shadowing by large objects, such as mountains
and tall buildings. As the receiver moves away from the transmitter over large
distances, the local average of the received signal will gradually decrease or in
other words, slow fading.

On the other hand, small-scale fading is due to the constructive and de-
structive combination of randomly scattered, reflected, diffracted and delayed
multiple path signals. Multiple copies of the transmitted signals arriving at
different time delays add at the receiver and this results in fading. Here
rapid and severe signal fluctuation happens around a slowly varying mean,
or in other words, fast fading occurs because it occurs over a relatively short
distance.

As the complexity of propagation channel increases, the number of propa-
gation paths between transmitter and receiver increases. Each path is unique
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on it own with distinct amplitude, phase, delay, direction of departure and
arrival. At the receiver these multipath components are combined to recon-
struct the original transmitted signal. The multipath components interfere
either constructively or destructively in reconstructing the signal, which re-
sults in the good or bad quality of the recovered data. The disturbances on
channel combined with the destructive interference of multipath components
can produce a weak signal at the receiver.

Apart from this fading disturbances, the demand for the high rate to be
communicated over the existing wireless channel, also needs to be addressed.
Whether it be WLAN, home A/V networks or mobile networks, all of them
require more and more data to be transferred. The wireless link is expected
to meet or surpass the performance of a wired link which promises up to 10
Gb/s. In other words, spectral efficiency or throughput of the wireless link
needs to be enhanced.

Hence, to overcome the adverse effect of multipath communication and
increasing the reliability of wireless communication, multiple antennas can be
employed at T'X and RX. It is designed in such a manner that multipath
effects are taken full advantage of, and has evolved as a new dimension to
increase data rate and spectrum efficiency without any increase in the spec-

trum.

1.2 MIMO Wireless Communications

MIMO is a modern wireless communications technology that uses multiple
antennas on both TX and RX ends of a wireless communication link. With
multiple antennas, spatial characteristics of the radio transmission can be
controlled and manipulated to improve the performance of the wireless link.
Although the concept and theories of MIMO were developed in the 1990s,
commercial products using MIMO technologies first began appearing on the
market around 2003. The first reference to the term MIMO in the newer com-
munications scenario was deliberated in [7], showing a performance analysis
on the theoretical capacity of a communication system, with multiple transmit

and multiple receive antennas.
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In a broad sense, a communication system can have multiple antennas
at either the transmitter, the receiver, or both. The term MIMO is used
particularly when referring to systems that have multiple antennas at both
ends of the link. The conventional radio system has one transmitting and
one receiving antenna, which is commonly called as single-input-single-output
(SISO). When there are multiple antennas at the transmitter and only one
receiver, as may occur, for example, on a cellular forward link between the
base station and a single mobile user, we call that type of system a Multiple
Input Single Output (MISO) system.

Conversely, if there are multiple receive antennas but only one transmit
antenna, that system is called a Single Input Multiple Output (SIMO) system.
When using the term in the broad sense, we often refer to MISO and SIMO
systems as particular types of MIMO configurations. Figure 1.5 illustrates the
four types of antenna configurations. Comparison in channel capacity between
SIMO/ MISO and MIMO antenna systems has been shown Figure 1.6.

Figure 1.5: Block diagram of (a) SISO (b) MISO (c¢) SIMO (d) MIMO system

The maximum possible data rate of a conventional communication system
having one transmit (7°X) antenna and one receiving (RX) antenna, is funda-
mentally limited by [8] capacity of the communication channel. For a narrow
band system operating in a static environment, which is time and frequency
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MIMO vs. SIMO/MISO
(Linear vs. Logarithmic Improvement)
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Figure 1.6: Comparison in channel capacity between SIMO/ MISO and MIMO

configurations

invariant, channel can be simply represented by a scalar h. A signal through
such a channel can be modeled as

y=hx+n (1.4)

where y is the received signal, = is the transmitted signal, n is the additive
white Gaussian noise with zero mean and variance and h is the channel re-
sponse. According to [8], the channel capacity of a SISO with additive white
Gaussian noise (AWGN) channel is

C =W logs (14 ) (1.5)

No W

where C' is the channel capacity in bits/sec, W is the bandwidth in Hz, P
is the total transmitted power and N, is the noise power spectral density.
Note that signal to noise ratio SNR = P/NoW , hence AWGN capacity for a
bandwidth of 1 Hz can be rewritten as

C=logy (1+SNR) (1.6)

This formula measures the maximum realizable spectral efficiency through an
AWGN channel in terms of SNR. When multipath effects of the communi-
cation channel is taken in to consideration, the channel capacity expressed in
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bits per second per hertz (bps/Hz) is given by [9]
P
C =logy (1 + —1h|%) (1.7)
No

where |h|? is the power gain of a scalar channel. From equation(1.7), the
channel capacity of a SISO channel increases logarithmically with the trans-
mitted power. For high SNR levels, an increase in channel capacity by 1 bps/
Hz requires a 3 dB increase in transmitted power P. From this it can be
inferred that, the performance of wireless communication system is limited by
transmitted power and available bandwidth.

For a given bandwidth, to improve the spectral efficiency of wireless com-
munication system, multiple antennas can be employed at either the T'X and
RX ends or both. For a MISO channel with M7p transmit antennas and a

single receiving antenna,
y=h'z+n (1.8)

where h* = [hy, ha, ..., har |7 and hyg,. is the channel gain from transmit
antenna M _ to the receiving antenna. There is a total power constraint of P
across the transmit antennas. Therefore the rate achieved by a MISO channel
is at most the capacity of scalar AWGN channel with same received SNR.
However, by introducing some intelligence in the transmission scheme, the
received SNR can be increased.

By having the received signals from the various transmit antennas to add
up in-phase (coherently) and by allocating more power to the transmit antenna
with the better gain, SNR can be improved. This technique of, aligning the
transmit signal in the direction of the transmit antenna array pattern, is
called transmit beamforming. Through beamforming, the MISO channel is
converted into a scalar AWGN channel and thus any code which is optimal
for the AWGN channel can be used directly. For a SIMO channel with one

transmit antenna and Mpg receiving antennas,

Ym = hx + Ny, m=1,2,..., Mg (1.9)

where h,, is the channel gain from transmit antenna to m*"

receiving antenna
and n,, is the additive Gaussian noise independent across the antennas. Mul-

tiple receive antennas increase the effective SNR and provide a power gain.
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The linear combining maximizes the output SNR and is sometimes called re-
ceive beamforming. In both the MISO and the SIMO, the system benefit from
power gain by having multiple antennas. To get a gain in degrees of freedom,
one has to use multiple antennas at both the transmitter and the receiver
(MIMO) [10,11].

The study of MIMO systems have been given significant importance and
investigated for its capability to enhance data rate and channel capacity in
several pioneering works [12-14]. In MIMO system, the multiple signals from
transmit antennas to receive antennas will experience a cross coupling between
themselves, which introduces a path dependency through the radio channel.
This will create an impact on the overall capacity of the system [15].

The channel response of a MIMO system with M number of transmit
and receiver antennas, is given by channel matrix H whose element hpz, s,
denotes the scalar SISO channel between the M**RX antenna and M"TX
antenna [14]. The sampled vector signal model for the scenario is given by

y=Hx+n (1.10)

where y is the received signal vector at Mg received antennas, x is the trans-
mitted signal vector for Mr transmitting antennas and n is the AWGN vector

at Mp receive antennas.

Y= [Y1,Y2, s Ynzp) (1.11)

T = [Ty, To, .., Tapy] " (1.12)

The channel matrix H is given by

h11 h12 co thR
h,21 h22 RN hQMR
H= . . .o . (1.13)
hMTl hMTQ P hMTMR

The transmission matrix, channel state information (CSI) refers to known
channel properties of a communication link. This information describes how

a signal propagates from the transmitter to the receiver and represents the
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combined effect of, for example, scattering, fading and power decay with dis-
tance. Channel capacity of an instantaneous MIMO channel, when its channel
state information is unknown to the transmitter is given by [12]

C = logs|Ing, + HH"| (1.14)

P
My Ny
where Iy, is an Mg x Mg identity matrix, and ()" denotes the hermitian
transpose. In the expression equation (1.14), the transmit power P is equally
allocated over the M transmitted antennas. Thus multiple spatial data pipes
are created between T'X and RX, by making use of multiple transmitter and
receiver antennas in the wireless link.

For a given bandwidth, the use of multiple antennas increases the spec-
trum efficiency linearly, with the number of antennas. The channel capacity
of a MIMO system primarily depends on the available channel information at
either transmitter or receiver, the channel SNR and the correlation between
channel gains on each antenna element. Mutually uncorrelated, independent
and identically distributed (IID) channel with a channel matrix H is charac-

terized by [14]. The expected values of the channel matrix H has the following

properties
E{[H];;} =0 (1.15)
E{|[H]i 4} =1 (1.16)
E{[H]i;).[H],, .1} =0, ifi#morj#n (1.17)

With IID channels, the capacity of MIMO systems is min(Mr, M) times
the capacity of a SISO channel. On the other hand, if My is fixed and My
increases, then the capacity saturates at some fixed value; whereas if My
is fixed and Mp increases, the capacity increases logarithmically with Mpg.
When the channel information is known to receiver, the channel capacity
from equation (1.14) can be represented as

C= ZlOQQ(l + P 29 (1.18)
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where R is the rank of channel matrix H and Ay, Ao, ..., Ag are the singular
values of H, which are non negative square roots of the eigen values of the ma-
trix HH*. In a richly scattered environment, the transfer functions of MIMO
sub-channels are not correlated, R is maximum and is equal to min(Mr, Mpg).
Here the capacity of MIMO channel increases proportionally to R.

In the case of fading, the channel capacities described by the above nota-
tion is not appropriate. In such cases capacity can be expressed in two different
terms outage capacity and ergodic capacity. Outage capacity is defined for
channels characteristics that are changing slowly, and deep fade can be very
long [16]. In such cases, time can be divided in to short periods and channel
capacity can be computed for each of these short intervals. Then cumulative
distribution function is calculated over these values of capacity [17].

Till now we have assumed that the CSI is known to the receiver but not
to the transmitter. Another scenario is that the channel is known at both the
transmitter and receiver ends. Take for example, when the system employs
time-division duplex (TDD), so that the uplink and downlink channels are
reciprocal to each other. In this case, the instantaneous capacity is given by
the following ”water-filling” equation [18]. On the other hand, when fading is
rapid, the channel can be in deep fade in short periods [19]. The loss of data
here can be compensated by joint coding and interleaving, this expectation
value is called ergodic capacity [20]. It is seen that by knowing the channel
at the transmitter, some capacity gain can be obtained at low signal-to-noise

ratios.

1.2.1 MIMO Techniques

The block diagram of a MIMO wireless communication system employing
multiple antennas is shown in Figure 1.7. Here, data streams are passed to
different antennas for transmission. Each stream will have a unique signature
for the channel path it takes, the receiving antennas can distinguish between
the multiple data streams and decode the data. Multiple antennas at trans-
mitter and receiver ends improve the performance of wireless link by either,
combating the multipath by forming a diversity, or exploiting the multipath
effects using spatial multiplexing (SM).
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Figure 1.7: MIMO communication system

Diversity combats fading, improving the reliability of the system. This
technique provides diversity against channel fading, yielding higher transmis-
sion reliability in wireless communications scenarios. The goal of diversity is
to make the transmission more robust by using redundant data on different
paths. A special coding technique, referred to as space-time block coding
(STBC), can be used to transmit multiple copies of a data stream across a
number of transmitter antennas and to make full use of the various received
versions of the data, for improving the reliability of data transfer [21].

The other major MIMO technique is Spatial multiplexing (SM). SM is
not intended to make the transmission more robust, however, it increases the
data rate. In-order to achieve this, the data to be transmitted is divided
into separate streams, and these streams are then transmitted independently
via separate antennas. Spatial multiplexing takes advantage of independent
non-correlated channel paths, whose information is known at either the RX
or both at the TX and RX. Once the channel matrix H is known, the cross
components can be calculated at the receiver. An open-loop method performs
a channel estimation at the receiver end, while in a closed-loop method, the
receiver sends the channel information to the transmitter using a feedback
channel, thereby responding to the changing circumstances.

Beamforming is the another technique used generally to create the radi-
ation pattern of an antenna array. It can be applied to all antenna array

systems as well as in MIMO systems. In beamforming, the phases and ampli-
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tude of each transmitter are adjusted. The goal is to combine the energy from
each transmitter and direct it towards the receiver to improve the received
SNR but not the data rate. The following discusses each of these MIMO
techniques in detail.

1.2.1.1 Diversity

Diversity generally takes advantage of the multiple spatial channels, by trans-
mitting the same data over these channels. The diversity technique can be
commonly applied to various dimensions, namely antenna diversity, temporal
diversity [22] and frequency diversity [23].

In temporal diversity, with space-time block coding, different versions of
the same data are transmitted using multiple antennas and multiple time
slots. In many practical systems, instead of using multiple time slots, mul-
tiple orthogonal frequency-division multiplexing sub carriers are used. Such
a scheme is thus called space-frequency block coding employing frequency di-
versity. Antennas diversity makes use of multiple antennas at the TX and or
RX to combat the fading through three different approaches, i.e. spatial di-
versity, polarization diversity and angle diversity. This thesis mainly focuses
on antenna diversity techniques and factors influencing the performance of
such systems.

Generally, diversity transmits the same data through many independent
branches. With an increase in the number of independent branches, the prob-
ability that all the branches are experiencing the same fading deep is re-
duced [24,25]. Thus the symbol error rate (SER) is reduced as well. Block
diagram of MIMO system employing diversity is shown in Figure 1.8. Here,
information bits are initially encoded and then modulated using conventional
error correction coding and modulation techniques prior to undergoing some
form of space-time coding (STC). At the receiver, space-time decoding is per-
formed on the received signal, followed by demodulation and error decoding.
Considering an IID channel and maximum likelihood (ML) detection at the

receiver end, the average probability of symbol error is upper bound by [11,26]

M
1
P<N||——— 1.1
- Hl—i—pdg/élM (1.19)
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Figure 1.8: MIMO system for diversity

where N is the number of nearest neighbors, d is the minimum distance of
separation of underlying scalar constellation, M is the number of independent
diversity branches and p is the SNR at the receiver. For an IID MIMO channel
having My transmit antennas and Mg receiver antennas, M = MpMpg. For
p > 1, ie. in high SNR scenarios, equation (1.19) can be rewritten as

pd?

P. < N(m)*M (1.20)

It is observed that with the same SNR, the SER is greatly reduced when
multiple antenna branches are used in the channel link.

Similar to transmit diversity, receiver diversity can be used in channels
with N multiple antennas at the receiver side. The receive signals are as-
sumed to fade independently and are combined at the receiver so that the
resulting signal shows significantly reduced fading [27]. Receive diversity is
characterized by the number of independent fading branches and it is at most
equal to the number of receive antennas.

The key feature of all diversity methods is a low probability of simulta-
neous deep fades in the various diversity channels. In general, the system
performance with diversity techniques depends on how many signal replicas
are combined at the receiver to increase the overall SNR. We assume that CSI
is known to the receiver in most cases, in reality, CSI is obtained by channel
estimation involving training sequences [28] or by other methods [29].
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At the receiver end, the data streams are combined using any of the com-
bining techniques. There are mainly four generally employed diversity com-
bining methods like switched combining (SWC), selection combining (SC),
equal gain combining (EGC) and maximal ratio combining (MRC). In SWC,
when the SNR of the currently selected signal drops below the threshold, the
receiver switches to another antenna branch that satisfies the threshold cri-
terion. In SWC all the diverse branches can share the same RF chain which
makes it cost effective. However, since it does not checks all the branches,
there is a possibility of a higher SNR branch unchecked. This possibility
makes SWC less efficient method.

The selection combining is an improved method compared to the switched
combining method. It monitors all the signal branches simultaneously, and
chooses the one with highest SNR [22]. In equal gain combining, all the
signals are added coherently [30]. The sum of the signal can be constructive
or destructive, since there are phase difference between the branches, or in
other words, the phase of the signals at each antenna element is not the same.
To guarantee that all the branches are in phase, so as to have an output signal
as the constructive sum of signals in all the branches, a phase compensation
is added to each branch before combining [31]. The phase information of the
channel is required at the receiver.

The most widely adopted combining scheme, is the maximal ratio combin-
ing (MRC). Here, replicas are first scaled in proportion to the signal-to-noise
ratio of each replica, then are added together in the same way as they are
added in equal gain combining [32]. Each diversity branch is weighted with
its own complex conjugate, so that the phase difference is removed as in the
equal gain combining method. At the same time, the branches with higher
SNRs are provided with more weight. Thus we make maximum use of the
efficient branches, and the optimal output signal is achieved.

However, MRC method has certain disadvantages too. When compared
with the SC method, it is expensive to implement multiple RF chains in MRC.
Also, a perfect channel knowledge including both the magnitude and the phase
is required at the receiver, which is difficult to estimate in practice [33]. At
low SNR scenarios, where the channel cannot be accurately estimated, the SC

method can give a better performance than the MRC method.



1.2. MIMO Wireless Communications 18

1.2.1.2 Spatial Multiplexing

In addition to diversity techniques, MIMO technology includes spatial mul-
tiplexing technique, which makes uses of multiple antennas at both T'X and
RX for transmission of parallel data streams, to maximize the throughput of
the system [2]. Using multiple antennas at both transmit and receive sides
and with a scattering-rich channel, multiple spatial channels are generated to
support the parallel transmission of multiple data streams [13]. This technique
results in a higher data rate under comparable signal-to-noise ratio conditions.

SM can be performed with and without knowledge of the channel state in-
formation at the transmitter (i.e., closed loop and open loop). Block diagrams
of MIMO system employing spatial multiplexing is shown in Figure 1.9. In
the case of spatial multiplexing, the information error encoded bits are passed
through a serial-to-parallel converter and the individual output streams are
modulated before being transmitted over separate antennas. In other words,
original data stream is multiplexed into several parallel streams, and sent
through M7y transmit antennas.

At the receiver, each antenna receives a signal that contains the sum of the
signals from all of the transmit antennas; therefore, it is necessary to separate
each of the transmitted streams before demodulating them. An SM decoder
or demultiplexer strips off each transmitted data stream from the combined
received signal of all TX antennas. Zero-forcing and minimum mean square
error based techniques are few of the commonly used spatial demultiplexing
schemes.

In this case, the channel capacity or maximum achievable data rate for a
system having My transmit antennas and Mp receive antennas, is expressed
as in [14]:

P *
C = MAX(tr(XSS):MT) lOgg |<]MR + —HXssH )| (121)
M7 Ny
where X, denotes the co-variance matrix of z in equation (1.12) and must
satisfy tr(Xs) = My to constrain the total transmitted power. P is the
total transmitted power, N, is the noise power spectral density and I, is an

Mg X Mpg identity matrix.
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Figure 1.9: MIMO system for spatial multiplexing

When the channel information is not known to transmitter, the powers of
My transmit antennas are equally distributed. The channel capacity of such
a system is given by equation (1.14) i.e.

P
=1 I — HH* 1.22
C = loga(Iny, + My N, ) ( )

By applying the eigen value decomposition, the capacity given in equation
(1.22) becomes,

C = 2Mminogy (1 + Ai)bits/sec/H z (1.23)

Mr N,
where M,,;, is the rank of the channel and \; denotes the positive eigenvalues
of HH.

From equation (1.23), it can be inferred that the channel capacity of a
MIMO channel is the sum of the capacity of M,,;, SISO channels. When the
TX and RX channels are placed very closely, and the direction of transmitted
and received waveforms can not be distinguished from each other, the transfer
function h; ; seen by all the antennas are identical. Thus the rank of the matrix
HH*" is unity. In this case, \; = MyMp and \;(i # 1) = 0. The channel
capacity from equation (1.23) is computed as

P
C =loga(1 + —Mp) (1.24)
No
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Compared with the capacity of the SISO system in equation (1.7), it is ob-
served that the SNR is increased by a factor of Mg, i.e. a logarithmic increase
occurs with an increase in the number of antenna elements. If both the an-
tennas at T X and RX are separated far apart, so that the antenna elements
can see different transfer functions, the channel matrix H is full rank. Under
this condition assuming that Mr = My = M and H is an orthogonal matrix

satisfying H H* = H*H, the resulting channel capacity is given by

C = Mlogs(1 + i) (1.25)
No

Here, in this case, channel capacity increases linearly with the number of an-
tenna elements. On the other hand, when the channel information is known
to the transmitter, the channel capacity can be further increased by assign-
ing unequal power to the transmit antennas. A well known power allocation
method is water filling. With this method, the best eigen modes of the prop-
agation channel are selected, whereas the weaker channels are discarded, i.e.

advantages are taken over the sub channels with higher gains [34-36].

1.2.1.3 Beamforming

In addition to diversity and spatial multiplexing techniques, beam forming
technique is used to increase the coverage of the transmitter. Similar to an-
tenna array techniques, beam forming focuses the radiation energy onto the
receiver, improving signal quality. It also reduces interference to other users,
enabling more simultaneous radio links at the same frequency. The receiver
can operate in the conventional single-antenna mode in receiving operations.

However, the protocol design requires the channel state information to be
obtained at the transmitter. If the position of the transmitter antenna is
known, the receiver antenna array can form a pattern in the direction of the
transmitter, resulting in a higher signal level at the receiver. The improvement
in SNR thus increases the area that can be covered by the transmitter. Beam
forming addresses the signal processing, rather than antenna design, as the
beamforming antenna is also called a smart antenna. It increases coverage,

by increasing the received SNR and reducing the interference.
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In a receiver, the direction of arrival (DOA) of the signal is computed,
based on the time delay of the received signal on the antenna elements. Then
it adjusts the magnitude and the phase of the excitation signals of the antenna
elements to produce a radiation pattern, which focuses its peak gain towards
the signal of interest and turns the pattern nulls to the interferers. In the
transmitter, the transmit signal is weighted, to make sure that the receiver
obtains a constructive sum of different signal paths [37]. Channel knowledge
is essential in beamforming. Generally speaking, the beamforming antenna
is classified as fixed beam antenna and adaptive antenna. Their working
principles are briefly introduced below.

A fixed beam antenna utilizes multiple antennas to form a limited dis-
crete set of patterns. The beam giving the strongest SNR or SINR (signal to
interference and noise ratio) can be selected through the switches after the
signal detection. There are many different ways to realize the process of beam
switching. For example, multiple directional antennas can be simply put to-
gether and oriented towards different directions. Then selections can be made
between them.

A more popular and efficient method is the phased array. By changing the
phase differences between the antenna elements, the main beam, which is very
narrow, can be driven towards different directions as shown in Figure 1.10.
One well-known beam switching network is the Butler matrix [38], [39], which
works as a spatial Fourier transformation. The outputs of such a Fourier
transformation are orthogonal beams pointing to different directions.

Different beams are chosen according to the position estimation of the
users, hence better SNR at the user side is achieved. The switched beam
antenna approach is simple and cost-effective; however, its flexibility is rather
limited. Only a limited number of fixed directions can be selected, and thus
there is a risk that the exact direction with the maximum achievable SNR
could be missed. Another important drawback is that it only aims to enhance
the received power at the user, but does not take into account the direction
of interference. In other words, it is possible that the interference is also
enhanced due to the lack of control of the beams.

The adaptive antenna system is introduced to solve the problem of beam

accuracy and interference. With sophisticated signal processing in the base-
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band, the adaptive antennas distinguish between the desired signals and the
interference, calculate the DOA and change the patterns to optimize the sys-
tem performance [40]. The beam patterns can be varied dynamically and
continuously in the adaptive antenna array with a very narrow beam width.
Each user adjusts its beam pattern to ensure that there are nulls in the di-
rection of other users while the directivity is maximum in the direction of the
desired user.

The adaptive antenna system not only greatly enhances the received SNR
at the user, but also turns its pattern nulls to the interference to suppress
it (Figure 1.10). Hence, the coverage area is increased. Due to the accurate
tracking and the interference rejection capabilities of the adaptive antenna
system, multiple users can share the same conventional channel within the
same cell. The adaptive array can simultaneously support two mobile users.
This way, the system capacity is also increased.

To compare the two beam forming techniques, their coverage capabilities
in scenarios with different interference levels are shown in Figure 1.11. The
performance of the conventional sectorized antenna system is also described
in the figure. The figure reveals that the adaptive antenna system always
gives the best performance, followed by the switched beam antennas. The
performances of both beam forming methods greatly exceed the conventional
antenna system. In the scenarios with significant interference, the perfor-

mance improvement of the adaptive arrays over the switched beam antennas
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is more obvious due to its narrower beam width and the ability to reject the
interference [41].
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Figure 1.11: Coverage patterns for low interference and high interference region for

conventional, fired beamforming and adaptive beamforming systems

MIMO systems can be either point-to-point, i.e., single- user scenario or a
multi-user scenario like in cellular systems as shown in Figure 1.12. Single-user
MIMO refers to the basic MIMO technologies where there is no interaction be-
tween multiple wireless links. Table 1.1 summarizes some of the commercial
wireless technologies that support single-user MIMO operations along with
the number of data streams supported. Although there are some differences
in details and supporting protocols across these technologies, the basic capa-
bilities are similar. Multi-user MIMO (MU-MIMO) refers to the technology
with which multiple users share the same time and frequency in transmission
using MIMO technologies.

Some simple forms of MU-MIMO are already in use. Multi-user MIMO
studies are more rigorous, as we need to consider multiple RX antennas, each
of which represents one user. For example, LTE allows a base station to
generate two beams optimized for two receivers. A radio receiver can decode
its own beam with a low level of interference from the other beam. Such
interference can be further reduced by smart scheduling in choosing the user
pairs that are well separated in space channels.

LTE-advanced (LTE-A) increases the capacity to support up to four users.
802.11ac provides a similar capacity, where up to four data streams can be



1.2. MIMO Wireless Communications 24

Figure 1.12: Single user and Multi-user MIMO systems

Standard | Max. No. of data streams supported | SD (SFBC/STBC) | BF
3G Cellular 2 DL - 3
LTE 4 DL DL 24
LTE-A 8 DL, 4 UL DL 81
WiMAX 8 DI, 4 UL DL 192
802.11n 4 Yes 375
802.11ac 8 Yes 648

BF- beamforming; DL- downlink; SD- spatial diversity; SFBC-
space-frequency block coding; STBC- space-time block coding; UL- uplink.

Table 1.1: MIMO Technology used in various wireless standards

sent to up to four receivers (up to eight total streams) while each receiver can
receive single or multiple data streams. This type of MU-MIMO is actually
a special case of SM, with channel state information at the transmit side.
The transmitter can manipulate the signals to minimize mutual interference.
MU-MIMO can be used for receiving, as well. In this case, a base station can
simultaneously receive from multiple users while removing mutual interference

through receiver beamforming and multi-user detection (MUD).
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1.3 Multiple-Antenna Systems

Investigations on multi-antenna architecture for multiple-input-multiple-output
systems and its performance is the core research area outlined in this thesis.
MIMO antenna systems are used in modern wireless standards, including
IEEE 802.11n, IEEE 802.11ac, IEEE 802.11ad, 3GPP LTE, and WiMAX sys-
tems. The technique supports enhanced data throughput and high reliability
even under conditions of interference, multipath and fading.

In multi-antenna systems, we can individually control the signals transmit-
ted from each antenna and extract the individual signal information received
at each antenna. The properties and features of multi-antenna systems are
discussed in this section. Multiple antennas can be utilized at the TX and
or RX to combat the fading through three different approaches, i.e. spatial
diversity, polarization diversity and angle diversity as shown in Figure 1.13.
Specifically we consider polarization and pattern diversity based antenna sys-
tems in this thesis contrary to generic spatial diversity based systems.

In spatial diversity, in order to achieve uncorrelated signals, a minimum
mutual distance between antennas is required according to the fading envi-
ronments [42,43]. Polarization diversity is based on the different propagation
characteristics of different polarization’s, i.e. vertical polarization and hori-
zontal polarization [44]. Pattern/angle diversity is achieved by shaping dif-
ferent radiation patterns for different antenna elements [45,46]. The antenna
diversity is studied in detail in the following section.

In spatial diversity, multiple antennas are separated by a distance. The
magnitude of the antenna patterns is almost the same for each antenna, how-
ever the phase of the patterns relative to a common coordinate system are
different. Multiple antennas on a terminal can be located in different posi-
tions around the handset so as to experience a different fading pattern in the
radio environment. Thus the signals received by different antenna elements
are different.

In order to achieve uncorrelated signals, a minimum mutual distance be-
tween antennas are required according to the fading environments. For exam-
ple the minimum distance is several wavelengths at the base station in urban
area [42] while it is half wavelength for a mobile terminal [43]. A frequently
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Figure 1.13: Types of Multi-Antenna systems (a) Space diversity (b) Pattern (angle)

diversity (c) Polarization diversity

used criterion in antenna design is that in a uniform rich scattering environ-
ment, the spatial separation is at least half a wavelength. In electrically small
antennas, the antenna elements would need to be as far apart as possible,
i.e. in the corners. The theoretical optimum performance is obtained for a
distance between the antennas of approximately 38% of a wavelength.

Early measurements on long-distance transmission revealed that propa-
gation characteristics of a wireless medium are not the same for differently
polarized waves. Additionally, multiple reflections between the TX and RX
cause depolarization of the radio waves, thus dispersing some energy of the
transmitted signal into other polarization directions. Due to that attribute,
linearly polarized transmitted waves can come out at the RX end with an
additional non-trivial orthogonal component. These observations motivated
many researchers to investigate the fading statistics associated with radio sig-
nals received by antennas of various polarization modes.

Among the first, Glaser demonstrated that the vertical and horizontal
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polarized components of the same received signal undergo almost statistically
independent fading while propagating through certain wireless environments
[47]. This fact has been utilized to improve radio system performance through
the use of polarization diversity, where two or more spatially separated uni-
polarized antennas are replaced by a single antenna structure (of almost co-
located elements) employing multiple polarization’s. Polarization diversity is
based on the different propagation characteristics of different polarization, i.e.
vertical polarization and horizontal polarization [44].

The simplest diversity systems of this kind utilize dual-polarized anten-
nas with two orthogonal (i.e., co-polarized and cross-polarized) components,
rendering them very handy for use in cellular radio networks, since antenna
installation space is minimized and mobile terminals can experience reliable
communication whatever the handset angle of tilt. Generally speaking, in
a rich scattering environment, the signal from TX has varying polarization
when it arrives at the RX due to reflection or diffraction paths. Thus, the
SER performance can be improved by implementing two or more different
polarized antennas at the RX and/or TX. It has been reported that polar-
ization diversity performs better than spatial diversity when high multipath
components are present [48].

Antenna pattern diversity comprises another form of exploiting the inher-
ent degrees of freedom (DoF) of multipath propagation environment. The
concept behind this approach lies in the relationship that holds between the
received signal fluctuation and the direction of the main lobe of the RX an-
tenna pattern. The first experimental results validating this statement were
reported by [49] and [50], who found a remarkable reduction in fading by us-
ing a horizontal rhombic antenna with an extremely sharp directional pattern.
The success of their attempt was based on the existence of stable angular sep-
aration among signal components following different paths, thus enabling a
steerable antenna with sufficiently sharp directivity to accept only one of them
(maybe the best after some calibration) at any time.

The qualitative relation between angles of arrival and propagation delays
of the received signal components was clearly demonstrated by Friss in [51]. Tt

explains that the greater the delay the greater the angle above the horizontal
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(azimuth plane). He exploited this phenomenon with the aid of a special ar-
rangement whereby individual wave groups arriving at different vertical angles
were received separately and, after delay equalization, combined coherently

to offer directional diversity or directivity diversity [52].

Later, Vogelman extended the concept of a single beam steerable to a
multi-beam antenna, where signal components associated with individual beams
were particularly combined to offer angle diversity or angle-of-arrival diver-
sity [53]. However, the effectiveness of this system depends upon the antenna
characteristics, which have to be properly chosen so that the angle between
adjacent beams are always smaller than the angular spread of the channel and

that low correlation among different beams is ensured.

Obviously, pattern diversity can also be provided via several antennas with
diverse patterns spaced apart from each other. Additionally, field component
diversity, first proposed by Edgar Gilbert (1965), utilizes sophisticated energy
density antenna arrangements to receive uncorrelated electric and magnetic
field components of the transmitted signal so as to reduce fading in mobile
radio. Angle diversity is achieved by shaping different radiation patterns for
different antenna elements. In this case, several directional antennas face
totally different directions, enabling the collection of multiple independent

replica of the same signal.

The pattern diversity at the base station is compared with spatial diver-
sity [45], and it is shown that the performance of angular diversity is similar
to that of spatial diversity, especially in dense urban areas [46]. For mobile
terminals, due to the mutual coupling effect, one antenna acts as the parasitic
element to the other, and the radiation patterns of the two closely packed an-
tennas are automatically altered and directed to different angles. It is worth
noticing that this kind of angle diversity comes at the expense of antenna
efficiency, which is attributed to mutual coupling. The three diversity tech-
niques mentioned above can be used together in antenna design to achieve an

optimal performance.
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1.4 Motivation of Research

In the light of the description of the current wireless networks, one can con-
clude that in spite of significant improvement on the establishment of wireless
services, there is an underlying strong demand for higher date rate wireless
services, mainly driven by wireless data applications, as well as users expecta-
tion of wire-equivalent quality wireless service. Wireless communications have
supported a plethora of novel applications in recent years thanks to the con-
tinuous research efforts to increase the spectral efficiency and energy efficiency
of wireless networks.

Multi-antenna technology plays a crucial part towards achieving these
accomplishments. In fact, MIMO has been adopted in current and future
standards, including WiMAX (Worldwide Interoperability for Microwave Ac-
cess) IEEE 802.16m [54], WLAN IEEE 802.11n [55], and 3GPP LTE/LTE-
Advanced [56], [57]. MIMO has grown much beyond the original point-to-
point channel and can nowadays refer to a diverse range of centralized and
distributed deployments like multi-cell MIMO, distributed MIMO, massive
MIMO and network MIMO.

Providing a high-rate high-quality wireless services is extremely challeng-
ing, due to the inherent harsh wireless propagation environment. For a better
and more efficient spectrum utilization in future wireless communication, novel
antenna designs are to be integrated with MIMO systems to provide efficient
wireless communication. The design of multi-antenna systems is very chal-
lenging especially at the user terminal side, where the size is a big constraint.
Integration and coupling of elements, as well as good gain and efficiency are
among the current challenges for designing multi-element antenna.

Consequently, a MIMO antenna designed for future wireless systems is
expected to be much reliable, with highly efficient individual elements, a good
coverage of required frequency bands, and very low coupling between the
individual elements which ensures a low correlation between the waveforms.
Isolation between the ports is very important in multi-port and multi antenna
systems. If the isolation is poor, some of the energy fed or received by one port

will couple to the other thus degrading the antenna and system efficiency, as
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the coupled power is effectively lost from the receiving path. So, port isolation
is very important in MIMO antenna systems.

Antennas are responsible for emitting electromagnetic (EM) waves in the
propagation environment and are therefore crucial for successful wireless trans-
missions. Key factors in designing antennas are efficiency, directivity, polar-
ization, bandwidth and size, whereas optimum designs are often tradeoffs
between these crucial parameters depending on the requirements of the sys-
tem. In the context of handsets, the size and bandwidth requirements are so
stringent that often efficiency is sacrificed to fulfill specifications. Moreover,
due to their application, terminal antennas are required to operate in challeng-
ing conditions for efficient EM wave propagation such as close proximity to
biological tissues (users body) and random propagation environments. When

designing a multiple antenna system the following should be considered:

e Antennas should be oriented so that the individual element pattern
should face in a direction where other elements have a low gain pat-

tern, i.e. correlation between elements must be very low.

e Coupling via common sharing currents like surface waves and space
waves should be minimized either by antenna design or by the intro-

duction of additional features to inhibit current flow.

e For practical integration to a wireless device the antennas need to per-
form with a compact size, having a planar structure, and need to res-
onate over the operating range of the system, a few times supporting
multiple wireless standards.

Among a variety of MIMO antennas, antenna diversity selection has proved
to be a promising approach for efficient and compact systems. For orienta-
tion of multiple elements of antenna, polarization and pattern diversities is
given more focus compared to conventional spatial diversity approach. This
technique requires only very less implementation space and has inherently
high isolation, compared to spatially separated antenna elements. Also, an-
tenna system must be robust to coupling errors because this may cause loss

of information and cannot take full advantage of multiple antenna elements.
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Some research works have considered antenna arrays [58, 59| for multi-
element systems in the literature. However, these studies only investigated
the systems from either capacity or isolation perspective. Consequently, it is
unknown if the existing antenna design approaches are optimal in terms of
compactness. In addition, some recent works on efficient high performance
MIMO systems [60,61], focused only on spatial multiplexing of antenna ele-
ments, which again did not address concerns on compactness.

Consequently, efficient antenna design for MIMO systems remains as chal-
lenge in view of compactness, wide bandwidth or multiband resonances re-
quired and high isolation between elements. Motivated by this, the thesis
focuses on investigating highly performing multi-antenna systems. It aims to
propose and analyze novel antenna designs for improved performance. The
methodology for evaluating the performances of MIMO antenna, along with
simulation and measurement techniques adopted for validating the MIMO

performances, will be discussed in Chapter 2.

1.5 Thesis Organization

The thesis presents the simulation and experimental studies of advanced multi-
antenna design and measurements techniques for MIMO antenna systems.
The Introduction chapter discusses the basic trends in wireless communica-
tion and its evolution. The technological advances in the wireless commu-
nication and the need for integrating multiple antennas on transmitter and
receiver is discussed next. Considering the significance of MIMO communi-
cation in modern wireless communication, a study of channel capacities of
different configuration of SISO and MIMO are explained. MIMO technology
demonstrating the major techniques like diversity, spatial multiplexing and
beamforming are discussed. Multiple antenna systems based on various forms
of diversity, which are of great relevance to this research work is briefed in
the next section. Towards the end of this chapter motivation for the present
research work is also provided.

The next chapter details the methodology used for design, simulation,

fabrication, measurements and validating the performances of the developed
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MIMO antennas. The factors effecting the design and performance of MIMO
is discussed in detail. Performance characteristics of the MIMO antennas are
investigated using various figure of merit parameters. The methodology for
developing the antennas discussed involves electromagnetic modelling and sim-
ulation studies performed using CST Microwave Studio. Fabrication method
adopted for the manufacturing of antennas is discussed in the following sec-
tion. The experimental techniques used to measure the fabricated antennas
for its impedance, radiation and MIMO performance are explained.

In Chapter 3, the experimental and theoretical investigations are carried
out for the analysis of multimode quad element MIMO antenna designs based
on polarization and pattern diversity techniques. A brief discussion of the lit-
erature available for multimode MIMO antennas is portrayed. Three configu-
rations of multimodal collocated MIMO antenna designs based on microstrip
patches are studied in detail. The coupling in the multi-antennas systems are
analyzed. Accordingly, three novel decoupling structures are analyzed, dis-
cussed and compared for use in multi-antenna systems. Specific examples of
proposed multimode MIMO antennas are taken to better illustrate the isola-
tion enhancement mechanisms. Isolation and impedance characteristics of the
MIMO antennas are analyzed and compared. The effectiveness of the isola-
tion enhancement techniques in reducing surface wave coupling is analyzed in
detail. The structures can be used interchangeably in the proposed MIMO an-
tennas which demonstrates its generic applicability and can be compared for
the best isolation performance. Diversity performances of the proposed con-
figurations are studied in detail for validating the effectiveness of the antenna
for use in multi-antenna systems for MIMO communication.

The advantages of polarization diversity based antennas for its equal and
efficient performance of all the antenna branches is very clear. The major lim-
itation in practical MIMO antenna design is to obtain highly efficient decor-
related antennas to support multiple wireless standards, which can be incor-
porated in a compact package. Keeping this in mind, the state-of-the-art of
antenna designs for a tri-band and a wideband quad element MIMO antenna
system is designed and analyzed in chapter 4. Isolation is improved between el-
ements exhibiting higher coupling, by incorporating stop band structure. The

antennas are very beneficial for its high performance in terms of impedance,
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isolation, far field radiation and MIMO diversity performance. The antennas
are very compact and find application in multiple wireless standards which
are of great importance.

In chapter 5, MIMO channel performances of the above quad element an-
tennas are demonstrated using two different channel models. Various MIMO
channel performance parameters like channel capacity, channel throughput
and block error rate is obtained at varying SNR conditions for all the quad
element antenna designs. A comparison with SISO and other 2 x 2, 3 x 3
antenna combinations are made, to validate the advantage of using multi-
ple antennas in terms of achieving higher channel performances. Polarization
diversity based designs with highly efficient antenna elements have slightly
higher performance compared to multimode MIMO antennas using a combi-
nation of polarization and pattern diversity.

Chapter 7 presents the conclusion of the thesis work and some thoughts
for the future research.
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This chapter presents a detailed account of design techniques, simulations,

fabrication and measurement performed for characterizing MIMO antennas.

The design guidelines with the major design challenges for multiple antenna

systems are addressed. An in-depth study of the various methods or tech-

niques for analyzing the MIMO performance of the multiple antenna elements

is discussed. This includes methods to determine and enhance both the iso-

lation performance as well as the diversity performance between the multi-

ple elements. The over the air (OTA) performance of the multiple antenna

systems in a wireless communication channel determines whether the perfor-

mance of the MIMO antenna meets applicable standards in a wireless system.



2.1. Guidelines for MIMO Antenna Design 36

The antenna simulation studies are carried out using CST Microwave Studio
Software. The design of multiple antenna elements is parametrically analyzed
for its reflection characteristics. This, along with the radiation pattern and
current distribution studies, enables a better understanding of their behavior
and the formulation of design guidelines. The MIMO performances are ana-
lyzed from transmission characteristics as well as from the correlation between
the various antenna elements. The MIMO antennas are then fabricated on
microwave laminates using photolithography. The characteristics of the fabri-
cated prototype are measured using Vector Network Analyzer in an anechoic

chamber available in the in-house test facility.

2.1 Guidelines for MIMO Antenna Design

This section explains the design procedure of MIMO antennas for various
applications. It is desirable to have a defined, systematic procedure according
to the specific requirements. This can be accomplished by adopting a few
methods. The foremost approach is to have a precise information on the
required antenna specifications and performance criteria. This will include
information on the number of antennas required, its size, the standard or
frequency band in which it needs to operate, as well as how the antenna is
placed on the MIMO terminal. The number of antenna elements required
as well as the location of the elements in the multiple antenna systems is
evaluated by means of various MIMO system metrics. The spacing between
the antenna elements has a major role in determining the isolation or the
mutual coupling between the elements.

In the design phase, it is better to start with a known antenna type. Choos-
ing a known antenna type, suitable for the particular application is a good
practice, as the designer will have a better understanding of the basic working
principle of the antenna. The simulation software tool is also a major step as
this needs to include all the modeling techniques and studies required for the
particular antenna. A good understanding of the software eases the design
process. Parametric studies in the simulation tool help to get a clear picture

of the antenna behavior for various dimensions. An advanced testing software
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provides an optimizing method to simulate the antenna properties for any
testing conditions and applications. It also helps to use and apply techniques
to improve antenna performances like say for example miniaturization of the
antenna or reduction of mutual coupling between closely spaced elements etc.

The coupling between neighboring elements in the design of a MIMO an-
tenna, if not kept within acceptable limits, will reduce the efficiency of the
antenna elements. The coupling can also increase the correlation between
neighboring antenna elements, which again affect the MIMO diversity per-
formance of the antenna. Generally, if the coupling is higher, isolation en-
hancement structures need to be designed, considering the geometry and the
radiation properties of the main antenna. The structure is designed after in-
vestigating the cause for coupling and planning techniques, which alleviate
the cause of coupling.

Another significant parameter in the MIMO antenna design is the cor-
relation coefficient. The antenna elements should have high efficiency and
maintain a low correlation between its waveforms, to ensure good MIMO di-
versity performance. Generally, correlation can be reduced by adopting some
forms of diversity or by designing decorrelation structures. At lower frequen-
cies, the geometry allows sufficient spacing between antenna elements, which
reduces mutual coupling and can provide low correlation too. However, at
higher frequencies, the compact antenna has closely spaced elements which
have a high correlation between its patterns. Achieving low correlation in
such cases is a challenge and needs smart designing of the antenna or the
decorrelation structure to keep correlation within acceptable limits.

Once the antenna design is optimized using the simulation software, the
fabrication process is initiated. The prototype antenna fabrication is the ma-
jor step involved. The measurements obtained from the prototype helps to
identify if there are any discrepancies between the simulated and measured
antenna properties. The major parameters measured for a MIMO antenna
include reflection characteristics, transmission characteristics, far-field radia-
tion patterns, envelope correlation coefficient, gain, efficiency etc. If there are
significant differences between the measured and simulated results, further
investigations are required in the design and tuning of the antennas, to obtain

optimized results.
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2.2 MIMO Antenna Performance Measures

MIMO technology has been widely used in several existing wireless standards
like IEEE 802.11n [62], IEEE 802.11ac [63], WiMAX [64] and LTE [65]. For
efficient functioning of diversity based MIMO systems as well as other iden-
tical multiple antenna techniques, the signals transmitted or received at the
multiple antenna elements have to be different. This implies that the signals
should be uncorrelated and is independent of each other. In other words, the
following properties are required for the MIMO antenna

1. The signals transmitted by various diverse transmitter antenna elements
should take multiple paths on their travel.

2. The multiple antenna receivers should be capable of receiving the diverse
signals without significantly reducing their uniqueness.

In practical design of MIMO antennas, three forms of diversity like spatial,
polarization and pattern diversity can be incorporated between the elements.
Generally, a combination of the diversity techniques assures a perfect multi-
element diversity system, although polarization diversity has a weightage
among the three techniques.

The finest choice of diversity system is a function of the behavior of the
propagation path between the transmitter and receiver, mainly the extent of
polarization scattering and the angular power spread of the received signal
components. In the MIMO communication system, propagation is distinct
with a wide angular separation between the elements of the received signal,
hence, pattern diversity is essentially present. Some polarization scattering
is also common, so polarization diversity can also add to the channel perfor-
mance. In any case, when two antenna elements are present, a choice has
to be made between the types of diversity techniques. When the number
of antennas employed in a MIMO system increases to four or more, there is
little choice but to optimize all three types of diversity. Effective diversity
performance between multiple antenna elements depends on numerous design

factors. A few of their characteristics are listed below.

e Coupling between the antenna elements must be minimized.
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e The multiple antenna systems must be as efficient as a single antenna,
else the diversity gain of the system will be unused.

e The antennas must be electrically small to decrease the interaction be-

tween them.
e The antennas must have correctly matched terminations.
e The directivity of the antennas should be controllable to some extent.

e The antennas must have an appreciable level of cross-polar discrimina-

tion.

e The elements of multi antenna system ought to exhibit spatially diverse

radiation patterns.

2.2.1 Isolation Performance

Isolation performances of the antenna system or mutual coupling between
antenna elements is a very significant factor for achieving antenna diversity,
which needs to be maintained at permissible levels in the design stage of a
multiple antenna system. In a diversity antenna solution, mutual coupling
increases the correlation between the elements and reduces the radiation ef-
ficiency of the system [66]. An increase in correlation between ports in the
multiple antenna systems, adversely affects the diversity gain of the elements.

The complex cross correlation between the two waveforms for a two ele-
ment system can be attained from the transmission coefficient or the mutual
coupling between the two antenna ports [67], p. = r12, where 715 is the mutual
resistance between port 1 and port 2 normalized by the input resistance of port
1. There are several factors effecting the mutual coupling between elements
like polarization, size of the antennas, antenna separation, power pattern,
surface wave propagation and ground plane currents etc. A brief analysis of
these factors effecting the isolation performances of a multiple antenna system
is provided.

Designing and building antennas with single polarization are challenging,
as there are only a few types of antennas that generate circular or elliptical po-

larized waves. Moreover, most of these designs are large in size, and hence find
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very less application in compact wireless terminals. Linearly polarized wave
are much easier to generate and are obtained from most common antennas.
Symmetrical structures can produce polarization pure antennas, however, this
is not practically feasible sometimes, because of the complication of printed
circuit board (PCB) and other internal circuitry.

The polarization of most of the antennas will be of a mixed type or not
fully pure, i.e. polarization will be strong or more biased in some parts of the
antenna pattern. This can be taken advantage of in multi-antenna systems,
by integrating the antennas in such a way that the directions of maximum
polarization biasing are positioned orthogonally, thereby enhancing the iso-
lation performance between elements. Orthogonally polarized waves can be
formed by two linearly polarized waves, rotated 90 degrees with respect to
each other. These waves do not interact with each other and therefore will
be highly isolated from one another. The left hand and right hand circularly
polarized waves are also orthogonal to each other. Likewise, there is a contin-
uum of orthogonally polarized waves, few of which are mentioned in Poincare
sphere diagram of polarization [68].

The spacing between the antennas and the power pattern are other signif-
icant factors which effect the isolation characteristics of antennas. Minimum
size of an antenna for a given frequency, bandwidth and efficiency is set by
Chu - Harrington limit [69], [70]. This theory also talks about antenna po-
larization and states that orthogonal polarization being independent to each
other, restricting to a single polarization will result in an increase in the size
of the antenna.

The coupling between two widely separated antennas is obtained from
the path loss equation in (1.3). When the spacing between the antennas
is less, reactive near field of the antenna also contributes to coupling. The
direction of the maximum reactive field can be different from the direction of
maximum far field gain. Furthermore, the strength of reactive near field which
contributes to coupling, drops much faster with distance when compared to
far-field coupling. If a large portion of the ground plane is used for radiation,

this is likely to increase the size of the reactive near field.
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2.2.1.1 Isolation Enhancement Techniques

A brief review of the literature on mutual coupling reduction discussed here,
analyzes various reported isolation enhancement techniques implemented in
MIMO antenna systems. It is difficult to evaluate and compare the mutual
coupling reduction techniques used in a MIMO antenna, due to the conflicting
individual characteristics (such as operating frequency, antenna area, and the
achieved isolation value). Different structures which have the capability to
provide low coupling is discussed along with the study of proposed structures
which can guarantee low mutual coupling. Few techniques which by default

can ensure good isolation between elements include
e Orthogonal polarization
e CPW feeding technique
e Directly connecting antenna elements

Structures which are included additionally to enhance isolation can be gener-
ally classified in to

e Defected ground structure (DGS)

e Metamaterial

Electromagnetic Band Gap (EBG) Structures

Localization of ground currents

Decoupling networks

Neutralization line

e Parasitic elements

Each of these techniques employed in reducing mutual coupling is analyzed in
detail.

Orthogonal Polarization:
The mutual coupling between two antenna elements was reduced by 20 - 30
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dB [71], by arranging them orthogonally so that the two antenna elements have
orthogonal polarization’s. The antenna can have good bandwidth and very
high isolation using this technique. Though polarization is unpredictable for
mobile like wireless communication due to multipath signals and the changes
in the positioning of hand held device, it is beneficial that the method does not
require any extra bandwidth or physical separations between the antennas. In
collocated multi-antenna systems, where it is difficult to add any decoupling
structures between the antenna elements, orthogonal polarization becomes the
most efficient decoupling method [72,73]. This guarantees diverse antenna el-

ements with low cross polarization levels and diverse patterns.

CPW-Feeding Technique:

Printed antennas with CPW feeds when compared with other printed res-
onating elements, have a better bandwidth and an improved isolation between
adjacent lines. An additional benefit is the easiness of integration with solid
state active devices [74-76]. Hence, these antenna elements are well suited for
MIMO applications [77]. CPW-fed MIMO antenna in [78] have elements with
isolation greater than 25 dB over all the quad bands. An 8 element MIMO
antenna array using this technique has achieved a mutual coupling reduction
of 22 dB to 51 dB [77]. A dual band quad element MIMO antenna configu-
ration using this feeding technique has reported an isolation greater than 20
dB [79].

Directly connecting antenna elements:

This technique includes a direction connection between the two antenna ele-
ments. Thus the current induced from an antenna element passes through the
direct connection to the other element rather than through the load [80]. By
adjusting the length and position of the direct connection, isolation can be
improved. This allows multiple antenna elements to be placed within small
and compact terminals, while retaining the adequate isolation between an-
tenna elements [80,81].

Defected Ground Structure (DGS):
The name defected ground plane explains itself, and it is easy to understand
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its working principles. It introduces changes in the ground plane to vary the
current distribution and surface waves on it. In the conventional antenna
design, it has been utilized to suppress harmonics and cross polarization of
a patch antenna [82]. It was also used to improve the isolation of a dual-
polarized patch antenna [83]. In a multi-element MIMO antenna, it acts as
a band-stop filter to reduce the mutual coupling between antenna elements
[84]. A common realization is to introduce multiple slits on the ground plane
[85-91].

A variety of isolation improvement techniques has been investigated in [92],
by designing the ground plane structure. It has been proved that both return
loss and isolation can be simultaneously enhanced by appropriate designing of
the ground plane structure. The DGS can generally provide both slow wave
and stop band characteristics [93,94]. Defected ground structures designed as
a slow wave structure increases the electrical length, thereby increasing the
separation between antenna elements [93]. Slots can also be designed as a
stop band filter to reduce coupling [94] or to function as a resonator which

suppresses surface waves by radiating them to space [95].

Metamaterials:

Metamaterials are engineered materials that are capable of achieving prop-
erties such as negative values of permittivity or permeability, which are not
normally found in nature. These materials are typically configured by peri-
odically arranging a basic unit element structure. Metamaterials can act as a
stop band filter, and this property is exploited to reduce mutual coupling be-
tween closely packed antenna elements. The stop band frequency is tuned to
the desired resonant frequency of the antennas, to inhibit the flow of coupling
currents [96,97]. An isolation greater than 15 dB is achieved using metama-
terial in the 3.5 GHz band [97].

EBG Structure:
Electromagnetic band-gap (EBG) structure [98-101] behaves as the bandstop
filter in the antenna decoupling. It is constructed by arranging the cells pe-

riodically. A typical EBG cell is a mushroom structure, consisting of a patch
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and a via connecting to the ground. The EBG structure can operate as a mag-
netic wall by which the reflection phase becomes zero for an incident wave,
and thus the surface wave propagation is suppressed. The EBG structure can
provide a wide stopband with high attenuation. An isolation improvement
of over 10 dB can be achieved at the resonant frequency [101]. However, for
lower frequencies, a higher circuit area is necessary for an EBG structure due
to the Bragg reflection condition constraints [89]. This limits its application

due to complexity in practical compact terminals.

Current localization technique:
Current distribution on the shared ground plane is a critical coupling source
in the multi-element antenna system. Unlike the DGS method which forms
a bandstop filter to trap the current, and prevents it from flowing to the
other antennas, the current localization structure aims to reduce the current
distributed on the ground plane from the perspective of the antenna itself,
i.e., designing antennas with the capability of current localization [102-104].
An efficient method to localize the current induced by the antenna to the
confined local ground is by using a small local ground plane that is separated
from the main ground. The antenna configuration [104] has a PIFA element,
which is modified by introducing a small local ground plane between the PIFA
and the main ground plane. An isolation greater than 20 dB is achieved by
localizing the current beneath the antenna itself, rather than dispensing it

along the whole ground plane [105].

Decoupling Network:

The motivation of the decoupling network is to reduce the mutual impedance
or transmission coefficients between antennas to zero and at the same time
keep good impedance matching for each antenna element. Some design ap-
proaches for the decoupling matching networks are described in [28,106-108].
Decoupling networks can be made by arranging lumped elements like induc-
tors and capacitors [109, 110], or by using distributed elements [106]. Few
other realizations of decoupling networks include decoupler line [87,106] and
using 180° hybrid coupler [111-114].
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Neutralization Line:

The neutralization line technique is a simple and compact structure mostly
used to decouple two PIFA antennas [115-117]. It is an electrical connection
between the feeds or the shorting strips of PIFA. It helps in decoupling two
elements by trapping the coupling currents flowing from one antenna element
to another. The distributed transmission line acts as a new current path,
creating more choice for decoupling. In one such design, the neutralization
line alters the current distribution making the two ports to excite orthogonal
modes with an improved isolation between the elements [118].

The line length and dimensions can be adjusted to cancel the coupling
currents at the other port. A 2 dB improvement in diversity gain is achieved
by using a neutralization line which enhances isolation by 8 dB [115]. The
folded monopole designed for WLAN band shows a diversity gain of 9.95 dB
with neutralization line [119]. This also helps in reducing the distance be-
tween PIFA elements [117].

Parasitic Scatterer:

A parasitic scatterer like a neutralization creates an additional coupling path
between the elements with which it is added to reduce mutual coupling be-
tween them [120-124]. In single element antennas, these structures find appli-
cations in either improving bandwidth by creating multiple resonances [125]
or for designing pattern reconfigurable antennas [126]. In multiple antenna
systems, the structure reduces mutual coupling and can be tuned by adjusting
the structure dimensions.

Its working mechanism can be explained by using the parameter named
mutual impedance, one such investigation is performed for dipole antennas
[121]. The mutual distance between radiating antennas was reduced up to
0.0294\ [123]. The port isolation can be enhanced from 3.5 dB to 25 dB with
a parasitic element [124]. The structure of the parasitic elements needs to be
specifically designed for different multiple antenna systems. Even though only
the distance between the antennas is changed, it is necessary to alter the struc-
ture of the scatterer, in order to get efficient decoupling. This characteristic

limits the application of the parasitic element in the mass production.
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Mutual coupling between antennas is considered as a critical parameter,
as it has been identified that channel capacity too can be influenced by an-
tenna coupling. On the other hand, low coupling does not always mean low
correlation. For example, a combination of collinear dipoles has low mutual
coupling between them as they do not radiate into each other. However, they
have a high correlation between them, as both of them have same beam and
polarization characteristics.

In conclusion, the realization of multiple antenna systems should ensure
that the degree of coupling between them can be controlled to suit the ap-
plication. Usually, designers introduce an isolation enhancement method to
increase port isolation. These methods can be chosen from any of the above
discussed techniques ranging from adopting orthogonally polarized elements,
to use of DGS, use of parasitic or lumped elements, distributed elements, neu-
tralization lines metamaterials or EBGs. The designer should decide, which
method is more suitable to his/her design, based on the antenna type and ra-
diation mechanism. For novel antennas designs, innovative isolation enhance-
ment structures can be developed based on any of these existing techniques

which still offers a plethora of research opportunities.

2.2.2 Diversity Performance

A multiple antenna system can operate in diversity or multiplexing schemes
according to the signal to noise ratio level in a rich scattering environment.
Antenna diversity can be employed to combat fading in low SNR levels. Here
multiple antennas (TX) transmit the same information over the channel and
all the receivers (RX) receive the same information. By incorporating diversity
in the antennas, signals are uncorrelated, and the chances of fading deeps
are significantly reduced. Thus the reliability of wireless communication link
increases.

If the SNR is high, multiple antennas can be used to create spatial mul-
tiplexing which makes advantage of the channel fading by creating several
uncorrelated channels. Different data are then transmitted over these chan-
nels at the same operating frequency simultaneously to achieve maximum data

rate. This section discusses the figure of merits of multiple antenna systems
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which can evaluate MIMO and diversity performances. The characteristics of
an individual antenna like impedance, gain, bandwidth, efficiency and radia-

tion pattern are not discussed here, but are elaborated in section 2.5.

2.2.2.1 MIMO Diversity Quality Measures

Envelope Correlation Coefficient (ECC)

To achieve good MIMO multiplexing performance, the envelope correlation
coefficient has to be kept very low. Apart from this, the total efficiency should
be maintained very high. To accomplish these requirements in a compact
multiple antenna system is a great challenge, considering the small space
available in the terminals, where elements are placed closely to each other.
The maximum space between the elements can be obtained by placing the
elements at the extreme edges of the wireless terminal.

In low frequency bands, a low correlation coefficient can be achieved by
increasing the isolation between the antenna elements, by adopting any of
the isolation enhancement techniques and designing antenna elements with
maximum diversity, having radiation patterns oriented in different directions.
For higher frequencies, antenna elements are too close so that, they will have
mostly identical patterns and hence correlation will be high. The design of a
compact antenna and its de-correlation structure in such cases is a challenging
task, as these structures will be too close to the antenna elements.

A general rule of thumb to design antennas with spatial diversity is to
allow at least a half wavelength separation between antenna elements. This
guarantees an envelope correlation less than or equal to 0.5, which is good
enough to provide high diversity gain. The relationship between envelope
correlation p; ; and separation between antennas is given by Clarke [127] as

-~ 2xpixd

where Jy is the Bessel function of the first kind with order zero, d is the
antenna spacing, and A is the wavelength. This expression holds true for a
uniform angle of arrival distribution in azimuth plane and identically polarized

omnidirectional receiving antennas that are matched to the polarization of
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the incoming wave. It is assumed that all the multipath components lie in
the horizontal plane. It can be said that, the correlation predicted by this
formula is in general higher than in reality, mainly for smaller separations.
This is due to the fact that the formula does not take into consideration the
mutual coupling between the antenna elements at a given distance.

A practical MIMO antenna should have a low signal correlation between
the antenna elements and good matching features for input impedance [128].
The envelope correlation coefficient describes how independent is the signal,
from signals of other ports in the multi-element system. If one antenna element
is completely horizontally polarized, and the other is completely vertically
polarized, then the two antennas will have a correlation of zero.

A simple derivation in [129] shows that the envelope correlation coefficient

can be calculated from S parameters for a loss-less single mode antenna by

155:Sij + 555551

)

|Pz’" = ’
T = 852 = S5 (X = 15551 = 186512 Mradinrad; °

@)

where p;; is the correlation coefficient between antenna element ¢ and j, S;;
is the transmission coefficient or coupling between antenna element 7 and j
and 7pqq; and 7,4¢; are the radiation efficiencies of antenna elements ¢ and j
respectively. The effect of efficiency on ECC is given by [130]. This is derived
from the fact that if two antennas produce highly correlated radiation pat-
terns they will possibly have high coupling between them. This is due to the
reciprocity property of antennas exhibiting same property for transmitter and
receiver, so if TX antenna is transmitting a radiation pattern, RX antenna will
receive energy proportional to how correlated the antennas radiation patterns

are. But these are subjected to certain conditions which include

e Antennas are assumed to be lossless, i.e. antennas are of high radiation

efficiency and low mutual losses

e Antennas are placed in a uniform multi path environment, which is an

ideal case

Computation of the envelope correlation coefficient for a real world antenna
using this S parameter equation may lead to a big uncertainty: the more

losses the antennas have, the larger this uncertainty will become. However,
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it has also been shown that this uncertainty could be drastically reduced if
the radiators are well matched and well isolated [131]. All these limitations
clearly demonstrate that in real antenna systems, the envelope correlation
coefficient calculated from the S;; parameters give only the lowest value that
can be reached, rather than an exact value. However, it is simple to calculate
and thus can be used as a first approximation of the diversity performances
of a multi-antenna structure.

A more accurate computation of envelope correlation coefficient of a MIMO
antenna takes in to consideration the shape of the radiation patterns of the
antenna elements, the polarization’s of the elements as well as the relative
phase of the fields between the elements. ECC is mathematically computed
from the vector distribution of the far field radiation patterns of the antenna
elements under consideration, in a spherical coordinate system [129,132].

= ] Jix 1F1(6,0) % F3(0, )12
C L | F6,0)2d2 [ [, |36, 0)[2d0

where (6, ¢) represents the spherical angles in elevation and azimuth, Fi(6, ¢)

is the three dimensional far field radiation pattern of the antenna when i

(2.3)

port is excited and all other ports are terminated with matched load, € is
the solid angle and * is the Hermitian product operator. It is a complicated
expression and requires the three dimensional radiation pattern measurements
and numerical integration. This equation is valid for an isotropic environment
where multiple paths are uniform and polarizations are balanced.

ECC computed from radiation fields is a better measure as it is based on
actual fields that affect the channel directly. Equation (2.3) is a measure of
how correlated the radiation patterns of two different antennas are. If they
are the exactly similar i.e. F)’l = ?’2 , then the ECC would be unity. If they are
entirely independent, the correlation would be zero. It can be recalled that
an ECC of 0.5 is permissible for MIMO applications [133].

Different solutions to the high correlation problem have been reported
recently. The use of neutralization lines is one of the most promising ways of
getting a low correlation, given that the patterns are also not overlapping [134].
Also decoupling networks located after the ports can be an efficient way of
doing it, but can have problems due to high losses [135]. Another interesting
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approach is to optimize the ) factor of the individual antennas as proposed
in [136]. In general, ECC can be reduced by adopting any of the following

techniques

e Increased distance between the antennas, can enhance the isolation and
reduce correlation. This is due to the fact that the relative phase be-
tween them is not constant. Hence, even if alike antennas, which are
oriented in the same direction, are used, ECC can be ensured to be low
for the large spacing between elements. It is generally preferred to have

at least half wave length separation between antenna elements.

e Polarizations are preferred to be orthogonal or different, in the sense
that if one antenna is vertically polarized, the other element is preferred

to be horizontal, thus maintaining low correlation coefficient

e Peak radiation directions are kept separate, so that antennas with min-

imal spacing and identical orientation too can ensure low ECC.

Diversity Gain (DG)

Diversity is an efficient means of combating channel fading. The overall link re-
liability can be enhanced by receiving multiple independent copies of the trans-
mitted signal at the receiver. In multiple antenna systems, this is achieved
by employing spatial diversity or by maintaining low coupling between the
antenna elements (by using polarization or pattern diversity). This includes
both the receive diversity as well as transmit diversity described in subsec-
tion 1.2.1. The received signal will then be uncorrelated on the two antennas,
and it is very unlikely that there will be a fading dip simultaneously on both
antennas. Therefore, by an appropriate combination of the two signals us-
ing any of the combining techniques, the probability of a fading dip will be
considerably reduced and the improvement can be as large as 10-12 dB.

The diversity gain (DG) defines the improvement in the received SNR at
multiple antenna systems after the signals are combined using certain com-
bining methods, compared to the SNR for the single reference antenna at a
certain symbol error rate (SER) probability. If the best branch with the high-

est SNR in the multiple antenna system is selected as the reference antenna,
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Figure 2.1: Diversity gain and Effective diversity gain

the diversity gain is defined as [137], [138]

pe - — e/Te)

—_ 2.4
(V/F)bestbromch |P% ( )

where 7, and v are the instantaneous SNR’s, I'. and I' are the SNRs for the
combined signal and the signal from the best branch respectively. Equation
(2.4) is defined for a probability P(7.) and the probability is typically set as
1% or 50%. Nevertheless, this comparison is not justifiable due to the presence
of the other branches, which induce the mutual coupling and deteriorate the
efficiency of the best branch antenna. In this situation, effective diversity
gain (EDG) is defined, where the reference antenna is an antenna with 100%
efficiency in free space. The EDG is expressed as [139]

DG — — e/Te)

estbranc ¢ 2.5
(7/F>bestbranch hestt h’P’Y ( )

In EDG, the total antenna efficiency of the best diversity branch is included,
which means that the material loss, the mismatch and the mutual coupling
are taken into account. Figure 2.1 defines diversity gain and effective diversity
gain of a multi-antenna system. In practice, EDG is more frequently used to
evaluate the performance of the multiple antenna system.

In general, we will take 1% as probability level. It will indicate that if
in our system we allow a fading margin of 20 dB in order to receive with
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sufficient quality 99% of the time, the fading margin can be reduced by a
value equal to the effective diversity gain using the diversity scheme. For two
uncorrelated antennas, the theoretical maximum effective diversity gain is 10
dB at 1% probability level, using selection combining [140]. An imperfect
cross-polar discrimination at the receiving antennas can cause the coupling of
the polarization components. This will result in an increase in the correlation
between the two branches of the diversity system and can reduce the achieved
diversity gain.

The diversity gain of a MIMO antenna system can be defined from the
correlation based on statistic assumptions. However, if the total radiation
efficiency of the two antenna elements is quite different, we cannot apply the
equation directly. The apparent diversity gain can be obtained from envelope

correlation coefficient by [141]

DG =10%+/1—0.99 ]| p |2 (2.6)

Thus, the effective diversity gain is
EDG =nx DG (2.7)

where 7 is the efficiency of the strongest antenna branch and p is the correla-

tion between them.

Mean Effective Gain (MEG)

The power imbalance in the diverse branches of a MIMO antenna will cause a
diversity loss [139]. This impairment is proportional to the power imbalance,
which is affected by the total efficiency of the antenna. In a diversity system,
the mismatch between the antenna and the channel becomes significantly
important. To evaluate these factors, a widely used method is to calculate
the mean effective gain (MEG), which takes into account all the factors like
antenna gain, channel characteristics and the total efficiency. The formula is

given as follows [142]:

MEG = 7{ (%GQ(Q)PQ(Q) + ﬁ“@(m&(ﬂ))da (2.8)
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where d) = sin #dfd¢p, XPR is the cross polarization ratio, Gy(£2) and G,(£2)
are the 6 and ¢ components of the realized antenna gain pattern. The antenna

realized gains in MEG’s are normalized to
7{ (Go(Q) + Gy(Q))dO = 4 (2.9)

The statistical power spectrum distributions of both vertically and horizon-
tally polarized incident radio waves can be represented by Py(Q2)and P,(£2),
respectively. If Py(Q2)and P,(€2) are separable in elevation and azimuth, they
can be described by [143]

Py(Q) = Py(0,0) = Py(0)Py(9) (2.10)
Py(Q) = Py(0,9) = Py(0)Py(0) (2.11)

Py(€2) and Py(2) are normalized to

jq{ (P5(Q))dQ = jq{ (P,(92))d2 = 1 (2.12)

The cross polar ratio X PR is the ratio of time averaged vertical Py(§2) power

to time average horizontal P,(£2) power as given in [144]

Py(Q)

XPR =
Py(2)

(2.13)

In an isotropic environment, it can be characterized by XPR = 1, Py(Q)) =
Py(Q) = = and MEG = /2, where n is the total antenna efficiency [137]. In
order to obtain optimal diversity performance, the multiple antenna system

has to satisfy the balance power requirement

MEGam1 ~ MEG g (2.14)

Multiplexing Efficiency
Another figure of merit of multi-antenna systems is multiplexing efficiency

which is used to evaluate the performance of MIMO spatial multiplexing
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technique [145]. Multiplexing efficiency is a metric for describing the per-
formance of the MIMO antenna system in spatial multiplexing mode (high
SNR mode) that takes into account the efficiency as well as the correlation
between the MIMO antenna elements. It is defined as the power penalty
of a non-ideal antenna system in achieving a given capacity, compared with
an ideal antenna system with 100% total antenna efficiencies and zero cor-
relation between antennas. With the assumption of high SNR and isotropic
environment, multiplexing efficiency M E or 7,,,, is given by

where 7; and 7y are the total efficiencies of two elements in the muti-element
system whose product indicates the overall influence of efficiency and efficiency
imbalance, while the second term m represents the power loss due to
correlation.

In a propagation channel with Gaussian distribution of the angle of arrival
(AoA) as given in [146], the MIMO multiplexing efficiency can also be evalu-
ated with the following assumptions: The mean incidence direction is denoted
by 6y and ¢q (as opposed to the isotropic channel, the likelihood of impinging
waves is not the same in all directions but has a maximum at AoA 6, and
¢o). Following the above conditions, the multiplexing efficiency is a function
of the mean incidence direction and is given by

Nhnuz (B0, 0) = /AM EG1 (00, bo) M EGs (00, o) (1 — |pe(0o, d0)[?)  (2.16)

where M EG, and M EG, are the mean effective gains of antenna 1 and an-
tenna 2 respectively and p. is the complex envelope correlation coefficient of
the received signal.

2.2.3 Channel Performance

Unlike a single antenna technology, the MIMO technology can take full ad-
vantage of the multipath channel. The major challenge for a MIMO antenna
is to evaluate the scenario, on how the MIMO antenna radiation character-

istics will behave in a wireless propagation environment. Though isolation
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and correlation studies provide an understanding of the multiple antenna sys-
tem performance as a diversity antenna solution, an over the air test (OTA)
is required to completely investigate the performance of the MIMO antenna
system in a channel.

Various studies are performed for MIMO OTA testing and are proposed by
organizations like COST 2100 [147], CTIA [148] and 3GPP RAN WG4 [149].
The major concern is to finalize the way we can produce a repeatable mea-
surement that characterizes a physical MIMO channel for different operating
modes of the device (different channel conditions). The three main techniques

finalized so far:
e The anechoic chamber multi-probe OTA method [150]
e The reverberation chamber OTA method [151]

e The two-stage OTA method [152]

2.2.3.1 OTA Measurement Techniques

Anechoic Chamber Multi-Probe OTA Method

The anechoic chamber multi-probe method uses a multiple number of probe
antennas positioned at arbitrary points at equal distances from the device
under test, inside an anechoic chamber. Each antenna is faded by a channel
emulator to create a desired temporal component. By intelligently choosing
the position and number of probes, we can construct a multipath channel
environment identical to the wireless propagation environment. The most
common OTA testing using multi-probe method uses probes placed along
the azimuthal plane creating a two- dimensional environment. A multi-probe
OTA testing configuration is shown in Figure 2.2. A more complex method
uses probes placed along an additional plane too to create a three- dimensional
environment. The unit under test is placed on a rotating platform which can
be tilted to test from all angles.

Reverberation Chamber Method
The reverberation chamber method is a good candidate for MIMO OTA test-
ing for its fast measurement capability. It uses reflective metallic walls and
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Figure 2.2: Multiprobe configuration (TR 37.976 [150])

these metal stirrers scatter the energy which enters the antenna uniformly
in all the directions. The radiation pattern cannot be measured in these
chambers, however, the total energy can be measured. This method uses the
reflection properties of a mode-stirred reverberation chamber to generate a
multipath signal from an input test signal. A reverberation chamber set up
is shown in Figure 2.3. The nonuniformity produces diverse signals on each
antenna allowing MIMO multiplexing gain. The time domain response of the
chamber can be adjusted by large metallic reflective surfaces whose orienta-
tions can be adjusted to achieve desired boundary conditions.

Two-Stage OTA Testing Method

The two-Stage method for MIMO OTA testing uses a different approach for
testing MIMO over the air performance. Here, in the first stage, the three-
dimensional far field radiation patterns of the MIMO antenna are obtained
using an anechoic chamber used for standard SISO tests. The magnitude,
as well as phase values of the radiation patterns, are required for different
phi and theta angles. In the second stage, these patterns are convolved with
channel characteristics using channel emulator. The signals obtained after the
second stage represents a real channel faded signal which is acted upon by the
antenna of the device under test. Therefore the two stages in two-stage OTA
testing are shown in Figure 2.4 and can be defined as

e Measuring the radiation pattern in a SISO OTA anechoic chamber
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Figure 2.3: Reverberation chamber setup with single cavity (TR 37.976 [150])

e Convolve the radiation pattern with a desired channel model to obtain

the fading distribution in a channel

The flexibility of a pattern measurement in a simple anechoic chamber
and the emulation of any desired channel distribution makes the two-stage
method more cost effective to obtain the fading distribution in a channel. The
complexity of the measurement method is very less compared to the multi-
probe and other techniques. The emulated channel models are accurate and
have the flexibility to choose any desired configuration like indoor, outdoor,
for varying Doppler spread and delay spread. We have used the two-stage
testing method to evaluate the channel performances of the designed quad
element MIMO antennas. The radiation patterns of the proposed antennas
are convolved with correlation and WINNER-II channel models in Agilent
SystemVUE software to obtain the OTA performances.
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Figure 2.4: Two-Stage testing method for MIMO OTA test (TR 37.976 [150])

2.3 Simulation and Optimization

The simulation prototypes of the proposed antennas are developed in CST
Microwave Studio (MWS). It is a specialist tool for the 3D Electromagnetic
(EM) simulations of high frequency components [153]. CST MWS comprises
of four different solvers and for our studies, a frequency-domain and time-
domain solver is used. CST solver is based on the description of electromag-
netic problems by differential Maxwell equations that are solved by the finite
difference method.

The transient solver could be best for wideband or planar antennas, the
frequency domain solver may be more suitable for electrically small and nar-
rowband antennas, while the integral equation solver can efficiently simulate
electrically large or wire antennas. Designing compact MIMO antennas on
small terminals is a multi-dimension optimization problem. 3D simulation
using CST MWS is a powerful tool in designing and understanding perfor-
mance of MIMO antenna systems. The major challenges in MIMO antenna
design include smaller antenna size, the coexistence of multiple elements and

the diversity analysis using the desired channel which can be addressed in
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CST MWS. This tool provides several weighting functions for modeling the
channel.

Channel model can be accurately modeled as a statistical power distri-
bution function (PDF) and choices can be made between predefined PDF or
parametrised PDF. An option is provided to specify cross polarization rate
(XPR) and solid angle. Few among the models are Isotropic distribution,
Rayleigh (Gaussian) distribution for non line of sight communication, Ricean
distribution for the line of sight communication which reduces to Gaussian
pdf as the line of sight path power decreases, outdoor urban environment typ-
ically Gaussian elevation and uniform azimuth, indoor environment Gaussian
in both elevation and azimuth etc.

The antenna geometry is modeled in CST MWS by specifying the coordi-
nates for each point of the structure along with appropriate material specifi-
cations. The metallization’s are specified as copper with a thickness of 0.035
mm and substrates are assigned from either the in-built material data base
or user-defined. CST gives the user an option to choose from its pre-defined
templates like, in this case, the planar antenna template which automatically
assigns the mesh type, mesh size etc. or it can as well be user-defined.

The waveguide ports are assigned to excite the individual antenna ele-
ments. It includes multi-signal functionality to simulate various excitations
which is a very useful feature for MIMO antenna designers. The boundary
conditions are set as open along the three coordinates. The frequency sweep
is set over the desired range of frequencies before the simulations are com-
menced. It allows mesh generation that divided the system to small cells in
order to get accurate results.

From the simulated results, the antenna parameters like return losses,
VSWR and the input impedances and transmission coefficients are plotted as
a function of frequency for each element. The antenna geometry can then
be appropriately optimized for the desired impedance response. The radia-
tion patterns, gain, current and field distributions are also determined at the
specified frequencies for each antenna in the multi-antenna MIMO system.

The simulation studies using CST MWS helps in design and optimiza-
tion of the MIMO antenna which is then fabricated and measured using a

prototype. The channel performances are investigated for the proposed quad
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element MIMO antennas using the Aglient SystemVUE software. SystemVUE
uses two-stage MIMO OTA testing method to analyze the channel capacity
and throughput measurements using two sets of available channels in it, i.e.
a correlation based channel model and WINNER-II channel model.

The three-dimensional radiation pattern data( both magnitude and phase
components) of the antenna elements are obtained from CST microwave stu-
dio. The data is converted into x.uan file format as specified by Agilent
SystemVUE for the various phi and theta angles. Far-field radiation patterns
are obtained for phi angles varying from 0° < ® < 360° and theta angles vary-
ing from 0° < ® < 180 in steps of 5 degrees. Individual files are created for
each antenna elements in the multi-element MIMO antenna. These files are
then loaded into SystemVUE software where they are convolved with channel
coefficients to obtain channel faded distribution.

The software has in built models for measuring channel capacity, block er-
ror rate (BLER) and throughput measurements. Here codes are implemented
to send a known set of data through multiple transmitter antennas. These
data is received and analyzed at the receiver, for any bits in error as well as
for channel capacity and throughput studies. The simulations are repeated
for varying SNR values to obtain the SNR v/s channel capacity and SNR v/s

throughput curves.

2.4 Fabrication

The various steps involved in the fabrication of the multi-element antenna
are listed below. The first procedure in the antenna fabrication is the se-
lection of suitable substrate with electrical and material properties matching
the required application. The dielectric constant and loss tangent and their
variation with temperature and frequency are important in fabrication. We
selected FR4, a widely used substrate material for microwave applications. It
is low cost, easily available and most suitable for effortless fabrication.
Photolithographic techniques were used to fabricate the multi-element an-
tenna configurations on the selected substrate. In the first step, the double

side copper coated FR4 substrates are chemically cleaned with acetone or
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chloroform to remove impurity matter on the surface. A very thin film of
photoresist is applied with the help of a spinner. There are two types of pho-
toresists; positive and negative. For positive resists, the resist is exposed with
UV light wherever the under lying material is to be removed. In these resists,
exposure to the UV light changes the chemical structure of the resist so that
it becomes more soluble in the developer solution. The exposed resist is then
washed away by the developer solution, leaving windows of the bare underly-
ing metallic region. The photomask, therefore, contains an exact copy of the
pattern which is to remain on the substrate. On the other hand, the negative
resist which is available in our laboratory, remains on the surface wherever it
is exposed and the developer solution removes only the unexposed portions.
Masks used for negative photo resist, therefore, contain the inverse of the pat-
tern to be transferred. After developing, the unwanted metallic portions are

cleared using Ferric Chloride solution.

2.5 Antenna Measurements

Various antenna parameters like resonant frequency, S-parameters, bandwidth,
gain, polarization, radiation pattern, envelope correlation coefficient etc. are
measured using different experimental setups as described below. The mea-
surements are carried out at our antenna measurement facility which includes
network analyzers (Agilent PNA E8362B, R&S ZVB20, automated antenna
positioner, broadband double-ridged horn antennas (2 to 20 GHz) and ane-

choic chamber.

Measurement of Resonant Frequency, S-parameters and Bandwidth
The two ports of the vector network analyzer (VNA) is calibrated using the
suitable standard short, open and thru loads. A proper phase delay is intro-
duced while calibrating, to ensure that the reference plane for all measure-
ments in the desired frequency range is actually at zero, thus taking care of
probable cable length variations and losses. The two ports of MIMO antenna
is then connected to the two ports of the network analyzer for S-parameter

measurement, as shown in Figure 2.5 while the other two ports of the four
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Figure 2.5: S parameter measurement setup using Network Analyzer

port MIMO antennas are terminated with matched loads. The magnitude
and phase of the measured 571,522,512 data can be compared and saved.
The resonant frequencies are determined from the return loss curves, by
identifying those frequencies for which the curve shows a maximum dip. The
return loss is the number in dB that the reflected signal is below the inci-
dent signal. From the S parameter curves, -10 dB impedance bandwidths are
determined by observing the range of frequencies (A fr) about the resonant
frequency fr, for which the return loss curves show a -10 dB value.

Measurement of Radiation Pattern

Radiation pattern measurement is carried in an anechoic chamber as shown
in Figure 2.6 using the setup consisting of the network analyzer. An auto-
matic turn table assembly kept in the quiet zone is used to mount the test
antenna inside the anechoic chamber. A completely automated data acquisi-
tion software using the Matlab software developed indigenously at the Center
for Research in Electromagnetics and Antennas (CREMA), Department of
Electronics, Cochin University of Science and Technology is used. This soft-
ware communicates with Network Analyzer using Standard Commands for
Programmable Instruments (SCPI) and gathers measured data through eth-



63 Chapter 2. Methodology

W LI

Figure 2.6: Photograph of the anechoic chamber used for the antenna measurements

ernet communication. A serial connection using DB9 connector to the turn
table controls the antenna rotation in a user defined angle and direction.

The principal E and H-plane radiation patterns (with both co and cross
polar pattern) of the test antenna are measured by keeping the test antenna
inside the chamber in the receiving mode. The block diagram of the experi-
mental setup used for this measurement is shown in Figure 2.7. A standard
wide band ridge horn antenna is used as the transmitter. The horn is then
connected to port-1 and the test antenna in port-2 of the Network Analyzer.
The analyzer is configured to make the S3; measurements in the step mode
with proper averaging.

The radiation patterns of the antenna under test at multiple frequencies
can be measured in a single rotation of the positioner using Matlab software.
With the test horn antenna aligned in bore sight for maximum reception
and polarization matched, the thru response calibration is performed for the
frequency of interest and saved in the calibration set. The powerful feature
called gating in VNA is enabled that provides the flexibility to selectively
remove spurious reflection or unwanted responses.

Once the gate has been applied to the time domain data, the data can be
converted back to the frequency domain. The time-gated response can now
be evaluated in the frequency domain. This is done by switching it into the
time domain and providing a gate span depending on the largest dimension
of the test antenna. The turn table is then set to rotate the desired angle
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Figure 2.7: Ezxperimental setup for antenna characterization

using the positioner. The positioner will stop at each step angle and take the
So1 measurements till it reaches the stop angle. Measurements are repeated
in the principal planes for both the co and cross-polar orientations of the test
antenna and horn. From the stored data, different radiation characteristics
like half power beam width, cross-polar level etc. in the respective planes are
estimated.

Measurement of Envelope Correlation Coefficient

Envelope correlation coefficients are computed from the measured far-field
radiation pattern data, obtained for the antenna elements. The measurements
are similar to radiation pattern measurements and are performed using a
network analyzer in an anechoic chamber. A procircle is fixed to the back
side of the antenna on the mounting table to rotate the antenna along the phi
axis. The antenna is rotated along the phi axis in measured steps, and for
each angle, the positioner rotates along the theta plane recording the pattern
data for various angles. Three dimensional far field distribution values are
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obtained for varying phi and theta angles in steps of 30 degrees conformable
to CTIA testing standards [154]. ECC is then computed with the measured

results using the equation

- [ $(XPR - Eg; 55, Py + By E}j; Py)d 2
\/ F(XPR - Eg;Ej;Py + EsiI55,Py)dS) § (X PR - Eg; Ej Py + Eyj 7 Py)dS)

(2.17)
X PR is the cross polarization rate of the incident field and is defined as
XPR = Py/Py where P, and Py are the average power along the spherical
coordinates @ and ®. FEyi and Egt are the complex envelopes of # and &
components of far field radiated field, when only the it port is excited and
other ports are terminated with 50 2 loads. Py and Pg are the probability
distributions of the power incident on the antenna in the 6 and ® polariza-
tion’s respectively. The angle € is defined by 6 in elevation and ® in azimuth.
A standard isotropic channel environment is considered for all our measure-
ments, where the powers of horizontal and vertically polarized incident waves
are almost equal. Hence, the cross polarization discrimination X PR = 1 and
probability distributions of the power incident on the antenna in the # and ®

polarization’s will be Py = Py = 1/4m.

Measurement of Gain and Efficiency

The gain of the antenna under test is measured using the gain transfer method
[155], [156], utilizing a reference antenna of known gain. The experimental
setup for the measurement of gain is same as that used for radiation pattern
measurement. A standard antenna with known gain G's operating in the
same frequency band as the test antenna is used as the reference antenna. S,
measurements are then carried out to determine the reference power with the
wide band horn as the transmitter and the reference antenna as the receiver.
A thru response calibration is performed for the frequency band of interest
and saved in a new cal set. This is taken as the reference gain response (0 dB).
The reference antenna is then replaced with the test antenna, retaining the
earlier bore sight alignment. S5 is then measured with the new calibration

on and power received in dB, Pr is recorded. The gain Gt of the test antenna



2.5. Antenna Measurements 66

is calculated from the stored data based on Friss transmission formula as
Gt(dB) = Gs(dB) + Pr(dB). (2.18)

The radiation efficiency is obtained using wheeler cap method which uses an
oblate metallic chamber for measurements. Radiation efficiency can be defined
as the ratio of the radiated power to the input power [157], where input power
is the combination parameter of radiated power and loss power or reflection
power. Thus the radiation efficiency, 'r/, is given by

o Prad o Prad
B Pz B Prad+-Ploss

(2.19)

where P, .4 is radiation power of antenna, P, is input power, P, is loss power
(reflection power). Assuming antenna has identical current distribution, the
equation (2.19) will re-write to following equation.

12 Rr,«ad Rrad

_ _ 2.20
I2Rr(zd + I2Rloss Rrad + Rloss ( )

Ui

where [ is the input current, R,.q is radiation resistance of antenna, R, is
loss resistance. Practically, the resistance of antenna cannot be easily obtained
directly by any measurement equipment. This will require another simple and
general parameter to solve the radiation efficiency during the measurement.
Reflection coefficient is one of most important parameter during antenna mea-
surement, and it shows on the VNA with another corresponding parameter
which is called return loss (S11). As we know, the reflection coefficient can
also represent by the real part of impedance. So the relationship between
resistance and reflection coefficient will be built using [158], [159], [160] for

antenna efficiency measurement.

P, 1-T)(1+T
n:—d:1_( )(L+T) (2.21)
Prad+Ploss <1+F1)(1 _FQ)
Bra LTy (2.22)

17 —_=
Rrad + Rloss 1— F%
where I'; is the reflection coefficient measurement without Wheeler cap (mea-
sured in free space) and I'y is the reflection coefficient measurement with

Wheeler cap.
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2.6 Chapter Summary

This chapter has discussed the methodology to design MIMO antennas, to sim-
ulate, optimize and fabricate the various quad element antennas mentioned
in the following chapters of the thesis. It has deduced the complete theory
behind the MIMO antenna characterization, the isolation and diversity anal-
ysis of the MIMO antennas, along with their simulation and measurement
techniques. The performance of the MIMO antennas are assessed not only
in terms of the conventional antenna parameters like return loss, gain, effi-
ciency and radiation pattern but also in terms of the MIMO quality measures
like the mutual coupling, envelope correlation coefficient, diversity gain, mean
effective gain and multiplexing efficiency. The ability of the antennas to effec-
tively transmit-receive multiple waveform in a channel are also discussed and

estimated in terms of the channel capacity, BLER and throughput.
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This chapter investigates the design and development of multimode MIMO
antennas for application in 2.45 GHz wireless band. The chapter begins with
a detailed literature review of available antennas belonging to this broad cat-
egory followed by the sections detailing the evolution and performances of
the multimode antenna designs. Here, multimode MIMO patch antennas are
designed for compact wireless terminals incorporating the various forms of
diversity like spatial, polarization and radiation pattern diversity.

Two different patch antenna elements, each exciting two complementary
orthogonal modes are used, as a result, the space required to mount the MIMO
antenna is very less. With overall dimensions, nearly half a guided wavelength,
the patches excite multiple radiation modes in the same frequency band en-
suring pattern diversity. The surface current and field distributions on the
antenna together with their radiation patterns for the resonant modes are an-
alyzed in detail. The results of the analysis along with the parametric studies
have enabled us to deduce their design for the desired operating frequencies.
The performance of the fabricated antennas is then experimentally verified
and are found to be in reasonable agreement with the simulated results.

Mutual coupling between the closely spaced antenna elements is reduced
by designing defected ground structures of various forms. The antenna de-
sign, simulation and measurement results are provided for each design. An
investigation on the working principle of isolation enhancement structure is
also provided. The MIMO performances of these antennas are explored in
detail to understand how diversified the antenna elements are. The diversity
performances of the MIMO antennas are evaluated by computing the envelope
correlation coefficient between the antenna elements. The antennas prove to
be suitable for MIMO application in terms of their isolation and diversity

performances.

3.1 Multimode MIMO Antennas: Review

From the surplus of available literature of MIMO antenna designs, with the
aim of showing typical examples of recent MIMO antenna systems, more focus
is assigned particularly on planar MIMO antenna designs as they are more
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conformable to the mounting host for wireless communication systems [161].
Antenna designs based on multiple resonant modes exploiting polarization and
pattern diversity are considered particularly and their performances are ana-
lyzed. In all these cases, the types of printed antennas range from monopoles,
dipoles, rings and slots to microstrip patches and subwavelength resonators
depending on the type and shape of the terminal under consideration. Care-
ful designing with minimal coupling and low correlation between elements is
a challenge [162] for MIMO antennas. Making use of isolation enhancement
techniques and diversity implemented in antennas ensuring low correlation is
a necessity in these conditions [163-166].

Polarization diversity has been widely employed and has proved itself for
its performance in MIMO antenna systems [44,48,167]. However, pattern
diversity has not been much explored, particularly using dissimilar antenna
designs. This can be attributed to antenna design constraints which require
highly performing diverse antenna elements resonating at the same frequency
and maintaining a low correlation between the various antenna shapes. There
are two methods to achieve pattern diversity i.e. by positioning identical
beams in different angular directions and secondly by creating diverse patterns
by making use of different antenna designs or multiple modes of antennas
ensuring diverse radiations. Experimental analysis of pattern diversity based
multimode MIMO antenna designs has been studied for its channel capacity
performances and MIMO diversity performances [168,169].

The benefits of pattern diversity based multimode MIMO antenna systems
using realistic channel models, adopted by the IEEE 802.11n standard body
for wireless local area networks (WLANSs) is described in [168]. The perfor-
mance studies of collocated multimode antennas using two element circular
microstrip antennas employing pattern diversity technique, yields improved
performance, when compared to space diversity based half wave length sep-
arated uniform linear arrays. An indoor field analysis on the performance
achievable with pattern and polarization diversity based multi-element recon-
figurable antennas is performed using circular patch antennas [169]. The ben-
efits offered by excited radiation pattern and polarization of the antennas are
investigated in both line-of-sight (LOS) and non-line-of-sight (NLOS) scenar-
ios. It was proved that polarization diversity exhibits consistent behavior in
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both LOS and NLOS scenarios. The diversity based antenna system achieved
an average capacity improvement of 17.5% when employed only at the re-
ceiver in a narrowband channel, relative to the 9% improvement achievable in
a broadband channel.

A multimode quasi-analytical model is derived to analyze and provides
guidelines to design reconfigurable multimode MIMO microstrip antennas
[170]. Several multimode antennas appear in literature which adopts various
structures like biconical antenna [171], spiral antenna [172], a simple metallic
ring with different phase configurations [173] and patch antenna [174]. Short
circuited ring patch antennas exciting multiple radiation modes have proved
to obtain high spectrum efficiency by combining spatial and radiation pat-
tern diversity [175]. Frequency mode convergence concept is used to obtain
multimode antennas using square patch [176]. Few other multimode anten-
nas are also reported using structures other than patch, however, the size is
conventionally larger, making use of higher order modes to achieve pattern
diversity [177,178].

Few other reported designs employing dissimilar antennas placed in a col-
located fashion to achieve pattern diversity is analyzed in this section. One
such design makes use of a pair of printed F antennas on the top metal layer
and the back metal layer contains a pair of quarter-wave slot antennas [167].
An isolation of 10 dB between the elements was obtained for this compact
quad element configuration with an overall area of 0.33)\y x 0.33)\y. The
quarter-wave length slot etched on the ground plane serves as a radiator, and
meanwhile, helps in suppressing mutual coupling of the other antenna pair
in a compact area. The capacity at 20 dB SNR is 19.7 b/s/Hz per receiver
branch, making it suitable for MIMO wireless communications.

Two different types of antenna are used to get diverse patterns with re-
duced coupling and enhanced isolation in a compact four port MIMO antenna
with an overall size of 82 x 62 x 2.6mm? for WLAN application [179]. To
enhance isolation between adjacent square rings and slot antennas, a set of
ground plane slits is employed between them. They act as a band stop filter
and reduce the coupling currents on the ground plane, the isolation perfor-

mances were better than 25 dB. Envelope correlation was less than 0.022 in the
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operating band with a maximum measured gain of 2.8 dBi for slot antennas
and 2.3 dBi for square ring antennas.

An important objective in designing collocated antennas is to design or-
thogonally polarized antenna elements with low cross polarization levels. This
is taken advantage in the design of compact planar collocated MIMO antenna
with high port isolation [180]. The proposed collocated antenna consists of
a proximity-coupled fed square-ring patch antenna, and a coaxial fed PIFA,
located inside the square ring patch. The inside PIFA takes no extra space
for the multi-antenna system. A two port MIMO antenna with resonator
separation of 0.029\ uses both polarization and pattern diversity. This has
radiating structures etched on both sides of the substrate with reasonably
good isolation [181].

Instead of two different antenna elements, there can be only one top radi-
ating element with two isolated feeding ports which can save space and cost.
This is adopted in the design of dual-feed planar inverted-F antenna (PIFA)
suitable for wireless applications such as WLAN and LTE as a diversity MIMO
antenna [182]. The two feed plates are placed perpendicular to each other to
exploit both the polarization diversity and pattern diversity. The isolation
between the two antenna ports is achieved by modifying the ground plane
under the top radiating element.

A two-port pattern diversity antenna is presented using a combination of
a low-profile monocone antenna and a broadband microstrip antenna [183].
The broadband microstrip antenna provides an impedance bandwidth of 44%
from 1.89 to 2.9 GHz, covering UMTS/LTE2300/2500 bands. The isolation
between the two antennas is greater than 15 dB in the entire band. The
low-profile monocone antenna has a monopole type radiation pattern, and
the broadband microstrip antenna has a microstrip antenna-type radiation
pattern, providing pattern diversity characteristics.

A number of collocated multi-antenna structures for MIMO applications
have been proposed in the last few years [133,184,185]. These multiple an-
tenna systems make maximum usage of the available space and exhibit a low
correlation between elements, since the antenna elements are not placed along-
side as in the typical spatial diversity based antenna system. However, most

of the collocated antenna systems are three-dimensional and are not perfect
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for compact wireless terminals. Traditional diversity techniques such as spa-
tial diversity by means of a linear antenna array or polarization diversity by
means of a cross-polarized antenna array may prove to be unsuitable in the
case of severe restrictions on antenna size and spacing.

A complete MIMO communication system with orthogonal frequency-
division multiplexing (OFDM) based on multiple excitation modes for a single
circular microstrip antenna is studied in [186]. A microstrip antenna employ-
ing multiple modes is found to be comparable to traditional antenna arrays in
an urban micro-cell setting at a much lower cost in terms of size and spacing.
The throughput performance and signal detection of multimode antennas in
flat and frequency-selective fading environments prove the feasibility of the
multiple mode diversity antenna.

It is clear from the literature review that often the quad element MIMO an-
tenna systems designed by researchers are of big sizes for a compact handheld
device. The high isolation (greater than 20 dB), and low envelope correlation
has been achieved either through using 2-elements MIMO antenna systems or
relatively big MIMO antenna systems. Therefore, it is required to reduce the
size of the MIMO antenna by miniaturizing the resonator elements.

Generally, it has been noticed that the correlation between the envelopes
of signals received by two antenna elements is decreased if the patterns of each
antenna are different from each other. This is due to the fact that the relative
amplitudes and phases or the weights of the incident multipath signals are
distinct at each antenna, even if the antennas are collocated. This concept is
used in the design of quad element MIMO antennas where pattern diversity
of multiple radiation modes creates multiple beams in different directions, to
access the uncorrelated signals. Pattern diversity using different patches, in
fact, has an inherent space diversity due to antenna separation necessary to
create those beams.

In addition to pattern diversity introduced by multiple modes, the pro-
posed designs also introduce polarization diversity in such a way that each
adjacent antenna has a different polarization. For a single polarized system,
one polarization is extracted from each antenna. In the case of a dual polarized
system, which is employed here, two orthogonal polarizations are extracted si-

multaneously. Collocating multiple antenna elements is highly desired, where
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there is no physical separation between antenna elements and can further
shrink the size of the multiple antennas in a MIMO system. In addition, two
dissimilar antennas are also suitable to be collocated together and resonance
can be achieved at the same frequency. However, in such scenarios, it is dif-
ficult to add any decoupling structures in the MIMO antenna system, hence,
orthogonal polarization turn out to be the best decoupling method.

Based on this study, the evolution of three collocated MIMO antenna de-
signs is presented. The antennas designed are simple in structure based on
microstrip patch antenna design equations. We begin by investigating a mi-
crostrip square patch and square ring patch antenna to study the impact of
antenna geometry and positioning for obtaining identical frequencies of reso-
nance and diverse radiation patterns. Further, we modify the antenna design
to optimize their performance for 2.45 GHz band applications. Dual polar-
ization and multiple radiation modes are used to achieve minimal correlation
and coupling. The antennas are coaxially fed for easy fabrication and better

integration.

3.2 Microstrip square and ring patch MIMO
Antenna with ring DGS

The multimode collocated microstrip patch antenna was designed considering
the basic patch antenna shapes [187]. The multi-element antenna was intended
to realize polarization and pattern diversity for use in multiple-input-multiple-
output (MIMO) terminals. In order to achieve pattern diversity, two different
antenna elements were considered. Further, improvement in angular diver-
sity can be achieved by keeping the radiating modes diverse, i.e. by making
use of fundamental and higher order modes. The design was initiated with
a two element dual polarized square patch antenna. To achieve compactness
of the overall quad element antenna, a simple square ring patch antenna was
chosen which accommodates the square patch within its ring slot. The quad
element antenna was designed for 2.45 GHz band. To improve isolation be-
tween the patch antenna elements, a square ring defected ground structure

(DGS) is designed. Square ring slot etched on the ground plane between the
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patches, improves isolation along both E and H planes for its ring structure.
It reduces surface waves confined within the dielectric that causes coupling

between closely spaced antenna elements.

3.2.1 MIMO Antenna Geometry and its Design

A microstrip antenna in its simplest form comprises of a radiating patch on
the top side of a dielectric substrate and a ground plane on the bottom side.
The patch is usually prepared using conducting material and can designed
for any possible shape, but standard shapes are used to simplify the analysis
and performance prediction. The fringing fields between the periphery of the
patch and the ground plane cause radiation from a microstrip patch antenna.
Microstrip patch antennas can be fed by means of various methods like mi-
crostrip line feed, coaxial feed, aperture coupled feed and proximity coupled
feed. The proposed antenna system uses coaxially fed planar microstrip patch
antennas for designing a quad element MIMO antenna.

The geometry and parameters of quad element antenna system are shown
in Figure 3.1. The dimension of the antenna is given in Table 3.1. An FR4
substrate with relative permittivity €, = 4.4, loss tangent tand = 0.02 and
thickness of 1.6 mm is used. The antenna has a two port square patch which
is orthogonally polarized to produce 0° and 90° polarized waves. A basic
square patch antenna of length L, width W, on a substrate of thickness h
with permittivity or dielectric constant e, resonates for a frequency given
by [188]

C
© 2L.\/E,

The equation (3.1) says that the microstrip patch antenna should have a length

[r (3.1)

equal to one half of a wavelength within the dielectric medium for operating
in its fundamental mode. Here the electric field is zero at the center of the
patch, maximum positive on one side, and minimum negative on the opposite
side. These minima and maxima constantly change sides like the phase of
the sine wave. Hence, for a square patch antenna for which length and width
are equal, by choosing two feed ports P, and P, along the principal Y and
X planes, T'"My; and T' Mg modes of the antenna are excited. TM stands for
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Figure 3.1: Geometry of the four port Table 3.1: Antenna Dimensions of square
MIMO antenna system and ring patch MIMO antenna

transverse magnetic, the magnetic field distribution between patch and the
ground, this field is transverse to the z-axis of the patch antenna.

The simulated current distributions of the elements of the antenna are
shown in Figure 3.2 from which the modes of operation can be identified.
Elements P; and P, have a half wavelength current distributions along the
Y axis and the X axis, exciting fundamental orthogonal modes T'M,; and
T Mp; i.e. one has a null in the direction in which other has a maximum.
Square patch antenna has four L-shaped slots which reduces the dimensions
of the antenna, making it resonate at 0.4\, where X is the wavelength at the
resonant frequency. This makes the antenna more compact than conventional
A/2 patch antenna [189]. The impact of the L-shaped slots on the resonant
behavior of the square patch antenna is investigated in Figure 3.3. It can
be observed that the length of the slot significantly influences the resonant
frequency of the square patch antenna, by increasing the electrical length of
the fundamental resonant modes.

Square ring patch shape is chosen as the second patch antenna, which en-
circles around the square patch leaving a ring slot in between the two patches.
In other words, it can be said that the ring slot structure on the upper side

of the substrate, isolates feed ports P; and P, from inner square patch feed



3.2. Microstrip square and ring patch MIMO Antenna with ring DGS 78

Jsurfla_per_m]

2. p0pde+001
1.8571e+001
1.7143e+001
1. 5714e+801
1.4286e+@01
1. 2857 e+8E1
1.1%296+001
1. BOBEE+AE1
8. E714e+002 '
7. 1429e+0608
5.7143e+003
4. 2557e+003
2. 8571es0E8
1.4286e+003
. PAP3E+A03

0 a0 &0 o 30 60 {mm)

0 30 60 (mm) 0

30
(c) (d)

60 {mm)

Figure 3.2: Vector current distribution with (a) Py, (b) P2, (¢) P3 and (d) Py excited
at 2.45 GHz

points, making them resonate based on the principle of the square ring patch
antenna. This results in diverse radiation patterns for square patch and ring
patch antennas. Feed ports P3 and P, are positioned on the outer ring antenna
to excite higher order orthogonal modes of the square ring patch antenna. For
a ring patch antenna, the resonant frequency is determined by both the inner
and outer dimensions of the square ring. The fundamental resonant mode of
a microstrip square ring patch antenna has a width W corresponding to 0.3\.
The width W is the average of outer and inner widths given by W = w,
where Wy and W3 are outer and inner dimensions of the ring as shown in
Figure 3.1. In this case, higher order modes of square ring antenna are ex-

cited, which corresponding to a width W of 0.8 for obtaining resonance at a
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frequency of 2.45 GHz.
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Figure 8.3: Effect of L slot length and width on reflection characteristics

For Pj, the current distribution in Figure 3.2 has one half wavelength dis-
tribution along the X direction with a current maximum and two minima’s
in the corners, whereas along the Y axis there is one full wavelength distribu-
tion with two maxima’s. Therefore, it can be interpreted that P; resonates in
T M5 mode. For P,, current distribution has one half wavelength variation

along the Y direction and a full wavelength variation with two maxima’s along
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the X plane, identified as T'Ms; mode.

The parametric study of the width of the outer ring antenna in determining
the resonant frequency is shown in Figure 3.4. The outer width of the ring
patch antenna W, is kept constant and the inner patch width W3 is varied.
An increase in W3 results in lowering the average width W given by W =
w, which in turn increases the ring resonant frequencies (S33 and Syy).
By properly choosing the width to be nearly 0.8),, the second order modes
of the square ring patch antenna are excited and resonance is achieved in
the desired frequency similar to that of the square patch antenna. Higher
order orthogonal modes created by the square ring patch antenna have a
dissimilar radiation pattern than lower order modes of the square patch, thus

guaranteeing pattern diversity in the multiple antenna system.
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Figure 3.4: Effect of outer ring width on Ss3 / Sia characteristics

Simulations are done with the aid of CST Microwave Studio software. The
simulated S parameters of the quad element MIMO antenna are shown in
Figure 3.5. The ring shaped slot on the top of the substrate separating square
patch and ring patch antenna physically isolates the two patch elements. This
is reason why low coupling is achieved between P, & P; and P, & P,. However,
coupling between P, & P3 and between P; & Pj is still higher than -20 dB

because of the identical orientation of surface currents for these elements.
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Figure 3.5: Simulated S Parameters

3.2.2 Study of square ring DGS for isolation enhance-
ment

A square ring shaped defected ground structure is engraved between the patch
antennas to provide high isolation between elements of the two patch antennas.
The geometry of the DGS on the antenna ground plane is shown in Figure 3.6.
Mutual coupling between closely spaced antenna elements is generally due to
the far field coupling and surface wave coupling. Defected ground structures
can effectively suppress both these types of coupling currents. By etching
structures on the ground, common ground sharing currents can be blocked to
reduce far-field coupling. Surface waves travel within the dielectric substrate
and are guided by the substrate and the finite ground plane. These waves
have the lowest propagation mode 7'M, having a cutoff frequency of zero [190],
which acts as the most dominant reason for coupling in this case.

The square ring shaped DGS is designed to act as a slot antenna resonator
at the operating frequency, so that it radiates coupling waves between the
antenna elements into space [191]. This inhibits surface waves within the
dielectric from reaching other ports in their traveling path and cause coupling.
In this system, square and ring patch antennas have feed positions along both
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Figure 3.6: Geometry of ground plane of the antenna with ring DGS; Lo = 38mm,
We = 4mm

E and H plane, so it is necessary to realize isolation in both these planes. By
selecting DGS to be a ring shaped structure, this can be accomplished, with
enhanced isolation for both combinations of the antenna elements i.e. P, & P,
and P, & Ps.

To further comprehend the mechanism of the isolation enhancement, probes
are placed within dielectric using CST Microwave Studio to measure E fields.
It was observed that in both the high coupling areas, an addition of isolation
structure has reduced E field inside dielectric for the operating band. FEj
was measured in a direction normal to the ground layer. Figure 3.7 shows E,
field measured nearby feed location P, when P; is excited. A similar decline
in the field was perceived for P, and P3; combination too with DGS. A de-
crease in the field indicates that more confined waves are coupled into space
by the square ring DGS. It was also observed that the field £, decreases with
a decrease in substrate thickness, which is true for the behavior of surface
waves. A small increase in back radiation is observed, which again validates
that the coupling waves are radiated by DGS due to its resonant behavior.

The square ring DGS having a width which is nearly a A\/2, act as a slot
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Figure 3.7: E Field measured within dielectric from simulation using probe

resonator at the operating frequency of the main antenna. For a ring slot,
A depends on the width of the ring, which takes into consideration both the
inner and outer dimensions of the ring. Parametric study of the square ring
DGS is performed to study the impact of length L, and width Wy towards
the mutual coupling and antenna resonances. Parametric study of the width
W of the ring slot in Figure 3.8(a) with Lo fixed at 38 mm, shows that the
resonance of inner patch antenna varies with Wg. A width of 4 mm provides
good isolation and impedance matching at 2.45 GHz for square patch feed
ports. The length of the ring slot affects the resonant frequency of the square
ring antenna. Parametric simulation of S33 and Sy with the variations in the
length of the ring slot is shown in Figure 3.8(b). The curves indicate that
the resonant frequency of the square ring antenna decreases as the length of
the DGS is increased. The length of the ring arm is chosen to be 38 mm
for resonance at a frequency of 2.45 GHz. Parametric studies of Sy and Sz
with variation in length and width of ring DGS are shown in Figure 3.8(c) and
Figure 3.8(d) respectively. It can be inferred that an increase in the length and
width of the ring slot improves isolation, however, it changes the impedance
matching of the patch and ring antennas and shifts the resonant frequencies.

Hence, this alters the individual resonant frequencies of the antenna elements.
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Figure 3.8: Parametric studies of length and width of ring DGS

(a) effect of the width of ring DGS on square patch antenna resonance
(b) effect of length of ring DGS on square ring patch antenna resonance
(c) effect on ring DGS length on Sy1 / S32

(d) effect of ring DGS width on S41 / S32

3.2.3 Simulations and Measurements

From the isolation studies, it can be observed that a ring shaped inductive slot
etched on the ground plane of the multi-element antenna, improves isolation
from -15 dB to -22 dB between highly coupled square and ring patch antenna
elements. Ring DGS introduces some meandering on the current path of the
outer ring patch antenna, thereby increasing its effective electrical length. In
doing so, the resonant frequencies of the ring antenna decrease without an
actual increase in antenna dimensions. Hence, by introducing the isolation
structure, apart from improving isolation between the antenna elements, ring
antenna elements are made to resonate at the same frequency of about 2.45

GHz as that of the square patch antenna. The simulated S parameters of the
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quad element MIMO antenna with the ring DGS are shown in Figure 3.9. The
-10 dB impedance bandwidth is about 2 % for square patch ports P, and P»,
and 1.5 % for ring ports P and P,. Simulated 3D radiation patterns obtained
for the four antenna elements are shown in Figure 3.10. Pattern shapes of
square patch antenna exciting fundamental orthogonal modes are similar to
each other, and differ from the patterns of the ring patch antenna exciting

higher order orthogonal modes.
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Figure 3.9: Simulated S parameters with ring DGS

The prototype of the quad element collocated multimode microstrip patch
antenna is fabricated on an FR4 substrate as shown in Figure 3.11. Measured
S parameter results using a Vector Network Analyzer is shown in Figure 3.12.
It can be observed that all the four elements resonate at the same frequency
of 2.45 GHz, similar to that of the simulation curves. The results achieved
guarantees good MIMO performance with mutual coupling between any pair
of ports well below -20dB. Minimum isolation between the inner and outer
microstrip patch antenna modes are about 25dB in the operating band. The
antenna elements have a measured peak gain of 4.4 dBi for square patch an-
tenna modes and 2.3 dBi for ring antenna modes. The efficiency measured are

86 % for square patch antenna elements and 71 % for ring antenna elements.
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Figure 3.10: Simulated 3D radiation pattern of the MIMO antenna (a) Py excited
(b) Py excited (c) Ps excited (d) Py excited

Normalized far-field radiation patterns measured for all four antenna ele-
ments in the 0° plane and 90° planes of the antenna is as shown in Figure 3.13.
It can be observed that the square patch elements P; and P, have polarization
planes orthogonal to each other which by itself can ensure the least coupling
between the ports. A similar polarization diversity can be observed between
the radiation patterns of outer ring antenna elements. The asymmetric ring
antenna elements P3 and P, excites higher order modes and measures a little
higher cross polar levels in the radiation pattern. The shape of the pattern

is not the same for square and ring antenna elements. Hence, they radiate
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Figure 3.11: Fabricated prototype of the antenna (a) top view (b) bottom view
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Figure 3.12: Measured reflection and transmission characteristics

distinctively which guarantees pattern diversity.

Diversity performance is analyzed to characterize the MIMO antenna sys-
tem. In a wireless communication system, reflected signals in a channel en-
vironment cause multipath propagation. These multiple signals arrive at the
receiver with a small time difference and can cause interference with one an-
other. To study the diversity performance, a channel needs to be modeled as

a statistical power distribution function. For example, an outdoor urban envi-
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Figure 3.13: Measure radiation patterns of the antenna (a) Py excited (b) Py excited
(c) Ps excited (d) Py excited

ronment can be typically characterized by a Gaussian distribution in elevation
and uniform along azimuth [142]. Scattering matrix and far field radiation pat-
terns are used to evaluate the MIMO performance of the proposed antenna
system. Envelope correlation p;; gives a measure of antenna radiation pattern
diversity. A relation between correlation factor p;; and scattered parameters
for N port antenna is derived in [192] and is given as

|2n——1s;kLiS’ﬂj|
Pij =
\/(1 eryzllsnip)(l Z,]Ll|5nj|2)

(3.2)

Computation of correlation coefficients from S parameter gives very low values,
less than 0.05. Because the S parameter approach is not so accurate, it is
preferable to measure envelope correlation from far field radiation patterns
[133] as given in equation (3.3). Here, X PR is the cross polarization ratio of
the incident field and is defined as X PR = Py /Py where Py and Py are the
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average power along the spherical coordinates 8 and ®. Fyi and Egi are the
complex envelopes of 6 and ® components of far field radiated field, when only
the 5" port is excited and other ports are terminated with 50  loads. P, and
Py are the probability distributions of the power incident on the antenna in
the # and ® polarization’s respectively. The angle €2 is defined by 6 in elevation
and ® in azimuth. An isotropic channel environment is considered where the
powers of horizontal and vertically polarized incident waves are almost equal.
For an isotropic environment, the cross polarization discrimination X PR =1
and probability distributions of the power incident on the antenna in the 6
and ® polarization’s is Py = Pp = 1/4m.
[ $(XPR - Eg; 55, Py + By E}j; Py)d 2
- \/ F(XPR - Eg;Ej;Py + Esil55,Py)dS) § (X PR - Eg; Ej Py + Eyj 7 Py)dS)
(3.3)

Envelope correlation coefficients obtained are satisfactory with very low

correlation values across the impedance bandwidth. The envelope correla-
tion coefficients p;; between any combination of elements of the fabricated
prototype is below 0.3, across the operating frequency range as shown in Fig-
ure 3.14. It shows that the elements of the multiple antenna system radiate
uncorrelated waveforms indicating very good MIMO performance. Polariza-
tion diversity and diverse patterns obtained from different radiating modes

help in maintaining a low correlation between patch antenna elements.
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Figure 3.14: Envelope correlation coefficient between waveforms
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3.3 Concentric square ring patch MIMO An-
tenna loaded with CSRR

In this section, a quad element multiple-input-multiple-output (MIMO) an-
tenna system is designed and analyzed using concentric square ring patch
antennas. Unlike the conventional A/2 microstrip patch antennas, ring an-
tennas are much more compact. The multiple resonant modes of square ring
antennas are made to resonate at 2.45 GHz band with an overall system di-
mension of 0.48)\y x 0.48\y. Both polarization and angle diversity techniques
are employed to create decoupled square ring patch antennas in forming a quad
element MIMO. Coupling between elements, in the collocated concentric rings
having E- fields in the same direction, are higher. Isolation is achieved here,
by etching a pair of subwavelength resonant structure like complementary
split ring resonator (CSRR) at the strong coupling areas. CSRRs are loaded
in a non periodical fashion between the two ring antennas at the ring cor-
ners for enhancing isolation between patch antenna elements. The efficacy of
concentric rings in the MIMO antenna design, along with proposed isolation

improvement technique, is investigated and validated using measurements.

3.3.1 MIMO Antenna Geometry and its Design

The design uses concentric ring patches resonating in different transverse mag-
netic modes. The geometry of the antenna is shown in Figure 3.15 and its
dimensions are shown in Table 3.2. This design was initialized with a sin-
gle ring patch antenna made to resonate in the two fundamental orthogonal
modes T'Myy and T My,. The square ring metal strip is supported by an F'R4
dielectric substrate of relative permittivity €, = 4.4, loss tangent tand = 0.02
and thickness 1.6 mm. The ring antenna have outer and inner dimensions as
W, and Wj5 to resonate in 2.45 GHz band.

Apart from being compact, the microstrip square ring antenna has a
slightly enhanced bandwidth than square patch due to the low amount of en-
ergy stored under the metallic regions. A ring antenna is realized by removing
the central conducting portion, thereby reducing the metallic portions which
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Parameter Value Parameter Value

(mm) (mm)
Wi 60 n 5.4
Wo 58 d 5
Wi 40.8 L 33
Wy 274 w 0.2
Wi 6.6 m 7.5

Figure 3.15: Geometry of the MIMO an- Table 3.2: Antenna Dimensions of con-

tenna using concentric rings centric ring MIMO antenna

can reflect and confine energy within the dielectric. A 2:1 VSWR bandwidth
of 75 MHz (about 40 % improvement), was achieved for the ring antenna,
with Wy increased to 6.6 mm as shown in Figure 3.16. Transmission curve Siy
shifts to a lower frequency with an increase in Wj5, however, coupling levels
remain unaltered. The feeding structure is simple and impedance matching
can be done easily by varying the feed position along the two principal X and
Y axis.

The second square ring encloses the inner ring, thus making the structure
compact than placing elements with half wave length spatial separation. Feed
positions are chosen so as to excite higher order orthogonal modes T'Ms; and
T M5 with high isolation between them. The two ports of the outer ring have
low VSWR bandwidth which may restrict its practical applications. The small
bandwidth of these ports is due to the feed positions chosen so as to excite
orthogonal higher order modes with minimum coupling. For higher order
modes where the substrate thickness is not negligible, the effects of surface
wave propagation will be high.

To improve bandwidth, reactive loading of the antennas is done by etch-
ing slots on each ring arm. These half wave length slots have a resonant
frequency near to the operating frequency of the main antenna. Thus the op-
erating bandwidth is enhanced by 60 % from 50 MHz to 80 MHz as shown in
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Figure 3.16: Effect of inner ring patch width on inner ring reflection characteristics

Figure 3.17. Slit loading also reduces the coupling between orthogonal higher
order ring modes. Ports P, and P, being linearly polarized along the X axis
have high coupling between them, similar is the case between Y polarized
elements P, and P3. The simulated S parameters of the MIMO antenna using
microstrip concentric square ring patches are shown in Figure 3.18.
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Figure 8.17: Effect of slits on outer ring patch antenna bandwidth
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Figure 3.18: Simulated reflection and transmission characteristics

3.3.2 Study of CSRR for isolation enhancement

There are mainly two sources of mutual coupling, the surface wave coupling
between antenna elements printed on the same substrate and the current flow-
ing on the shared ground. In order to reduce coupling currents, complemen-
tary split ring resonators (CSRR’s) are etched on the ground plane between
the square rings using the design formula in [193]. The proposed structure
consists of a pair of CSRR etched in the corners of the antenna in between the
two concentric square rings with a tilt angle of 45°. The ground plane of the
concentric ring MIMO antenna with CSRRs etched on the ground is shown
in Figure 3.19. These are points where coupling currents are stronger. CSRR
exhibits a resonant property in the presence of vertically polarized electric
fields. The presence of CSRR on the ground alters standing wave distribution
within the antenna.

When an electromagnetic wave is incident on the antenna, the magnetic
field along Z direction interacts with the CSRR etched on the ground of
antenna as shown in Figure 3.20(a). This creates an electromotive force inside
the antenna and disturbs the induced currents inside the ground plane. As a

result, the ground currents on the adjacent ring changes its polarity by nearly
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Figure 3.19: Geometry of ground plane of the antenna with CSRR (a) back view
(b) CSRR enlarged view; x1 = 16.4mm, y1 = 16.4mm, ¢ = 0.5mm, s = 0.5mm, g

= 0.5mm, r = 0.4mm

180° which can be observed from ground current distribution in Figure 3.20(b).
Thus, vertically polarized space waves of P, and P, are out of phase now, which

ensures least coupling between them.

Ground coupling currents are diminished significantly, resulting in an iso-
lation enhancement of 6.5 dB as shown in Figure 3.21. The disturbance can
change the characteristics such as equivalent inductance and capacitance, thus
obtaining the band stop at the frequency of interest. Further studies on the
current distributions show an improved isolation between the two ring patches
with the CSRR on the ground. Current distributions on the ground plane for
four antenna elements at the resonant frequency 2.45 GHz is simulated and

displayed in Figure 3.22.
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Figure 3.20: Polarity reversal on adjacent ring with Py excited at 0° phase with and

without CSRR (a) H field (b) surface currents
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Figure 3.21: Isolation characteristics without and with CSRR

3.3.3 Simulation and Measurements

The simulated results of the concentric ring MIMO antenna with the CSRR

isolation structure are shown in Figure 3.23. Simulated 3D radiation patterns
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(d)

Figure 3.22: Surface current on ground without and with CSRR for (a) Py (b) P
(c) Ps (d) Py
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Figure 3.23: Sitmulated reflection and transmission characteristics with CSRR on

ground

obtained for the four antenna elements are shown in Figure 3.24. Fabricated
prototype antenna and its S parameters measured using a Vector Network

Analyzer, are shown in Figure 3.25 and Figure 3.26 respectively. Reasonably
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good agreement between the simulated and measured results are achieved.
Measured peak gain values of inner ring modes and outer ring modes are 4
dBi and 3.4 dBi respectively. Peak efficiency obtained for inner ring ports is
84.6 %, and outer ring ports are about 72.5 % in the 2.4 GHz ISM band.

Figure 3.24: Simulated 3D radiation pattern of the MIMO antenna (a) Py excited
(b) Py excited (c) Ps excited (d) Py excited

Far-field radiation pattern measurements, obtained by exciting individ-
ual ports and terminating other ports with matching load, are shown in Fig-
ure 3.27. Normalized far-field radiation pattern measured for all the four ports
in 0° plane and 90° planes of antenna shows that feed ports P, and P, have
polarization planes perpendicular to each other, which ensures least coupling
between ports. A similar polarization diversity can also be perceived between

outer ring antenna elements P; and P;. The shape of the pattern is different
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Figure 3.26: Measured S parameters of the MIMO antenna

for fundamental and higher order modes, so that they radiate differently and
it ensures angle diversity.

The diversity performances of MIMO system are evaluated by computing
envelope correlation coefficients. It provides correlation among the ampli-
tudes of individual elements of the antenna. The computed values of envelope

correlation coefficients using equation (3.3) are plotted in Figure 3.28. It is
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Figure 3.27: Measured radiation patterns of the antenna (a) P1 (b) Ps (¢) Ps (d)

Py excited

observed that, within the operating band, correlation coefficients are below

0.4 which ensures good MIMO performance.

3.4 Microstrip cross and ring patch MIMO
Antenna with interdigital structure

Another design of a quad element MIMO antenna system, employing polariza-
tion and pattern diversity technique, uses a microstrip cross patch embedded
within a square ring patch antenna. The antenna system, resonating at 2.45
GHz band, uses a dual polarized two port cross patch antenna and an or-
thogonally polarized two port square ring patch antenna. The cross patch

antenna has the benefit of lower cross polarization levels, which reduces the
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Figure 3.28: Envelope correlation coefficient between waveforms

coupling between its orthogonal elements. The narrow bandwidth of the outer
ring modes of the square ring antenna is doubled by etching half wavelength
slits along the four arms. High mutual coupling between elements of the cross
and ring patch, with identical field orientation, is lowered by incorporating
an interdigital structure on the ground plane. Interdigital ground structure
between cross and ring antenna elements is simple to fabricate and easy to
tune to a desired frequency range, which makes it a good candidate for fu-
ture miniature designs. The overall dimension of the four port multi-element
antenna is about 0.5)\¢ x 0.5)\g, which makes it fairly compact. The antenna
achieves better performance by making use of a cross patch and ring patch
combination for the MIMO antenna design, along with the use of an interdig-

ital ground structure for obtaining high isolation between its elements.

3.4.1 MIMO Antenna Geometry and its Design

Based on the diversity techniques, a compact four port MIMO antenna is de-
signed. The geometry of the antenna is shown in Figure 3.29 and its dimen-
sions are shown in Table 3.3. An orthogonally polarized two port cross patch
antenna is designed initially with a larger dimension of 31 mm (L, + W; + W)
and a smaller dimension of 18.6 mm (L), resonating at a frequency of 2.45
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Parameter Value Parameter Value

Ly 61 ds 8.6
Lo 59.2 ds 13.6
L3 38.2 dy 5.45

Ly 186 W, 6.2
Ly 32 c 6.4
d dy 14.6 w 0.2

Figure 3.29: Geometry of the four port Table 3.3: Antenna Dimensions of cross
MIMO antenna system and ring patch MIMO antenna

GHz as shown in Figure 3.30 (a). Feed points are chosen along the principal X
and Y planes, exciting two fundamental orthogonal modes T'M;y and T M, .

For cross patch antennas, L, can be reduced so that the pattern becomes
more confined. The back lobe is reduced by 2-4 dB, with L, changing from
31 mm to 18.6 mm. An extended range of frequency ratio can be achieved by
tuning L4. Apart from a shift in the resonant frequency, there is no change
in coupling levels between cross patch modes with varying L,. In this case,
about 41.6% enhancement in 2:1 VSWR bandwidth is obtained, by reducing
the value of Ly as shown in Figure 3.30 (b). The two port antenna has a
VSWR bandwidth of 85 MHz, which covers the ISM band. Furthermore, the
crosspatch geometry has a slightly improved performance in terms of reduced
cross-polar and increased co-polar currents, making it a good candidate for
polarization diversity based MIMO designs.

The outer antenna which encompasses the cross patch antenna within its
structure is chosen to have a ring shape as in the previous designs. The spacing
between antenna elements is much smaller, about 0.03)\y. Diverse radiation
patterns of cross patch and the ring patch provides a low correlation between

the waveforms. Feed positions for the ring antenna are chosen so as to excite
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Figure 3.30: Two port cross patch antenna
(a) Geometry
(b) Effect of cross patch length on reflection and transmission characteristics of two

port antenna

two orthogonally polarized modes resonating at the same frequency as that
of the cross patch. The square ring dimensions are adjusted for transverse
magnetic modes T' My, and T' M5 to resonate at 2.45 GHz, which corresponds
to a width of about 0.8\;. These higher order orthogonal modes of the ring
antenna have a low bandwidth of about 35 MHz, which is not sufficient to cover
the 2.4 GHz ISM band. Therefore a method of reactive loading is employed
as discussed in section 3.3.1. The loading is achieved in the current design
by etching slots on the ring arm, which increases the bandwidth by 143 %,
without having any adverse effect on the mutual coupling between orthogonal
ports.

Effect of Slits on the Ring Patch

The microstrip square ring antenna is loaded inductively by etching slots on
each of its ring arms. The frequency ratio can be adjusted by changing the
length and width of these slots. Since the slots are closer to the radiating
edges, the fundamental modes of the ring will not be modified by its inclusion.

For T'M5, and T'M,5 modes, currents are stronger in those areas where slots are
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placed, and hence a strong influence on ring resonant frequency is observed.
These half wavelength slots resonate near the operating frequency of the main
antenna. Thus, slot resonance merges with the operating band of the square
ring antenna to enhance the bandwidth from 35 MHz to 85 MHz as shown in
Figure 3.31.

0
—e— S, wo slits
—O— S,,wslits
= =l —v— S,, wo slits
T —— S, wslits
# -20
3
Q
£
£ -30
©
Q. 4
n
-40
-50
2.2 23 24 25 2.6 27

Frequency (GHz)

Figure 3.31: Bandwidth enhancement with slit dimensions

The parametric variation of slot length Ls is shown in Figure 3.32(a),
indicating that the slot resonance is adjacent to ring antenna resonance. The
slot resonant frequency decreases with increase in length Ls. As the width
w of the slot increases, current distribution along the ring arm with one half
wave distribution is significantly altered. This causes an increase in cross polar
currents which in turn results in increased coupling (S,3) between orthogonal
ring ports as shown in Figure 3.32(b). The slot width is chosen so as to
maintain minimum coupling between P; and P;.

The proposed quad element MIMO antenna is simulated using CST mi-
crowave studio software. Reflection and transmission coefficients of antenna
elements are analyzed and are shown in Figure 3.33. Orthogonal polarization
between elements 1 and 2 guarantees high isolation, with low values of Sa;.

The same holds true for S34, between orthogonal ring antenna ports P3 and Pj.
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Figure 8.32: Effect of slit dimensions on ring antenna modes
(a) Ss3 / Siz with varying slit lengths
(b)Ss3 / Sas with varying slit widths

From the feed port orientation and current distribution, it can be interpreted
that P; and Pj are polarized along the X axis and P, and P, are polarized
along the Y axis. Coupling between elements having identical E field ori-
entation is significantly higher. This explains the reason why Si3 & So4 are
being high and S14 & Ss3 are being low. In the next section, the inclusion of
interdigital structure in the ground of the MIMO antenna and the reduction

in mutual coupling is investigated.

3.4.2 Study of Inter-digital structure to reduce mutual
coupling

In order to reduce the T'M, surface wave, an interdigital structure is etched on
the ground between the cross and ring patches. This structure can suppress
surface waves over a limited frequency range and can be easily accommo-
dated between elements which have very little spacing between them. The
designed isolation structure acts as a stop band filter which operates in the
resonant band of the main antenna system. The inclusion of the structure

in the ground, neither changes the resonant frequency nor the bandwidth of
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Figure 3.33: Simulated reflection and transmission characteristics of the antenna

the main antenna. In this design, one single strip of an interdigital struc-
ture is etched along both E and H planes between cross and ring antennas,
as shown in Figure 3.34. This efficiently reduces coupling by 12.5 dB be-
tween elements having E-field vector orientation along the same direction.
The coupling characteristics between cross and ring patch modes are shown
in Figure 3.35. Isolation between other combinations of elements of cross and
ring patch, i.e. between P; & P, and between P, & Pj are also improved by
6 dB with the inclusion of interdigital structure. Isolation between orthogo-
nally polarized fundamental modes of cross patch antenna (S;5) is improved
by about 7 dB with its inclusion. Overall, the interdigital structure on the
ground can efficiently suppress mutual coupling between all the feed elements
rather than only enhancing isolation between highly coupled elements.
Isolation enhancement with the interdigital structure on the ground can
be validated from the current distribution shown in Figure 3.36. The current
distribution of an element of cross patch antenna (feed port P;) and for an
element of the square ring patch antenna (feed port P3) on the ground plane
is shown. It can be observed that with the interdigital structure, the two

antenna elements are clearly isolated from each other with ground currents
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Figure 3.34: Geometry of ground plane of the antenna with ID-DGS (a) back view

of antenna (b) ID-DGS enlarged view; ds = 20.9mm, dg = 10.4mm, L¢ = 17.4mm,
g = 0.6mm,l = 3.2mm, d = 3.8mm
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Figure 3.85: Isolation characteristics with ID-DGS

concentrated on its respective areas. All these current distributions are ob-

served at the resonant frequency of 2.45 GHz. Only distributions for P; and
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P; are shown here. The other set of ports P, and P, have the same magnitude
of current as that of P; and Pj respectively, since the quad element antenna
system is symmetric in nature. However, polarization of P, will differ from

Py (similarly Py differs from P;) depending on the modes excited by them.
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Figure 3.36: Ground surface current distribution (a) Py excited without DGS, (b)
Py excited with DGS, (c) Ps excited without DGS (d) Ps excited with DGS

Further studies of the isolation enhancement structure, to evaluate the
electromagnetic fields within the dielectric, is performed by E-field probing in
the CST microwave studio as shown in Figure 3.37. The probes are placed
near the feed positions, and the impact on E -fields with excitation of each feed
is observed. Fields are measured along the Z axis at a height of about 0.8 mm
in a 1.6 mm thick substrate. It was observed that, with interdigital structure,
the E -field has gone down significantly along the Z axis for all combinations of
feed elements. Two such combinations are shown in Figure 3.37, where probes
are placed one on each cross and ring patch and E fields are measured for a

worst case coupling scenario. The inclusion of the structure on the ground
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reduced the field strength by about 13 dB. Displacement currents within the
dielectric, which cause coupling between the feeds in their traveling path, are
decreased significantly.

—=a— Probe near Py due to P3 wo ID-DGS

(18,22,0.8) 70 —~— Probe near Py due 1o P3 with ID-DGS|
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Figure 3.37: F field probe measurement without and with ID-DGS

Surface waves are examined by positioning two monopole probes near the
surface at a distance of nearly 1 mm, as shown in Figure 3.38 and measuring
the transmission between them. Measurements from a plane metallic ground
and from a textured ground with the DGS, clearly indicates the frequency
band with reduced surface waves. This method is adopted because a point
source can launch all wave vectors and since surface waves cannot directly
couple to external plane waves, it is measured using a very small probe. A
small monopole probe antenna, when brought near the surface with which it
is oriented normally, can couple to its surface wave modes [194]. The electric
field of TM surface waves which extend vertically out of the surface, couples
with a vertical electric field of the probe. A dielectric with similar dimensions
as that of the proposed structure with a flat metallic ground plane and probes
oriented vertically at the edges is used. Probe orientation, along both E and
H plane edges, shows similar results, with a measured field near to -59 dB,
which is very small owing to fading.

Now, with the same structure dimensions, having a flat metallic ground
plane etched with interdigital structure, shows a notable decrease in measured
E-field as shown in Figure 3.38. The reduction in the field shows a surface
wave band gap in the frequency region, due to the inclusion of the structure on
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Figure 8.38: TM Surface wave measurement using probe antennas without and with

ID-DGS on ground

the ground. This decrease in the field is more prominent in the E plane along
the Y axis in spite of the symmetry of the textured surface on the ground.
This is due to the fact that space wave coupling is stronger in the E plane of
microstrip patch antennas. It is reported [195] that patch antennas launch a
surface wave mode in the E-plane that decays as p~'/2 while the lowest mode
in H-plane decays as p~3/2, where p is the distance between the two points
or antennas between which coupling is considered. Therefore, higher surface
coupling occurs in the F plane, compared to H plane orientation.

The interdigital structure etched on the ground has the capability to re-
duce cross polarization for the cross patch antenna. In this design, cross-
polarization is reduced by about 4 dB and co-polarization is improved by
1.8 dB for P, as shown in Figure 3.39. The same scenario is observed for
its orthogonal mode excited by P,. For ring antenna modes no such improve-
ment is observed. Therefore, this defected ground structure could be employed
around any structures, to reduce the cross polarization of fundamental orthog-
onal modes. Due to this reduction in cross polar currents, Sg; decreases by
about 7 dB. It can also be explained as a decrease in the excited surface waves
and an improvement in efficiency of cross patch elements. A slight increase
in back radiation occurs due to the slots etched on the ground. However, this
is comparatively less than other defected ground structures since interdigital

structure requires a much smaller etching area.
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Figure 3.39: Cross and co-polarization levels without and with ID-DGS

Effect of Interdigital Structure Parameters on stop band frequency
One set of an interdigital structure is etched on each of the four arms be-
tween the cross patch and square ring patch, on the ground plane of the four
port antenna system. By measuring transmission coefficients over the fre-
quency range, the filtering nature of a DGS structure can be determined as
shown in Figure 3.40. The interdigital structure can provide higher capacitive
coupling to the patch than other commonly used defected ground structures.
Apart from compactness, an advantage of this structure is that, its stop band
frequency can be changed without changing the overall dimensions of the
structure.

A transmission line method can be adopted to determine the stop band
nature of the structure, which does not allow surface modes to propagate. A
DGS is etched on the ground plane of a 50 ohm microstrip line fed at two ends.
The substrate dimensions are chosen to be the same as the total dimension of
the four port antenna. With the increase in length [ of each element, capac-
itance increases and the stop band shift to a lower frequency. Alternatively,
reducing the spacing between metal fingers also increases the capacitance,
thereby shifting the stop band frequency to a lower range. The stopband can
be tuned to the resonant frequency of the main antenna by varying the gap ¢
and length [ of the interdigital structure as shown in Figure 3.41(a) and Fig-
ure 3.41(b) respectively. The parameters are chosen such that the coupling is

minimized between cross patch and ring patch modes.
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Figure 3.40: Effect of ID-DGS parameters (g, 1) on isolation characteristics
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3.4.3 Simulation and Measurements

All the four elements of the designed microstrip printed MIMO patch antenna
resonate at a center frequency of 2.45 GHz with a 2:1 VSWR bandwidth of
about 85 MHz. The simulated results of the quad element MIMO antenna,
with the isolation enhancement structure, are shown in Figure 3.42. Simulated
3D radiation patterns obtained for the four antenna elements are shown in
Figure 3.43. The fabricated prototype of the proposed MIMO antenna system
is shown in Figure 3.44. An FR4 substrate with relative permittivity ¢, =
4.4, loss tangent tand = 0.02 and thickness of 1.6 mm is used. Measurement
results, using a Vector Network Analyzer in Figure 3.45, show that all antenna
elements resonate at 2.45 GHz, identical to the simulation curves. The results
obtained ensures good MIMO performance, as mutual coupling between all
ports is well below -28 dB.

S Parameters (dB)

2.2 23 24 25 2.6 2.7
Frequency (GHz)

Figure 3.42: Simulated reflection and transmission characteristics of the antenna

Far-field radiation pattern measurements have been conducted inside an
anechoic chamber, by exciting individual ports, while terminating the other
ports with matching loads. Measured normalized far-field radiation patterns
for all four modes in the 0° and 90° planes of the antenna are as shown in

Figure 3.46. It is observed that the fundamental radiation modes of P, and
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© (d)

Figure 3.43: Simulated 3D radiation pattern of the MIMO antenna (a) Py excited
(b) Py excited (c) Ps excited (d) Py excited

(@) (b)

Figure 3.44: Fabricated prototype of the antenna (a) top view (b) bottom view

P, have polarization planes orthogonal to each other which guarantee low
coupling between the ports. An identical polarization diversity can also be
detected between the outer ring antenna ports P3 and P;. The shape of the

radiation pattern is different for the cross patch and the square ring patch



3.4. Microstrip cross and ring patch MIMO Antenna with interdigital

structure 114
0 -
—— S,
—— S
10 S12
o v VY13
z —o— S,
.9&_-! -20 —=— S,
g -0 st
g -30 ——S,,
o —— S
@ 33
-40 —— S,
—v— s44
-50
2.2 2.3 2.4 2.5 2.6 2.7

Frequency (GHz)

Figure 3.45: Measured S-parameters of the MIMO antenna

antenna, which ensures pattern diversity. Efficiency measurements using the
wheeler cap method show a peak efficiency of 81 % for inner cross patch modes
and 70.4 % for outer ring modes. Measured peak gain for cross patch modes

and square ring patch modes are about 3.8 dBi and 2.9 dBi respectively.

Diversity performance is analyzed to characterize the MIMO antenna sys-
tem. Apart from scattering matrix and far field radiation pattern measure-
ments, envelope correlation coefficients are computed to evaluate the MIMO
performance of the proposed antenna system. Envelope correlation coefficient
pij gives a measure of antenna radiation pattern diversity. Computation of
correlation coefficients from S parameter using equation (3.2) gives very low
values, less than 0.02. Because the S parameter approach is not so accurate,
envelope correlation coefficients are measured from far-field radiation patterns
for an isotropic channel environment using equation (3.3). It is observed that
within the operating band, envelope correlation coefficients are below 0.3, as

shown in Figure 3.47, indicating a good MIMO performance.
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3.5 Chapter Summary

Three types of quad element multiple-input-multiple-output antennas, (1) us-
ing a square and ring patch, (2) using two square ring patches and (3) using
the cross and ring patch are presented in this chapter. The multiple modes
of the two patches in each of these designs provide uncorrelated antenna el-
ements in the MIMO design. The designed multimode antennas exhibit the
various forms of spatial, polarization and pattern diversity. In all the designs,
an outer ring patch antenna encompasses an inner patch antenna. In other
words, the two patch antennas are collocated on the same ground plane with
very little separation between them, compared to half wave length separated
antennas.

The square patch antenna offers a standard design to start with, followed
by a square ring as the inner patch antenna in the second design. Ring an-
tenna is more compact compared to a square patch. This design also proposes
a reactive loading method to improve the bandwidth of higher order orthogo-
nal modes of ring antenna, without adversely affecting the isolation between
the orthogonal resonating modes. In the third design, the ring patch is re-
placed with a cross patch. The cross patch antenna has the highest MIMO
performance in terms of increased isolation between its orthogonal elements.
The design of each patch shape for the various resonant modes is studied for
its width expressed in terms of wavelength. Configurations that excite lower-
order modes generally perform better than configurations with higher order
modes. This is because they allow the receiver to collect more signal power
due to their high radiation efficiency. However, there is a possibility to fur-
ther increase the performance of the diversity antenna system by increasing
the efficiency of the configurations that excite higher order modes.

The MIMO performances of each of these antenna designs are investi-
gated, by taking the mutual coupling between the antenna elements as a
major parameter. The design approach itself guarantees good isolation per-
formances due to the arrangement of the antenna elements, using polarization
and pattern diversity. However, for elements with identical field orientation,
the coupling is comparatively higher. For reducing coupling between these
elements three different types of isolation enhancement structures, (1) square
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ring DGS, (2) complementary split ring resonator etched on the ground and
(3) interdigital structure on the ground, are proposed. The ring DGS acts as
a resonator which radiates coupling waves to space, thereby reducing surface
wave coupling. CSRR on ground reverses the polarity of coupling waves, to
improve isolation. The interdigital structure acts as a stop band filter which
reduces coupling surface waves, thereby improving isolation between all com-
binations of antenna elements. Among the three designs, the cross patch and
the square ring MIMO antenna with the interdigital structure on the ground,
provides the highest isolation, with a minimum value of 28 dB between any
pair of antenna elements. A comparison between the proposed antennas and
few other diversity based single band MIMO antenna designs in terms of size,

mutual coupling, and envelope correlation coefficient is shown in Table 3.4.

Ref Minimum Total  Area | No of Antenna | Correlation
Isolation of MIMO | Elements Coeflicient
(dB) Antenna (A\2)

[169] 9 - 2 0.39

[179] 25 0.307 4 0.22

[180] 25 - 2 0.32

[182] 17 - 2 -

[183] 15 - 2 0.25

[196] 17.5 0.167 4 -

[197] 16.6 1.435 4 -

[198] 15 0.589 4 0.21

[199] 10 0.100 4 0.26

section 3.2 | 25 0.236 4 0.3

section 3.3 | 22 0.200 4 0.37

section 3.4 | 28 0.248 4 0.35

Table 3.4: Comparison Table for Pattern & Polarization Diversity Based MIMO

Antennas
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The MIMO diversity performance can be analyzed from parameters like
envelope correlation coefficient, mean effective gain, multiplexing efficiency
and diversity gain. Among all the parameters the envelope correlation coef-
ficient is the most significant parameters, for which a value lower than 0.5
ensures good MIMO performance. The ECC values have been computed for
all the quad element MIMO antennas designs and it is observed to have low
values, guaranteeing good MIMO performance.
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This chapter discusses the investigations conducted in the design and per-
formance evaluation of multiband and wideband MIMO antennas. We begin
with an overview of the antennas belonging to this broad category, followed

by a description of the evolution of the antenna designs. Experimental and
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simulation studies, for explaining the MIMO performance like reflection char-
acteristics, isolation characteristics and diversity performance, are described
in detail in this chapter.

The antennas discussed in this chapter include a quad element antenna
using meander line resonators loaded with quarter wave stubs. This antenna
resonates in three bands, all of which are of great importance and practical
significance, exhibiting very good bandwidth and performance. Isolation is
enhanced for the meander line antenna elements by using an SRR based ring
structure in between the antenna elements at the center of the antenna. Other
work presented in this chapter is a wideband antenna which resonates with
a bandwidth of 96.2 % covering the ISM, WLAN and WiMAX bands. The
antenna design utilizes monopole, split ring resonator (SRR) and a modified
ground plane, which helps in obtaining the wideband resonance. Both these
antennas make use of polarization diversity for maintaining minimum coupling

between the elements.

4.1 Multiband and Wideband MIMO Antenna:
Review

The rapid development of antenna design engineering can be attributed to
the fast growing wireless communications market. Often, the usage of new
frequency bands for covering some communication systems having enhanced
data rates and added services, demands fresh requirements for the terminals.
For example, they need to operate in the new bands but also need to keep the
operability in the existing ones. Owing to the advancement of the integrated
technology, engineers are capable of combining several diversified applications
functioning at dissimilar frequencies in a single wireless device. Accordingly,
an increased demand for antenna technology, covering different wireless com-
munication bands on the same boards, increased extremely. Earlier, antennas
with wide bandwidth were generally employed for radar and tracking appli-
cations. However, the demand for high data rate and the advent of spread

spectrum technology necessitated more research in wideband antennas.
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Multiple antenna systems, realizing these functionalities can be broadly
categorized into a wideband or a multiband MIMO antenna. Further, while
deploying the wideband or multiband antenna in the terminal of a MIMO
antenna system, multiple elements have to be designed and should be able
to work in the desired frequencies. Here, the additional challenge of reducing
mutual coupling between multiple elements of the various operating bands
has to be addressed. The category of the antenna used in these terminals is
very much identical to that of a single band antenna, i.e., patches, monopoles,
slots, PIFAs etc.. They may take different alterations of shape or combinations
to provide multiple band operation. Multiband operation has been reported,
covering low frequency bands like LTE or GSM [200] as well as those resonating
for lower and higher frequency bands [201].

The last few years reported a couple of multiband and wideband MIMO
antennas for a wide range of applications [196-199,202-209]. For multiband
MIMO operation, it is essential to investigate all the design characteristics
of the antenna such as size, resonant frequency, impedance matching, gain
and radiation patterns of the various bands for the multiple elements. It is
very challenging for a compact multi-band MIMO antenna to achieve desired
results for all these requirements.

In general multiband antennas can be of either two types: (1) designing
two or more radiating elements by using slits or slots (2) obtaining multiple
operating bands using higher modes of the same radiating element. Both of
these methods can cause undesired surface currents on radiating elements. For
the former case, resonant frequencies can be easily tuned by adjusting the slots
or the slits. However, it is difficult to obtain the desired impedance bandwidth
in the desired frequency band. Each antenna performance can be optimized
by the usage of several different radiating elements. In the latter case using
multiple resonant modes of the same element, since the elements are not
exactly independent from each other, the element resonating at one specific
frequency may act as a parasitic load for other resonating elements. Also,
fine-tuning of one element creates a noteworthy change on the other elements.
Therefore, it is challenging for these techniques to avoid the undesired currents
in each resonant frequency band. The may result in the degradation of antenna

performances parameters like bandwidth, gain or radiation pattern.
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Earlier designs of multiband antennas include simple creation of slots over
a patch antenna [210], such as U-slot patch antenna [211-213], E-slot mi-
crostrip patch antenna [214], and C-slot. However, patch antennas are mostly
limited by narrow bandwidth operation. In most cases, the bandwidth is
lower than that required for latest MIMO wireless technologies like WLAN
and LTE. Such antennas will therefore be capable of covering only a few num-
bers of application or frequency bands. Apart from this, they are mostly used
as transmitter antennas and are coupled with an antenna tuning unit that can
improve the efficiency of the narrow band operation [215].

Generally, matching networks are placed between the transmitter and the
antenna input, in order to improve the efficiency of small multiband anten-
nas. In addition to this, matching network components when introduced in
the antenna structure at appropriate positions enhances the radiation and
guarantees maximum radiation efficiency. However, such matching networks
must be tuned for each of the transmitting frequency band. Also, tuning is
difficult when the matching network is mounted on the antenna [215].

In the case of MIMO antennas which incorporates multiple elements in
a single antenna, space constraints are very high, forget about the addition
of tuning or matching networks. One of the most promising candidates, the
planar monopole antenna is often adopted to realize multiband operation,
with various structures such as meandered T shape [216], flared shape with
V-sleeve [217], Yshape [218], and multifractal structure [219]. These antennas
posses many beneficial characteristics including simple structure, low profile
and weight, an adaptable structure for exciting wide impedance bandwidth,
and generic omnidirectional radiation patterns. However, the large sizes of
such antennas also limit their applications in modern compact portable wire-
less terminals.

Literature review studies show a few [196,202-204] multiband MIMO an-
tenna systems mostly covering ISM bands. Multiband antennas are significant
for practical applications and its implementation is more troublesome in terms
of compactness and decoupling of elements. Dual band MIMO antenna of size
50 x 50 mm? [196] has isolation of 13 dB and 16 dB in the two bands. A two
port dual band MIMO antenna with an isolation of 20 dB is discussed [202],
where the size of the two port PIFA is 100 x 50 mm?2. Another proposed two
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port design [203] provides an isolation of 15 dB with dimension 100 x 150 mm?.
The quad band MIMO antenna in [204] covers the ISM and WiMAX bands
with a minimum isolation of 14 dB.

The trend in modern wireless routers and adapters is miniaturization,
making it difficult for the integration of multiple antennas. Closely spaced
elements can suffer strong electromagnetic coupling and need smart designing
to improve isolation between elements. Compact designs proposed for quad
element MIMO antennas [220, 221] has sizes of 40 x 40 mm? and minimum
isolation of 10 dB in the 2.4 GHz band. In addition to compactness, high iso-
lation between elements is highly desired for multiband MIMO antennas. This
can be achieved by making use of spatial, pattern and polarization diversity.
Making slots over patch radiator is another common method for achieving
isolation in multiband MIMO antenna design. Apart from achieving high iso-
lation, compactness and coverage of multiple bands, the antenna system needs
to be easily incorporated into a system for practical applications. A complete
planar architecture is advantageous for an easier integration.

Although there is no specific definition of a wideband antenna, generally
an antenna that has a fractional bandwidth of 50% or above is considered as
a wideband antenna. A standard rule of thumb in antenna design is that an
antenna can be made to have enhanced bandwidth by increasing the volume
it occupies. For dipole antennas, the wideband operation can be achieved
by increasing the radius of its arms. In the case of microstrip antennas, this
is accomplished by choosing a substrate material with low permittivity and
higher thickness. The use of proximity feeding technique in microstrip antenna
enhances the bandwidth further [188,222]. In proximity feeding method, the
radiating patch is fed by a coupling strip. Wide bandwidth is achieved by the
electromagnetic interaction between the radiation mode of the patch and the
strip.

While the design of a wideband passive antenna is relatively easy, obtain-
ing broader bandwidth for active antenna faces a greater challenge due to the
introduction of active elements in the antenna structure [223,224]. Typically,
for active antennas, wide bandwidth of the entire structure is accomplished
only if both the antenna as well as the active element, say for example an am-

plifier, individually exhibits wideband operation. In some antennas, the active



4.1. Multiband and Wideband MIMO Antenna: Review 124

element works as a switch and hence the wideband characteristic thereof is
not required as we find in [225,226], where active switches have been employed
to achieve frequency-reconfigurability for the antenna.

The idea of a wideband radiator with a high Q can be realized with the
help of the frequency-reconfigurable antenna. Achieving high efficiency for
active integrated antennas is a popular area in antenna research [224,227,228].
For array antennas, achieving wideband operation is a challenge, due to the
limitations offered by the sidelobe level and the array gain. The concept of the
dual-wideband planar antenna has been put forward recently [229] in order to
cope with the technological evolution in cellular communication.

In widely employed wireless applications that are based on IEEE 802.11n
(WLAN) and 802.16e (WiMAX), two spatial streams (M, N < 2) are usually
deployed, hence, wide-ranging studies have been performed on the two port
MIMO antenna design. Elements with compact size and wideband character-
istics belonging to this category have been proposed in [230-232]. However,
with a growing demand for higher transmitting rates, new wireless standards
appeared, such as 802.11ac (WLAN) [63] and 802.11m (WiMAX) [233] that
support from four to eight spatial streams.

Therefore, multiple antenna systems with 4 x 4 up to 8 x 8 configurations
have been deployed recently. Latest wireless devices such as portable wireless
routers and adaptors, mandates wider bandwidth and size miniaturization
in their built-in MIMO antenna system. This augments more challenges in
MIMO antenna design, as the elements are closely spaced, and is limited by
the trade-offs existing between the antenna size, bandwidth, and isolation be-
tween elements. In existing literature, sectorial antenna [234,235] is a good
candidate, in that its patterns are directional and shaped, which can provide
good pattern diversity for a MIMO antenna system. Nevertheless, these ad-
vantages are achieved by using large ground, director, or reflector, which is
not applicable in size limited portable applications.

For multiband MIMO antennas, the radiation elements are mostly nar-
rowband, and the designer may focus more on lowering the mutual coupling
between closely spaced radiation elements. Representative designs include
H-shaped elements with orthogonal arrangement [236], Planar Inverted F

Antenna (PIFA)/slot elements with diagonal arrangement [221], patch/slot
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elements with modified ground structure [86], Yagi- Uda elements with direc-
tional radiation patterns [237], among others. For wideband design, mostly
reported structures include, cavity back tapered slot [128] and self-ground
monopole [238] based MIMO antennas, which are nonplanar. They are diffi-
cult to be reproduced in mass production and the size is too large for compact
applications.

For wideband planar design, such as the ultra-wideband (UWB) element
[239] and the F-shaped slot element [240] based MIMO antenna, a similar
problem exists in that the elements are independent, which cannot push the
size into the limit. Wideband antennas arranged to form linear arrays is a good
candidate [197,205] in terms of isolation and diversity performances, though
their applications are limited in compact portable devices. Quad element
MIMO of size 120 x 140 mm? for LTE and WiFi application [198], uses a
common radiating element with a slotted ground. Low profile two port planar
inverted-L. wideband antenna, resonates in 1.7-2.85 GHz with an isolation
of 13 dB [206]. Nonplanar antennas for wideband MIMO application using
self-grounded bowtie antenna [207], have an isolation of 10 dB in 1.5-3 GHz
operating band.

Maintaining low correlation over wide frequency range is more difficult,
compared to narrow-band elements. Hence, the design of MIMO antenna
with small size and high isolation is crucial for the portable devices. Re-
ported compact four port and tri-port MIMO antennas have element areas of
0.024A? (40 x 40 mm?) and 0.029)\2, with an isolation of 10 dB in the 2.3-4.4
GHz and 2.3-3.9 GHz band [199], [241] respectively. Therefore, designing and
developing planar multi-element antennas with compact size, wideband char-
acteristic and high isolation between elements is still in demand for both the
industrial and academic areas.

Multiband MIMO antenna has to overcome several design challenges; the
first hurdle is the complexity and difficulty involved in adjusting the multi-
resonating systems to match the desired frequency bands. The second problem
is to achieve reduction in size with good isolation between elements, required
by the limited size wireless devices against the antenna efficiency. These two
problems are discussed here. Accordingly, innovative antenna designs are

presented to lessen the degree of complexity and challenges in the design of
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multiband and wideband MIMO antenna systems for compact wireless termi-
nals. The design considerations and the simulated and measured results are

also presented in the chapter.

4.2 Compact quad element Tri-band MIMO
antenna

A compact multiband four port MIMO antenna is proposed in this section.
The tri-band antenna resonates in three operating bands covering UMTS,
LTE 2300, 2.4 GHz WLAN band, 3.5 GHz WiMAX band, and 5.2 GHz/5.8
GHz ISM bands. The proposed antenna includes a meander line loaded with
two L-shaped stubs fed by a strip line [242]. The overall size of the compact
multiport antenna system is 0.26Ag x 0.26)y. Mutual coupling between an-
tenna elements is designed to be very low. Polarization diversity is employed
to incorporate four antenna elements in a compact manner, maintaining high
isolation between them. Employing multiple antennas in four corners of the
antenna system maximizes the spatial separation between the elements. This
along with the orientation of neighboring elements with an orthogonal shift,
results in the isolation performance between diagonal meander line elements
to be less when compared to that of elements lying along a plane, say along
E-plane or H-plane. An isolation enhancement structure is provided for re-
ducing coupling between diagonally placed meander line antenna elements.
The MIMO antenna structure is fully planar and compact, and can be eas-
ily integrated with practical applications. Individual elements of the multiple
antenna systems are performing equally well with high efficiency and gain. Di-
verse antenna patterns help to have a very low envelope correlation coefficient
between the elements.

4.2.1 MIMO Antenna Geometry and its Design

The configuration of planar integrated quad element MIMO antenna is shown
in Figure 4.1. The elements are placed in each quadrant of a square substrate
with an orthogonal shift in polarization. The ground planes of each antenna
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are of dimensions L x Wmm? and appears on the back side of the substrate,
beneath the strip line feed. The antenna design can be explained in detail by

considering the evolution of a tri-band antenna.

40 mm

&
¥

40 mm
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¥

Figure 4.1: Geometry of quad element tri-band MIMO antenna; L = 12mm, W =

4mm, d = 5.5mm

4.2.1.1 Basic Meander Line Antenna Design

The basic element of the tri-band antenna is an electrically small planar mean-
der line monopole antenna. A meander line antenna includes large number of
folded elements which increases its electrical length, making the antenna res-
onate at a much lower frequency than a conventional antenna of same length.
The meander line antenna size reduction factor # depends primarily on the
number of meander elements per wavelength, and the spacing of the element
widths of the rectangular loops, where 5 = 1/L, L being the length of a con-
ventional monopole, and 1 is the length of meander line antenna [243]. It is
basically an LC resonant circuit, where the vertical element act as an inductor

and horizontal elements act as a capacitor.
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Here, a printed meander line monopole antenna is designed with dimen-
sions as shown in Figure 4.2. The meander line dimension are chosen to have a
horizontal length L3 and vertical dimension W5. The antenna feed is through
a microstrip line of length L; and width Wj. It is connected to a meander
line antenna through a transition of length Ly for impedance matching. The
quarter wavelength monopole antenna is designed to have a resonance in 2.4
GHz band. The vertical segments of meander line antenna shows in-phase
current distribution and in successive horizontal segments currents are out
of phase. A slightly higher thickness of this segment, compared to that of
the horizontal segment, helps in enhancing the bandwidth to provide better

coverage.

Figure 4.2: Geometry of the meander line antenna with dimensions Wy = Z2mm,

Wao = Imm, Ws = 0.6mm, Wy = 1.6mm, L1 = 4mm, Ly = 10.25mm, L3 = 3.2mm

4.2.1.2 Stub Loading on Meander Line Antenna

The objective of achieving additional resonances in desired band is accom-
plished with inductive loading. Adding stubs parallel to the meander line
create inductive effects parallel to main resonance, at the frequency of inter-

est. The meander line antenna is loaded with quarter wave stubs to realize
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resonance at the next useful band, 3.5 GHz WiMAX band. The stub loading
has no significant effect on the lower band. However, it creates resonance
at the required band. Open and short circuited stubs may be used for the
generation of inductive loadings.

In this design, the antenna is loaded inductively by adding open stubs to
the strip line, connecting the meander line antenna, as shown in Figure 4.3.
The resonant frequency is tuned by adjusting the length of the stub. The
total length of the stub in this case is W5 4+ Lg, which is nearly one fourth of
guided wavelength A\,. The third band is designed to cover the entire 5.2 GHz
and 5.8 GHz ISM band. This is achieved by adding a second stub of length
We + Ly.

Figure 4.3: Geometry of the stub loaded meander line antenna with dimensions Wi
= 4.83mm, Wg = 8.8mm, Wy = 0.2mm, Ly = 4mm, Ls = 3.8mm, Lg = 9.4mm,

L7 = 5mm

The reflection characteristics of the tri-band antenna at various stages
is shown in Figure 4.4. The designed meander line antenna shows good
impedance matching, with a -10 dB impedance bandwidth of 450 MHz from
2.15 GHz to 2.6 GHz as shown in case I. The higher mode of the meander
line antenna, resonates at a frequency of 6.2 GHz. The longer stub resonates
with a -10 dB impedance bandwidth of 480 MHz extending from 3.34 GHz to
3.82 GHz. The shorter stub resonance merges with the higher resonance of
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the meander line antenna to generate broadband resonance with a fractional
bandwidth of 24.2 %. This extends from 5 GHz to 6.55 GHz covering both
5.2 GHz and 5.8 GHz ISM bands. A small increase in bandwidth of the initial
bands is observed, due to the effect of fringing fields when a radiating element
is placed closer to each other. Fringing changes the electrical path length,
resulting in a shift in the frequency. These can merge with nearby resonances,

which can slightly improve their bandwidth performance.

Frequency (GHz)

Figure 4.4: S11 characteristics at various stages of antenna evolution

Isolation studies using the transmission coefficients S;; reveal that the cou-
pling between diagonally placed meander line antenna elements (i.e. between
P, & Ps, or between P, & P;) is higher. This is mainly due to the identi-
cal orientation of the electric field, which increases the near field coupling.
The inductively loaded quarter wave stubs are positioned on opposite sides of
the central connecting strip line to increase the isolation between conducting
elements. L shaped stubs can limit the space requirements for obtaining a
resonance at a lower band of interest. Also, the cross polarization can be
reduced, which would otherwise be higher, if the stubs are loaded in shunt to
the strip line [244].
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4.2.2 Study of SRR ring for Isolation Enhancement

Isolation enhancement structures are designed to reduce mutual coupling be-
tween diagonally placed meander line antenna elements. The design of an
isolation structure was done, based on the SRR unit cell dimensions and
negative group delay calculation using simulation software. The group de-
lay is the negative derivative of the phase response, as a function of frequency
(1, = —d®/dw). Owing to limited space, long rectangular SRRs having widths
and gaps of 0.2 mm are placed between the meander line antennas. The quad
element MIMO antenna with the SRR ring isolation enhancement structure is
shown in Figure 4.5. The unwrapped phase response between highly coupled
diagonal antenna elements is shown in Figure 4.6. The combination of the
SRRs arranged in the form of a shorted ring has an overturn in the phase
response, at the meander antenna resonance. This is an indication that a neg-
ative group delay is occurring at this frequency, which acts like a stopband

filter between highly coupled elements [245]. The SRR ring induced negative

Figure 4.5: SRR ring for isolation enhancement with dimensions a = 12.5mm, b =

13.75mm, m = 10.75mm, n = 3mm

group delay results in the cancellation of coupling waves to the diagonal ele-

ment. As the power dissipation in the nearby radiator is reduced, radiation
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Figure 4.6: Unwrapped phase and group delay between Py and Pj

efficiency is enhanced by 5.7 %. Isolation enhancement with SRR ring can be
validated from the surface current distribution in Figure 4.7 at the meander
line resonant frequency. The increase in isolation with the inclusion of ring
shaped SRR is shown in Figure 4.8. Isolation between diagonal elements is
improved by 17 dB, with Si3 (or Sa4) being reduced from -17 dB to -34 dB in
2.4 GHz band with SRRs. Simulated reflection /transmission coefficients ob-
tained for the four port MIMO antenna with isolation enhancement structure

are shown in Figure 4.9.
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Figure 4.7: Surface current distribution of the four port MIMO antenna at 2.4 GHz
(a) w/o SRR ring (b) with SRR ring
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Figure 4.8: Reflection and transmission characteristics w/o and with SRR
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Figure 4.9: Simulated S parameters of the MIMO antenna

4.2.3 Measurements using prototype

The fabricated prototype of the four port tri-band MIMO antenna is shown in
Figure 4.10. The proposed antenna is fabricated on a low cost FR4 substrate
with relative permittivity of 4.4, thickness 1.6 mm and loss tangent tand =
0.02. The measured S parameters using the prototype are shown in Figure 4.11
and are validated with the simulation results. All the four elements resonate

in three operating bands with a fractional bandwidth of 24.7 %, 20 % and
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28.6 % respectively.

Figure 4.10: Fabricated prototype of the MIMO antenna (a)top view (b)bottom view
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Figure 4.11: Measured S parameters of the MIMO antenna

The transmission coefficient curves show the isolation between elements in
the operating bands. In the 2.4 GHz resonant band, the minimum isolation
obtained is 24 dB in the entire band. The next higher resonant band at 3.6
GHz has good isolation performance, with a maximum coupling of -22 dB
in the band. The stub, being along the outer edges of the antenna system,
reduces the coupling between elements along E and H plane, thus keeping S15
and Si4 low for the second resonant band. The third band offers a very low

coupling in its entire operating band with a minimum isolation of 22.5 dB at
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6 GHz. The second stub placed towards the center of the multiple antenna
system causes the coupling between elements lying on the same plane, to be
higher than coupling between diagonal elements. Si3 goes to a very low value,
below -50 dB, in this band.

The far field radiation patterns for element 1 are plotted in Figure 4.12.
Radiation patterns are obtained in three resonant bands at 2.4 GHz, 3.5 GHz
and 5.5 GHz. The patterns are plotted for XZ and Y Z planes and includes
both polarization components phi and theta. It is observed that all the four
antennas have similar radiation properties, with an orthogonal shift in po-
larization. An orthogonal shift guarantees polarization diversity, and conse-
quently the pattern correlation between individual elements is low for this

antenna. Gain and efficiency measurements are plotted as shown in Fig-

--e-- Eg

--v-- Eg

Figure 4.12: Measured radiation patterns of antenna element 1 at (a) 2.4 GHz, (b)
3.5 GHz and (¢) 5.5 GHz

ure 4.13. Gain measurements show peak gains of 2.5 dBi, 3.7 dBi and 4.4 dBi
at 2.5 GHz, 3.7 GHz and 6.3 GHz respectively in the three resonant bands.
Efficiency measurements show peak efficiency of 83.4 %, 90.4 % and 92 % at
2.4 GHz, 3.76 GHz and 6.1 GHz respectively.

Diversity performance is analyzed by computing envelope correlation co-
efficient, to characterize the MIMO antenna system. Envelope correlation
coefficient p;; computed from the S parameter using equation (3.2) gives val-

ues as low as 0.05. Envelope correlation coefficients calculated from radiation
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Figure 4.13: Measured gain and efficiency in the three operating bands

patterns using equation (3.3) for an isotropic channel environment, are plotted
in Figure 4.14. It is observed that, within the operating bands, correlation

coefficients are well below 0.3 which ensures good MIMO performance.
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Figure 4.14: Correlation coefficients at three operating bands

4.3 Compact quad element Wide-band MIMO

antenna

A compact planar quad element wideband antenna for MIMO system is pro-
posed in this section. The technological developments in wireless communica-
tion often necessitate an increased allocation of spectrum. This has spurred
the demand for MIMO antennas with wide efficiency bandwidth for use in

multi-functional wireless communication systems. These multiple antenna
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systems need to operate in wideband, and should be able to provide low mu-
tual coupling between elements, across the broad band frequencies. The 2
GHz to 6 GHz band is extensively used for different applications like LTE,
UMTS, WiMAX, WLAN, ZigBee and Bluetooth. Owing to the great demand
of this band, a wideband antenna is designed to operate in this band. The
wideband element consists of a partially grounded printed monopole antenna
loaded with a split ring resonator (SRR) [246]. The compact planar printed
wideband MIMO antenna, having an overall dimension of 0.33\g x 0.33)\g has
reasonably good isolation between elements over a broad range of frequencies.

4.3.1 MIMO Antenna Geometry and its Design

The geometry of the proposed quad element planar antenna is shown in Fig-
ure 4.15. In the multiple antenna system, each antenna element is polarized
orthogonally to the neighboring ones, reducing the size of the antenna sys-
tem. The antenna is designed to fabricate on an FR4 substrate with relative
permittivity of 4.4 and thickness 1.6 mm. The characteristics of the antenna
can be explored in detail by studying the wideband antenna. Various stages
involved in the evolution of the element to have a wide resonant bandwidth
is discussed in the following sections.

Figure 4.15: Geometry of quad element wideband MIMO antenna with W = 45mm
(a)top side (b)bottom side
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4.3.1.1 Basic Printed Monopole Antenna Design

The basic structure used in the antenna design is a simple printed monopole
antenna. The geometry of a monopole antenna is shown in Figure 4.16 along
with the antenna dimensions. The ground of the quarter wavelength monopole
resonator is in the shape of a rectangle with dimensions Ly x Wo mm? and
appears on the lower side of the substrate. The unsymmetrical feeding position
W3 changes the effective current path of the antenna. This can create slight
modifications in the resonant frequency of the monopole antenna and will
be estimated based on the longest effective current path. In doing so, the
resonant frequency is reduced slightly to have a resonance at 3.85 GHz, with
a bandwidth of 1.3 GHz. Reflection characteristics of the antenna are shown
in Figure 4.17.

Figure 4.16: Printed monopole antenna with dimensions W1 = 3mm, Wy = 21mm,
W3 = 15.5mm, L1 = 14mm, Ly = 5mm; black: metal on top side; Grey: metal on

back side

4.3.1.2 Design of Wideband Antenna

To accomplish a broadband resonance, the rectangular ground is extended in
the shape of a ring, leaving the monopole and its sides. The printed monopole
with the modified ground is shown in Figure 4.18. The slotted ground on either
side of the monopole resonator increases the effective electrical length of the
antenna. Thus, with the inclusion of the ground ring, the resonator becomes
more compact, reducing the size by 25 %. The full wavelength resonance of
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Figure 4.17: Return loss characteristics of the monopole antenna

the ring shaped ground merges with the monopole resonance to create a broad
operating band ranging from 2.4 GHz to 4.2 GHz, with a -10 dB fractional
bandwidth enhancement from 33.8 % to 54.5 % as shown in Figure 4.19.

Figure 4.18: Slotted ground monopole antenna with dimensions ¢ = 0.5mm, Ly =

16mm

In order to further enhance impedance matching to cover the 2-6 GHz
band, a subwavelength miniature resonant structure, a split ring resonator
(SRR), is positioned close to monopole radiator as shown in Figure 4.20. SRR
is electromagnetically coupled to the printed monopole, and can be easily
housed in the limited space. Being a subwavelength resonator, it helps in
achieving resonance at a frequency much lower than conventional resonator.
The SRR dimensions are evaluated from standard design procedures [247] for a
resonant frequency of 2 GHz. SRR has a narrow resonant bandwidth, however,
with the introduction of ring shaped ground, the impedance matching range

is extended, covering the frequencies between the resonances.
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Figure 4.19: Reflection characteristics of slotted ground monopole antenna

Figure 4.20: Slotted ground monopole antenna loaded with SRR having dimensions
s = 0.5mm, d = Imm, g = 0.4mm, Wy = 10mm, Ly = 5.2mm, L; = 12mm

The slotted ground on the monopole fed antenna can itself guarantee a
wideband antenna. The current distribution of the wideband element with
and without ring shaped ground at 2.2 GHz is shown in Figure 4.21. The high
current intensity on the ground ring indicates that it becomes a part of radiator
enhancing the impedance matching and extending the bandwidth coverage.
Overall, the proper combination of the printed monopole and the SRR along
with the slotted ground significantly increases the impedance matching. A
wide bandwidth extending from 2 GHz to 6.15 GHz is achieved using this
combination, with a fractional bandwidth of 98.2 % as shown in Figure 4.22.

Isolation performance of the quad element system shows how efficient the
multiple antenna system can function as a MIMO antenna. Mutual coupling

for various stages of evolution is analyzed for the elements lying along a plane,
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Figure 4.22: Reflection characteristics of wideband antenna

and is shown in Figure 4.23. Coupling analysis between the diagonally oriented
elements is shown in Figure 4.24. The ring shaped ground plane functions as a
reflector, decreasing the spatial coupling currents, thereby enhancing isolation
by 3 to 11 dB in its resonant band extending from 2.5 to 4.5 GHz. This
can be observed from the second curve in Figure 4.23 & Figure 4.24. Below
the resonant band, the spurious emissions between the closed spaced adjacent
ground ring elements causes an increase in the near field coupling for elements
lying along a plane.

The addition of SRR does not alter the isolation curves considerably in the
lower resonant frequency band. For higher frequencies, the polarization purity

is comparatively lesser, resulting in increased cross polar levels. This, along
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with the near field coupling caused by the orientation of SRR elements relative
to each other, is the reason for reduced isolation in the higher frequency band
around 5 GHz - 6 GHz. Overall, the MIMO antenna exhibits good isolation,
with a minimum value of about 14 dB, over the entire wideband. The slotted
ring shaped ground enhances the impedance matching and also contributes
to suppress the wave propagation in space between the individual elements.
Orthogonal arrangement of elements in the system also ensures high isolation

between the adjacent elements.
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Figure 4.23: Transmission coefficients S12/514 at various stages of antenna evolu-

tion
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Figure 4.24: Transmission coefficients S13 at various stages of antenna evolution
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4.3.2 Simulations and Measurements

The simulated S parameter results of the compact four port wideband MIMO
antenna are shown in Figure 4.25. Commercial 3-D electromagnetic simulator
CST Microwave Studio with time domain solver was used for performing sim-
ulations. The current distributions obtained at various frequency points like
2.5 GHz, 3.5 GHz and 5.5 GHz are shown in Figure 4.26. The high current
densities of the wideband antenna elements at various frequency points indi-
cate that the wideband characteristic is realized by properly combining the
monopole resonator with slotted ground ring and the SRR.
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Figure 4.25: Simulated S parameters of the quad element antenna

Amongst different parameters of monopole, SRR and ground ring, the
slotted ground ring dimensions have a considerable impact on the wideband
resonant behavior. The width ¢ of the ring shaped ground significantly af-
fects the impedance matching in the band. An increase in ground ring width
reduces the impedance matching of the entire operating band as shown in
Figure 4.27. An increase in ground ring length Ls, increases the electrical
length. This causes the resonance to shift to a lower frequency as observed
in Figure 4.28. The lower limit of the wideband resonator can be tuned to a

certain extend by adjusting the SRR dimensions. However, the initial dent
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Figure 4.26: Surface current distributions of the four port MIMO antenna with Py
excited at (a) 2.5 GHz (b) 3.5 GHz (¢) 5.5 GHz

in the reflection characteristics is a combined resonance of the fundamental
SRR mode and the ground ring resonance, as observed from the current dis-
tribution. In conclusion, both the monopole and SRR resonant frequencies
are affected by the changes in the ground ring dimensions, and a fine-tuning

of individual resonators enables to adjust to the desired frequency band.
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Figure 4.27: Effect of ground ring width on return loss characteristics

The prototype of the antenna is fabricated on an FR4 substrate having a
loss tangent tand = 0.02 and is shown in Figure 4.29. S parameter measure-
ments of the MIMO antenna obtained from a network analyzer are shown in
Figure 4.30. The measured results correlate well with the simulation curves,
though minor differences in the frequency band are observed which can be
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Figure 4.28: Effect of ground ring length on return loss characteristics

attributed to fabrication tolerances. Measured -10 dB impedance bandwidth
is from 2.2-6.28 GHz with a fractional bandwidth of 96.2 %. From transmis-
sion curves, it can be observed that the antenna system exhibit good isolation
between its elements throughout the operating band. Measured results show
a minimum isolation of 14 dB and a maximum of 48 dB, in the operating

range.

e
Ve

(b)
Figure 4.29: Prototype of fabricated antenna (a) Top view (b) Bottom view
Far field radiation pattern measurements are obtained inside an anechoic

chamber for each element, while the other elements are terminated with
matched loads. Measured radiation patterns for the two principal E and H
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Figure 4.30: Measured S parameters of the quad element antenna

planes at three frequencies, 2.5, 3.5 and 5.5 GHz are shown in Figure 4.31. The
pattern of only element 1 is shown as the antenna elements are symmetrical
with complementary polarizations for adjacent elements. It was observed that
the antenna elements have directional radiation patterns, which are mostly
stable in the band. The patterns in Figure 4.31(b) show that the antenna el-
ements exhibit a weak overlap in the azimuthal plane, ensuring uncorrelated
channels.

Gain and efficiency of the antenna are also measured and are plotted in
Figure 4.32. Gain measurements show an average gain of 2.75 dBi with a
peak gain of 4 dBi at 3.3 GHz and a peak efficiency of 91 % is obtained at 3.2
GHz. The MIMO diversity performance of the quad element antenna is eval-
uated by computing the envelope correlation coefficient between the branch
signals received by different elements. A lower value of the envelope correla-
tion coefficient signifies higher pattern diversity. The widely adopted criteria
for a MIMO antenna for ECC is to have values < 0.5, and is calculated using
equation (3.3) with the far field results. ECC plotted for an isotropic environ-
ment in Figure 4.33 shows that across the operating bandwidth, correlation

coefficients are well below 0.25 which ensures good MIMO performance.
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Figure 4.31: Measured radiation patterns (a) at 2.5 GHz, 3.5 GHz and 5.5 GHz for
XZ and YZ planes for element 1 (b) in XY plane for four antenna elements

4.4 Chapter Summary

The proliferation of wireless communication services spurs the need for com-
pact and efficient antennas capable of providing good performance while op-
erating at a wide frequency range. It would be highly beneficial to cover all
emergent standards using a single antenna. The research focused on design
of multiband and wideband MIMO antennas which cover multiple desired
frequencies, while retaining good radiation characteristics and reducing the
space requirement of the antenna. The first design is a quad element tri-band
MIMO antenna resonating in three highly desired bands like 2.4 GHz, 3.5
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Figure 4.32: Gain and efficiency of the four port MIMO antenna
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Figure 4.33: Envelope correlation coefficients between antenna elements

GHz and 5-6 GHz band, which covers a wide range of wireless applications.
The design of the tri-band antenna is explained in stages which provide the
flexibility to tune the antenna to any desired frequency of interest. The ori-
entation of elements forming the tri-band antenna is chosen so as to maintain
compact nature with less spurious effect between the individual bands. The
MIMO antenna configuration guarantees good isolation performance with the
orthogonal orientation of neighboring elements. Further, isolation between
diagonal elements is improved by 17 dB by designing the SRR ring. MIMO

diversity performance is also observed to be good for the quad element con-
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figuration.
Ref Minimum Total  Area | No of Operat- | -10 dB Band-
Isolation of MIMO | ing Bands width (%)
(dB) Antenna (A\3)
[161] 10 0.247 1 3.8
[164] 15 0.605 wideband 46.8
[196] 13, 16 0.167 2 3.2,18.18
[204] 14 0.274 4 15.38, 8.57, 4.4,
1.7
197] 16.6 0.500 wideband 82
[199] 10 0.096 wideband 60.6
[209] 10 0.600 Wideband 28.5
[221] 10 0.109 1 5.25
section 4.2 | 24, 22, 22.5 | 0.068 3 24.7, 20, 28.6
section 4.3 | 14 0.109 wideband 96.2

Table 4.1: Comparison Table for Multiband and Wideband Quad Element MIMO

Antennas

The last section investigates the design and performance of quad element
wideband MIMO antenna. All the four wideband antennas resonate in the
2-6 GHz band and support various wireless applications in the band. The
printed monopole loaded with an SRR, has its ground plane modified to obtain
wideband resonance. The tuning of the wideband resonance by adjusting the
antenna dimensions, is investigated. The MIMO antenna provides a compact
configuration with good isolation characteristics without using any additional
decoupling structures. The slotted ground ring along with the orthogonal
orientation of elements, guarantees good isolation and diversity performance
as required for the MIMO antenna. A comparison between the proposed
antennas and few other multiband and wideband MIMO antenna designs in

terms of size, mutual coupling, and bandwidth is shown in Table 4.1. To
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ascertain the over the air performance of the designed quad element MIMO
antennas, the multi-antenna systems needs to be analyzed in a channel. This
aspect of the antenna is studied in detail in Chapter 6.
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The Multiple-Input-Multiple-Output (MIMO) antenna technique has proved
to meet the growing demand for higher data-rate applications in communica-
tion standards like 3G, WLAN and WiMAX. Spatial correlation and antenna
efficiency can partly describe the performance of MIMO systems [248]. To
realize an effective MIMO system, it is essential to have an adequate number
of uncorrelated and highly efficient antennas at each end of the link. Scatter-
ing parameters can give a fairly good idea on the performance of the MIMO
antenna system, but a MIMO over the air (OTA) test is needed to understand
the end to end performance of the system in a particular environment. Dif-
ferent approaches to this task are being discussed in European Cooperation
in Science and Technology (COST) 2100, 3rd Generation Partnership Project
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(3GPP) RAN WG4 and the Cellular Telecommunications Industry Associ-
ation (CTIA). Currently, several major test methodologies exist to address
MIMO OTA test. They include:

e Reverberation chamber method: A reverberation chamber generates

echoes to mimic multipath propagation [249].

e Emulator and anechoic chamber method: Several wireless channel em-
ulators in an anechoic chamber provide a realistic propagation environ-
ment [250,251].

e Two-stage method: MIMO antenna radiation patterns are obtained
from 3D simulation software or are measured within the anechoic cham-
ber and are combined with the multipath fading emulation. This data

is then used to perform the OTA performance test [252].

5.1 MIMO OTA Performance Analysis using
Two Stage Method

Two-stage method of OTA testing is used to analyze the channel performances
of the developed MIMO antennas. Agilent SystemVue software provides a
powerful system architecture for verifying the antenna performances in a wire-
less channel environment. The MIMO Channel Builder in the software simu-
lates the multi-channel fading, which incorporates realistic antenna patterns.
As an alternative to the physical OTA test, it is based on a two-stage method
that is both economic and repeatable and is shown in Figure 5.1. The steps

involved in this MIMO antenna testing method include:

e Obtain radiation patterns of the individual elements of a MIMO antenna
system either in a traditional anechoic chamber or simulated using 3D

simulation software CST Microwave studio.

e Load these antenna patterns into SystemVue MIMO channel models and

emulate the MIMO channel model with incorporated patterns.
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Two different approaches exist in the SystemVue Channel Model Builder to
integrate the antenna patterns to the MIMO channel model. One method is to
use a correlation-based channel model. The other method is to use the WIN-

NER II (Wireless world initiative new radio) channel model. This two-stage

PHYSICAL ANTENNA PATTERNS FILES MIMO CHANNEL MODEL

4
F F dataOut(1:4)
4 Camelstion_Channel
y ataln(1:4) ’ ’

antenna
pattern file 1

F dataOut(1:4)
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@i from CST Microwave Studio
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pattern file 4 RxAntennaPatternFileName4=D"\Channel

Figure 5.1: System for analysis using System Vue

OTA testing method can be used to measure the following figures of merits
of the multiple antenna systems like MIMO channel capacity, throughput and
BLER [253]. In this chapter, we investigate and compare the channel perfor-
mance of multiple antennas designs with the correlation-based model and the
geometry based models implemented in the software [254]. In MIMO systems,
both the radio channel propagation conditions and antenna characteristics in-
fluence the end user’s quality-of-service (QoS). These MIMO channel models
has the ability to simulate the multipath fading that incorporates the antenna
patterns. The antenna effects and the channel characteristics are also coupled

into these channel models.
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5.2 Channel Model Approach

The evaluation of the developed MIMO antennas is performed using two chan-
nel approaches, namely correlation based channels and WINNER II channels.

5.2.0.1 Correlation Channel

The correlation based MIMO channel is flexible for customization by the user.
Here, a correlation matrix is formed which attempts to model the correlation
between paths in a given channel. This model is a good fit for the two-stage
OTA method which combines the spatial properties of the multipath with the
spatial properties of the transmitter and receiver antenna arrays. The spatial
correlation matrix for the antenna radiation patterns can be given as [248]

7 e 2SO PAS (0)\/ G (0) G (0)d0

\/ [ PASTx(e)GTx,m(e)de\/ |7 PAS1a(0)Gran(6)do

(5.1)

PTzmn =

, ffﬂ 6—j27rd7§f" sin(G)PASRm(Q) \/GRm’m(Q)GRm’n(Q)dQ (5 2)
Rx,mn — .
\/ I PASRI(Q)GRLm(e)de\/ | PASpa(0)G e (8)d0

where PAS(0) is the power azimuth spectrum of the impinging signal, G(6) is
the power gain of the radiation pattern. The basic Kronecker model suggests
that the transmitter and receiver side are uncorrelated. Considering this as-
sumption the spatial correlation matrix, Ry, is calculated using the following

equation

1
Ry = 4P &) R (5.3)

The combined correlation matrix R is given by [255]
R=R,eR, (5.4)

where R, is the spatial correlation matrix and R, is the polarization correla-

tion matrix respectively. This basic kronecker model is further improved in
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SystemVue software to include the antenna characteristics and channel char-
acteristics. These characteristics are incorporated in forming the joint, spatial
and polarization correlation matrices. The channel coefficients Hy is given by

H, = vVRH, (5.5)

where H, is spatially uncorrelated Rayleigh fading sample and temporal cor-
related by the Doppler spectrum. The correlation model allows users to con-
figure several parameters including power delay profile (PDP), the angle of
arrival and departure, angular spread and power angular spectrum for evalu-
ating the performance of the antennas under different conditions.

5.2.0.2 Winner II Channel

The WINNER II model is a geometry-based stochastic channel model ap-
proach for creating a radio channel model [256,257]. The channel models are
independent of the antenna, allowing the insertion of various antenna config-
urations and diverse element patterns. Winner II channel models are used to
evaluate the link level and system level performances of various wireless com-
munication systems. It is used to perform comparison studies between various
algorithms and technologies. The model supports multiple antenna technolo-
gies, different polarizations and multi-user communications. The time variant
impulse response matrix of the UxS MIMO channel is given by [257]. The
channel impulse response from transmitter antenna element s to the receiver
antenna u is given by

H(t;7) = X3 Ho(t;7) (5.6)

where t is time, 7 is delay, IV is the number of paths, and n is path index. The
impulse response matrix is composed of the antenna array response matrices
F,, and F,, for the transmitter (TX) and the receiver (RX) respectively. The
channel from the TX antenna element s to the RX element u, for cluster n,
is expressed as

T
3 (q} ) @ vv & VH Ft v (@ )
Husn t’ ) = EM_ re,u,V n,m n,m, n,m, z,s, nm y
35 ( ) m=1 |:Fr]:,U7H (®n7m):| |:an7m7Hv an7m7HH F;ECLS,H ((bn,m)

exp(ijAal(\Ifnvmrm,u)) X exp(jQwAal(q)n,mTtw)) X exp(§2mn mt)0(T — Tpm)
(5.7)
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where F,,, v and F,,, g are the antenna element u field patterns for vertical
and horizontal polarizations, respectively, oy, ., vy and oy, v are the com-
plex gains of vertical-to-vertical and horizontal-to-vertical polarizations of ray
n,m, respectively, Ao is the wavelength of the carrier frequency, ¢, ,, is the
AoD unit vector, ¢, ,, is the AoA unit vector, r, s and 7., , are the location
vectors of element s and u, respectively, and V}, ,, is the Doppler frequency
component of ray n,m.

Environments used in WINNER II channel are called propagation scenar-
ios. The covered propagation scenarios described for Winner channel include
indoor, indoor to outdoor, urban micro-cell, outdoor-to-indoor, stationary
feeder, suburban macro-cell, urban macro-cell, rural macro-cell, and rural
moving networks. The WINNER model has been developed for 18 scenarios
in SystemVUE which are divided into three major categories: local, metropoli-

tan and wide areas [257].

5.3 Channel Capacity Measurements

The channel capacity of the developed quad element MIMO antennas is mea-
sured using both the Correlation and Winner II Channel models. The two
channel models in the software are shown in Figure 5.2. The Correlation chan-
nel model computes the correlation matrix and channel coefficients to evaluate
the channel capacity. It generates two files which have the real and imagi-
nary parts of the channel correlation matrix R. R is the kronecker product
of the transmit and receive correlation matrices with a matrix size of K x K,
where K is the number of Tx antennas x number of Rx antennas. The
channel correlation matrix R combines all the paths together. The channel
coefficients are then determined by the number of samples provided by the
user. For example, for a 2 x 2 MIMO case, the combined channel coefficient
is
Tx1Rxl Tz2Rxl

TexlRx2 Tx2Rx2 (5.8)
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and the combined correlation matrix is

Tx1lRx1
Tx1Rx2
Tx2Rx1
Tx2Rx2

x [Tz1Rxl TxlRx2 Tx2Rxl Tx2Rx2]” (5.9)

The 16 float elements of each file has both real and imaginary parts which
forms the complex correlation matrix Tx1 Rx1xTx1Rx1, Tx1 Rx1xTx1Rx2, -
- TelRxl x Tx2Rx2, Txl Rx2 x Tx1Rxl, -+, Tx2Rx2 X T'x2Rx2. The chan-

nel capacity is then obtained using the equation [13]

C = logadet|1 + %HHH]bits/sec/Hz (5.10)

where p is the Signal to noise ratio (SNR) in dB, N is the number of TX,
H is the transfer matrix which is the cholesky decomposition of R multiply
channel coefficients. For the performance analysis and comparative study
of developed quad element MIMO antennas, the three-dimensional far field
radiation patterns and obtained from CST Microwave Studio. These are then
converted to a *.uan file format as specified by SystemVue software. The
user defined pattern options in the software require distinct files for each
antenna elements to be saved as separate files. Each file has a description or
header section and a data section. The header section includes details such
as maximum and minimum values of phi and theta angles, the step size with
which pattern is obtained, the net input power and the antenna polarization’s.
The data section requires input parameters that include magnitude (dB) and
phase (degrees) values of far field radiation patterns for different phi and theta
angles.

The correlation based channel model unit is loaded with the radiation pat-
tern data files and channel correlation matrix is computed. For comparison of
the antenna performances, the channel capacities are obtained with an ideal
half wavelength separated omnidirectional array source for a 4 x 4 MIMO,
3 x 3 MIMO and a 2 x 2 MIMO antenna systems. The omnidirectional source
option has user input options like the position of the antennas, angular in-
formation and cross polarization ratio. The user can also assign no of paths,

accordingly, the correlation matrix formed is a K x N array, where N is the
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Number of Tx x Number of Rx x Number of paths. The correla-
tion matrix that is used to calculate the channel capacity is the compositive
correlation matrix of all paths.

The channel capacities for the half-wave length separated orthogonal an-
tenna array for 4 x 4, 3 x 3 and 2 x 2 MIMO are considered as ideal or ref-
erence values, to which channel capacities of the antennas under test (AUT)
are compared. Channel capacities are obtained for different signal to noise
ratio values, for all the designed antennas. The channel capacity calculation
follows the method given in [258], which takes the antenna array performance
and correlation into account. For user defined 3D patterns, the capacities are

observed with both the transmitter antennas and the receiver end antennas
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replaced with MIMO antenna under test.

The channel capacity performances of all the five proposed quad element
MIMO antenna structures are measured from the far-field radiation patterns
obtained in the 2.45 GHz band, as all these models which are defined in sec-
tion 3.2, section 3.3, section 3.4, section 4.2, and section 4.3 resonate at 2.45
GHz band. Figure 5.3 shows the channel capacity with both the correlation
and winner II channel models for the MIMO antenna configurations defined
in section 3.2. The quad element multimode antenna consists of microstrip
square patch and square ring patch antenna. The capacity measurements
shown in Figure 5.3 has two subsections arranged side by side which cor-
responds to channel capacities obtained for the correlation and Winner II
channel models. Channel capacity is measured for varying SNR values from
0 dB to 30 dB. It can be observed that the channel capacity increases from
3.9 bits/s/Hz to 34.9 bits/s/Hz with an increase in SNR for correlation based
channel model.Capacity measurements using Winner II channel achieves a
capacity of 23.5 bits/s/Hz at an SNR of 30 dB.
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Figure 5.3: Channel capacity of square and ring patch MIMO antenna

The channel capacity of the four port MIMO antenna using concentric
square ring microstrip patches, defined in section 3.3 is shown in Figure 5.4.
It is observed that the antenna has a capacity of 4 bits/s/Hz at an SNR of
0dB, as the SNR increases the capacity increases. The antenna achieves a
channel capacity value of 33.9 bits/s/Hz at an SNR of 30 dB when using a
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correlation channel model. In a Winner II channel, the channel capacities are
less compared to the correlation channel, with a value of 22.8 bits/s/Hz at
an SNR of 30 dB. The radiation pattern of the multimode MIMO antenna
using microstrip cross and ring patches when used with a correlation channel,
has a capacity of 32.4 bits/s/Hz at an SNR of 30 dB. This can be observed
from Figure 5.5 and the antenna is described in section 3.4. The same pattern
values when loaded with Winner channel model has obtained a capacity of
25.2 bits/s/Hz at an SNR of 30 dB.
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Figure 5.4: Channel capacity of concentric ring patch MIMO antenna
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Figure 5.5: Channel capacity of cross and ring patch MIMO antenna
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For the quad element tri-band MIMO antenna using meander line res-
onators loaded with stubs, radiation patterns are obtained for the first reso-
nant band at a frequency of 2.45 GHz. The antenna is described in section 4.2
and the channel capacity analysis is shown in Figure 5.6. Channel capacity
using correlation channel model with varying SNR values ranging from 0 dB
to 30 dB shows a capacity improvement from 5.85 bits/s/Hz to 40 bits/s/Hz.
Using a Winner II channel, channel capacities of the system range from 1.9
bits/s/Hz to 26.1 bits/s/Hz for SNR values from 0 dB to 30 dB. The chan-
nel capacity analysis for the wideband MIMO using monopole antenna with a
modified ground plane discussed in section 4.3 is shown in Figure 5.7. Channel
capacity values of the antenna ranges from 5.3 bits/s/Hz to 38.2 bits/s/Hz for
SNRs ranging from 0 dB to 30 dB, when a correlation based channel is used.
For a Winner II channel, the antenna achieves a capacity of 24.2 bits/s/Hz at
an SNR of 30 dB.
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Figure 5.6: Channel capacity of triband MIMO antenna at 2.45 GHz

From the channel capacity performance analysis, it can be observed that
with the correlation based channel model, better capacities are obtained. In
the WINNER II channel model, an urban macro cell environment is modeled
which is more closer to a practical environment and hence capacities obtained
are lesser compared to correlation model. A larger enhancement of channel
capacity is observed for MIMO antennas with all four elements having identi-

cal antennas exhibiting similar performance, exploiting polarization diversity.
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Figure 5.7: Channel capacity of wideband MIMO antenna at 2.45 GHz

An averaged improvement of around 5 bps/Hz is observed for Figure 5.6 and
Figure 5.7 as compared to capacities in Figure 5.3, Figure 5.4 and Figure 5.5.
The channel capacity obtained for the antenna defined in section 4.2 is the

highest and is closer to 4 x 4 omnidirectional array.

For multimode antennas defined in section 3.2, section 3.3, section 3.4, em-
ploying both polarization and pattern diversity, the pattern correlation was
observed to be very less. This may be due to the maximum exploitation of
diversity in these designs, compared to antennas defined in section 4.2 and
section 4.3 which are mainly polarization diverse. However, the capacities
obtained for these antennas which employ both polarization and pattern di-
versity is less compared to the MIMO antenna which uses identical elements
placed orthogonally. The individual antenna performance differed in the pat-
tern diverse models due to the deployment of two different antenna structures.
The efficiency of higher order modes of the outer ring antenna was compara-
tively less than the fundamental radiating modes of the inner patch antenna.
For the multiband and wideband MIMO antennas defined in section 4.2 and
section 4.3, all the four elements are equally efficient with good branch per-
formance in the MIMO system and hence contributes towards higher channel

capacity.
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5.4 Channel Throughput and Block Error Rate
Measurements

According to COST Action 2100, throughput is suggested to be an important
system level figure of merit [259] for MIMO antenna. However, assessing the
throughput of a MIMO, in a given multipath environment, is always chal-
lenging because it depends not only on the MIMO antenna array itself, but
also on spatial and temporal characteristics of the radio channel as well as the
space-time data processing algorithm. In this study, the two-stage method is
adopted, which calculates the throughput using the passive antenna far-field
pattern measurements and a MIMO channel model with appropriate param-
eters.

Throughput measurements are performed using the correlation and WIN-
NER IT channel model in Agilent’s W1715 MIMO Channel Builder of Sys-
temVue. Simulation is performed using Swept Throughput vs. RxPhiRota-
tion measurement example in the software, using far field antenna patterns,
for LTE downlink. The configuration is modified for a four port MIMO and is
tested for 4 x 4 MIMO Spatial Multiplexing. The antenna patterns are con-
figured to be omnidirectional or UserDefined 3D. The channel parameters for
individual snapshots are based on the statistical distributions extracted from
the channel measurement. The throughput fraction of the system designed in
presence of rich scattering is investigated.

A correlation channel with finite discrete multipath components which are
considered to be uniformly distributed about the transmitter and receiver is
used. Each multipath component is considered uncorrelated and is character-
ized by the angle of arrival, angular spread and path gain. The WINNER II
model is stochastic and geometry-based. The Winner II channel scenario C1
(Urban Micro-cell) is used in the throughput comparison of the 16 antenna
pairs. Other parameters are set to be the default values in the model. The
downlink transmitter and receiving end is configured to use a four-element
linear array with omnidirectional elements and half-wavelength spacing for
obtaining reference throughput fraction values for 4 x 4 MIMO using both
correlation and Winner IT channel. The antenna pairs under investigation are
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placed horizontally at the receiver, facing the transmitter array. For Antenna
under Test(AUT), user defined 3D pattern option is selected. The patterns of
the antennas are imported from CST microwave studio farfield results corre-
sponding to a frequency of 2.45 GHz.

The work space shown in Figure 5.8 provides the fully coded transmitter
and receiver chain along with added noise to perform the test for a 4 x 4
multiple antenna system. The BLER and throughput measurements are the
most important measurements for characterizing the receiver performance.
Measurements are performed for the five quad element MIMO antenna mod-
els using the radiation pattern data obtained for each antenna element of
the multi-element antenna. Performance curves for throughput vs signal to
noise ratio and block error rate vs signal to noise ratios are provided. The
fractional data throughput’s, which are normalized with respect to their corre-
sponding maximum achievable values, are superposed for various sweep values
of AWGN.

The throughput performances of multimode MIMO antenna using mi-
crostrip square and ring patches defined in section 3.2 is shown in Figure 5.9.
The reference curves obtained for an ideal omnidirectional 4 x 4 MIMO array
with both the correlation and Winner II channel models are compared with the
results obtained for the antennas under test. The figure has two subsections
arranged side by side which corresponds to block error rate and throughput
fraction measurements. The Figure 5.9 reveals that in a noisy channel for SNR
values below 3 dB, throughput fraction is significantly low below 50 % for a
correlation channel. For an urban Winner II channel, throughput fraction
reduced below 50 % for an SNR of 6 dB.

BLER and throughput performances of quad element MIMO antenna using
concentric square ring microstrip patches explained in section 3.3 are shown
in Figure 5.10. It is observed that for an SNR value of 5 dB, a through-
put fraction of 97 % and BLER of 0.03 is achieved using correlation channel
model. Using Winner II channel channel throughput fraction is 44 % and
BLER is 0.56 when the signal to noise ratio is set to 5 dB. Multimode MIMO
antenna using microstrip cross and ring patches with high isolation described
in section 3.4 achieves a throughput fraction of 100 % at an SNR of 6 dB and
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Figure 5.9: Throughput fraction and BLER of square and ring patch MIMO antenna

16 dB using correlation and Winner II channel models respectively. This is

shown in Figure 5.11.
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Figure 5.10: Throughput fraction and BLER of concentric ring patch MIMO an-

tenna

For triband MIMO antenna using meander line loaded with stubs defined
in section 4.2, 3D radiation pattern values obtained at 2.45 GHz are used for
throughput performance analysis and is shown in Figure 5.12. For an SNR
value of 5dB, a channel throughput fraction of 98 % and BLER of 0.02 is

obtained with correlation channel model. For Winner II channel a throughput
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Figure 5.11: Throughput fraction and BLER of cross and ring patch MIMO antenna

fraction of 100 % is achieved at an SNR value of 14 dB. Throughput analysis
of the quad element wideband MIMO antenna using monopole antenna loaded
with a modified ground plane discussed in section 4.3, is shown in Figure 5.13
for a frequency of 2.45 GHz. It can be observed that a fractional throughput
of 100 % is achieved at an SNR value of 5 dB for correlation channel and at

an SNR of 16 dB for Winner II channel model.
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5.5 Chapter Summary

From the above performance evaluations and comparisons, it can be con-
cluded that the decoupled MIMO antennas using various design techniques
and decoupling methods exhibit satisfactory channel performances and behave
considerably different with the two channel models. There are significant vari-
ations in the channel capacity and throughput values obtained with the various
developed quad element MIMO antennas just as the antennas have dissimilar
isolation performance, efficiency and ECC values. However, apart from all
the performance variations, all the developed multi-antenna designs support
multiple antenna communication and performs better than the SISO, 2 X 2
and 3 x 3 omnidirectional arrays. Moreover, the polarization diversity based
wideband and triband quad element MIMO antennas have very good channel
performance, the compact triband MIMO giving the best performance among
all the quad element antennas under investigation. Therefore, it is worthwhile
to design a compact MIMO antenna with a reasonably good isolation level,

for wireless routers and adapter terminals in a realistic environment.
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This chapter summarizes the results and highlights the conclusions drawn
from the research work on MIMO antennas. This is followed by a few rec-
ommendations for future work. The studies and the results presented in the
thesis have been published by the author in various international journals and

conferences.

6.1 Conclusions

The aim of the thesis was to investigate the design considerations and ra-
diation characteristics of multiple element antennas for MIMO applications.
The background and theory of MIMO communication and multiple antenna
systems were shortly discussed. The methodology for designing MIMO an-
tennas is explained in brief. The performance measures or figure of merits for
multiple antenna systems to exhibit good MIMO performance is discussed in
the thesis. These include parameters like mutual coupling between antenna
elements, envelope correlation coefficient, diversity gain, mean effective gain
and multiplexing efficiency.

The evolution of antenna designs are investigated in detail to have an

insight on the radiation characteristics at each stage. A method of using
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multiple modes of microstrip patches as diversity branches in a MIMO antenna
is introduced. Analysis using different patch antenna shapes shows that a quad
element MIMO antenna can be designed using two different collocated patch
antennas, exciting their fundamental and higher order radiation modes. Three
multimode four port MIMO antenna designs are discussed in the thesis using
the basic forms of microstrip patches such as square patch, ring patch and
cross patch antenna. The various forms of diversity techniques like spatial,
polarization and pattern diversity are combined to provide the best diversity
performance for the MIMO antenna.

The thesis also explains the design and evolution of compact quad ele-
ment antennas with multiband and wideband resonant characteristics. These
antennas are of great significance for practical applications because of the de-
sign flexibility for various wireless applications. Polarization diversity is used
to arrange the elements in the multi-element antenna. To achieve compact-
ness, sub-wavelength miniature structures like monopole, stubs and split ring
resonators are used in the antenna design. Two such quad element multiple
antenna design one having triband resonance and other, with a wide band-
width is investigated.

From the studies, it can be explained that the key to having a good MIMO
performance is to have low mutual coupling between the elements in the mul-
tiple antenna systems. The high coupling can deteriorate the antenna perfor-
mances like bandwidth, efficiency and wireless channel capacity. To alleviate
the mutual coupling, several isolation enhancement structures are designed
for use in MIMO antennas. These include defected ground structures, which
are etched on the ground plane between microstrip patches in the multimode
MIMO antennas. DGS has several functionalities; it acts as a resonator which
radiates the coupling waves, it can reverse the polarity of coupling currents,
as well as can function as a stop band filter for coupling waves. Apart from
DGS, split ring resonators are also used to reduce coupling, SRRs are designed
in the resonant frequency of the main antenna to improve isolation between
elements with identical field orientation.

In addition to high isolation between elements, the MIMO diversity perfor-
mances are analyzed for the various multi-element designs. Though there are

various performance parameters like DG, MEG and multiplexing efficiency,
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an improvement in wireless communication quality can be guaranteed when
the MIMO antennas have simultaneously good isolation characteristics and
low ECC values among its antenna elements [260]. Hence, both these val-
ues are measured for all the designed quad element antennas. The MIMO
channel performances of the antennas are evaluated from the far-field radia-
tion patterns to obtain channel capacity, throughput and BLER values with
varying signal to noise ratios. The results show that polarization diversity
based designs with highly efficient antenna elements, have improved channel
performance in comparison to multimode antennas using both polarization

and pattern diversity.

6.2 Thesis Summary

The key contributions and findings in the research work detailed in this thesis

are summarized in the following sections.

1. Multimode MIMO Antenna using Microstrip Square and Ring
Patches with Ring DGS

A four port multimode MIMO antenna using microstrip square and ring patch
is investigated in section 3.2 of chapter 3. The antenna uses the two fundamen-
tal orthogonal resonant modes of the square patch and two orthogonal higher
order modes of the ring patch antenna to achieve the multimode behavior. By
this way, it makes use of polarization diversity offered by orthogonal resonant
modes and antenna pattern diversity from two different patch shapes. The
ring patch encompasses the square patch within its gap at the center to have
an overall area of 0.236A\2. The elements are fed coaxially for resonance at a
frequency of 2.45 GHz. These results are published in Paper no.1 in the list
of publications.

Surface waves propagating within the dielectric increases coupling between
closely spaced antenna elements for which fields are orientated in the same
direction. In order to improve isolation in these areas, a ring-shaped DGS is

etched between the square and the ring patch antenna. The arms of the ring
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are of half wavelength at the operating frequency. Since the ring shape extends
over both planes, isolation can be achieved along both E and H planes. An
isolation improvement of 7 dB is obtained in simulation, and the MIMO anten-
nas measure a minimum isolation of 25 dB between any pair of elements. The
DGS effectively suppresses surface waves and reduces cross polar levels for the
multiple radiation modes at 2.45 GHz. The study of ring DGS is published in
Paper no.2 provided in the list of publications. Diverse radiation patterns of
the square patch and the ring patch antenna ensures low correlation between
the waveforms. The antenna measures a maximum envelope correlation coeffi-

cient of 0.3 between its elements which guarantees good diversity performance.

2. Multimode MIMO Antenna using Concentric Microstrip Square
Ring Patches Loaded with CSRR

The multimode four port MIMO antenna uses two microstrip square ring
patch antennas, one embedded within the other. The evolution of the an-
tenna design and the radiation characteristics are discussed in section 3.3 of
chapter 3. Coaxially fed four ports of the antenna excites fundamental and
higher order orthogonal modes to resonate at 2.45 GHz. The overall dimen-

3. The microstrip ring patch is a

sion of the antenna is 60 x 60 x 1.6 mm
more compact antenna compared to the conventional \/2 patch antenna. It
also exhibits slightly improved bandwidth in comparison to a square patch
antenna. To enhance the bandwidth of the higher order orthogonal modes
of the outer ring antenna, half wavelength slits are added on each ring arms.
The resonance of these slits merges with the ring antenna resonance which re-
sults in an enhancement of bandwidth. A bandwidth enhancement of 60% is
achieved using slits on ring arms. Slit loading also improves isolation between
higher order orthogonal ports of outer ring antenna at the resonant frequency.

Isolation studies reveal that isolation between orthogonal modes of patches
is high (> 20dB). However, mutual coupling between inner and outer ring
modes having fields oriented along the same direction are slightly higher. In
order to improve isolation between aforesaid elements, sub-wavelength reso-
nant structures called as complementary split ring resonator is etched on the

ground plane between the two rings. CSRRs are placed on the high coupling
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areas with a 45 tilt angle. Loading of CSRR alters the standing wave dis-
tribution, reversing the polarity of coupling waves. This improves isolation
between highly coupled elements by 6.5 dB and measures a minimum isolation
of 22 dB between any combination of elements. An ECC of 0.37 is measured
between the diversity branches of the MIMO antenna. These findings are
published in Paper no.3 in the list of publications.

3. Multimode MIMO Antenna using Microstrip Cross and Ring
Patches with Interdigital Structure

A four port MIMO antenna using microstrip cross patch and square ring
patch is designed and analyzed. The antenna is investigated in section 3.4 of
chapter 3. Two fundamental orthogonal modes of the cross patch are excited,
where as higher order orthogonal ports are excited for the outer ring antenna,
which incorporates the cross patch within its ring gap at the center. The
antenna resonates in 2.45 GHz ISM band with a bandwidth of 85 MHz. The
cross patch antenna has low cross polarization levels when compared to that
of square patch antenna. Bandwidth tuning is possible to some extend. An
improvement of about 41.6 % is achieved by varying the length of the cross
patch antenna. This reduces the coupling between its orthogonal radiation
modes. The spacing between antenna elements is very less, about 0.03\q. The
overall area of the quad element antenna is 0.248)\3.

The narrow bandwidth of the higher order modes of the square ring an-
tenna is enhanced by more than two times, by adding half wavelength slits
along its arms. Isolation between highly coupled elements in the multiple an-
tenna systems is enhanced by including an interdigital structure on the ground
plane, between the cross and the ring patch. A strip of the interdigital struc-
ture is added on four arms of the antenna, which acts as a stop band filter
along both the planes. The interdigital structure reduces coupling surface
currents significantly, thereby improving isolation between all elements in the
MIMO antenna. This ensures a high isolation of about 28 dB between any
set of elements in the antenna system. Diverse antenna elements measure an
ECC of 0.35 from far-field radiation patterns, which guarantees good MIMO
diversity performance. These results are published in Paper no.4 provided in
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the list of publications.

4. Compact Tri-Band MIMO antenna using Stub Loaded Meander
Line Resonators with SRR Ring

A quad element compact tri-band MIMO antenna arranged using polarization
diversity technique is discussed in section 4.2 of chapter 4. The multiple
elements of the antenna resonate in three operating bands; first band from
1.95 GHz to 2.5 GHz, the second band from 3.15 GHz to 3.85 GHZ and
third band ranging from 4.95 GHz to 6.6 GHz. All these bands are of great
practical significance covering UMTS, LTE 2300, WLAN, WiMAX and ISM
bands. Resonance is achieved using meander line resonators loaded with two
quarter wave stubs. The design provides the flexibility to tune the elements
for any desired resonant frequency. The overall size of the planar antenna is
40 x 40 x 1.6 mm? which can be easily accommodated in a compact wireless
terminal.

The isolation performances between the antenna elements are better than
20 dB for all bands except for the first resonant band. Coupling was observed
to be slightly higher for diagonally placed meander line elements resonating
in 2.4 GHz band. This is improved by including split ring resonators arranged
in the form of a ring at the antenna center. SRRs are designed for the main
antenna resonant frequency, and it creates a phase overturn acting as a stop
band filter. This enhances isolation by 17dB at 2.4 GHz, the minimum isola-
tion in three bands are 24 dB, 22 dB and 22.5 dB respectively. The antenna
elements show good efficiency and gain characteristics in all the three bands.
The MIMO diversity performances of the antenna are also verified from ECC
values which are below 0.3 for all the bands. These results are published in

Paper no.5 provided in the list of publications.
5. Compact Wideband MIMO antenna using Slotted Ground Plane
The evolution of a four port wideband MIMO antenna is investigated in sec-

tion 4.3 of chapter 4. The wideband element consists of a quarter wavelength

monopole resonator loaded with split ring resonator structure and a slotted
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ground plane. The antenna bandwidth extends from 2.2 GHz to 6.28 GHz
covering LTE, Bluetooth, WLAN, WiMAX and ISM bands which are of prac-
tical significance. Polarization diversity is used to arrange the four elements
in a square substrate with 90° shift in orientation. The overall dimension of
the multi-element antenna is 0.33)\g X 0.33A\g x 0.01 ).

The monopole resonance is combined with the SRR resonance, which is
electromagnetically coupled to the monopole antenna. The slotted ground
plane under the monopole, is in the form of a ring, with a rectangular slot
at the center. This improves the impedance matching of the antenna ex-
tending the bandwidth to form a wideband resonance. The ground ring also
reduces the size of the monopole antenna, making the antenna compact. The
wideband MIMO antenna exhibits a minimum isolation of 14 dB between its
elements without using any isolation enhancement structures. The antenna
shows a peak gain of 4 dBi and a peak efficiency of 91 % in its operating band.
A fractional bandwidth of 96.2 % is achieved with ECC values less than 0.25
between its diversity branches. These findings are published in Paper no.6 in

the list of publications.
6. MIMO Performance Analysis

The MIMO channel performance of the designed antennas are analyzed from
the far-field radiation patterns using two-stage OTA method discussed in chap-
ter 5. Correlation and Winner II channel models of Agilent SystemvUE soft-
ware is used for this study. The far-field radiation patterns of the multiple
elements of the MIMO antennas are loaded into the built-in models of the
software for analyzing channel capacity, throughput and BLER performances.
The results are obtained for varying SNR values to validate and compare the
performances of the quad element antennas.

Multimode MIMO antenna using square and ring patches defined in sec-
tion 3.2 show channel capacities of 34.9 bits/s/Hz and 23.5 bits/s/Hz using
correlation based channel and Winner II channel models respectively for an
SNR of 30 dB. Throughput fraction obtained shows values of 98.5 % and
48.5 % for correlation and Winner II channel models at an SNR of 5 dB.
Quad element MIMO antenna using concentric square ring patches, discussed
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in section 3.3, shows a channel capacity of 33.9 bits/s/Hz with correlation
channel and 22.8 bits/s/Hz with Winner II channel models for 30 dB SNR.
The throughput fraction obtained for an SNR of 5dB is 97 % and 44 % for
correlation and Winner II channels. Channel capacity obtained for multi-
mode MIMO antenna using microstrip cross and ring patches explained in
section 3.4 are 32.4 bits/s/Hz and 24.4 bits/s/Hz for correlation and Win-
ner II channel models respectively. The antenna shows a channel throughput

fraction of 99 % and 45 % for correlation and Winner I channels.

Polarization diversity based compact quad element tri-band MIMO an-
tenna investigated in section 4.2 shows a capacity of 40 bits/s/Hz for correla-
tion channel and 26.1 bits/s/Hz for Winner channel at 2.4 GHz. Throughput
fraction measurements at 2.4 GHz for an SNR of 5 dB using correlation and
Winner II channel shows 98 % and 49 % respectively. Four port Wideband
MIMO antenna using monopole with modified ground plane studied in sec-
tion 4.3 achieves a channel capacity of 38.2 bits/s/Hz and 24.2 bits/s/Hz for
correlation and Winner I channel at 30 dB SNR. Throughput studies at 2.4
GHz show a throughput fraction of 100% and 45 % using correlation and
Winner channel for an SNR of 5 dB.

The channel studies of the proposed quad element MIMO antennas shows
that there are differences in channel capacity and throughput obtained with
the various antennas. Correlation channel model has better capacity and
throughput when compared to Winner II channel model, as Winner IT channel
uses a more realistic channel for an urban environment. The polarization di-
versity based wideband and triband quad element MIMO antennas have better
channel performance than multimode antennas. This can be attributed to the
deterioration in efficiency of higher order modes of the multimode MIMO an-
tennas. The channel performances are compared with omnidirectional MIMO
array sources as references. It is observed that, despite the performance vari-
ations, all the developed multiple antenna designs support MIMO communi-
cation and outperform the SISO, 2 X 2 and 3 x 3 MIMO arrays.
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6.3 Suggestions for Future Work

The future challenges for antenna engineers will be to design antenna geome-
tries which can be accommodated in the upcoming wireless terminals. This is
of great interest because of the tradeoffs that exist in the design requirements
like compactness, bandwidth, high efficiency, high isolation and low correla-
tion for the elements. In the emerging technologies like IEEE 802.11ac, up to
8 element MIMO is possible. This poses significant design constraints in terms
of limited space and high diversity performance required for the terminals.

Active integrated MIMO antennas have been investigated recently as MIMO
terminal antennas. These have proved highly advantageous in terms of an-
tenna gain and MIMO performance. An active component like a power am-
plifier [261] which can enhance the gain by several times is highly beneficial
for practical applications. Low noise amplifiers (LNA) have been proved to be
very effective in receiver modes [262]. This technology can enhance the diver-
sity performance and increase wireless throughput for future MIMO systems.

A detailed channel study will be highly advantageous to the design of
MIMO antennas. This helps to design antennas which can prevail over the
adverse effects of channel, improving the reliability and spectrum efficiency.
Hence, considering particular channel, like urban or noisy environments, in
the design stage will help to have more realistic antenna solutions. MIMO an-
tennas in smart antenna arrays also have ample possibilities in future antenna
market, leaving a heap of research opportunities.

MIMO antennas can be used in RFID technology to enhance the reliabil-
ity of wireless communications. In RFID, near field measurements have to
be examined thoroughly for best performance. This is a challenge for future
antenna designers, as generally, MIMO antenna studies the far field charac-
teristics of the multiple antenna elements.

Future wireless communication is expected to heavily depend on 5G stan-
dards for the wide bandwidth available. This requires antennas to be de-
veloped for millimeter wave frequencies and needs special attention for short
distance communication due to the wide bandwidth. Millimeter wave com-
munication provides new challenges for antenna design, as very high channel
capacity is desired in such systems.
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Appendix A

Diversity Based MIMO
Antenna With Square Ring
DGS

The thesis presented few quad element multimode MIMO designs using printed
microstrip patch antennas. In this section, the study is extended to investigate
the radiation characteristics with an arrangement of printed microstrip cross
patch and ring patch antenna, along with a ring shaped DGS for isolation
enhancement. The multiple modes of the antennas are excited by coaxial feed
to achieve resonance at 2.45 GHz band for all the four elements. Here, the
theory of mutual coupling reduction using ring shaped DGS is verified in a
different antenna configuration and is compared to section 3.2. The antenna
exhibits diverse radiation characteristics and achieves better isolation in the
operating band. This proves that the DGS is an attractive choice for use in
multiple antenna systems for reducing surface waves and enhancing isolation

along both E and H planes.

A.0.1 MIMO Antenna Geometry and its Design

The geometry of the four port MIMO antenna is shown in Figure A.1 and the
antenna dimensions are shown in table A.1. The overall size of the MIMO
antenna is 60 x 60 x 1.6 mm3. The antenna consists of a two port orthog-
onally polarized cross patch antenna resonating in 7'My, and T'M;q modes.
This, along with a two port orthogonally polarized square ring patch antenna
resonating in T'M;5 and T'Ms, constitutes a four port MIMO antenna.

The isolation enhancement between highly coupled antennas elements, for

which fields are oriented in the same direction, is achieved by etching the
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Parameter Value Parameter Value

(mm) (mm)
1% 60 W- 33.6
W 59 W 14.5
Wy 38.6 Wo 8.5
Wi 37 d 5.2
Ws 30 h 1.6
We 18.4
Figure A.1: Geometry of the four port Table A.1: Antenna Dimensions

MIMO antenna

square ring defected ground structure. The proposed isolation structure re-
duces surface waves confined within the dielectric, that causes coupling be-
tween the antenna elements. It can effectively reduce coupling in both E and
H planes because of its ring shaped structure. The design and working prin-
ciple of the isolation enhancement structure is similar to what is explained
in subsection 3.2.2. It was observed that the inclusion of DGS effectively
decreases cross polar levels and also improves isolation between co-polar and
cross polar currents. This ensures that the confined waves within dielectric
which would otherwise be radiated sideways are reduced. All the four antenna

elements are resonating in 2.45 GHz frequency band.

A.0.2 Simulations and Measurements

The antenna simulations are carried out using CST Microwave studio soft-
ware. With the inclusion of ring shaped defected ground structure, low mu-
tual coupling is ensured between the two patch antenna elements. The DGS
acts as an inductive slot and improves the mutual coupling from -15.5 dB to

-24 dB. By reducing coupling currents using a simple square ring DGS, about
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Figure A.2: Simulated S parameters of the four port MIMO antenna without DGS

8.5 dB improvement in isolation is achieved. Ground slot causes meander-
ing of surface current path of the ring antenna, thereby decreasing resonant
frequencies of the ring antenna without any increase in antenna dimensions.
The ring shaped DGS etched around the cross patch antenna on the ground
plane, reduces the electrical length of the antenna, thereby increasing the res-
onant frequency of cross patch modes. Simulated S parameters of four port
antenna without DGS and with DGS are shown in Figure A.2 and Figure A.3
respectively.

Therefore by introducing the isolation structure, apart from improving
isolation between the cross patch and the ring patch ports, all ports are made
to resonate at the same frequency of about 2.45 GHz. The -10 dB impedance
bandwidth is about 2.5% for P; and P,, and 2% for ring ports P; and Pj.
The cross polarization levels of the fundamental modes of the quad element
MIMO antenna with and without isolation structure is shown in Figure A.4.
From simulated radiation curves it is observed that in both 0° and 90° planes,
the cross-polar radiation has been reduced by a maximum value of 15 dB in
the presence of DGS for ports 1 and 2. The co-polar radiation patterns for
the elements in corresponding planes are almost similar with the inclusion of
isolation structure and therefore isolation between co-polar and cross-polar

components are improved.
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The prototype of four port coaxially fed multimode microstrip patch an-
tenna is fabricated as shown in Figure A.5 using an FR4 substrate with relative
dielectric constant (€,) 4.4 and substrate thickness 1.6 mm. Measured S pa-
rameter results in Figure A.6 shows that all feed ports resonate at 2.45 GHz,
identical to simulation curves, though a slight variation accounts for manufac-
turing tolerances. The results obtained ensure good MIMO performance as

the mutual coupling between all ports is well below -20 dB. Isolation between
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patch and ring modes are reduced below -24 dB with DGS. Far field radiation

patterns are measured for all four ports in the 0° and 90° planes of antenna
and is shown in Figure A.7.
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Figure A.6: Measured S parameters of the antenna

A.0.3 Summary

In order to validate the performance of diversity based multimode MIMO an-

tenna system and the isolation enhancement structures proposed in the thesis,
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a new design is investigated with antennas and defected ground structures in-
terchanged. The cross and ring patch antenna elements are chosen as the
resonating elements with a ring shaped defected ground structure between
them for enhancing isolation. The antennas and the isolation enhancement
structure fits together and exhibit better isolation performance compared to
the antenna described in section 3.2. An isolation enhancement of 8.5 dB
is achieved using ring DGS in this antenna configuration compared to 7 dB
improvement obtained for MIMO antenna defined in section 3.2. Therefore it
can be validated that the designs are capable of replacing the other(s) without
causing a need for significant alteration or adjustment to fulfill the require-

ment.



Appendix B

GUI For MIMO Antenna

Diversity Measurements

A graphical user interface (GUI) is designed and developed as part of the
research work for evaluating the MIMO diversity performances. The three di-
mensional far field radiation pattern data is used for the calculation of MIMO
figure of merit parameters. Parameters like envelope correlation coefficient,
mean effective gain, diversity gain and multiplexing efficiency of the multiple
antenna configurations [263] can be calculated from the obtained far field data.
The software was developed using National Instruments LabVIEW 2014 ver-
sion. The LabVIEW GUI supports measurements for four channel MIMO by
taking into consideration the far field responses of the four antenna elements
separately.

The user controls on the front panel of the GUI is shown in Figure B.1. The
path controls are pointed to choose four folders each containing several .txt
files. Each of these files contains far field results obtained at specific frequency
points for the four antenna elements. The gain and efficiency information of
the four antenna elements are provided in a separate .txt file and the path
needs to be given as an input to the GUI. The other user inputs are cross
polarization ratio and power distribution function (PDF') P(¢), P(f) which
by default considers an isotropic channel environment with a cross polarization
ratio (XPR) of 1 and PDF P(¢) = P(0) = +-.

The three dimensional far field gain distribution for the multiple antenna
elements in a MIMO antenna can be either measured using Network Analyzer
in an anechoic chamber or can be saved from CST microwave studio simulation
environment. The data saved in the .txt file for a single frequency contains
several columns which correspond to 8 angles, ® angles, the absolute value or

magnitude of Ep, the phase values of Ej, the absolute value of E,, the phase
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Figure B.1: Front panel controls of MIMO diversity measurements GUI

value of E,; etc. The GUI reads these files from the folders corresponding to
each antenna element and normalizes the data initially. These values are then
used in the computation of MIMO diversity measurements.

The front panel of the LabVIEW GUI is shown in Figure B.2. Four plots
showing envelope correlation coefficient vs. frequency, mean effective gain
vs. frequency, diversity gain vs. frequency and multiplexing efficiency vs.
frequency are plotted on the front panel of the GUI for user convenience in
reading the results. These are shown in the Figure B.2, Figure B.3, Figure B.4,
and Figure B.5 respectively. Envelope correlation coefficient between all pos-
sible combinations of antenna elements is calculated using equation (2.17)

which gives a measure of how correlated the two different antenna radiation
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patterns are. An ECC value less than 0.5 is considered to be pretty good for
MIMO applications.
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Figure B.2: Front panel of the GUI for measuring ECC

Mean effective gain is measured for various frequency points using equa-
tion (2.8) and is plotted. This provides the average gain of the antenna in a
fading environment based on the channel under consideration. For good di-
versity performance, the MIMO antenna system has to satisfy balanced power
requirement with the ratio M EG;/M EG; < 3dB.
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Another figure of merit of multiple antenna systems is diversity gain dis-

cussed in subsection 2.2.2. This is calculated using equation (2.6) which pro-

vides an improvement in reliability of the MIMO antenna system implemented

using diversity techniques. Multiplexing efficiency is another metric which de-

scribes the performance of the multiple antenna systems in spatial multiplex-

ing mode by taking into account the antenna efficiency and correlation. This
metric is calculated using equation (2.15) and is plotted on the front panel of
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