




©Rifaqat Hussain
2015

i



To my beloved wife and my lovely kids ILYAS AHMED, SALMAN
AHMAD and my little angel HIRA BANO

ii



ACKNOWLEDGMENTS

By grace of Almighty Allah, I have been able to complete my Ph.D work

successfully and within the given time frame. First of all, I would like to thank

my advisor, Dr. Mohammad S. Sharawi for accepting me and is an honor for me

to be his Ph.D student. I would like to appreciate all his support, ideas and

funding during the last four years and making my Ph.D. experience more

enjoyable and productive. I really appreciate his motivation and enthusiasm for

the timely completion of this work and for his moral support in this Ph.D.

pursuit. I am thankful to my committee members, Prof. Raj Mittra, Prof.

Hussain M. Masoudi, Dr. Sheikh S. Iqbal and Dr.Ali Muqaibel for their valuable

suggestions and guidance during my Ph.D work. I really appreciate their time

and willingness to help me whenever i needed.

I would like to acknowledge the patience and understanding of my family

members for sacrificing their time during this whole period and especially

thankful to my spouse and kids for their support and encouragement around the

clock.

I would like to extend my gratitude to all Antennas and Microwave Structures

Design Laboratory (AMSDL) group members especially, Mr. Umar Khan and

iii



Mr. Sagar Dhar for their positive comments and encouragement, which were

really helpful to analyze the work properly. I would like to acknowledge the

support provided by the King Abdul Aziz City for Science and Technology

(KACST) and the Science and Technology unit at King Fahd University of

Petroleum and Minerals (KFUPM) for funding this work through the project No.

12-ELE3001-04, as part of the National Science, Technology and Innovation

Plan (NSTIP). Finally, I would like to thank all faculty members of EE

Department for excellent course work and King Fahd University of Petroleum

and Minerals (KFUPM) for granting me Ph.D scholarship.

iv



TABLE OF CONTENTS

ACKNOWLEDGMENTS iii

LIST OF TABLES x

LIST OF FIGURES xi

ABSTRACT (ENGLISH) xxi

ABSTRACT (ARABIC) xxiii

CHAPTER 1 INTRODUCTION 1

1.1 Wireless evolution and trends . . . . . . . . . . . . . . . . . . . . 1

1.2 Multiple-input-multiple-output (MIMO) technology . . . . . . . . 3

1.3 Cognitive Radios . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Spectral Congestion . . . . . . . . . . . . . . . . . . . . . . 6

1.3.2 Dynamic Spectral Acess (DSA) . . . . . . . . . . . . . . . 6

1.4 Radio Frequency Direction Finding . . . . . . . . . . . . . . . . . 7

1.5 Motivation and Problem Statement . . . . . . . . . . . . . . . . . 8

1.6 Work Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.7 Dissertation Layout . . . . . . . . . . . . . . . . . . . . . . . . . . 11

CHAPTER 2 THEORETICAL BACKGROUND 13

2.1 Spectrum Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.1 Significance of UWB Sensing . . . . . . . . . . . . . . . . . 14

2.1.2 UWB Sensing Antenna . . . . . . . . . . . . . . . . . . . . 15

v



2.2 The Reconfigurable MIMO Antenna System . . . . . . . . . . . . 15

2.2.1 Frequency Reconfigurable Antennas . . . . . . . . . . . . . 16

2.2.2 Polarization Reconfigurable Antenna . . . . . . . . . . . . 17

2.2.3 Radiation Pattern Reconfigurable Antenna . . . . . . . . . 19

2.3 Evaluation of the Performance of MIMO Antenna Systems . . . . 21

2.3.1 Resonance and Isolation . . . . . . . . . . . . . . . . . . . 22

2.3.2 Total Active Reflection Coefficient (TARC) . . . . . . . . . 22

2.3.3 Antenna Efficiency . . . . . . . . . . . . . . . . . . . . . . 23

2.3.4 Correlation Coefficient . . . . . . . . . . . . . . . . . . . . 24

2.3.5 Radiation Pattern . . . . . . . . . . . . . . . . . . . . . . . 25

2.3.6 Mean Effective Gain . . . . . . . . . . . . . . . . . . . . . 25

2.3.7 Channel Capacity . . . . . . . . . . . . . . . . . . . . . . . 26

2.4 Six-Port Based Direction Finding . . . . . . . . . . . . . . . . . . 27

2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

CHAPTER 3 LITERATURE SURVEY 29

3.1 Sensing Antennas for CR . . . . . . . . . . . . . . . . . . . . . . . 30

3.1.1 Dipole Antenna as a Sensing Antenna . . . . . . . . . . . . 30

3.1.2 Monopole Antenna as a Sensing Antenna . . . . . . . . . . 35

3.2 Methods of Achieving Reconfigurability . . . . . . . . . . . . . . . 38

3.2.1 Frequency Reconfigurable Antennas . . . . . . . . . . . . . 40

3.2.2 Polarization Reconfigurable Antennas . . . . . . . . . . . . 44

3.2.3 Radiation Pattern Reconfigurable Antennas . . . . . . . . 45

3.3 Reconfigurable MIMO Antenna Systems . . . . . . . . . . . . . . 46

3.4 Antenna Systems for CR Platforms . . . . . . . . . . . . . . . . . 51

3.5 SP Based Direction Finding . . . . . . . . . . . . . . . . . . . . . 55

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

CHAPTER 4 FREQUENCY RECONFIGURABLE MIMO AN-

TENNA DESIGNS 61

4.1 Modified PIFA Multi-band MIMO Antenna System . . . . . . . . 62

vi



4.1.1 Antenna Design Detail . . . . . . . . . . . . . . . . . . . . 62

4.1.2 Simulation and Measurements Results . . . . . . . . . . . 64

4.2 Modified PIFA Dual-Band MIMO Antenna System . . . . . . . . 70

4.2.1 Antenna Design Details . . . . . . . . . . . . . . . . . . . 73

4.2.2 Simulation and Measurements Results . . . . . . . . . . . 74

4.3 Planar Meander-line Based Compact Two Elements MIMO Recon-

figurable Antenna . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.3.1 Design Details . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3.2 Simulation and Measurement Results . . . . . . . . . . . . 85

4.4 Planar Meander-line F-Shaped MIMO Reconfigurable Antenna

System with Isolation Enhancement . . . . . . . . . . . . . . . . . 90

4.4.1 Design Details . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.4.2 Simulation and Measurement Results . . . . . . . . . . . . 93

4.5 Planar MIMO Reconfigurable Antenna System with Ground Plane

Reconfigurability Mode . . . . . . . . . . . . . . . . . . . . . . . . 98

4.5.1 Design Details . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.5.2 Simulation and Measurement Results . . . . . . . . . . . . 101

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

CHAPTER 5 INTEGRATION OF SENSING AND RECONFIG-

URABLE MIMO ANTENNAS FOR CR PLATFORMS 110

5.1 Modified PIFA MIMO Antenna with an UWB Sensing Antenna . 111

5.1.1 Design Details . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.1.2 Simulation and Measurement Results . . . . . . . . . . . . 115

5.1.3 Current Distribution . . . . . . . . . . . . . . . . . . . . . 125

5.1.4 Far Field Radiation Characteristics of the Reconfigurable

MIMO Antenna . . . . . . . . . . . . . . . . . . . . . . . . 129

5.1.5 TARC and the Correlation Coefficient of the Reconfigurable

MIMO Antenna System . . . . . . . . . . . . . . . . . . . 130

5.2 A Planar Reconfigurable MIMO and Sensing Antenna System . . 138

vii



5.2.1 Design Details . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.2.2 Simulation and Measurement Results . . . . . . . . . . . . 139

5.3 Channel Capacity Calculations . . . . . . . . . . . . . . . . . . . 147

5.3.1 Channel Capacity of Modified PIFA MIMO Antenna Sys-

tems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.3.2 Channel Capacity of Planar MIMO Antenna Systems . . . 150

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

CHAPTER 6 DF USING SP INTEGRATED WITH RECONFIG-

URABLE ANTENNA 154

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.2 Six-port Reflectometer . . . . . . . . . . . . . . . . . . . . . . . . 155

6.3 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.4 AoA Determination using the SP . . . . . . . . . . . . . . . . . . 159

6.5 Characterization of the Six-Port Outputs . . . . . . . . . . . . . . 164

6.6 Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

6.7 Six-Port Design Details . . . . . . . . . . . . . . . . . . . . . . . . 167

6.7.1 Operating Principle of a Printed SPR . . . . . . . . . . . . 167

6.7.2 Compact Single Six-Port Design . . . . . . . . . . . . . . . 170

6.7.3 Dual Six-Port Design . . . . . . . . . . . . . . . . . . . . . 170

6.8 SP Designs Results . . . . . . . . . . . . . . . . . . . . . . . . . . 172

6.9 SP Circuit Integration with Reconfigurable MIMO Antenna System 179

6.9.1 Measurements Setup . . . . . . . . . . . . . . . . . . . . . 179

6.9.2 Measurements Results . . . . . . . . . . . . . . . . . . . . 182

6.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

CHAPTER 7 CONCLUSION AND FUTURE WORK 186

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

7.2 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

REFERENCES 189

viii



VITAE 209

LIST OF PUBLICATIONS 210

ix



LIST OF TABLES

4.1 Simulated and measured fc and BW for two bands . . . . . . . . 78

4.2 Simulated Peak gain, Efficiency and Envelop correlation coefficient 79

4.3 Features summary of all designs . . . . . . . . . . . . . . . . . . . 108

5.1 Antenna Efficiency and Peak Gain of the Sensing Antenna . . . . 119

5.2 Reconfigurable Antenna Operation Modes . . . . . . . . . . . . . 119

5.3 Measured Reconfigurable Antenna Bands, Center Frequency (fc

in MHz) and Bandwidth (BW in MHz) For (Antenna-1 (A1),

Antenna-2 (A2), All modes (M1, M2, M3, M4)) . . . . . . . . . . 125

5.4 Simulated and Measured Peak Gain (P.G in dBi) and Radiation

Efficiencies (η %) . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.5 Simulated and Measured Envelope Correlation Coefficient (ρe) For

all Bands (B-1, B-2, B-3, B-4) . . . . . . . . . . . . . . . . . . . . 137

6.1 Comparison between proposed SP and others. . . . . . . . . . . . 178

x



LIST OF FIGURES

1.1 The evaluation of mobile phones. . . . . . . . . . . . . . . . . . . 2

1.2 MIMO system block diagram [1]. . . . . . . . . . . . . . . . . . . 4

1.3 Concept of DSA [7]. . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1 The meander line patch [16]. . . . . . . . . . . . . . . . . . . . . . 17

2.2 The measured antenna reflection coefficient for when the switch is

ON and OFF [16]. . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Hardware realization of microstrip antenna element; (a) front view

of radiating element and (b) back view of feed network and tuning

element [19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Geometry of the proposed antenna in [22]. . . . . . . . . . . . . . 20

2.5 Simulated 3D pattern of PIN diode configurations (a) Beam tilted

at 180o (b) Beam tilted at 270o(c) Beam tilted at 0o(d) Beam tilted

at 90o [22]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1 Classification of CR Antennas. . . . . . . . . . . . . . . . . . . . . 30

3.2 Classification of Sensing Antennas. . . . . . . . . . . . . . . . . . 31

3.3 Geometry of Vivaldi antenna with U-shaped slot [33] . . . . . . . 31

3.4 SRR loaded antipodal Vivaldi antenna [37]. . . . . . . . . . . . . 33

3.5 Geometry of Modified Vivaldi antenna [38] . . . . . . . . . . . . . 33

3.6 SRR loaded antipodal Vivaldi antenna [39]. . . . . . . . . . . . . 33

3.8 Geometry of UWB dipole [44]. . . . . . . . . . . . . . . . . . . . . 34

3.7 Geometry of broadband dipole antenna [40] . . . . . . . . . . . . 34

3.9 Ovel shape UWB monopole antenna [45] . . . . . . . . . . . . . . 35

xi



3.10 Modified ovel shape UWB monopole antenna [46] . . . . . . . . . 36

3.11 Geometry (top and bottom) of the proposed reconfigurable ultra-

wideband antenna [47]. . . . . . . . . . . . . . . . . . . . . . . . . 37

3.12 Geometer of UWB antenna antenna [58]. . . . . . . . . . . . . . . 37

3.13 Geometer of UWB antenna [65]. . . . . . . . . . . . . . . . . . . . 38

3.14 Classification of reconfigurable antennas. . . . . . . . . . . . . . . 40

3.15 Classification of reconfigurable antennas. . . . . . . . . . . . . . . 41

3.16 Geometry of F-slot monopole antenna [66]. . . . . . . . . . . . . . 42

3.17 Geometry of MTM based frequency reconfigurable antenna [81]. . 43

3.18 Photograph of a fabricated RH and LH circularly polarized antenna

prototype [86]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.19 Pattern reconfigurable antenna Geometry with fixed beam width

[90]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.20 Classification of reconfigurable MIMO antenna. . . . . . . . . . . 47

3.21 Channel capacity measurements [97]. . . . . . . . . . . . . . . . . 48

3.22 Frequency Reconfigurable MIMO antenna system [98]. . . . . . . 49

3.23 Geometry of fabricated MEMS based reconfigurable MIMO an-

tenna [109]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.24 Pattern Reconfigurable patch antenna with shorting post and

PIN diodes. (a)Reference antenna,(b)antenna with four shorting

posts,(c)antenna with eight shorting posts [110]. . . . . . . . . . . 51

3.25 Geometry of the proposed antenna [129]. . . . . . . . . . . . . . . 53

3.26 (a) The top layer structure of the interweave MIMO based antenna

system (b) the bottom layer structure [136] . . . . . . . . . . . . . 55

3.27 Geometry of microwave passive SP circuit [145]. . . . . . . . . . . 58

3.28 Dual-SP circuit for phase error minimization [12]. . . . . . . . . . 58

3.29 Ka-band based six-port circuit [147]. . . . . . . . . . . . . . . . . 59

xii



4.1 Proposed MIMO antenna, (a) HFSS model, (b) Fabricated model,

(c) Antenna top side, (d) Antenna bottom side, (e) Side view (f)

Front view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2 Reflection coefficient of reconfigurable antenna in mode 1 . . . . . 65

4.3 Reflection coefficient of reconfigurable antenna in mode 2 . . . . . 65

4.4 Reflection coefficient of reconfigurable antenna in mode 3 . . . . . 67

4.5 Reflection coefficient of reconfigurable antenna in mode 4 . . . . . 67

4.6 Simulated isolation curves between MIMO elements for all modes 68

4.7 Measured isolation curves between MIMO elements for all modes 68

4.8 Current distribution for the MIMO antenna system at mode-1,

Antenna-2 excited: (a) 1350 MHz (b) 2450 MHz. . . . . . . . . . 69

4.9 Current distribution for the MIMO antenna system at mode-2,

Antenna-2 excited: (a) 700 MHz (b) 1720 MHz. . . . . . . . . . . 70

4.10 Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1350

MHz(b) Antenna-2 excited at 1350 MHz (c) Antenna-1 excited at

2450 MHz (d) Antenna-2 excited at 2450 MHz. . . . . . . . . . . 71

4.11 Simulated 3D gain pattern Mode-2 (a)Antenna-1 excited at 700

MHz(b) Antenna-2 excited at 700 MHz (c) Antenna-1 excited at

1720 MHz (d) Antenna-2 excited at 1720 MHz. . . . . . . . . . . 71

4.12 Simulated 3D gain pattern Mode-3 (a)Antenna-1 excited at 930

MHz(b) Antenna-2 excited at 930 MHz (c) Antenna-1 excited at

1550 MHz (d) Antenna-2 excited at 1550 MHz. . . . . . . . . . . 72

4.13 Simulated 3D gain pattern Mode-4 (a)Antenna-1 excited at 942

MHz(b) Antenna-2 excited at 942 MHz (c) Antenna-1 excited at

1830 MHz (d) Antenna-2 excited at 1830 MHz. . . . . . . . . . . 72

4.14 Proposed MIMO antenna (a) HFSS model (b) fabricated model. . 74

4.15 Detailed schematic of reconfigurable MIMO antenna (a) Top view

(b) Bottom view (c) Side View (d) Front view. . . . . . . . . . . . 75

4.16 Varactor diode biasing circuitry. . . . . . . . . . . . . . . . . . . . 75

xiii



4.17 (a) Fabricated Modified MIMO PIFA antenna, (b) Fabricated an-

tenna bottom side, (c) Fabricated antenna top view. . . . . . . . . 76

4.18 Simulated reflection coefficient at antenna 1. . . . . . . . . . . . . 76

4.19 Measured reflection coefficient at antenna 1. . . . . . . . . . . . . 77

4.20 Simulated Mutual coupling curves between the two antennas . . . 77

4.21 Measured Mutual coupling curves between the two antennas. . . . 78

4.22 Simulated Gain at 825 MHz (a) Antenna 1 (b) Antenna 2. . . . . 80

4.23 Simulated Gain at 1700 MHz (a) Antenna 1 (b) Antenna 2. . . . . 80

4.24 Proposed MIMO antennas system for CR platform (a) Top view

(b) Bottom view - All dimensions are in millimeter (mm). . . . . 82

4.25 Detailed schematic of the two-element reconfigurable MIMO an-

tenna (a) Top view (b) Side view - All dimensions are in millimeter

(mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.26 PIN and varactor diodes biasing circuitry . . . . . . . . . . . . . . 84

4.27 Fabricated model (a) Top view (b) Bottom view showing the refer-

ence GND plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.28 Reflection coefficients of the MIMO antenna system - Mode 1. . . 86

4.29 Simulated reflection coefficients of the MIMO antenna system -

Mode 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.30 Measured reflection coefficients of the MIMO antenna system -

Mode 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.31 Measured isolation between MIMO antenna elements. . . . . . . . 88

4.32 Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1100

MHz(b) Antenna-2 excited at 1100 MHz (c) Antenna-1 excited at

2480 MHz (d) Antenna-2 excited at 2480 MHz. . . . . . . . . . . 88

4.33 Proposed Four elements MIMO antennas system for CR platform

(a) Top view (b) Bottom view - All dimensions are in millimeter

(mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

xiv



4.34 Detailed schematic of the two-element reconfigurable MIMO an-

tenna (a) Top view (b) Side view - All dimensions are in millimeter

(mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.35 Fabricated model (a) Top view (b) Bottom view showing the refer-

ence GND plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.36 Reflection coefficients of the MIMO antenna system - Mode 1. . . 94

4.37 Simulated reflection coefficients of the MIMO antenna system -

Mode 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.38 Measured reflection coefficients of the MIMO antenna system -

Mode 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.39 Simulated isolation between MIMO antenna elements. . . . . . . . 96

4.40 Measured isolation between MIMO antenna elements. . . . . . . . 96

4.41 Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1160

MHz(b) Antenna-2 excited at 1160 MHz (c) Antenna-3 excited at

1160 MHz (d) Antenna-4 excited at 1160 MHz. . . . . . . . . . . 97

4.42 Proposed Four elements MIMO antennas system for CR platform

(a) Top view (b) Bottom view - All dimensions are in millimeter

(mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.43 Detailed schematic of the two-element reconfigurable MIMO an-

tenna (a) Top view (b) Side view - All dimensions are in millimeter

(mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.44 Fabricated model (a) Top view (b) Bottom view showing the refer-

ence GND plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.45 Simulated reflection coefficients of the MIMO antenna system-

Mode 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.46 Measured reflection coefficients of the MIMO antenna system-Mode

1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.47 Simulated reflection coefficients of the MIMO antenna system-

Mode 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

xv



4.48 Measured reflection coefficients of the MIMO antenna system-Mode

2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.49 Simulated reflection coefficients of the MIMO antenna system-

Mode 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.50 Measured reflection coefficients of the MIMO antenna system-Mode

3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.51 Simulated isolation between MIMO antenna elements. . . . . . . . 107

4.52 Measured isolation between MIMO antenna elements. . . . . . . . 107

4.53 Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1040

MHz(b) Antenna-2 excited at 1040 MHz (c) Antenna-3 excited at

1040 MHz (d) Antenna-4 excited at 1040 MHz. . . . . . . . . . . 108

5.1 Proposed MIMO antennas system for CR platform (a) Top view

(b) Bottom view. . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.2 Detailed schematic of the two-element reconfigurable MIMO an-

tenna (a) Top view (b) Bottom view (c) Side view (d) Front view

- All dimensions are in millimeter (mm). . . . . . . . . . . . . . . 114

5.3 PIN diode biasing circuitry . . . . . . . . . . . . . . . . . . . . . . 115

5.4 Fabricated model (a) Top view (b) Bottom view showing the sens-

ing antenna (c) Top view of reconfigurable MIMO antenna(d) Bot-

tom view of reconfigurable MIMO antenna. . . . . . . . . . . . . . 116

5.5 Simulated and measured reflection coefficient of UWB sensing an-

tenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.6 Mutual coupling between sensing and MIMO antennas. . . . . . . 117

5.7 Simulated 3-D gain pattern at (a) 800 MHz (b) 1500 MHz (c) 3000

MHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.8 Simulated and measured 2D gain pattern in yz-plane. Dashed lines

- simulated, solid lines - measured (a) 800MHz (b) 1500MHz (c)

3000MHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.9 Reflection coefficients of the MIMO antenna system - Mode 1. . . 121

xvi



5.10 Reflection coefficients of the MIMO antenna system - Mode 2. . . 122

5.11 Reflection coefficients of the MIMO antenna system - Mode 3. . . 122

5.12 Reflection coefficients of the MIMO antenna system - Mode 4. . . 123

5.13 Simulated isolation between MIMO antenna elements. . . . . . . . 123

5.14 Measured isolation between MIMO antenna elements. . . . . . . . 124

5.15 Current distribution for the MIMO antenna system at 1095 MHz-

Antenna-2 excited: (a) Top layer (b) Bottom layer (c) Ground plane.126

5.16 Current distribution for the MIMO antenna system at 1945 MHz-

Antenna-2 excited: (a) Top layer (b) Bottom layer (c) Ground plane.127

5.17 Current distribution for the MIMO antenna system at 3050 MHz-

Antenna-2 excited: (a) Top layer (b) Bottom layer (c) Ground plane.128

5.18 Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1095

MHz(b) Antenna-2 excited at 1095 MHz (c) Antenna-1 excited at

1945 MHz (d) Antenna-2 excited at 1945 MHz (f) Antenna-1 ex-

cited at 3050 MHz(e) Antenna-2 excited at 3050 MHz. . . . . . . 131

5.19 Simulated 3D gain pattern Mode-2 (a)Antenna-1 excited at 770

MHz(b) Antenna-2 excited at 770 MHz (c) Antenna-1 excited at

1660 MHz (d) Antenna-2 excited at 1660 MHz. . . . . . . . . . . 132

5.20 Measured normalized gain patterns for the proposed MIMO an-

tenna Mode-1: (a) xz plane at 3195 MHz and (b) yz plane at 3195

MHz. solid: co-pol element 1; dashes: co-pol element 2; circle:

cross-pol element 1; and dashes-dot: cross-pol element 2. . . . . . 132

5.21 Measured normalized gain patterns for the proposed MIMO an-

tenna Mode-2: (a) xz plane at 1580 MHz and (b) yz plane at 1580

MHz. solid: co-pol element 1; dashes: co-pol element 2; circle:

cross-pol element 1; and dashes-dot: cross-pol element 2. . . . . . 133

5.22 Measured normalized gain patterns for the proposed MIMO an-

tenna Mode-4: (a) xz plane at 1510 MHz and (b) yz plane at 1510

MHz. solid Mode=2: co-pol element 1; dashes: co-pol element 2;

circle: cross-pol element 1; and dashes-dot: cross-pol element 2. . 133

xvii



5.23 Measured normalized gain patterns for the proposed MIMO an-

tenna Mode-4: (a) xz plane at 1690 MHz and (b) yz plane at 1690

MHz. solid: co-pol element 1; dashes: co-pol element 2; circle:

cross-pol element 1; and dashes-dot: cross-pol element 2. . . . . . 134

5.24 Mode-1: TARC curves for the proposed MIMO antenna system . 135

5.25 Mode-2: TARC curves for the proposed MIMO antenna system. . 136

5.26 Mode-3: TARC curves for the proposed MIMO antenna system. . 136

5.27 Mode-4: TARC curves for the proposed MIMO antenna system. . 137

5.28 Proposed MIMO antennas system for CR platform (a) Top view

(b) Bottom view - All dimensions are in millimeter (mm). . . . . 140

5.29 Detailed schematic of the two-element reconfigurable MIMO an-

tenna (a) Top view (b) Side view (c) PIN and varactor diodes bi-

asing circuitry - All dimensions are in millimeter (mm). . . . . . . 140

5.30 Fabricated model (a) Top view (b) Bottom view showing the sens-

ing antenna . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.31 Simulated and measured reflection coefficient of UWB sensing an-

tenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.32 Simulated and measured 2D gain pattern in yz-plane. Dashed lines

- simulated, solid lines - measured (a) 800MHz (b) 1500MHz. . . . 143

5.33 Reflection coefficients of the MIMO antenna system - Mode 1. . . 144

5.34 Simulated reflection coefficients of the MIMO antenna system -

Mode 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.35 Measured reflection coefficients of the MIMO antenna system -

Mode 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.36 Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1100

MHz(b) Antenna-2 excited at 1100 MHz (c) Antenna-1 excited at

2480 MHz (d) Antenna-2 excited at 2480 MHz. . . . . . . . . . . 146

xviii



5.37 Measured normalized gain patterns for the proposed MIMO an-

tenna Mode-1: (a) xz plane at 1100 MHz and (b) yz plane at 1100

MHz (c) xz plane at 2480 MHz and (d) yz plane at 2480 MHz.

solid: co-pol element 1; dashes: co-pol element 2; circle: cross-pol

element 1; and dashes-dot: cross-pol element 2. . . . . . . . . . . 146

5.38 Average channel capacity in LOS environment - Mode-1 at 1095

MHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.39 Average channel capacity in LOS environment - Mode-1 at 1945

MHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.40 CDF of channel capacity - Mode-1 at 1095 MHz. . . . . . . . . . . 149

5.41 CDF of channel capacity - Mode-1 at 1945 MHz. . . . . . . . . . . 150

5.42 Average channel capacity in LOS environment - Mode-1 at 1100

MHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.43 Average channel capacity in LOS environment - Mode-1 at 2480

MHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.44 CDF of channel capacity - Mode-1 at 1100 MHz. . . . . . . . . . . 152

5.45 CDF of channel capacity - Mode-1 at 2480 MHz. . . . . . . . . . . 152

6.1 Six-port Reflectometer. . . . . . . . . . . . . . . . . . . . . . . . . 155

6.2 Angles of incoming waves with respect to planar array elements. . 160

6.3 Dual Angle Resolution Dual Six-Port Design. . . . . . . . . . . . 163

6.4 (a)Printed SPR (b) Single Hybrid Coupler. . . . . . . . . . . . . . 169

6.5 Microstrip Six-Port Circuit Layout. . . . . . . . . . . . . . . . . . 170

6.6 The circuit layout of dual-angle SP design. . . . . . . . . . . . . . 171

6.7 Top and Bottom layers of fabricated dual SP design. . . . . . . . 172

6.8 Simulation and measurements return loss at Port 6. . . . . . . . . 173

6.9 Simulated and measured transmission loss S5i . . . . . . . . . . . 173

6.10 Simulated and measured transmission loss S6i . . . . . . . . . . . 174

6.11 Simulated phase S6i . . . . . . . . . . . . . . . . . . . . . . . . . . 174

6.12 Measured phase S6i . . . . . . . . . . . . . . . . . . . . . . . . . . 175

xix



6.13 Simulated phase S6i . . . . . . . . . . . . . . . . . . . . . . . . . . 175

6.14 Measured phase S6i . . . . . . . . . . . . . . . . . . . . . . . . . . 176

6.15 In-phase (I) and quadrature (Q) signals from the DF system . . . 176

6.16 Error analysis due to the asymmetry of the SPs and power detectors177

6.17 Actual (θ) vs Estimated (θ̃) . . . . . . . . . . . . . . . . . . . . . 177

6.18 Block diagram of the DF measurement setup . . . . . . . . . . . . 180

6.19 Detailed view of SP integration with reconfigurable MIMO antenna

system for RF DF. . . . . . . . . . . . . . . . . . . . . . . . . . . 180

6.20 (a) RF source (2) Setup for angle adjustment (c) SP circuit inte-

grated with two MIMO antenna system (d) LabJack interface for

data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

6.21 Angle of arrival at 1690 MHz . . . . . . . . . . . . . . . . . . . . 183

6.22 Angle of arrival at 2020 MHz . . . . . . . . . . . . . . . . . . . . 184

xx



THESIS ABSTRACT

NAME: Rifaqat Hussain

TITLE OF STUDY: Reconfigurable MIMO Antenna System with Direction

Finding Capability for Cognitive Radio Platforms

MAJOR FIELD: Electrical Engineering

DATE OF DEGREE: January, 2015

In the near future, the revolutionary technique of cognitive radio (CR) will be

adapted for efficient spectrum utilization in 4G/5G wireless standards. The front

end of a CR consist of a sensing antenna for spectrum scanning and a reconfig-

urable antenna for communication and band selection purposes. Multiple-input

multiple-output (MIMO) reconfigurable antennas are used in CR platforms to en-

hance the throughput of such systems.

This work is aimed to design a novel reconfigurable MIMO antenna system with

direction finding capabilities for cognitive radio platforms. All antennas elements

and the microwave structure for direction finding are intended to be planar in

structure for easy integration with the IC’s and other low profile components to

be accommodated within wireless handheld devices. The frequency of interest is

the wireless band covering 700 MHz and 3 GHz. The design of sensing and re-

configurable antenna systems to cover 0.7∼3 GHz is a challenging job because of

the limited size of wireless handheld devices. Moreover, the design of a compact

radio frequency (RF) based direction finding (DF) system and its integration with

CR platforms is another challenging task especially that it became a requirement

in second generation cognitive radios and such integration is rare to find in liter-
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ature.

In this work, several 2-element and 4-element reconfigurable MIMO antenna de-

signs have been investigated in details and their performance metrics are assessed.

An ultra-wideband(UWB) sensing antenna is proposed for frequency bands between

0.7∼3 GHz with compact size. A 2-element reconfigurable MIMO antenna system

is integrated with an UWB sensing antenna to form a complete integrated solution

for CR platforms. Two versions of the integrated designs are presented with a

substrate size of 60×120 mm2. A microwave direction finding (DF) circuit based

on the six-port passive system is presented in this work. Single and dual angle res-

olution compact six-port structures are designed to cover the wide frequency bands

from 1.68∼2.25 GHz to allow for direction finding capabilities both in 2D and 3D.

The maximum error obtained was 16o.

This work presents the first compact integrated reconfigurable MIMO antenna sys-

tem along with an UWB sensing antenna on a single substrate with compact size

covering the aforementioned frequency ranges along with direction finding capabil-

ity. The antenna systems were tested for system level performance with six-port

circuit for radio frequency direction finding.
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CHAPTER 1

INTRODUCTION

The need of wireless handheld devices with additional data demanding features

has grown rapidly in the last few years. Compact form factor wireless handheld

devices with powerful computing, high performance and compatible with new

wireless standards are required for new generation communication systems. Some

of the enabling attributes to fulfill such demands in mobile communication devices

include direction finding capability, antenna reconfigurability and adaptive beam

scanning. These characteristics are required in wireless handheld devices for next

generation software defined radio (SDR) and cognitive-radio (CR) platforms. In

addition, the higher data rate requirements and reliability of transmitted data

within wireless hand-held communication devices are met by embedding multi-

input multi-output (MIMO) antenna systems in such platforms. Since the antenna

system and its features directly affect the overall wireless communication system

performance, it is critical to design novel antenna systems that provide as many

of such attractive features as possible. This work targets this goal.

1.1 Wireless evolution and trends

The era of analog-based mobile generation (1G) was started in late 1970s while

the first cellular communication system was deployed in 1981 in Norway followed

by the United States and the United Kingdom. The system was operating in the

900 MHz band with analog modulation and supported only voice calls and text
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Figure 1.1: The evaluation of mobile phones.

data. 1G was followed by second generation (2G). The mostly used and popular

technology of 2G was the Global System Mobile (GSM) standard. The operation

band of the first GSM standard was 900 MHz with 25MHz frequency spectrum.

Today, GSM frequency bands cover 900MHz and 1.8 GHz bands throughout the

world while 1.9 GHz band is used in US. 2G technology supported both voice and

data but with drastically enhanced data rates compared to 1G [1].

Wireless local area network (WLAN) started its operation in late 1990s and

was advancing in parallel with mobile phone technology. In early 2000s, wireless

standards such as Bluetooth and Zigbee were widely used in small wireless hand-

held devices and mobile terminals. Cellular phone technologies of 3G and 4G were

deployed in 2006 and 2011, respectively. With the advent of each new generation,

there were several times increase in data rate capability and was in excess of 100

Mbps. This enabled the services like high definition video calls, real time video

transfer, video conferencing and high definition live streaming.

Advances in antenna design and fabrication of microelectronics circuitry has

made a fabulous change in the sizes of mobile phones. The evaluation of mobile

phones size over a period of time is shown in Figure 1.1. The huge and bulky brick-
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like mobile phones of 1G has been transformed to sleek and stylish smart phones

with compact packaging. The size reduction is accompanied with integration of

much more complex and advance functions in these wireless devices.

The primary purpose of 3G was to develop a new protocol to enhance the

mobile experience. While, on the other hand, 4G was established to meet the new

levels with multi-service capacity in a compact and portable mobile phone device.

Thus, it was the integration of all the mobile technologies like GSM, GPRS,

Wi-Fi, Bluetooth and many more. It should be capable of supporting various

wireless standards and operate across several frequency bands. Thus, multi-band

or frequency reconfigurable antennas are a vital part of 4G wireless devices and

must be embedded within the device to cover various frequency standards [2].

1.2 Multiple-input-multiple-output (MIMO)

technology

Multiple input, multiple output (MIMO) is wireless communication technology

that use multiple antennas both at transmitter and receiver ends. MIMO antenna

systems are used to increase the capacity and reliability of the data by utilizing

multiple antennas at both communication ends. In 4G wireless technology, the

three main constituents to enhance the data rate capabilities are

1. Adaptive modulation and coding (AMC)

2. Implementation of orthogonal frequency division multiplexing (OFDM)

3. Use of MIMO technology

The first two elements are related to data encoding and modulation in adaptive

way to improve the performance over the time varying wireless channels. MIMO

technology is concerned with the implementation of multiple antennas at both

ends of the wireless system. MIMO technology is being utilized in 4G wireless

standards and beyond to achieve higher data throughput in multipath wireless
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channels. In a MIMO system, data sent from the transmitter passes through dif-

ferent paths and thus the data received at the receiver end has a high probability

of good representation of transmitted data in the fading and multipath environ-

ment. Thus, this increase the data rate when parallel stream of data are sent from

transmitter antennas. The block diagram of a MIMO system is shown in Figure

1.2 [2].

Figure 1.2: MIMO system block diagram [1].

The channel capacity for a MIMO system can be carried out using the modified

Shannon equation [2] as,

C = MBlog2

(
1 +

N

M
SNR

)
(1.1)

where C is the channel capacity (in bps), SNR is the signal to noise ratio of the

wireless communication channel, B is the bandwidth (in Hz), M is the number of

antennas at the transmitter side, and N is the number of antennas at the receiver

side. Channel capacity is directly related to number of antenna elements with low

correlation radiation pattern. The performance is degraded significantly for high

mutual coupling between antennas or high correlation radiation pattern. Thus,

the design of MIMO antennas system with anticipated high data rate is greatly

dependent on the way MIMO antennas are designed with low correlation and

mutual coupling.
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Printed antennas are widely used in mobile terminals and wireless handheld

devices for MIMO operation. Printed MIMO antennas have attractive features

of low cost, ease of fabrication and ease of integration. The mutual coupling be-

tween closely spaced antenna elements should be reduced to increase the MIMO

throughput. Thus the use of multiple antenna elements and characterizing their

performance is an inevitable task in modern antenna design. MIMO antenna

systems with reconfigurable front ends for efficient bandwidth utilization are be-

coming popular in recent years [3].

1.3 Cognitive Radios

According to International Telecommunication Union, Radio Communication Sec-

tor (ITU-R) ITU-R Report SM.2152 define a cognitive radio (CR) as [4]:

“A radio system employing technology that allows the system to obtain knowl-

edge of its operational and geographical environment, established policies and its

internal state; to dynamically and autonomously adjust its operational parameters

and protocols according to its obtained knowledge in order to achieve predefined

objectives; and to learn from the results obtained.”

According to the Federal Communications Commission (FCC) spectrum reg-

ularity authority in United States,. a cognitive radio (CR) is defined as “A (soft-

waredefined) radio that can change its transmitter parameters based on interaction

with the environment in which it operates” [5].

The concept of the revolutionary technique of a cognitive radio (CR) (an exten-

sion of the SDR) first appeared in literature in 1999. It is an intelligent technique

in communication system for radio devices and associated networks. The commu-

nication between radio devices and the network is likely to be in such a manner to

be able to adjust their operating parameters as per their need as well as learning

from the experience as well. Since then, significant research work has been done

related to CR topic. Standardization bodies have initiated several plans to stan-

dardized the CR system in United States, Europe and AsiaPacific regions. One

step forward, regulatory bodies like FCC in USA and Office of Communications
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(OFCOM) in UK have already authorized to use white TV bands for unlicensed

devices. In radio communication conference (WRC) 2012, regulatory plans were

discussed in detail and the possible implementation of CR system architecture

was suggested [6].

1.3.1 Spectral Congestion

In a wireless system, communication take place at particular common frequencies

sharing a common medium. Recent tremendous growth in wireless devices and

services resulted in spectral congestion. Thus, it became a cause of substantial

concern keeping in mind the available anticipated wireless devices and demands

for services in the near future. The spectral congestion occurred because of sub-

optimal frequency allocation by strict spectrum licensing processes. For example

the 850 MHz and 1.9 GHz allocated for cell phones in the USA. The excessive

use of particular applications results in particular frequency congestion. The cell

phone user may experience dropped calls or busy lines.

The inefficient frequency usage could be resolved by using the unlicensed spec-

trum. However, it requires to develop new protocols for multi-users to be efficient

and avoid harmful interference. Two approaches are generally deployed for effi-

cient spectrum sharing: (1) spectral underlay approach (ultra-wideband(UWB))

(2) spectral overlay approach (cognitive radio). In UWB or spectral underlay ap-

proach, a secondary user transmit signals using low power spectral density (PSD)

to avoid any interference with the primary user. In this approach, a significant

data rate is achieved by compensating the low PSD with extra large bandwidth.

On the other hand, in spectral overlay approach, dynamic spectrum access (DSA)

is utilized for spectrum sharing. This approach is a main concern of the imple-

mentation of CR for spectrum utilization [7].

1.3.2 Dynamic Spectral Acess (DSA)

In DSA, the allocated spectrum could be utilized by secondary users for temporar-

ily unused frequencies to avoid any possible spectral congestion. The concept of
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DSA is elaborated in Figure 1.3 [7]. An energy detector is used in real time sce-

nario to detect the power level for determining the spectral occupancy. In the

given diagram, colored cuboid are used to show the spectral occupancy of the

entire spectrum with time used by different protocols with different power lev-

els. Any unused or less used frequency results in spectrum holes and are shown

in green discs. The idea of DSA is looking for these spectral holes to utilize

these unused frequencies. Consequently, congestion could be avoided with effi-

cient spectrum utilization. As a matter of fact, spectrum regularity bodies are

continuously exploring new standards and protocols to realize the dream of CR

system magic [7].

Figure 1.3: Concept of DSA [7].

1.4 Radio Frequency Direction Finding

Radio frequency (RF) direction finding (DF) identifies the source location based

on the incoming RF signals. RF based DF schemes are gaining popularity in

commercial applications. DF has a wide range of applications in military, avionics,

emergency services and in wireless communication devices. The basic principle of
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a DF system is its ability to estimate the angle-of-arrival (AoA) of an incoming

signal from a distant target object. Classical direction finding techniques consist

of an antenna array followed by single or multiple receivers. Multiple-channel

DF algorithms such as Multiple Signal Classification (MUSIC) and Estimation

of Signal Parameters via Rotational Invariance Technique (ESPRIT) extract the

AoA information of the incoming waves from a target object using the phase

information from each antenna simultaneously [8, 9].

In various practical scenarios especially in mobile systems, implementations

of multiple receiver DF algorithms are not feasible. So, single channel DF tech-

niques are used commonly in such scenarios. Single channel DF techniques rely on

complex and computationally intensive digital signal processing (DSP) algorithms

that prohibit their use in mobile terminals [10]. Radio frequency (RF) direction

finding (DF) identifies the source location based on the incoming RF signals. RF

based DF schemes gained popularity in commercial applications over the past

few decades [11]. Microwave structure based DF schemes are generally low cost

and less complex, thats why they have gained popularity in last few years. The

six-port (SP) architecture is a key component in microwave based DF systems

and is also becoming popular in microwave measurements due to its accurate and

potentially low cost [12]. It has wide range of applications in RF direction finding

(DF), precise displacement measurements, direct conversion receivers and in radar

sensors.

1.5 Motivation and Problem Statement

The use of wireless handheld devices has increased tremendously in recent years.

These wireless devices include laptops, mobile phones, tablets, smart mobile

phones and wireless handheld direction finding devices. New features are con-

tinuously added to these devices. Intensive processing, online video streaming,

online gaming, video and audio conferencing require high speed data. Generally,

these wireless handheld devices conform to 4G wireless standards. In [13], it was

estimated that by the end of year 2017, the interpolated demand of such devices
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is going to be increased to 3 billion covering multiple standards, which is another

requirement of next generation devices.

Thus, the design of compact and efficient reconfigurable antennas and MIMO

antenna systems integrated with DF capabilities as well as efficient band utiliza-

tion are becoming a necessity within mobile phones and other wireless handheld

devices according to the 4G wireless standards and upcoming 5G ones [14].

The second generation of CR places several challenging requirements to meet

the anticipated features of such platforms. Reconfigurable MIMO antennas are

required to provide high data rates with efficient spectrum utilization. This com-

bines the challenges of designing reconfigurable antennas to cover multiple wire-

less standards with that of designing MIMO antenna systems with good perfor-

mance metrics such as isolation and low correlation characteristics. Covering the

lower bands of 4G wireless standards adds to the complexity of the problem.

The 700/800 MHz frequency bands poses a real challenge when designing printed

MIMO antennas and the designing of the UWB sensing antenna. Being able to

perform beam forming and thus requiring a DF capability of the next generation

CR rises another challenge when coming up with a compact integrated architecture

combining reconfigurability, MIMO and DF capabilities within a single portable

devices. This work will try to come up with a complete solution integrating these

features for CR systems.

1.6 Work Contributions

The objective of this work is to design a novel reconfigurable MIMO antenna sys-

tem with direction finding capabilities for cognitive radio platforms for 4G wireless

standards. All antennas (reconfigurable MIMO and UWB sensing antenna) and

microwave structure for direction finding were aimed to be planar for easy integra-

tion with the IC’s and other low profile components so that they could be easily

accommodated within wireless handheld devices. The frequency of interest is the

wireless band between 700 MHz up to 3 GHz.

To achieve the desired characteristics of reconfigurability in a MIMO antenna
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system with direction finding capability, put several challenges that needed to be

overcome to accomplish the desired tasks. These issues included coming up with

novel solutions for the size of the antennas at low frequency bands. In addition

to antenna size limitation that requires novel miniaturization, control circuitry

is embedded within the given antenna structure to achieve the desired frequency

reconfiguration out of it. Additionally, a CR system requires an UWB sensing

antenna to scan the wide frequency band.

The design of the sensing antenna with the strict dimensions of a mobile ter-

minal size is itself a challenging job as the sensing antenna is required to cover

the lower frequency bands as well (i.e. 700 MHz). Moreover, the performance

of the MIMO system degrades significantly for closely spaced antennas due to

high mutual coupling. To enhance the performance of the reconfigurable MIMO

antenna system, it was necessary to improve the isolation between the different

antenna elements. In addition, direction finding capability of a RF source was

required within the same architecture. To overcome all these challenges and to

have a compact reconfigurable MIMO antenna with good isolation, an UWB sens-

ing antenna and compact microwave structure for direction finding capability all

integrated within a single platform is the ultimate target of the proposed work.

The contributions of this work are summarized as follows:

1. A novel compact two element reconfigurable MIMO antenna design based

on modified printed inverted F-shaped antenna (PIFA) elements covering

several well known frequency bands including LTE, GSM and WLAN, in-

tegrated with an UWB sensing antenna for cognitive radio platforms occu-

pying the size of a standard smart phone size of 65×120×5.4 mm3. The

design was successfully implemented and tested and covered low frequency

bands as low as 700 MHz. Two versions of the reconfigurable MIMO anten-

nas were obtained. One using PIN (p-type,intrinsic material,N-type) diodes

and another using varactor diodes.

2. A two element reconfigurable MIMO antenna system based on modified

meander-line antennas integrated with an UWB sensing antenna on a single
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two layer substrate occupying 65×120×1.56 mm3. The antenna system was

designed and tested.

3. Two designs of a 4-element reconfigurable MIMO antenna systems based

on modified meander-line antennas and using varactor and PIN diodes for

frequency switching. They occupied a board area of 65×120×1.56 mm3.

4. A novel planar 4-element reconfigurable MIMO antenna using ground

(GND) current control for frequency reconfigurability.

5. Compact low frequency single and dual six-port (SP) microwave circuit de-

sign and implementation for 1.7 ∼ 2.2 GHz bands for single and dual angle

resolution DF systems to be embedded in wireless handheld devices.

6. A two element reconfigurable modified PIFA MIMO and sensing antenna in-

tegrated with a SP circuit. This final design was a complete system working

in two modes of operation:

(a) Communication mode using reconfigurable and sensing antennas for

CR platforms.

(b) Beamforming mode using SP structure for RF DF.

1.7 Dissertation Layout

This work focused on the design and implementation of integrated reconfigurable

MIMO antenna systems with direction finding and spectrum sensing capabilities

for cognitive radio platforms in small wireless handheld devices. This section

provides an overview of the layout of this work.

Chapter 2 overviews reconfigurable MIMO antenna, different types of reconfig-

urable antennas, MIMO performance metrics, UWB sensing antenna and its sig-

nificance in the CR system, and direction finding using the SP technique. Chapter

3 provides the complete literature survey on cognitive radio antennas and SP for

RF DF.
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Chapter 4 discusses the results of different types of reconfigurable MIMO an-

tennas. Chapter 5 discusses reconfigurable MIMO antenna embedded with UWB

sensing antennas for CR platforms. Two different designs are presented with

complete results discussion and MIMO performance parameter evaluation.

Chapter 6 discusses the SP technique for RF DF. Two different SP designs are

presented with their complete features and discussion on simulated and measured

results. The chapter also discusses the integration of the SP circuit with MIMO

reconfigurable antennas and UWB sensing antenna. Chapter 7 concludes the work

with recommendation for future work.
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CHAPTER 2

THEORETICAL

BACKGROUND

The revolutionary technique of a CR (an extension of the SDR) is a system with

efficient utilization of frequency spectrum. The front end of a CR consists of

two antennas, (1) an ultra wide-band (UWB) sensing antenna and (2) a reconfig-

urable communication antenna. Dynamically changing the basic radiating char-

acteristic of the antenna system is termed as antenna reconfigurability. Recon-

figurable antennas are able to change their operating fundamental characteristics

i.e. resonance frequency, radiation pattern, polarization and impedance band-

width. Radar systems are also utilizing CR techniques for efficient bandwidth

utilization [15].

So, a CR system can be defined as a radio having the capability to sense

the spectrum and communicate. Thus, a CR platform contains an UWB sensing

antenna to sense the spectrum and reconfigurable antennas for communication.

The high data rate requirements has increased exponentially over the last

few years in wireless communication systems due to the demand for more multi-

media applications. To meet the high rate requirements and efficient utilization

of the frequency spectrum, MIMO antennas within CR platforms became a viable

solution. The second generation CR should be capable of sensing the frequency

spectrum, switch to different bands of operation, can change the transmission
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parameters as well as utilize the multiple antennas [14]. The abilities of CR

ensures efficient utilization of power and comprehensive use of the spectrum. In

addition, beamforming capability is required in such CR platforms. In order to

maximize the transmission in a beam forming mode of operation, a DF technique

needs to be integrated. The SP microwave DF technique will be utilized in this

work and integrated within the reconfigurable MIMO, sensing antenna system in

one platform.

In this chapter we will cover some background about the various components

of the CR with MIMO capability. We will go over the antennas required and

parameters that characterize MIMO antenna systems. We will close this chapter

by the features and use of the SP as a DF system.

2.1 Spectrum Sensing

Spectrum sensing is of vital importance in intelligent dynamic spectrum access

for CR platforms. To sense the spectrum reliably used by primary users and its

allocation to secondary users is the most critical job in dynamic spectral access

for CR application. The frequency allocation to secondary users with minimum

effects on the primary users spectrum is the key of CR communication.

2.1.1 Significance of UWB Sensing

In CR platform, dynamic spectrum access can be realized by UWB instantaneous

scanning. The most challenging job in CR communication systems is the realiza-

tion of an UWB sensing antenna followed by a wideband digitizer. The problem

become more severe for CR system realization for wireless handheld devices with

compact form factor. The UWB sensing followed by ultra-wide RF bandwidth dig-

itizer is of particular interest. The RF digitizer digitizes the specified ultra-wide

bandwidth in real time. Once the unused or less used spectrum slots are sensed,

it can be allocated to secondary users without affecting the licensed users. New

architectures have been investigated over years to tackle the problem of wideband
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spectrum sensing and new ways are constantly underway to make the spectrum

sensing more reliable in CR platforms [7].

2.1.2 UWB Sensing Antenna

The UWB antenna is an important part of a CR. The wide band of the antenna

is utilized for spectrum sensing. UWB antennas has been the topic of last few

decades and have been used in many commercial applications. In our design

solution, the UWB antenna will be utilized only for scanning of the spectrum and

thus be called a sensing antenna.

Two types of antennas are widely used for UWB applications in CR. These two

antennas are the printed dipole and monopole antennas. Printed planar monopole

antennas are a good choice to work with as sensing antennas in wireless commu-

nication systems for CR platforms. They have wide impedance bandwidth, low

profile, easy fabrication and have an omnidirectional radiation pattern. The ma-

jor challenge here is to have a compact size UWB antenna that can cover lower

frequency bands of LTE 4G standard (i.e. 700 MHz)

2.2 The Reconfigurable MIMO Antenna System

An antenna is a critical and important part in any wireless communication or

radar systems. The field of antenna design is vigorous and dynamic. There are

numerous types of antennas covering a wide range of applications and features. So,

the choice of an antenna and its evaluated performance are critical for successful

design. Because of the fixed characteristics of an antenna system, it imposes

certain limitations and difficulties in improving the system performance after it is

completed. These limitations may include strict constraint on the volume of the

wireless handheld device which restrict the operating configurations of bandwidth

and frequency.

To address the strict area constraint, it is suitable to consider reconfigurable

antennas with the existing volume that can be made reconfigurable using elec-
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tronic circuitry in different frequency bands, can exhibit various radiation patterns

and can be polarization reconfigurable. Thus, this reconfiguration will enable the

antenna to dynamically adapt with system requirements or environmental condi-

tions to enhance the overall system performance.

MIMO technology is an enabling technique used to increase the channel capac-

ity and hence data rate by employing multiple antennas on both sides of the com-

munication link. This can be done without using any extra power in transceivers

or having wider bandwidth (according to Shannon capacity limit).

Thus, the design of reconfigurable MIMO antennas that comply with high data

rate requirements and provide efficient utilization of the available bandwidth by

switching to different operating bands is highly desirable to be implemented in

wireless handheld devices and mobile terminals.

2.2.1 Frequency Reconfigurable Antennas

In modern communication systems, frequency reconfigurable antennas are impor-

tant and have been used widely. In frequency reconfiguration, the same antenna

aperture is utilized for many frequency bands resulting in a compact design. Fre-

quency reconfigurable antennas are broadly classified into two categories: contin-

uous and switched frequency reconfiguration antennas. In continuous frequency

agile antennas, the transition between different bands take place in a smooth

manner. While on the other hand in switched tunable antennas, they use some

kind of switching mechanism to operate at distinct and/or separated frequency

bands. Both kinds of antennas in general share a common theory of operation

and reconfiguration is achieved in the extent of the effective length changes via

parasitic loading that enable operation over different frequency bands.

Some examples of such antennas are given in the literature review. In [16], a

meander line reconfigurable antenna was presented. The reconfigurability of the

antenna was achieved using a PIN diode. A PIN diode was working as a switch

to connect the different parts of the antenna. In this way, the antenna was tuned

to different wireless bands and was switched between 4G LTE and other wireless
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Figure 2.1: The meander line patch [16].

communication standards. The proposed structure had a dimension of 40 × 40

mm2 and is shown in Figure 2.1. The design was intended to cover 4G LTE

Band 3, GSM and GPS bands when PIN diode was conducting while WLAN and

WiMAX bands when diodes were switched off. The reflection coefficient of the

proposed structure is shown in Figure 2.2. The reflection coefficient curve shows

the good matching within the desired bands.1

2.2.2 Polarization Reconfigurable Antenna

Polarization reconfigurable antennas are used in some communication systems.

Multipath fading in a communication system may be mitigated by polarization

diversity while dual polarized antennas can be used to increase the channel capac-

ity [17]. Polarization reconfigurable antennas can be used in varying environments

to provide immunity to interfering signals and are helpful in improving the com-

1PIN diodes are used to change the electrical length of the antenna by connecting
various sections, thus increasing its length lower its resonance frequency. The opposite
is while the use of varactor diodes loads the antenna and change its reactive part by
changing the varactor capacitance thus changing its resonance frequency.
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Figure 2.2: The measured antenna reflection coefficient for when the switch is ON and
OFF [16].

munication link [18].

The polarization of an antenna can be determined by the direction of the

current flow on the antenna. The direction of current flow on the surface of an

antenna can be translated directly into the polarization of the electric field in

the far field of the antenna. Polarization agility in an antenna structure can be

achieved by changing the direction of the flow of current. This can be achieved by

changing the antenna structure and feed configuration. For polarization reconfigu-

ration, any modification in the structure can switch the sense of polarization. The

polarization may be linear, circular or elliptical. The main challenge in achiev-

ing polarization reconfigurability is compensation for the significant changes in

impedance or frequency characteristics.

In [19], a tunable microstrip antenna was presented. In this presented design, a

dual linearly polarized microstrip antenna was designed. The circular polarization

was achieved by tuning the resonance slightly off the intended operating frequency.

The presented design was realized on board with εr = 3.55 and the total board

size was equal to 4 × 4 in2 and is shown in Figure 2.3. Figure 2.3(a) shows the

front view of radiating element while Figure 2.3(b) shows the tuning elements and
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Figure 2.3: Hardware realization of microstrip antenna element; (a) front view of radi-
ating element and (b) back view of feed network and tuning element [19].

feed network.

2.2.3 Radiation Pattern Reconfigurable Antenna

Pattern reconfigurable antennas are gaining wide acceptance in wireless com-

munication technologies due to their potential in improving the system perfor-

mance. Pattern reconfigurable antennas are helpful in systems to avoid noisy

environments, helpful in anti-jamming techniques, improve security by dynami-

cally changing the radiation pattern, can perform scanning for target objects and

energy can be saved by directing signals toward intended users [20].

The radiation pattern of an antenna depends on the electric/magnetic cur-

rents on the antenna that can be translated to map the radiation pattern from

the structure, thus forming a relationship between source current and the resultant

radiation pattern. This relationship can be helpful in determining pattern recon-

figurability. This pattern reconfigurability may result in changing the operating

frequency.

For reconfigurable radiation pattern antenna, a design procedure is started by
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Figure 2.4: Geometry of the proposed antenna in [22].

considering the source current distributions and its magnitude and phase. Some

baseline design is selected and then different structure parameters are altered to

acquire the desired current distribution. The design should be optimized without

changing the frequency response and impedance bandwidth of the antenna sig-

nificantly. The alternate solution is to compensate for the changes in impedance

with tunable matching circuits. To avoid the antenna mismatch issues, the feed

network can be isolated from the reconfigurable part thus allowing for nearly fixed

frequency response with pattern agility [21].

In [22], a beam-steering textile antenna for wireless body area network

(WBAN) applications was presented. The coaxially fed antenna was integrated

with four RF switches at optimized positions. Different combinations of RF

switches were used to tilt the beam at four distinct position. The beam steered

angles were 0o, 90o, 180o and 270o . The presented antenna was realized on Felt

substrate with size 52× 85 mm2. The radiating elements of proposed antenna were

fabricated using Shieldit Super textile as its conductive element with a thickness

of 0.17 mm and conductivity of 6.67 × 105 S/m. The proposed design is shown

in Figure 2.4 while in Figure 2.5, the simulated results are shown of the steered

beam at four different directions.
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Figure 2.5: Simulated 3D pattern of PIN diode configurations (a) Beam tilted at 180o

(b) Beam tilted at 270o(c) Beam tilted at 0o(d) Beam tilted at 90o [22].

2.3 Evaluation of the Performance of MIMO

Antenna Systems

MIMO systems are an important part of modern communication. The front-end

of a MIMO system is the MIMO antenna. Therefore the design and performance

characteristics of this antenna is important and directly affect the overall system

performance. Thus, an optimum design is required to achieve the minimum ac-

ceptable performance metrics within compact size and suitable for wireless hand-

held devices. The MIMO system can provide improved performance in multipath

and non-line-of-sight (NLOS) environment.

Performance evaluation of MIMO antenna systems is critical and crucial. The

conventional parameters of an antenna’s performance like s-parameters and far

field radiation characteristics are inadequate. The parameters that are important

to characterize a MIMO antenna system include the s-parameters, the radiation

patterns, the total active reflection coefficient (TARC) [23], the mean effective

gain (MEG) [24], the correlation coefficient [25] and the channel capacity [26].
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2.3.1 Resonance and Isolation

The scattering parameters or s-parameters is a measure of antenna performance

that gives information about its resonance, bandwidth and isolation between var-

ious elements in an array. This basic definition applies to MIMO systems as well.

In a MIMO system, the same frequency response is expected from all elements

with good isolation. The diversity gain of a MIMO system is directly related to

the number of uncorrelated channels and efficient paths . Therefore, high isolation

(low mutual coupling) is required between antenna elements.

2.3.2 Total Active Reflection Coefficient (TARC)

S-parameters are used to get some preliminary results about antenna resonance

but it lacks to completely describe the frequency response especially its effective

bandwidth. In order to characterize the MIMO antenna system, a new parameter

”Total Active Reflection Coefficient” (TARC) was introduced. It can be defined

as the ratio of the square root of the total reflected power to the square root of

the total incident power. Mathematically it is expressed as [23];

Γ =

√
Σ|bi|2
Σ|ai|2

(2.1)

where bi and ai is the reflected and incident signals, respectively. The incident

and reflected signals are related to each other by the s-parameter of the MIMO

antenna system. They are given as [23];

[b] = [S].[a] (2.2)

where S is the N×N scattering parameter matrix of the N element MIMO antenna

system.

From(2.1), it can be concluded that the TARC values varies between 0 and 1.

TARC has a value equal to one when the incident signal is reflected entirely while

zero value corresponds to total radiation with no reflection. TARC versus fre-
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quency plot gives the effective bandwidth of the MIMO antenna. Usually, TARC

is computed in decibels. TARC also gives a measure of the antenna efficiency of

a lossless MIMO antenna system. TARC is calculated for different combinations

of excitation signals at the input ports. To calculate TARC from the measured

s-parameters of an N-element MIMO antenna system, (2.2) is used to calculate

the reflected signals. The incident signals are taken with unity amplitude and

different phase differences. After calculation of reflected signal, (2.1) is used to

calculate the TARC of the MIMO antenna system.

2.3.3 Antenna Efficiency

Antenna efficiency is an important parameter in MIMO antenna systems. It is

necessary to know the efficiency of an antenna as it is directly related to diversity

and multiplexing gain of a MIMO antenna system. Antenna efficiency can be

defined as the sum of its radiation efficiency and reflection efficiency. Reflection

efficiency can be computed using the value of s-parameters and TARC while the

radiation efficiency cannot be computed from these values. Different methods have

been reported in literature to measure radiation efficiency of the antenna [27].

In the gain and directivity method, the ratio of the gain and directivity gives

the antenna efficiency. This method involves the measurement of far field radi-

ation patterns of the antenna using anechoic chamber. Wheeler cap method is

a simple method of efficiency measurement [27]. This method involves only the

measurements of reflection coefficient from the antenna using network analyzer.

The procedure of this method is outline here. First the reflection coefficient of the

test antenna is measured. Then, the antenna is then placed on a ground plane

and covered with a conducting cap and the reflection coefficient of the antenna is

measured again. The radiation efficiency is then found using [27];

η = 1− 1− |Γcap|2

1− |Γin|2
(2.3)

The basic principle behind this is that when the antenna is covered by the cap
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radiated signal is reflected back to the antenna. So, low loss antennas will have

have high reflection at the input while for the lossy antenna, the reflected signal

will be small due to losses within the antenna structure.

2.3.4 Correlation Coefficient

The correlation coefficient is a measure of signal correlation received by the MIMO

antenna system due to antenna patterns. It is a function of the radiation pat-

terns of the MIMO antenna elements. Mutual coupling between MIMO antenna

elements badly affect the diversity performance of a MIMO antenna system. The

correlation coefficient (ρ) is the square root of the envelop correlation (ρe). The

envelop correlation between two antenna elements is computed from their far field

radiation characteristics and is given as [25];

ρe =
|
∫ ∫

F1(θ, φ) ∗ F2(θ, φ)dΩ|2∫ ∫
|F1(θ, φ)|2dΩ

∫ ∫
|F2(θ, φ)|2dΩ

(2.4)

where Fi is the radiation pattern when element ’i’ is active.

The value of ρ lies between 0 and 1. The minimum value corresponds to

highly uncorrelated antennas while maximum value shows the correlated antenna

elements as behaving a single antenna. In the new 4G standards, for a good

diversity performance, the value of ρ is required to be less than 0.3 [25]. The

calculation of the correlation coefficient is difficult as it involves the radiation pat-

terns of the antenna elements. However, if the MIMO antenna is operating in a

uniform multipath environment which is the one where fading envelope is Rayleigh

distributed, the incoming field arrives in the horizontal plane only, the incoming

fields orthogonal polarizations are uncorrelated, the individual polarizations are

spatially uncorrelated, and the time-averaged power density per steradian is con-

stant [28], then the correlation coefficient between two antenna elements can be

computed from it s-parameters if the antenna efficiency is also high. It is given

as [25];

ρ =
|S11 ∗ S12 + S21 ∗ S22|√

(1− |S11|2−|S21|2)(1− |S12|2−|S22|2)
(2.5)
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2.3.5 Radiation Pattern

The radiation pattern is a measure of the far field strength as a function of space

of an antenna. In MIMO antenna systems, the radiation patterns of each element

are assumed to be independent with orthogonal directional maximum locations to

have high uncorrelated channels. To calculate the radiation pattern of an element

of a MIMO antenna, the element is excited by a source and the rest of the antenna

elements are terminated with a 50 Ω load. The field patterns are then obtained

either by simulation or by measuring them at an antenna testing facility.

2.3.6 Mean Effective Gain

The gain of an antenna is an important parameter of a MIMO system. The mean

effective gain (MEG) is a measurement of the coverage area and achievable data

rates of the system. The directive gain of an antenna gives misleading results in

mobile communication environment. In such scenarios, the MEG of the system is

calculated. The MEG of an antenna operating in an urban mobile environment is

determined by the mutual relation between the field patterns of the antenna and

the statistical distribution of the signal in the environment.

For a mobile wireless environment the MEG of an antenna system can be

computed from its two-dimensional field patterns. It is given as [29];

MEG =

∫ 2π

0

[
XPD

1 +XPD
Eθ +

1

1 +XPD
Eφ

]
dφ (2.6)

In (2.6) XPD is the cross polarization discriminator. It can be defined as the ratio

of the horizontally polarized component to vertically polarized component of the

incident signal. The value of MEG is -3 dB for urban environment with 100 %

efficient antenna while for practical designs, the value can be as low as -12 dB.

The MEG for MIMO antenna system is calculated by finding the field patterns

while the other elements are terminated with a load. The MEG of MIMO antenna

elements are expected to be the same. For MIMO antenna systems, the difference
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of the MEG values should not exceed 3 dB.

2.3.7 Channel Capacity

A MIMO system is used to increase the channel capacity by utilizing the multiplex-

ing gain. The design of a MIMO antenna has profound affect on the multiplexing

gain of the MIMO system. Therefore, the antenna is also evaluated for the up-

per limit of channel capacity it can give in a particular environment. For this,

either measurements are carried out in a real environment or theoretical models

are used which predict the performance of the antenna based on the radiation

characteristics of the antenna elements. Recently, reverberation chambers were

designed to evaluate the channel capacity and other performance metrics of the

MIMO antenna [30]. The reverberation chamber emulates an isotropic multipath

environment of similar type as of urban or indoor environments. Thus it helps in

measuring the MIMO system channel capacities without driving around in the ur-

ban environment or moving around in with measurement equipment in an indoor

one.

In [26], a channel capacity measurement model of a MIMO antenna system

is presented. The channel capacity model is based on the 2D radiation patterns

of the antenna. For the same MIMO antenna system at both ends, the channel

matrix H is given as [26];

H =
√

ΨG
√

Ψ (2.7)

where G is a random matrix with independently identically distributed complex

Gaussian entries. Ψ is the transmit and receive correlation matrix. The entries of

Ψ matrix are calculated using [26];

Ψi,j =
µij√
µiiµjj

(2.8)

µi,j is calculated based on the field patterns of antenna element i and j. It is given
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as;

µij =

∫ 2π

0

[XPDAiθA
∗
jθ + AiφA

∗
jφ]dφ (2.9)

where Aθ and Aφ are the 2D radiation patterns of antenna elements (i,j) in the two

planes. Thus, the radiation patterns of the elements of MIMO antenna systems

are required in estimating the performance of the antenna in terms of channel

capacity when they are used in any environment.

2.4 Six-Port Based Direction Finding

Microwave structure based low cost direction finding (DF) systems have gained

popularity over last few decades. Six-port (SP) techniques are widely used in

microwave metrology and becoming a key component in low cost RF DF sys-

tems. It has a wide range of applications such as in RF DF, precise displacement

measurement, direct conversion receivers, and in radar sensors.

The SP circuit was initially used as a low cost alternative to network analyzers.

Most of the work carried out in area of RF direction finding (DF) using the SP

started in late 90’s. A number of SP circuits were designed to be used in beam

direction finding systems. All these systems are used to find the azimuth angle of

a distant target object (i.e. a single angle for the incoming wave) [31].

In modern wireless systems, it is highly desirable to achieve dual or multi-band

operation using a single circuit. DF systems using SP cover many frequency bands

and have been used in different scenarios. Most of the proposed SP DF systems

in literature use a single SP circuit for angle of arrival (AoA) estimation in one

plane and also operate at frequencies higher than 2 GHz.

The details of the SP structure and operating conditions for direction find-

ing and deriving the equations for its dual angle results and its application are

discussed in details in chapter 6.
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2.5 Conclusions

In this chapter, the theoretical background for the front end and antenna system

of a end of CR platform were discussed. The two important front-end antenna

elements are the UWB sensing antenna and the reconfigurable communicating

antenna. Several examples for both antenna types were given. To increase the

throughput of the communication system, MIMO reconfigurable antennas are used

as communicating antennas. MIMO antennas are characterize using MIMO pa-

rameters performance metrics were discussed in details. RF DF using the mi-

crowave SP technique was also discussed in the last part of this chapter.
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CHAPTER 3

LITERATURE SURVEY

The Cognitive Radio (CR) is an emerging radio architecture technology that ap-

peared in literature in 1999 [32]. The concept of a CR in a communication system

is based on dynamic and opportunistic spectrum utilization. It was aimed to

efficiently utilize the available bandwidth to save available resources. The two

essential antennas for CR applications are the sensing antenna and the communi-

cation antenna. The hierarchy of the antennas used in CR platforms is shown in

Figure 3.1 and are categorized as follows .

1. Sensing Antenna

(a) Monopole Antenna

(b) Dipole Antenna

2. Communication Reconfigurable Antenna (Using PIN diode, Varactor diode,

metamaterial (MTM), MEMS switches)

(a) Reconfigurable Antenna

(b) Reconfigurable MIMO Antenna

This chapter will cover the literature review for sensing and reconfigurable

MIMO antenna systems for CR platforms as well as RF based DF systems using

the SP technique.
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Figure 3.1: Classification of CR Antennas.

3.1 Sensing Antennas for CR

Two types of antennas are generally employed to get the ultra-wide-band (UWB)

sensing antenna in CR platform. These two antenna types are the dipole and

monopole. A summary of main references of sensing antennas based on their

starting frequency (fs) are given in Figure 3.2.

3.1.1 Dipole Antenna as a Sensing Antenna

Dipole antennas are the most widely used for UWB operation with high efficiency.

A Vivaldi antenna is a printed version of a dipole antenna and is popular in CR

platforms for its compact printed structure and UWB operation. The main ben-

efits of Vivaldi antennas are their broadband characteristics and easy fabrication

in its planar printed structure form. Vivaldi antennas are fed by microstrip lines

and can be matched with ease.

A number of Vivaldi antennas appeared in literature [33–43]. In [33], a printed

Vivaldi type antenna was presented with UWB characteristics starting from 3.1

GHz to 10.6 GHz and is shown in Figure 3.3. The design was realized on a Roger
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Figure 3.2: Classification of Sensing Antennas.

Figure 3.3: Geometry of Vivaldi antenna with U-shaped slot [33]
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RO4350B substrate having a thickness of 0.762 mm with a total area equal to

38× 60 mm2 and εr = 3.48. In addition, a U-shaped slot was introduced in the

structure to mitigate the interference between WLAN band and UWB operation.

In [34] a printed antipodal Vivaldi type antenna was presented with UWB

characteristics from 3.1 GHz to 10.6 GHz. This design was intended to radiate or

receive short pulses in UWB range with little distortion and hence getting minimal

error and high data rate. In [35], a circuit method approach was presented to

design UWB Vivaldi antenna from 3.1 GHz to 10.6 GHz. The proposed method

was a systematic approach to design the parameters and variances to the Vivaldi

antenna in the given frequency bands. A small size antipodal Vivaldi antenna with

dimensions 43× 25 mm2 was presented in [36]. The proposed antenna covered

frequency bands from 3.1 GHz to 10.6 GHz. The small structure of the design

made this suitable to be integrated with other planar structure.

In recent years, additional features were being added with UWB Vivaldi an-

tenna. In [37], a compact, novel antipodal Vivaldi antenna was presented. The

same design was loaded with split ring resonator (SSR) to reject any interference

in the 5 ∼ 6 GHz band of UWB antenna and is shown in Figure 3.4. The size of

the proposed antenna was 35× 32 mm2. In [38], a modified anti-podal antenna

was presented covering a frequency band from 4 ∼ 50 GHz. The proposed design

is shown in Figure 3.5. The size of the proposed antenna was 64× 64 mm2.

In [39], a low frequency band vivaldi type antenna was presented for wideband

operation. The proposed design was working from 1∼3.2 with antenna size equal

to 140× 144 mm2. The proposed design in shown in Figure 3.6.
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Figure 3.4: SRR loaded antipodal Vivaldi antenna [37].

Figure 3.5: Geometry of Modified Vivaldi antenna [38]

Figure 3.6: SRR loaded antipodal Vivaldi antenna [39].

In [40], a broadband dipole antenna was presented covering a frequency band

from 2.4 ∼ 4.02 GHz for CR application. The same antenna was employed in 2

× 2 MIMO antenna system. The geometry of the proposed design is shown in

Figure 3.7. The proposed broadband dipole was a high gain antenna with good

cross polarization characteristics. The size of the proposed antenna was 85× 15
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Figure 3.8: Geometry of UWB dipole [44].

mm2. In [44], a dipole antenna was proposed covering a frequency band from

2.41 ∼ 6.88 GHz and is shown in Figure 3.8 . The same antenna was used as a

radiation agile antenna by controlling the flow of current in various branches of

proposed structure. Two parasitic branches were connected through switches to

the dipole. By switching the current by means of RF switches, the flow of current

also changed which result in radiation pattern. The size of the proposed antenna

was 71× 13.5 mm2.

Figure 3.7: Geometry of broadband dipole antenna [40]

Printed dipole antennas are a good choice to achieve UWB operation and

can be integrated in CR platform as sensing antenna. The recent trends in CR

application is embedding multifunction antennas within the same UWB structure.

All of the aforementioned work covered bands higher than 1.5 GHz except [39],

that had a size of 140×144 mm2.
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3.1.2 Monopole Antenna as a Sensing Antenna

Monopole antennas are popular and widely used because of their high radiation

efficiency and UWB operation. The printed version of a monopole is very popular

in CR platforms as the sensing antenna. The key features of printed monopoles

are their UWB operation, ease of fabrication, simplicity and ease of integration

with other planer structures used in CR platform. The microstrip feed to printed

monopoles can be optimized for input impedance matching of the antenna. To

meet the various frequency band requirements UWB antennas are designed with

different structure shape, and size along with bending or meandering.

A number of monopole antenna designs for CR applications were presented

in literature. Most of available designs cover frequency bands above 1.5 GHz.

Several UWB monopole designs are available covering frequency bands from 3∼10

GHz [45–57]. This is the most commonly used band found in literature for sensing

antennas in CR applications. Different shapes of monopoles have been reported

in literature to achieve the UWB operation. The commonly used shapes for

monopoles are oval shape [45], wine-glass shape [47], fork shape [48], polygon

shape antenna [49], hour-glass shape [53], oval [58] and egg shape [59] covering

frequency bands from 3 ∼ 10 GHz. Generally, the oval shape design or some of

its varient have been used in these antennas for covering the 3 ∼ 10 GHz band.

Figure 3.9: Ovel shape UWB monopole antenna [45]
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An oval shape antenna was presented in [45] and is shown in Figure 3.9. The

proposed antenna covered a frequency band from 3 ∼ 11 GHz with a total size

equal to 30 × 30 mm2. The microstrip-line fed printed monopole is realized on

a Taconic TLY substrate with thickness 1.6mm with εr equal to 2.2. In [46], an

UWB monopole antenna was presented with overall dimensions of 65.5 × 58 mm2

and is shown in Figure 3.10. In [47], an UWB monopole antenna was presented

with compact size with overall dimensions of 34 × 31 × 0.88 mm3 and is shown in

Figure 3.11. This design was unique in a sense that the same UWB band antenna

was made reconfigurable using PIN diodes. The switching from UWB to narrow

band operation resulted in radiation pattern reconfigurability. This antenna used

the same feed line that was used fo the reconfigurable part of antenna.

Figure 3.10: Modified ovel shape UWB monopole antenna [46]

In [60], a monopole sensing antenna was presented covering the frequency band

2∼5.5 GHz. The sensing antenna and reconfigurable antennas were embedded

within the same structure with a total dimension of 100× 47 mm2. A miniature

UWB antenna was presented in [61] with total size 55× 50 mm2. The UWB

covered 2∼10 GHz.

A relatively low frequency design of UWB was presented in [58]. This design

covered the frequency band from 1.5∼12 GHz and is shown in Figure 3.12. Several

UWB monopole design were also reported in literature with different bands from
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Figure 3.11: Geometry (top and bottom) of the proposed reconfigurable ultrawideband
antenna [47].

Figure 3.12: Geometer of UWB antenna antenna [58].
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Figure 3.13: Geometer of UWB antenna [65].

2∼14 GHz [62–64]. In literature, most of the the designs covered frequency bands

above 1.5 GHz. Only the single design was found in literature to operate below

1.5 GHz [65]. This is mainly because of the size limitation of wireless devices

that cannot accommodated large antennas working in lower bands of operation.

In [65], a printed monopole was presented covering a frequency bands from 530

∼ 3000 MHz as shown in Figure 3.13. The over all size of the antenna was 200×

40× 1.6 mm3. The design was realized on FR4 substrate with a relative dielectric

constant of 4.4. The frequency bands covered by this antenna were the DVB band

(530 ∼ 860 MHz), GSM band, (890∼ 960 MHz), DCS band (1710∼ 1880 MHz),

PCS band (1850∼ 1990 MHz), UMTS band (1920∼ 2170 MHz) and WLAN band

(2400 ∼ 2484 MHz) [65]. This antenna is prohibitively large that is why it is

practically useless.

3.2 Methods of Achieving Reconfigurability

Generally, the basic reconfigurable parameters controlled in printed antenna struc-

tures include,

1. Frequency Reconfigurable Antenna
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2. Polarization Reconfigurable Antenna

3. Radiation Pattern Reconfigurable Antenna

The methods or components that are employed for achieving reconfigurability are:

1. Varactor Diodes

2. PIN Diodes

3. RF MEMS

4. Metamaterial Based structures

5. Other types

Figure 3.14 shows the classification of reconfigurable antennas available in litera-

ture. Each of the major reconfigurable parameters will be discussed in details in

the following sections.
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Figure 3.14: Classification of reconfigurable antennas.

3.2.1 Frequency Reconfigurable Antennas

Frequency reconfigurable antennas are those whose operating frequency or bands

of frequencies covered can be changed or controlled. This allows such antennas

to cover several narrow bands of various standards. A summary of frequency

reconfigurable antenna based on the frequency of operation are categorized in

Figure 3.15.
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Figure 3.15: Classification of reconfigurable antennas.

In [66–72], varactor diode based frequency reconfigurable communication an-

tennas were presented. Most the proposed designs cover frequency bands from 0.5

∼ 5 GHz. In [66], a compact monopole design with F-slot was proposed that was

loaded with varactor diodes for frequency tuning and is shown in Figure 3.16. The

covered frequency bands were DCS, PCS, and UMTS. The frequency tuning can

be obtained in 1.70∼2.15 GHz. An F-shaped slot is embedded in a rectangular

monopole patch to accommodate the varactor. The size of the proposed design

was 50 × 37.5 mm2. In [67], dual band frequency reconfigurable slot antenna was

presented. Varactor diodes were used to load this antenna. With this setup, a

frequency reconfigurable antenna was achieved working in the band of 1.3∼2.67

GHZ. The size of the proposed design was 150 × 150 mm2. In [68], a frequency

and polarization reconfigurable microstrip patch antenna was presented. A num-

ber of small patch antennas were connected by varactor diodes. By controlling the

bias voltage of the varactor diodes, frequency and polarization reconfigurability

was achieved. The operating range of this antenna was 890∼ 1500 MHz. The size

of the proposed design was 70 × 70 mm2.

In [69], a compact frequency reconfigruable antenna was presented for mobile

devices. The proposed antenna was a varactor loaded PIFA for frequency diver-
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Figure 3.16: Geometry of F-slot monopole antenna [66].

sity. The proposed antenna for single band operation was tunable from 1.6 ∼2.3

GHz while dual band operation was achieved from 780∼1020 MHz and 1700∼2140

MHz. The size of the proposed design was 80 × 50 mm2. In [70], a compact fre-

quency reconfigurable PIFA was presented. The proposed antenna was loaded

with varactor diodes working in the frequency bands from 0.7 GHz, 2 GHz, 3.5

GHz and 5 GHz The size of the proposed design was 50 × 40 mm2. In [71],

a semicircular microstrip antenna was proposed as frequency reconfigurable an-

tenna. The proposed design was covering frequency bands from 0.5 ∼ 0.9 GHz

and 2.1∼ 2.3 GHz. The size of the proposed design was 50 × 30 mm2.

In [73–80], PIN diode based reconfigurable antenna were presented. In [73],

a reconfigurable PIFA antenna was proposed to achieve frequency reconfigurable

antenna. In the proposed antenna, two PIN diodes were used to get quad-band

of GSM900/GSM1800/GSM1900/UMTS). The size of the proposed design was

45 × 75 mm2. In [74], a high efficiency frequency reconfigurable antenna based

on PIN diode was proposed operating at 2.45 GHz and 5.8 GHz. The size of the

proposed design was 70× 70 mm2. In [75], reconfigurability of a compact inverted-

F antenna with switchable feeds was presented. The proposed antenna acquired
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Figure 3.17: Geometry of MTM based frequency reconfigurable antenna [81].

bands of GSM850 (824∼894 MHz), GSM900 (890∼960 MHz), DCS (1710∼1880

MHz), and PCS (1850∼1990 MHz). The size of the proposed design was 50 × 70

mm2. In [76], a C-slot patch antenna was proposed. The proposed antenna was

working in dual-band mode and a wideband mode from 5 ∼7 GHz. The size of

the proposed design was 50 × 50 mm2.

Metamaterial based reconfigurable antenna were proposed in [81, 82]. In [81],

metamaterial (MTM) based frequency reconfigurable design was proposed. A

mushroom structure-based zeroth order resonant (ZOR) antenna was used to re-

alize the proposed design. The frequency of reconfigurability was achieved from

2 GHz ∼ 2.25 GHz. The proposed design is shown in Figure 3.17. In [82], MTM

inspired antennas was investigated for reconfigurability. The proposed antenna

was frequency reconfigurable covering frequency range form 1.6 ∼ 2.23 GHz. The

total dimension of the proposed design was 30 × 30 mm2.

MEMS switches based frequency reconfigurable antennas were presented in

[83–85]. In [84], frequency-reconfigurable mobile terminal antenna design was

presented. with a tuning range of one octave is presented. The design was tuned

using MEMS switches. The reconfigurable bands covered by this antenna were
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Figure 3.18: Photograph of a fabricated RH and LH circularly polarized antenna pro-
totype [86].

GSM/900 and GSM/1800. The total dimension of the proposed design was 40 ×

98 mm2.

3.2.2 Polarization Reconfigurable Antennas

In a polarization reconfigurable antenna, the polarization can be controlled to

support various polarization modes of operation. Several number of polarization

reconfigurable antennas have been reported in literature [17,86–89]. In [17], dual

polarized reconfigurable antenna was proposed. The reconfigurability in antenna

structure was achieved by creating L-shape slot in ground structure with PIN

diode for switching to connect various parts of the antenna. The proposed antenna

was working at 5.8 GHz. The proposed design size was 20 × 35 mm2. In [86],

polarization reconfigurable microstrip antenna was presented. Reconfigurability

was achieved by a coupling slot and the open stub of the feed line by PIN diodes.

PIN diodes were used for switching to achieve vertical and horizontal polarizations.

The size of proposed design was 100 × 100 mm2 and is shown in Figure 3.18.

In [87], single patch antenna was proposed as polarization reconfigurable an-

tenna. The antenna exhibited right-handed circular polarization at 4.2 GHz while

left-handed circular polarization was achieved at 4.55 GHz. The size of proposed

design was 60 × 60 mm2. In [88], right-hand circular polarization (RHCP) and

left-hand circular polarization (LHCP) were achieved using novel reconfigurable
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coplanar waveguide (CPW)-fed square slot antenna. Switching between antenna

Reconfiguration were obtained using PIN diodes. The proposed design was work-

ing at frequency band from 2 ∼ 3GHz with size of the substrate used was 50

× 50 mm2. In [89], a polarization reconfigurable slot antenna was proposed to

achieve vertical and horizontal polarizations. The proposed design was working

at frequency band from 610 ∼ 680 MHz with size of the substrate used was 86 ×

70 mm2.

3.2.3 Radiation Pattern Reconfigurable Antennas

In literature, two types of radiation pattern reconfigurable antenna are reported.

1. Radiation Pattern Reconfigurability with Fixed Beam Shape

2. Radiation Pattern Reconfigurability with Variable Beam Shape

In [90–92], a radiation pattern reconfigurability with fixed beam shape is reported

while in [93–95], radiation pattern reconfigurability with variable beam shape were

presented. In [90], pattern and frequency reconfigurable microstrip antenna was

proposed working at around 3.7 GHz band. The proposed design is shown in

Figure 3.19. The proposed design was was working at two frequency bands. At

3.7 GHz, the proposed design was exhibited radiation pattern of normal patch

antenna while at 6 GHz, the broadside patterns was observed. The proposed

antenna was realized on substrate with size 25 × 25 mm2.

In [91], dual reconfigurable antenna was proposed. It was working as frequency

reconfigurable antenna and direction of radiation pattern was made controllable

using PIN diodes. The proposed antenna maximum radiation direction shifts

between ±35o with respect to broadside while maintaining a constant VSWR

bandwidth and center frequency. The size of the proposed design is 50 × 50 mm2.

In [92], PIN diodes were used to to make the annular slot antenna as radiation

pattern reconfigurable at 5.8 GHz.

In [93,94], printed antennas were presented. These two antennas were radiation

pattern reconfigurable. The proposed antennas were working as omnidirectional
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Figure 3.19: Pattern reconfigurable antenna Geometry with fixed beam width [90].

and directional pattern reconfigurable antenna. In [95], a horizontally polarized

reconfigurable microstrip antenna was proposed. The RF switches were used to

steer the beam in the desired direction or suppress the beam in particular direction.

The size of the proposed design is 65 × 65 mm2.

3.3 Reconfigurable MIMO Antenna Systems

The requirements of high data rate and dynamic configuration of antenna pa-

rameters in wireless handheld devices resulted in investigation of reconfigurable

MIMO antenna systems. A number of research papers have been reported in this

area. An attempt is made to classify MIMO printed reconfigurable antenna based

on their types and frequency ranges they cover. A detailed diagram is shown in

Figure 3.20.

In [96], a printed reconfigurable 2×1 MIMO system based on dipole antennas

was presented. The length of the dipole antenna was changed to achieve the

reconfigurability using PIN diodes. The two operating bands of 2.3 GHz and 3.5

GHz were achieved using this antenna setup with a total size of 66 × 38 mm2.
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Figure 3.20: Classification of reconfigurable MIMO antenna.

A printed fractal tree antenna was proposed in [97] to improve the data rate in a

MIMO system. The proposed design was flexible for its various parasitic lengths

to be added to the fractal tree, thus improving the diversity pattern. The proposed

antenna was working in the frequency band of 1.7 ∼ 2.6 GHz depending on the

switch position. The channel capacity measurement was carried out and showed

the data rate improvement in the proposed design. Figure 3.21, shows the channel

capacity measurement of such design. This shows that improvement of channel

capacity of 2 × 2 MIMO link using pattern diversity.

In [98], a dipole-chassis antenna was utilized in a 2×1 MIMO system. In this

type of antenna structure, the coupling elements are displaced from the handset

chassis, thus the mobile handset chassis is also working as a radiating element.

Varactor diodes were used to tune the antenna. Two frequency bands of 646

∼ 848 MHz and 1648 ∼ 2074 MHz were tuned successfully with a reasonable

bandwidth. The size of the proposed antenna was 118 × 40 mm2 and is shown in

Figure 3.22. In [99], 2×1 MIMO antenna was presented. The design was realized
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Figure 3.21: Channel capacity measurements [97].

on FR4 substrate with height 1.6 mm. With the frequency reconfigurable MIMO

antenna, the achieved frequency bands were 860 MHz, 1900 MHz and 2400 MHz.

In [100], printed frequency reconfigurable MIMO was presented. The frequency

bands covered by this design is WLAN band (2400 ∼ 2483 and 5150 ∼ 5350 MHz)

and the m-WiMAX band (3400 ∼ 3600 MHz). PIN diodes were used to tune

the antenna in different bands. The proposed MIMO array was highly isolated

with isolation less than-20 dB and correlation coefficient is less than 0.25 in all

bands. The diversity performance was evaluated by the correlation coefficient

and mean effective gain and showed excellent values. In [101], portable MIMO-

LTE antennas with high Q were proposed that can be accommodated in different

wireless handheld devices. The frequency reconfigurability was achieved using a

varactor diode. The frequency bands are 796 MHz and 2.3 GHz.

In [102], frequency reconfigurable inverted-F antenna (PIFA) was proposed for

MIMO application. The PIN diodes were used to achieve the frequency tuning

in different bands. The available bands by this design are 2.3∼2.4 GHz, 2.5∼2.7

GHz, and 3.4∼3.6 GHz. The isolation was improved in MIMO system by creating

a slot between the different MIMO elements. The isolation was less than -30
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Figure 3.22: Frequency Reconfigurable MIMO antenna system [98].

dB which results in improved performance of MIMO antenna system. The two

elements were put on a dielectric substrate of size 90 × 50 mm2.

The antenna elements of the MIMO systems in [96–103] were reconfigured for

frequency diversity by using the most commonly technique of reconfigurability i-e

either by PIN diode or using the varactor diode.

MEMS based technology is another commonly used technique for frequency

agile antenna. A number of MEMS based reconfigurable antenna are reported

in literature operating a different frequency bands [104–109]. MEMS based re-

configurable antenna was proposed in [104]. The proposed antenna was targeting

WiMax applications, used electro-mechanical switches (MEMS). The antenna was

both frequency and radiation pattern reconfigurable. The proposed antenna was

multi-functional MEMS-reconfigurable pixel antenna (MMRPA). The proposed

antenna was a matrix of 13×13 metallic pixels interconnected through MEMS

switches. Each element has a dimension 1.2 × 1.2 mm2 and inter-element spacing

was 2 mm. A very low frequency band was achieved in [109] using a PIFA based

MIMO antenna system. The reconfigurability was achieved using MEMS switches,

thus achieving low frequency bands of 160 MHz, 450 MHz and 800 MHz. The

proposed fabricated model of the antenna is shown in Figure 3.23. The proposed
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Figure 3.23: Geometry of fabricated MEMS based reconfigurable MIMO antenna [109].

antenna size was 180 × 195 mm2.

A large number of pattern reconfigurable MIMO were reported in literature.

Pattern diversity of reconfigurable MIMO can be utilized for efficient signal trans-

mission, power saving and in secure communication. In [110], U-slot patch antenna

was presented for MIMO application. U-slot antenna was connected to shorting

posts using PIN diodes is shown in Figure 3.24. By position of different switches,

the antenna exhibit different radiation pattern at same resonating frequency of

5.32 GHz. The size of the proposed antenna was 12 × 12 mm2. Similarly, the

design proposed in [111, 112] were also used 5.3 GHz band for pattern reconfig-

urability. In [113], radiation pattern reconfigurable MIMO antenna was presented

working at 2.3 GHz. Two different radiation pattern were obtained by controlling

the biasing voltage of PIN diodes. In [114], circular patch antenna was presented

for pattern diversity in MIMO system. The frequency band of operation was 2.4

∼ 2.6 GHz. The radius of circular patach antenna was 4mm. In [115–123], pattern

reconfigurable based MIMO antennas were presented. These antennas could be

used in the frequency bands from 1.8 ∼ 2.4 GHz.

Polarization reconfigurable MIMO antennas are reported in [103, 124–126].

In [124], a new class of MIMO antenna system was defined coined it as multi-
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Figure 3.24: Pattern Reconfigurable patch antenna with shorting post and PIN diodes.
(a)Reference antenna,(b)antenna with four shorting posts,(c)antenna with eight short-
ing posts [110].

function reconfigurable antennas (MRAs). This class of antenna were exhibited

polarization reconfigurability. The size of the proposed antenna was 30 × 90 mm2.

In [126], patch antenna was presented to achieve the polarization reconfigurability

in MIMO antenna system to improve the capacity. Reconfiguration is achieved by

switching in various parts of the antenna into the current path. PIN diodes were

used to alter the path of current. The propose antenna exhibited polarization and

pattern diversity antenna depending on the switch position in the current path.

The size of the proposed design was 51 × 51 mm2.

3.4 Antenna Systems for CR Platforms

Over the past few years, reconfigurable antennas for CR applications have been

investigated extensively. The focus was either on the design of reconfigurable

antennas or reconfigurable communication antennas embedded with the sensing

antenna. Most of the designs available in literature for wireless handheld de-
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vices are single element non-reconfigurable antennas. However, frequency recon-

figurable antennas for communication wireless devices are growing fast over past

few years. In [127] frequency-reconfigurable antenna was presented for CR plat-

form in wireless communication devices. The frequency band covered was from

1.64∼2.12 GHz. The circular substrate area with radius 94 mm and height 6

mm was used for the said design implementation. In [128] frequency reconfig-

urable PIFA antenna was presented for m-WiMAX communication systems. The

frequency range covered were 2.3∼2.4, 2.5∼2.7 and 3.4∼3.6 GHz. The area of

the single element PIFA was 10.5×11 mm2 on a ground plane area of 90×50×6.4

mm3. In [129], a frequency-reconfigurable antenna was proposed for mobile phone

application. The proposed PIFA design is embedded with monopole antenna as

shown in Figure 3.25. The dimension of PIFA element was 4×36×5 mm3 with

monopole antenna integrated in the same space. The proposed antenna modeled

a folder-type mobile phone with two ground planes with dimensions 40×75 mm2

and 40×70 mm2, respectively The frequency bands covered by PIFA were LTE

(698∼806 MHz) or GSM900 (880∼960 MHz) while monopole antenna was used for

PCS1900 (1.85∼1.99 GHz) and m-WiMAX (3.4∼3.8 GHz) or WLAN (5.15∼5.35

GHz).

In [130], a single element PIFA was presented for WLAN and LTE bands for

wireless handheld devices. The frequency bands covered was 2.1∼2.9 GHz. The

size of PIFA was 16×33×6.5 mm3 with a ground plane dimensions of 45×100

mm2. In [59], a frequency reconfigurable printed Yagi-Uda dipole antenna with

varactor loading for CR applications was proposed covering the lower frequency

bands of 400∼750 MHz. The total area of this work was 745×360 mm2. A

CR frequency reconfigurable antenna was presented in [131], covering frequency

bands between 1.6∼2.6 GHz. The total substrate area was 30×41 mm2. All

these designs [59, 127–131] were single element reconfigurable antenna proposed

are suitable for CR applications.

Since CR front ends require sensing the frequency spectrum of the environment

as well as provide narrow band reconfigurable antenna operation, the wider band

sensing antenna along with the narrower band one were proposed in different

52



Figure 3.25: Geometry of the proposed antenna [129].
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ways in literature. In [48], a single optically controlled reconfigurable antenna

was proposed for CR platforms. Four bands of operations were achieved, one

ultra-wideband mode 2.65∼10.3 GHz and three narrow bands at 3.55∼5.18 GHz,

5.12∼6.59 GHz and 7.10∼8.01 GHz. The total area of the substrate used was

33.54×49 mm2. In [49], two different structure antennas were presented, one

structure was an ultra-wideband (UWB) antenna covering 3.1∼11 GHz and the

other was a triangular-shaped frequency reconfigurable antenna. The substrate

size of the proposed antenna was 58×65.5 mm2.

In [132], a dual antenna structure was proposed for CR application with a total

substrate size of 50×70 mm2. The UWB sensing antenna was designed to operate

in the frequency range from 2.1∼10 GHz. The reconfigurability was achieved by

rotational motion of a stepper motor connecting different radiating parts with

input. Five different bands were obtained, 2.1∼3 GHz, 3∼3.4, 3.4∼5.56, 5.4∼6.2

GHz and 6.3∼10 GHz.The design was bulky and not suitable for mobile terminals.

In [52], a combination of a wideband sensing antenna and a narrow band recon-

figurable antenna was presented on a single substrate with dimension of 50×50

mm2. The UWB antenna was covering frequency range from 3∼11 GHz while

four cases were observed for the reconfigurable antenna with resonance frequen-

cies, 5.44 GHz, 8.88 GHz, 4.84 GHz, 8 GHz, 4.56 GHz, 7.48 GHz, 3.88 GHz,

6.36 GHz. Several other designs were reported in literature containing both sens-

ing and reconfigurable antennas on the same substrate covering frequency bands

above 2 GHz [43,46,133].

Two element MIMO antennas with two sensing antennas were presented in

[134]. It was operating in the frequency band between 3∼6 GHz with dimensions

of 70×80 mm2. In [135], a reconfigurable MIMO filtenna was presented for CR

applications along with sensing antenna for interweave and underlay CR systems

as shown in Figure 3.26. The reconfigurable antenna structure was integrated with

band-pass filter for interweave system and band-reject filter for underlay system.

The antenna reconfigurability was achieved based on the mode of filter. The filter

and its integration with antenna is termed as filtenna. The proposed designs

were realized on substrate area of 70×80 mm2 for interweave system and 65×70
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Figure 3.26: (a) The top layer structure of the interweave MIMO based antenna system
(b) the bottom layer structure [136]

.

mm2 for underlay system. Both the sensing and the reconfigurable antennas were

designed for frequency range 3∼6 GHz.

3.5 SP Based Direction Finding

SP measurement techniques have been available in literature since 1970’s while

the official birth year of the SP measuring techniques was 1977 when Glenn F.

Engen and Cletus A. Hoer published several papers in this area. This was the first

time when the comprehensive theoretical background of the six-port reflectometer

(SPR) and its operating principle was presented with its optimum design [136–

138].

With the advent of SP measurement technique, its calibration was the most

important job in microwave metrology. Different approaches were adopted to

develop techniques for the calibration of the SP architecture. The calibration

becomes simpler if more known standards are used at the expense of accuracy as

measurements are prone to uncertainties due to more standard loads. Moreover,

using more standards results in limiting the frequency range. The first calibration

of a SPR was reported in [139] using seven standard loads. In [140] and [141],

calibration techniques have been developed to find the calibration constant using

four standard loads while a fifth standard load was used as a fixed or sliding

matched termination to improve accuracy [142].
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The conventional SPR consists of power dividers and directional couplers. An

X-band waveguide based SPR was reported in [143] which is bulky in nature. To

decrease the dimension of the SPR, a microstrip clone of the waveguide SPR was

developed which was also reported in [143]. It consisted of 3-dB lunge couplers

and wilkinson power dividers

The next era of the SP measurement technique was to explore its applications

in industry, military and in civil use. There are many publication in high power

that were cited in [143], including high power SPR developed for industrial appli-

cations at 2.45 GHz, with power handling capacity up to 30 kW. The SPR had a

practical application in RF direction finding.

Classical techniques of RF direction finding are based on multiple antenna sys-

tems employing single or multiple receivers. Classical techniques such as multiple-

receiver DF algorithms; Multiple Signal Classification (MUSIC) and Estimation

of Signal Parameters via Rotational Invariance Technique (ESPRIT) use simul-

taneous phase information from each antenna to estimate the AoA of the signal

of interest [8, 9]. These techniques require multiple receivers. In many scenarios

where mobile systems are needed, multiple receivers are impractical. Thus, single

receiver techniques are of interest. But most of the existing techniques for sin-

gle receiver direction finding are either old analog techniques or expensive digital

techniques [10, 144]. To overcome the intensive processing of RF direction find-

ing digital signal processing (DSP) algorithms, microwave measurement based SP

technology is used. This multi-port measuring technique is gaining wide accep-

tance due to its precise and low processing requirements in microwave systems.

Microwave structure based low cost DF systems have gained popularity over

last few decades. The SP architecture is becoming a key component in low cost

RF DF systems. It has a wide range of applications such as in RF DF, precise

displacement measurement, direct conversion receivers, and in radar sensors. The

SP circuit was initially used as a low cost alternative to network analyzers [136].

Additionally, a number of SP circuits were designed to be used in beam direction

finding systems. All these systems are used to find the azimuth angle of a distant

target object (i.e. a single angle for the incoming wave) [11,12,31,145]. In modern
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wireless systems, it is highly desirable to achieve dual or multi-band operation

using a single circuit. Most of SP based DF systems cover high frequency bands

(i.e above 2 GHz) [11,12,145–147].

Most of the work carried out in area of RF direction finding (DF) using the

SP started in late 90’s. DF systems using SP cover many frequency bands and

have been used in different scenarios. Most of the proposed SP DF systems

in literature use a single SP circuit for AoA estimation in one plane and also

operate at frequencies higher than 2 GHz [11, 12, 31, 145–147]. In addition, the

available designs are not optimized and compact to be accommodated within

wireless handheld and mobile devices.

In [31], SP based direction finding system is proposed. In this design, the

maximum phase error observed was ±2o. This design is not compact but the

unwieldy part of this design is its calibration which is the cumbersome job.

In [145], a single board SP architecture having an area of 85 ×85 mm2, was

proposed covering a frequency range of 2 GHz to 2.45 GHz. The maximum phase

error reported was ±5o. The size and frequency band used in this design made

it unsuitable to be fitted in the wireless handheld devices. The SP circuit is

shown in Figure 3.27. A dual-SP design is proposed in [12] for high resolution

AoA estimation, aiming to minimize the ambiguity in the phase measurement.

The design was compact, fabricated with lumped elements operating at a high

frequency band of 24 GHz. Although the design was compact but it covered

high frequency bands and thus is inappropriate for use within wireless handheld

devices. The dual-SP circuit is shown in Figure 3.28.

In [146], a very low phase error ( ±0.2932o) design was reported. The error at

the output was calibrated using support vector regression (SVR) technique. The

higher frequency bands 5-6 GHz was covered in the proposed design. The design

is not compact and used at higher frequency bands with additional intensive SVR

processing for phase calibration which made the design inappropriate choice for

wireless handheld devices. In [147], a Ka band SP design was presented that was

fabricated with lumped elements. This given design was not compact as it was

not fabricated on a single board and also covered higher frequency bands. So,
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this design is not a right choice to meet wireless standard in mobile terminals.The

Ka-band based SP circuit is shown in Figure 3.29. In [148], a SP based wave

correlator was proposed. This design requires calibration for phase measurement

for beam direction finding. Moreover, this design was tested experimentally in

the high frequency band of 8∼12 GHz. This made the design to be unlikely used

in the wireless handheld devices.

Figure 3.27: Geometry of microwave passive SP circuit [145].

Figure 3.28: Dual-SP circuit for phase error minimization [12].
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Figure 3.29: Ka-band based six-port circuit [147].

In [149], artificial neural network (ANN) techniques based calibration was

proposed for SP design. The application of this design was in direction finding

receivers but the lack of self-calibration made this design not feasible to be used

in mobile terminals for cognitive radio and SDR platforms. A dual-SP design

was proposed in [150] and the same design is elaborated more in [151]. The main

purpose of this design was to minimize the error in the phase measurement. This

design was compact but operating at a high frequency band of 24 GHz. So, this

design is not a right choice for use within wireless handheld devices. In [152], a

77 GHz direction finding system is proposed for radar application.

3.6 Conclusions

In this chapter, a comprehensive literature review was presented for reconfig-

urable MIMO antenna systems for cognitive radio platforms. The possibility of

RF based DF was also investigated that might be a feature for MIMO application

in beamforming in 4G wireless application. Most of the work done related to CR

platforms covered frequency bands above 2 GHz due to the strict size constraint

in implementation. None of the previous works provided complete integration of

the MIMO reconfigurable antenna system and UWB sensing antenna on a single

substrate board. None of the existing designs cover low frequency bands with

mobile device sizes even without MIMO antenna implementation. All the designs

provided for DF based on SP were determining the AoA in 2D and none provided
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3D DF using dual SP circuits. In future chapters, the contributions of this work

will address all these issues.
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CHAPTER 4

FREQUENCY

RECONFIGURABLE MIMO

ANTENNA DESIGNS

Reconfigurable MIMO antennas play a significant role in modern wireless commu-

nication devices. Their design has been a hot topic of research over the past decade

for 4G wireless standards. In particular, frequency agile MIMO antennas are very

popular in CR platforms. In mobile communications, reconfigurable MIMO an-

tennas for CR applications are very useful to efficiently utilize the underutilized

spectrum. Thus it can be used to enhance the low spectral efficiency and hence

improve the communication. In this chapter, five frequency reconfigurable MIMO

antenna designs are presented. These design are analyzed completely with MIMO

parameters. Design details, reflection and transmission coefficients curves, gain

patterns and antenna efficiencies are provided for each design. All the designs pro-

posed were fabricated using an LPKF-Protomat S103 and scattering parameters

were measured at the Antennas and Microwave Structure Design Lab (AMSDL)

at the Electrical Engineering Department at KFUPM.
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4.1 Modified PIFA Multi-band MIMO Antenna

System

In this design, a modified PIFA based reconfigurable MIMO antenna is presented

that is compact and suitable for small wireless handheld devices. The proposed

design is very versatile as it can be used to cover many frequency bands. The

well known frequency bands covered are LTE 900 MHz, GSM 1800, WLAN 2450

MHz with several other bands as well. The switching between different modes is

accomplished using PIN diodes that actuate different radiating branches of the

antenna.

4.1.1 Antenna Design Detail

The proposed reconfigurable PIFA antennas were mounted on the two corners

of a mobile handset size printed circuit board as shown in Figure 4.1 (a). The

dimensions of each element were 28×11 mm2. The proposed design was fabricated

on an FR4 substrate with ground plane area of 120×60 mm2 as shown in Figure

4.1 (b). Figure 4.1 (c) shows the detailed view of the single element PIFA. Figures

4.1 (c) and 4.1 (d) shows the top and bottom views of the elevated modified PIFA

while Figure 4.1 (e) and 4.1 (f) shows the side and front view of the whole setup,

respectively.

The design procedure of the proposed structure was started with an inverted

F-shaped antenna of certain length elevated at certain height without any sub-

strate. The given structure was tuned to resonate above 2 GHz with dimensions

11 × 28 mm2. This design was compact but was operating at higher frequency

bands with single resonance. The F-shape architecture was added with a mean-

dered line to provide additional paths for the current and hence to achieve more

than one resonating mode. For mobile application and other wireless handheld

devices, the antenna size should be compact with low frequency bands of opera-

tion as well. Hence, the antenna structure was further modified, by folding the

structure on the top of the substrate with a planar structure. The total length
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Figure 4.1: Proposed MIMO antenna, (a) HFSS model, (b) Fabricated model, (c) An-
tenna top side, (d) Antenna bottom side, (e) Side view (f) Front view.
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of the antenna was optimized to cover lower frequency bands as well but without

reconfigurability. A rectangular slot was created on the top layer to enhance the

bandwidth as well as to provide different current paths to achieve reconfigurability

by a switching mechanism. Furthermore, two small slots were created in the arms

of the rectangular slot to add the PIN diodes for switching. Extensive parametric

analysis were performed to optimally place the rectangular slot as well as the po-

sition of PIN diodes for maximum bands coverage. Two diodes were used at two

slots resulting in four distinct mode of operation. These four modes of operation

result in different frequency resonances.

Each element of the modified PIFA consists of radiating lines with a folded

patch antenna to lower the resonating frequency towards the lower end of LTE

bands. The two PIN diodes act as ON/OFF switches to connect or disconnect

the radiating slotted patch element. Four modes of operation were achieved by

the switching of the PIN diodes. These modes were 00 (mode 1), 01 (mode 2), 10

(mode 3), 11 (mode 4) where 0 shows the non-conducting state and 1 represent

a conducting state of PIN diode. Here, we have used copper tapes to model the

PIN diodes.

4.1.2 Simulation and Measurements Results

A-1 Four Modes of MIMO antenna Operation

The antenna was modeled and simulated using HFSSTM and then fabricated and

measured. Figures 4.2∼4.5 show the simulated and measured reflection coeffi-

cients for the MIMO antenna system for its four modes, respectively. The mea-

sured results showed close agreement with the simulation ones. A slight shift in

the resonant frequency of the fabricated antenna was observed in certain bands

because of the substrate properties and the way the modified PIFA was elevated

above the ground plane. The antenna had multiple resonant frequencies for all

different modes of operation. In mode 1, two operating bands were achieved

with center frequencies of 1.35 GHz and 2.45 GHz. Efficiency (η) and envelop

correlation coefficient (ρe) of these two resonances were 72%, 0.1 and 60%, 0.016,
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Figure 4.2: Reflection coefficient of reconfigurable antenna in mode 1
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Figure 4.3: Reflection coefficient of reconfigurable antenna in mode 2
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respectively. Similarly in mode 2, two operating bands were achieved with center

frequencies of 700 MHz and 1.72 GHz with η=17% and ρe=0.105 and η=84% and

ρe=0.0.078, respectively. Mode 3 covered two bands of 930 MHz and 1.55 GHz.

The η and ρe for these two bands were (42%, 0.09) and (72%, 0.0154 ), respec-

tively. Mode 4 of the proposed design covered two frequency bands of 940 MHz,

and 1.83 GHz. η and ρe for these two bands of operation are (45%, 0.098), (63%,

0.0103),respectively.

The proposed reconfigurable antenna is a multi-band design. Generally, in

multi-bands structures, more than one mode are excited. The radiation efficiency

of the first mode is relatively higher as usually it is the fundamental radiation mode

while higher order modes have considerably smaller radiation efficiencies. Gener-

ally speaking, for electrically small antennas, the expected gain and efficiency are

low compared to standard antennas. The proposed design is also an electrically

small antenna (ESA) structure with multi-band operation hence observed lower

efficiencies and gain at some modes.

Figure 4.6 and Figure 4.7 shows the simulated and measured isolation curves,

respectively, between the two PIFA antenna elements for all modes of operation.

The proposed antenna system provides good isolation across all frequency bands

of operation with minimum isolation of 10 dB. For good diversity performance of

the MIMO antenna system, high isolation between various antenna elements is

required.

A-2 Current Density

The proposed reconfigurable MIMO antenna system was analyzed from its surface

current densities. The analysis was performed using HFSS simulations. Only the

first two modes are presented here for surface current density analysis. Figures

4.8(a) and (b) show the current density by activating antenna-2 at two resonant

frequencies of 1350 MHz and 2450 MHz, respectively. The top and bottom layers

of reconfigurable antenna-2 with ground plane current density are shown in Figure

4.8. It is clear from Figure 4.8(a), a high current density was observed along the

bottom side of inner side and along the edges of the top layer of antenna element.
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Figure 4.4: Reflection coefficient of reconfigurable antenna in mode 3
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Figure 4.5: Reflection coefficient of reconfigurable antenna in mode 4
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Figure 4.6: Simulated isolation curves between MIMO elements for all modes
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Figure 4.7: Measured isolation curves between MIMO elements for all modes
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Figure 4.8: Current distribution for the MIMO antenna system at mode-1, Antenna-2
excited: (a) 1350 MHz (b) 2450 MHz.

The ground plane also took part in the radiation as it can be seen from the ground

plane. The mutual coupling between two elements are insignificant as it is clear

from the current densities.

The same analysis can be extended for the same mode at other band of 2.450

GHz as shown in Figure 4.8(b). Similar behavior was also observed with the

excitation of antenna-2 of mode 2 for dual bands at 700 MHz and 1720 MHz as

shown in Figure 4.9.

A-3 3-D Gain Patterns

The 3D radiation patterns of the MIMO reconfigurable antenna system were com-

puted using HFSS. The gain patterns were computed for single element at the time

while the second elements was terminated with 50 Ω for each mode and each band.

The gain patterns of the all modes are given in Figures 4.10 ∼ 4.13. In Figure

4.10, the 3D gain pattern is plotted for two bands: 1350 MHz and 2450 MHz while

Figure 4.11 shows the 3D gain patterns for 700 MHz and 1720 MHz.

Similarly, Figure 4.12 shows the 3D gain pattern for two bands: 930 MHz and

1550 MHz while Figure 4.13 shows the 3D gain patterns for 942 MHz and 1830

MHz. The maximas of each element is tilted showing lower field correlation that

is usually desired. The maximum simulated gain in dBi for all four modes in two
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Figure 4.9: Current distribution for the MIMO antenna system at mode-2, Antenna-2
excited: (a) 700 MHz (b) 1720 MHz.

bands are (3.79, 3.83), (-5.3,4.9), (-1.8,3.8), and (-1.32, 5.03), respectively.

4.2 Modified PIFA Dual-Band MIMO Antenna

System

In this antenna design, a varactor diode based two element reconfigurable, dual-

band, multiple input multiple output (MIMO) antenna is presented. The single

antenna element is a modified printed inverted F-shape antenna (PIFA) with ra-

diating lines and a folded patch. (similar basic structure as the one presented

in section 4.1). This proposed structure is grounded by a metallic wall for size

optimization and compactness. The proposed design is very versatile as it can

be used to cover wide frequency bands for dual-band operation. The well known

frequency bands covered are GSM-750, GSM-870, LTE-900, LTE-1800, with sev-

eral other bands as well. The proposed design provides at least -12 dB isolation

between its antenna elements.

The distinguishing feature of the proposed design is its dual band and its

tunability via voltage control over a wide frequency range including the well known

LTE and GSM bands. It exhibits a wide tunable range from 750∼1030 MHz in its
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Figure 4.10: Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1350 MHz(b)
Antenna-2 excited at 1350 MHz (c) Antenna-1 excited at 2450 MHz (d) Antenna-2
excited at 2450 MHz.

Figure 4.11: Simulated 3D gain pattern Mode-2 (a)Antenna-1 excited at 700 MHz(b)
Antenna-2 excited at 700 MHz (c) Antenna-1 excited at 1720 MHz (d) Antenna-2 excited
at 1720 MHz.
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Figure 4.12: Simulated 3D gain pattern Mode-3 (a)Antenna-1 excited at 930 MHz(b)
Antenna-2 excited at 930 MHz (c) Antenna-1 excited at 1550 MHz (d) Antenna-2 excited
at 1550 MHz.

Figure 4.13: Simulated 3D gain pattern Mode-4 (a)Antenna-1 excited at 942 MHz(b)
Antenna-2 excited at 942 MHz (c) Antenna-1 excited at 1830 MHz (d) Antenna-2 excited
at 1830 MHz.
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lower frequency band while the higher band the tunable frequency range it covered

1540 ∼ 1940 MHz. This is achieved by applying DC voltage to its varactor diodes.

4.2.1 Antenna Design Details

The proposed varactor based reconfigurable modified PIFA antennas are shown

in Fig. 4.14. The HFSS and fabricated models are shown in Figs. 4.14(a) and

(b), respectively. The proposed design was fabricated on an FR4 substrate with

ground plane area of 120×65 mm2. The size of the circuit board is assumed to be

the size of mobile handset size.

The reconfigurable MIMO elements were mounted on the top corners of the

main board with a coaxial feed. The total height of the whole system was 5.8 mm.

The two reconfigurable antennas are exactly similar in structure with dimensions

of 30×12 mm2. The detailed schematic of the two MIMO antenna is shown in

Fig. 4.15. Fig. 4.15(a) shows the top view of the reconfigurable MIMO elements

while Fig. 4.15(b) shows the bottom view of the antenna. The bottom layer

of the antenna consists of radiating lines and the coaxial feed. The two antenna

elements were fed from the bottom side of elevated board. The design step by step

procedure is detailed in section 4.1.1. The only difference in the current design is

the use of varactor diodes instead of PIN diodes.

Varactor diodes were embedded on the top side of the antenna to connect the

two different radiating parts, thus providing variable capacitance at the junction.

The change in capacitance by varying the applied voltage results in different res-

onating bands and thus providing reconfigurability. The top and bottom layers

of the elevated board were shorted through a metallic wall at one side of the

board. Figs. 4.15(c) and 4.15(d) show the side and front views of the PIFA setup,

respectively.

Each antenna element is embedded with varactor diodes to change the capac-

itance of the current path and hence resonate at different frequency bands. The

biasing circuitry for a single varactor diode is shown in Fig. 4.16. The circuit

is a series combination of an RF choke of 1 µH in series with 2.1 kΩ resistor,
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Figure 4.14: Proposed MIMO antenna (a) HFSS model (b) fabricated model.

connecting in series with both terminals of varactor diode. The variable voltage

was applied to change the capacitance of varactor diode in reverse bias fashion.

The varactor diode used in this design was BB-145. The biasing circuitry was

used to bias the varactor and at the meantime, isolate the DC and RF parts of

the antenna.

The fabricated model of the proposed design is shown in Fig. 4.17. Fig.

4.17(a) shows the complete 2-element MIMO antenna system while Figs. 4.17(b)

and (c) shows the top and bottom layers of the fabricated elevated PIFA structure,

respectively.

4.2.2 Simulation and Measurements Results

The antenna was fabricated and its s-parameters were measured at the AMSD

Lab at KFUPM. The measured results showed close agreement with the simu-

lation ones. A slight shift in the resonant frequencies of the fabricated antenna

was attributed to the difference between the material properties of the substrate

defined in the simulation design and the one used for fabrication. In addition,

lumped and active elements are modeled in HFSS using the specification given in

the date sheet. The real values might have some differences which might be the

cause of shift in the frequency.
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Figure 4.15: Detailed schematic of reconfigurable MIMO antenna (a) Top view (b)
Bottom view (c) Side View (d) Front view.

Figure 4.16: Varactor diode biasing circuitry.
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Figure 4.17: (a) Fabricated Modified MIMO PIFA antenna, (b) Fabricated antenna
bottom side, (c) Fabricated antenna top view.

Figure 4.18: Simulated reflection coefficient at antenna 1.
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Figure 4.19: Measured reflection coefficient at antenna 1.

Figure 4.20: Simulated Mutual coupling curves between the two antennas
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Figure 4.21: Measured Mutual coupling curves between the two antennas.

Table 4.1: Simulated and measured fc and BW for two bands

Simulated Measured

fc(MHz) BW (MHz) fc(MHz) BW (MHz)

Band-1
Ant-1 820 27 840 60

Ant-2 820 27 845 58

Band-2
Ant-1 1700 210 1660 160

Ant-2 1700 210 1665 165

The proposed design is basically dual-band PIFA. Fig. 4.18 shows the simu-

lated reflection coefficient curves of antenna-1 by changing the capacitance of the

varactor diode from 0.1 pF to 10 pF. There is a smooth change of resonance from

750 ∼1160 MHz in the lower band while the second band smoothly changes from

1540∼1900 MHz. Increasing the capacitance tends to decrease the resonating fre-

quency of PIFA. Fig. 4.19 shows the measured reflection coefficient for antenna

1 at port. Fig. 4.20 shows the simulated mutual coupling between the two an-
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tenna elements. The isolation is quit good between the MIMO antennas and is

less than -12dB. The used varactor (BB-145 ) had a minimum capacitance of 2.5

pF at 6V. Over this region, the measured results are well matched with simulated

ones. The details of simulated and measured center resonances frequencies (fc)

and -6dB bandwidth (BW) for input biasing voltage equal to 4 volts are shown in

Table 4.1. Fig. 4.21 shows the measured mutual coupling between two antenna

elements at various biasing points. The minimum measured -6 dB bandwidth in

the lower band was 27 MHz while in the upper band was 210 MHz for all resonant

frequencies. The difference in the bandwidth of simulated and measured values

are because of the mismatch of input impedances which might hit the efficiency.

Table 4.2: Simulated Peak gain, Efficiency and Envelop correlation coefficient

Peak Gain (dBi) Efficiency (%η) ρe

Band-1
Ant-1 0.436 63

0.053
Ant-2 0.495 63.12

Band-2
Ant-1 4.330 86

0.032
Ant-2 4.334 86.11

The simulated gain pattern of the two antennas at 825 MHz and 1700 MHz

are shown in Figs. 4.22 and 4.23. The simulated peak gains and efficiencies (%η)

for both antennas at both bands (with biasing voltage equal to 4 Volts) are given

in Table 4.2. The value of envelope correlation coefficient (ρe) at both bands

(825 MHz, 1700 MHz) are tabulated in Table 4.2 and show acceptable MIMO

performance. The proposed design is an ESA structure with dual-band operation

and hence observed low (%η) at lower frequency bands.
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Figure 4.22: Simulated Gain at 825 MHz (a) Antenna 1 (b) Antenna 2.

Figure 4.23: Simulated Gain at 1700 MHz (a) Antenna 1 (b) Antenna 2.

4.3 Planar Meander-line Based Compact Two

Elements MIMO Reconfigurable Antenna

A novel meandered line, planar inverted F PIFA shape frequency agile multiple-

input multiple-output (MIMO) antenna is presented. The proposed dual-element

MIMO antenna is compact with frequency tuning capability over a wide-range.

The frequency reconfigurability was achieved using a unique combination of PIN

and varactor diodes. PIN diodes are used for mode selection while the varactor

diode is used to sweep the frequency over a wide band especially below 1 GHz. The

proposed single substrate design is compact with small form factor and suitable

for small wireless handheld devices for cognitive radio applications. Good MIMO

performance metrics were achieved with reasonable isolation.

The distinguishing feature of the proposed design is its operation at low fre-
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quency bands starting 573∼680 MHz and 834∼1120 MHz. Most of the cited

planar antenna designs in literature for CR applications were reported to work

above 2 GHz that are of comparable sizes.

Moreover, the proposed design is planar and compact making it suitable for

mobile CR platforms with additional MIMO capability as well. The size of the

single element is 7.9×56.6 mm2. The complete antenna system fits within a dielec-

tric substrate area of 65×120 ×1.56 mm3 that is considered a suitable for small

portable devices and smart phone.

4.3.1 Design Details

The proposed reconfigurable meandered PIFA MIMO antenna structure is shown

in Figure 4.24(a) and (b). Two element MIMO antennas are fabricated on a

single substrate board with dimensions 65×120×1.56 mm3. The board size was

selected as a standard size of typical smart phone as the goal was to design planar

MIMO antenna for mobile terminals. The design was fabricated on commercially

available FR-4 substrate with εr =4.4. The two antennas are etched out from the

top layer of the board while bottom layer is the reference GND plane. The total

dimensions of the single element is 7.9×56.6 mm2.

The detailed view of the two element MIMO antenna is shown in Figure 4.25.

Figure 4.25(a) shows the top view of the two similar antenna structures. A unique

combination of PIN and varactor diodes were used for frequency reconfigurability.

Two modes of operation were achieved using PIN diodes by connecting different

radiating parts of the antenna. The fine tuning of the antenna was achieved using

varactor diodes and is more effective especially in lower frequency bands. Each

antenna element is short circuited with the GND plane via a shorting wall to bring

down the resonating frequency. Figure 4.25(b) shows the side of the antenna.

The design procedure was started with the well-known developed model of F-

shape antenna with certain length that was resonating at higher frequency bands

above 2 GHz. The extra meander lines were added to bring down the resonating

frequency below 2 GHz. Parametric analysis were performed to optimally place
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the shorting wall to tune the antenna for frequencies below 1 GHz. The design

was optimized by parametric sweep for length and position of the shorting wall.

Further, two slots were created in the solid structure to add the capacitive effect

which might lead to achieve reconfigurability in the proposed architecture by

varying the capacitance. The width and position of the slots were simulated

extensively to get the optimal point to achieve reconfigurability in the design

especially at the lower band of frequency spectrum.

Figure 4.24: Proposed MIMO antennas system for CR platform (a) Top view (b) Bottom
view - All dimensions are in millimeter (mm).

The basic PIFA is a grounded patch with length λ/4 instead of λ/2 regular

patch antenna. The λ/4 antenna element is optimized for its feed location and

position of its shorting post to operate at the desired frequency band. Similarly,

a monopole antenna is also a λ/4 antenna. The proposed antenna is a unique

combination of a PIFA and a monopole with expected length of λ/8 for its res-
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onance, with a shorting post width equal to that of the microstrip line. The

given antenna is operating at two modes. The length corresponding to mode-1

and mode-2 operations are approximately equal to λ/12, respectively. The given

antenna structure is embedded with a DC blocking capacitor, PIN diode and var-

actor diode in series with the radiating branch of the antenna. The given design is

provided with shorting wall of length 7.9 mm instead of 1.48 mm single shorting

strip. The reactive impedances added to the radiating structure further reduce

the length of antenna and resonance occurred at approximately λ/12 length for

both modes.

Figure 4.25: Detailed schematic of the two-element reconfigurable MIMO antenna (a)
Top view (b) Side view - All dimensions are in millimeter (mm).

The biasing circuitry for a single PIN and varactor diodes is shown in Figure

4.26. The biasing circuit for both diodes is a series circuit of an RF choke and

resistor connecting with PIN or varactor diode. RF choke is used to isolate the

biasing DC circuit from the radiating antenna. The values used for RF choke and

resistor were 1µH and 2.1 kΩ, respectively. The PIN diode is forward biased using

a voltage source equal to 5V while the capacitance of varactor diode is changed
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smoothly by using a variable voltage source.

Figure 4.26: PIN and varactor diodes biasing circuitry

Figure 4.27: Fabricated model (a) Top view (b) Bottom view showing the reference
GND plane

The fabricated model is shown in Figure 4.27 that was realized on FR4 sub-

strate. Figure 4.27(a) shows the top view of fabricated model while Figure 4.27(b)

shows the reference GND plane of the fabricated design.
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4.3.2 Simulation and Measurement Results

The proposed novel frequency agile antenna was modeled and simulated using

HFSSTM . The simulated optimized design was fabricated and tested for scat-

tering parameters using an Agilent N9918A vector network analyzer. The gain

patterns and efficiencies were measured at King Abdullah University of Science

and Technology (KAUST), KSA, using a SATIMO Starlab anechoic chamber.

The proposed MIMO antenna structure having two slots were connected with

PIN and varactor diodes. The first slot was embedded with a PIN diode while a

varactor diode was connected at the second slot with its associated digital biasing

circuitry. The PIN diodes were used to switch the frequency bands by providing

different current paths. The PIN diode ON/OFF operation with varactor tuning

results in two modes of operations. The details of these modes are:

A-1 Mode-1

In mode-1, the PIN diodes were switched OFF while the varactor diodes were

reverse biased. The reverse biased voltage was varied from 0∼6 Volts to vary

the capacitance of the current path. However, it has been observed that the ca-

pacitance variation has negligible effects on the operating frequency. The resulted

simulated and measured reflection coefficients of mode-1 are shown in Figure 4.28.

In mode-1, two resonating bands were achieved. The resonating frequencies are

1100 MHz and 2480 MHz with a -6 dB operating bandwidth of at-least 100 MHz

in both bands.

A-2 Mode-2

In this mode, the PIN diodes were switched ON to activate the entire radiating

structure. The functionality of varactor diodes is critical in mode-2 as the reverse

bias voltage significantly changes the resonating frequencies at the lower frequency

band below 1 GHz. In mode-2, three resonating bands were achieved with cen-

ter frequencies 585 MHz, 860 MHz, 2410 MHz for zero biasing voltage. Smooth

variation of the operating frequencies were observed for the lower two bands while
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Figure 4.28: Reflection coefficients of the MIMO antenna system - Mode 1.

exhibiting similar behavior as mode-1 at the higher order band. The first resonat-

ing frequency was varied between 573∼680 MHz while the second band covered

834∼1120 MHz. The minimum -6 dB operating bandwidth for all the three bands

were 22 MHz, 90 MHz and 120 MHz, respectively. The higher two bands are

similar to mode-1.

The simulated reflection coefficients are shown in Figure 4.29 for mode-2 while

measured reflection coefficients are shown in Figure 4.30. The simulated and

measured isolation curves are shown in Figs. 4.31. The worst case measured

isolation was 18 dB between the MIMO antenna elements across the operating

band.

The simulated and measured reflection coefficient show close agreement in

the results. The slight difference in frequency shift was because of the substrate

properties and fabrication tolerances. Moreover, PIN and varactor diodes were

modeled according to the data provided by their data sheets. The lack of flexibility

of modeling in HFSS might be a cause of frequency drift. The PIN diodes were

modeled as resistive and capacitive circuits in forward and reverse bias conditions,

respectively, while the varactor diode was modeled as a variable capacitor.
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Figure 4.29: Simulated reflection coefficients of the MIMO antenna system - Mode 2.
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Figure 4.30: Measured reflection coefficients of the MIMO antenna system - Mode 2.
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Figure 4.31: Measured isolation between MIMO antenna elements.

Figure 4.32: Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1100 MHz(b)
Antenna-2 excited at 1100 MHz (c) Antenna-1 excited at 2480 MHz (d) Antenna-2
excited at 2480 MHz.
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A-3 3-D Gain Patterns

The simulated 3D gain patterns were computed using HFSS for the proposed

reconfigurable MIMO antenna. The gain patterns for mode-1 at two different

frequencies are shown in Figure 4.32. The simulated 3D gain pattern are plotted

for two bands at frequencies: 1100 MHz, 2480 MHz. The maximas of gain pattern

for each element are tilted, thus results in lower field correlation.

The minimum frequency for gain measurements was 800 MHz and all values

below 800 MHz are represented by (-). The simulated and measured peak gains

were (1.02dBi, 2.98dBi) and (0.05dBi, 2.92dBi), respectively, for mode-1 while for

mode-2, the values were (-3.01dBi, 2.01dBi, 3.15dBi) and (-, 0.89dBi, 2.85dBi),

respectively. The simulated and measured efficiencies (η %) for mode-1 were (40,

72) and (32, 66), respectively, while for mode-2, the values were (21, 56, 76), (-,

44, 67), respectively.

The proposed reconfigurable antenna is considered an ESA structure, with

multi-band operation, thus it has low (η %) at certain bands. For electrically

small multi-band antennas, the radiation efficiency of the first mode is relatively

higher as usually it is the fundamental radiation mode while higher order modes

have considerably smaller radiation efficiencies. Generally speaking, ESA have

low gain and efficiency because of their miniaturized structure with small aperture

area.

A-4 Envelop Correlation Coefficient

Envelope correlation coefficient (ρe) were calculated based on radiation patterns.

The values for both simulated and measured patterns were (0.025, 0.02) and

(0.078, 0.045) respectively, for mode-1 while for mode-2, ρe values were (0.078,

0.065, 0.015) and (-, 0.066, 0.02), respectively.

89



4.4 Planar Meander-line F-Shaped MIMO Re-

configurable Antenna System with Isolation

Enhancement

Planar four elements meandered line F shape frequency reconfigurable MIMO

antenna with enhanced isolation is presented in this section. The proposed four-

element MIMO antenna is compact with frequency tuning capability. The fre-

quency agility was achieved with unique PIN and varactor diodes combinations.

PIN diodes are used for mode selection while the varactor diode is used to sweep

the frequency over a wide band especially below 1 GHz. The proposed planar four

elements MIMO antenna structure is suitable for CR applications. Moreover, the

proposed design is planar and compact making it suitable for mobile CR platforms

with additional MIMO capability as well. The four element design was adjusted

in typical smart phone size which might enhances the data throughput capability

of small wireless handheld devices in next generation 4G standards.

4.4.1 Design Details

The four element reconfigurable meandered PIFA MIMO antenna is presented

in Figure 4.33(a) and (b). Four element MIMO antennas are fabricated on sin-

gle substrate board with dimensions 65×120×1.56 mm3. The proposed design is

suitable to be used in small wireless handheld devices. Planar MIMO antenna

structure and its compact size of typical typical smart phone size make it very

attractive to be used in 4G standards in mobile terminals. The design was fabri-

cated on Rogers 4003 substrate with εr =3.55. The four antennas were etched out

from the top layer of the board while bottom layer is the reference GND plane.

The antenna is not of regular shape. The total dimensions of the single element

is summation of 7.9×37 mm2 and 17.7×19.6 mm2.
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Figure 4.33: Proposed Four elements MIMO antennas system for CR platform (a) Top
view (b) Bottom view - All dimensions are in millimeter (mm).

The detailed view of the four element MIMO antenna system is shown in

Figure 4.34. Figure 4.34(a) shows the top view of the two out of four similar

antenna structures. A unique combination of PIN and varactor diodes were used

for frequency reconfigurability. Two modes of operation were achieved using PIN

diodes by connecting different radiating parts of the antenna. The fine tuning of

the antenna was achieved using varactor diodes and is more effective especially

in lower frequency bands. Each antenna element is short circuited with the GND

plane via a shorting wall to bring down the resonating frequency. The design

procedure was started with the well-known developed model of F-shape antenna

with certain length that was resonating at higher frequency bands above 2 GHz.

The design procedure of single antenna element is completely described in section
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Figure 4.34: Detailed schematic of the two-element reconfigurable MIMO antenna (a)
Top view (b) Side view - All dimensions are in millimeter (mm).

4.3.

The biasing circuitry for a single PIN and varactor diodes is similar one shown

in Figure 4.26. The biasing circuit for both diodes is a series circuit of an RF

choke and resistor connecting with PIN or varactor diode. RF choke is used to

isolate the biasing DC circuit from the radiating antenna. The values used for RF

choke and resistor were 1µH and 2.1 kΩ, respectively. The PIN diode is forward

biased using a voltage source equal to 5V while the capacitance of varactor diode

is changed smoothly by using a variable voltage source.

The fabricated model is shown in Figure 4.35 that was realized on Rogers

4003 substrate. Figure 4.35(a) shows the top view of fabricated model while

Figure 4.35(b) shows the reference GND plane of the fabricated design.
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Figure 4.35: Fabricated model (a) Top view (b) Bottom view showing the reference
GND plane

4.4.2 Simulation and Measurement Results

Four elements meandered line MIMO antenna was modeled and simulated using

HFSSTM . The optimized design was fabricated and scattering parameters were

measured using an Agilent N9918A vector network analyzer. The proposed single

element MIMO antenna structure was embedded with PIN and varactor diodes.

The PIN diodes were used to switch the frequency bands while varactor diodes

were used to sweep the tuning range over band of frequencies. The details of these

modes are:

A-1 Mode-1

In mode-1, the PIN diodes are switched OFF PIN while the capacitance of varactor

diodes is varied by applying reverse bias voltage. The voltage across varactor is

varied between 0∼6 Volts. In this mode, however the capacitance variation has

negligible effects on the distribution of surface current density and hence on the

operating frequency. The resulted simulated and measured reflection coefficients
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Figure 4.36: Reflection coefficients of the MIMO antenna system - Mode 1.

of mode-1 are shown in Figure 4.36. In mode-1,the operating bands are 1170 MHz

and 2420 MHz with a -6 dB operating bandwidth of at-least 100 MHz in both

bands.

A-2 Mode-2

In this mode, the PIN diodes are switched ON while the reverse bias voltage

is applied across varactor diodes. Varactor diodes play a significant role in this

mode. The resonating frequency was smoothly changed at the lower frequency

band below 1 GHz. In mode-2, two resonating bands were achieved. Smooth

variation of the operating frequencies were observed for the lower two bands while

the addition of reactive impedance has insignificant effects on higher frequency

bands. The first resonating frequency was varied between 743∼1240 MHz while

the second band covered was relatively constant at 2400 MHz. The minimum -6 dB

operating bandwidth for the two bands were 60 MHz, and 120 MHz, respectively.

The simulated reflection coefficients are shown in Figure 4.37 for mode-2 while
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Figure 4.37: Simulated reflection coefficients of the MIMO antenna system - Mode 2.
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Figure 4.38: Measured reflection coefficients of the MIMO antenna system - Mode 2.
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Figure 4.39: Simulated isolation between MIMO antenna elements.
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Figure 4.40: Measured isolation between MIMO antenna elements.
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Figure 4.41: Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1160 MHz(b)
Antenna-2 excited at 1160 MHz (c) Antenna-3 excited at 1160 MHz (d) Antenna-4
excited at 1160 MHz.

measured reflection coefficients are shown in Figure 4.38. The simulated and

measured isolation curves are shown in Figures 4.39 and 4.39, respectively. The

worst case measured isolation was 12 dB between the MIMO antenna elements

across the operating band. The simulated and measured reflection coefficient

show close agreement in the results. The slight difference in frequency shift was

because of the substrate properties and fabrication tolerances. Moreover, PIN and

varactor diodes were modeled according to the data provided by their data sheets.

The lack of flexibility of modeling in HFSS might be the cause of the frequency

drift. The PIN diodes were modeled as resistive and capacitive circuits in forward

and reverse bias conditions, respectively, while the varactor diode was modeled as

a variable capacitor.

A-3 Gain Patterns and Envelop Correlation Coefficient

The simulated 3D gain patterns were computed using HFSS for the proposed

reconfigurable MIMO antenna. The gain patterns for mode-1 at 1160 MHz is

97



shown in Figure 4.41. The simulated 3D gain pattern for all four antennas are

plotted at given frequency band of mode-1. The maximas of gain pattern for

each element are tilted, thus results in lower field correlation. The simulated peak

gains were (-0.77dBi, 3.521dBi), respectively, for mode-1 while for mode-2, the

values were (-1.798dBi, 3.521dBi), respectively. The simulated efficiencies (η %)

for mode-1 at two bands were (52, 78), respectively while for mode-2, the values

for two bands were (34, 78), respectively. The low efficiency of mode-2 at lower

band is because of ESA structure of the proposed design.

Envelope correlation coefficient (ρe) were calculated based on radiation pat-

terns. The values for simulated patterns for two modes at resonating bands were

(0.014, 0.018) and (0.027, 0.021) respectively.

4.5 Planar MIMO Reconfigurable Antenna Sys-

tem with Ground Plane Reconfigurability

Mode

In this design, planar F shape frequency reconfigurable MIMO antenna is pre-

sented. The proposed four-element MIMO antenna design is compact with low

profile architecture. The proposed design is unique as its ground reference plane

is also a part of reconfigurable design. Frequency agility on top layer was achieved

with combination of PIN and varactor diodes while the ground plane is embedded

with PIN diodes for switching. In this design, PIN diodes are used for mode se-

lection while the varactor diode is used to sweep the frequency over a wide band

especially below 1 GHz. The proposed planar four elements MIMO antenna struc-

ture is suitable for CR applications in smart phone and small wireless handheld

devices in next generation 4G wireless standards.

4.5.1 Design Details

Four element reconfigurable meandered PIFA MIMO antenna is presented in this

work and is shown in Figure 4.42(a) and (b). Four element MIMO antennas are
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fabricated on single substrate board with dimensions 65×120×1.56 mm3. The

proposed design is suitable to be used in small wireless handheld devices. Planar

MIMO antenna structure and its compact size of typical smart phone size make

it very attractive to be used in 4G standards in mobile terminals. The design

was fabricated on Rogers 4003 substrate with εr =3.55. The four MIMO elements

on top side of the board while reference ground plane is bottom with PIN diode

for frequency reconfigurability to cover more frequency bands of interest. The

antenna is not of regular shape. The total dimensions of the single element is

summation of 7.9×37.02 mm2 and 11.5×17.7 mm2.

The detailed view of the four element MIMO antenna system is shown in

Figure 4.43. Figure 4.43(a) shows the top view of the two out of four similar

antenna structures. Three modes of operation were achieved using PIN diodes

by connecting different radiating parts on top layer as well as on the reference

radiating planes. The frequency sweep was achieved using varactor diodes over

certain bands. Each antenna element is short circuited with the GND plane via

a shorting wall to bring down the resonating frequency near the feed point at the

short edge. There is one more shorting strip connecting the meandered structure

with GND reference plane through PIN diode. This provide extra flexibility to

tune the frequency over other frequency bands. The location of this shorting strip

in encircled as shown in Figure 4.42(a).

The design procedure was started with the well-known developed model of F-

shape antenna with certain length that was resonating at higher frequency bands

above 2 GHz. The design procedure of single antenna element is completely

described in section 4.3. The design was made more flexible to cover several other

bands by providing the control of current path through its GND plane.
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Figure 4.42: Proposed Four elements MIMO antennas system for CR platform (a) Top
view (b) Bottom view - All dimensions are in millimeter (mm).

Figure 4.43: Detailed schematic of the two-element reconfigurable MIMO antenna (a)
Top view (b) Side view - All dimensions are in millimeter (mm).
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The biasing circuitry for a single PIN and varactor diodes is similar one shown

in Figure 4.26. The biasing circuit for both diodes is a series circuit of an RF

choke and resistor connecting with PIN or varactor diode. RF choke is used to

isolate the biasing DC circuit from the radiating antenna. The values used for RF

choke and resistor were 1µH and 2.1 kΩ, respectively. The PIN diode is forward

biased using a voltage source equal to 5V while the capacitance of varactor diode

is changed smoothly by using a variable voltage source.

The fabricated model is shown in Figure 4.35 that was realized on Rogers

4003 substrate. Figure 4.44(a) shows the top view of fabricated model while

Figure 4.44(b) shows the reference GND plane of the fabricated design.

4.5.2 Simulation and Measurement Results

Four elements meandered line MIMO antenna was modeled and simulated using

HFSSTM .

Figure 4.44: Fabricated model (a) Top view (b) Bottom view showing the reference
GND plane

The optimized design was fabricated and scattering parameters were deter-

mined using an Agilent N9918A vector network analyzer. The proposed single
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Figure 4.45: Simulated reflection coefficients of the MIMO antenna system-Mode 1.

element MIMO antenna structure was embedded with PIN and varactor diodes

on top layer while top layer is connected through PIN diodes by shorting strip to

GND planes. The details of these modes are given below:

A-1 Mode-1

In mode-1, all PIN diodes on top and bottom layers are switched OFF while the

capacitance of varactor diodes is varied by applying reverse bias voltage. The

voltage across varactor is varied between 0∼6 Volts. The simulated and measured

reflection coefficients of mode-1 are shown in Figures 4.45 and 4.45. In mode-1, ba-

sically, two modes of frequency bands are achieved with sweep of frequency bands

using varactor diodes. the operating bands are 780∼1230 MHz and 1490∼1760

MHz. The -6 dB operating bandwidth in both bands are at-least 60 MHz and 50

MHz, respectively.
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Figure 4.46: Measured reflection coefficients of the MIMO antenna system-Mode 1.

A-2 Mode-2

In this mode, the PIN diodes on top side of the antenna are actuated while the PIN

diodes embedded on reference plane were switched OFF. The reverse bias voltage

across varactor diodes was varied between 0∼6 volts. In this mode, there are four

resonance frequencies bands. This is quite productive mode as it can be used

to cover several frequency bands. Smooth variation of the operating frequencies

were observed for the lower two bands while the addition of reactive impedance

has insignificant effects on higher frequency band at 2.4 GHz. The first two res-

onating frequency were actually superimposing each other by varying capacitance

of varactor. The frequency sweep observed for first two bands were from 610 ∼920

MHz with minimum -6dB bandwidth of 30 MHz. The third resonating bands is

varied from varied between 1210∼1430 MHz with -6 dB operating bandwidth of

90 MHz. The fourth frequency band is relatively independent of varactor capac-

itance and is constant at 2.4 GHz with -6dB operating bandwidth of 100 MHz.

The simulated and measured reflection coefficient curves for mode-2 are shown in

Figures 4.47 and 4.48, respectively.

103



0.5 1 1.5 2 2.5 3
−20

−18

−16

−14

−12

−10

−8

−6

−4

−2

0

Frequency (GHz)

 R
ef

le
ct

io
n 

C
oe

ffi
ci

en
t s

ii [d
B

]

 

 

C=0.5pF
C=3pF
C=6pF
C=8.5pF

Figure 4.47: Simulated reflection coefficients of the MIMO antenna system-Mode 2.
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Figure 4.48: Measured reflection coefficients of the MIMO antenna system-Mode 2.
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Figure 4.49: Simulated reflection coefficients of the MIMO antenna system-Mode 3.

A-3 Mode-3

In this mode, all the PIN diodes were switched ON on top and bottom side of the

board with additional reverse bias voltage across varactor diodes. In mode-3, two

resonating bands were achieved. Smooth variation of the operating frequencies

were observed for the lower band while the addition of reactive impedance has

insignificant effects on higher frequency bands. The first resonating frequency

was varied between 940∼1350 MHz while the second band covered was relatively

constant at 2400 MHz. The minimum -6 dB operating bandwidth for the two

bands were 140 MHz, and 90 MHz, respectively. The simulated reflection coef-

ficient curves are shown in Figure 4.49 while the measured reflection coefficient

curves for mode-4 are shown in Figure 4.50.

The simulated and measured isolation curves are shown in Figures 4.39 and

4.39, respectively. The worst case simulated and measured isolation were 12.17 dB

and 12.46, respectively between the MIMO antenna elements across the operating

band. The simulated and measured reflection coefficient show close agreement in

the results. The slight difference in frequency shift was because of the substrate
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Figure 4.50: Measured reflection coefficients of the MIMO antenna system-Mode 3.

properties and fabrication tolerances. Moreover, PIN and varactor diodes were

modeled according to the data provided by their data sheets. The lack of flexibility

of modeling in HFSS might be a cause of frequency drift. The PIN diodes were

modeled as resistive and capacitive circuits in forward and reverse bias conditions,

respectively, while the varactor diode was modeled as a variable capacitor.

A-3 Gain Patterns and Envelop Correlation Coefficient

The simulated 3D gain patterns were computed using HFSS for the proposed

reconfigurable MIMO antenna. The gain patterns for mode-1 at 1040 MHz is

shown in Figure 4.53. The simulated 3D gain pattern for all four antennas are

plotted at given frequency band of mode-1. The maximas of gain pattern for

each element are tilted, thus results in lower field correlation. The simulated

peak gains were (1.77dBi, -2.99dBi), respectively, for mode-1 while for mode-2,

the values were (-6.23dBi, -2.1dBi, -1.43dBi, -0.8 dBi), respectively.Similarly, for

mode-3, the simulated peak gain values were (-1.125dBi, -0.8 dBi) The simulated

efficiencies (η %) for mode-1 at two bands were (61, 15), respectively, for mode-2,
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Figure 4.51: Simulated isolation between MIMO antenna elements.
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Figure 4.52: Measured isolation between MIMO antenna elements.
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Figure 4.53: Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1040 MHz(b)
Antenna-2 excited at 1040 MHz (c) Antenna-3 excited at 1040 MHz (d) Antenna-4
excited at 1040 MHz.

the values for four bands were (15, 23, 35, 38), respectively while for mode-3 the

values for two bands were (35, 38), respectively

Table 4.3: Features summary of all designs

S.No Elements Size (mm2) Bands Sweep Compact Design

D-1 2 11×28 8 No Yes

D-2 2 12×30 2 Yes Yes

D-3 2 7.9×56.6 5 Yes Yes

D-4 4 7.9×37+17.7×19.6 4 Yes Yes

D-5 4 7.9×37.2+11.5×17.7 8 Yes Yes

The proposed reconfigurable antenna is a multi-band design and hence excites

more than one mode. The radiation efficiency of the fundamental radiation mode

is relatively high while higher order modes have considerably smaller radiation

efficiencies. The proposed design is an ESA structure with multi-band operation
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hence the observed lower efficiencies and gain values at some bands are expected.

Envelope correlation coefficient (ρe) were calculated based on radiation pat-

terns. The values for simulated patterns for three modes at resonating bands were

(0.02, 0.035), (0.017, 0.041, 0.028, 0.035) and (0.085, 0.0412) respectively.

A summary of all designs discussed in this chapter are provided in Table 4.3.

The designs given are according to section order (i.e. sections 1.1∼1.5 as D-1∼D-

5). The comparison table is provided to compare features such as, size of single

element, total number of bands, possibility of frequency sweep across various

frequency bands and for its compact structure. The given designs, D-2∼D-5,

provide smooth frequency change over a wide bands especially in lower frequency

bands. All the designs provided are suitable and recommended to be used in smart

phone and small wireless handheld devices.

4.6 Conclusion

In this chapter, five novel compact reconfigurable MIMO antenna design are pre-

sented. The antenna designs are based on two modified geometries of meander-line

and PIFA based structure. All the designs were analyzed for reconfigurability by

PIN diode switching and change in the reactive impedance by varactor diodes

capacitance variation. The proposed antenna designs are suitable for CR appli-

cations in small wireless handheld devices. The proposed designs can be used at

different frequency bands especially below 1 GHz operation. The antennas were

also evaluated for MIMO parameters where it showed good performance. All the

presented designs conform to MIMO standards and could be utilized in 4G wire-

less standards. The total space occupied by all design was 65×120 mm2 which is

very compact given the covered frequencies.
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CHAPTER 5

INTEGRATION OF SENSING

AND RECONFIGURABLE

MIMO ANTENNAS FOR CR

PLATFORMS

In this chapter, CR antennas are presented that were integrated on a single sub-

strate area with MIMO operation. Very few MIMO antenna designs have appeared

in literature that employ reconfigurable MIMO communication antennas along

with sensing antenna on same substrate. In this chapter, two MIMO antenna

systems along with sensing antenna are presented and analyzed. The proposed

designs were intended to cover as many bands as possible between 0.7 ∼ 3 GHz.

The proposed sensing antenna is aimed to cover the desired UWB range from 0.7

∼ 3 GHz. The designs cover several frequency bands including GSM, LTE and

WLAN along with other frequency bands. The proposed designs are the first to

appear in literature covering low frequency bands (i.e. 700 MHz) within a com-

pact size along with reconfigurability. All the designs proposed were fabricated

using an LPKF-Protomat S103 and scattering parameters were measured at the

AMSDL at the Electrical Engineering Department at KFUPM.
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5.1 Modified PIFA MIMO Antenna with an

UWB Sensing Antenna

In CR platforms, the unoccupied or under used spectrum bands are allocated to

secondary users. This could be accomplished by deploying sensing of the entire

spectrum and switching across the available frequency bands. Most of the work

related to CR applications with reconfigurable antenna systems cited in literature

were single element with a sensing antenna working above 2 GHz and very few

designs with MIMO antenna operation were proposed above 3 GHz.

In the proposed design, a novel modified reconfigurable PIFA-like MIMO an-

tenna is proposed for CR applications. This two element MIMO system is inte-

grated with PIN diodes to tune the antenna over various frequency bands. The

distinguishing feature of the proposed design is its operation at low frequency

bands from starting 755 MHz and up to 3450 MHz, based on the selection of the

reconfiguration mode. Most of the cited designs in literature for CR applications

were reported to work above 2 GHz. This work also reports the first UWB sensing

antenna that covers sub-GHz bands with compact size.

Moreover, another interesting feature of the proposed design is the integra-

tion of the UWB sensing antenna with the reconfigurable MIMO antenna system

without any significant addition to the planar structure. The ground plane of the

MIMO PIFA is optimized and tuned to work as a sensing antenna during the scan-

ning phase of the frequency spectrum and operates as a ground reference plane

during the communication stage. All of the designs known so far use separate

sensing and reconfigurable MIMO antennas in CR applications.

Furthermore, the proposed MIMO antenna system is compact and suitable for

handheld (smart phones, tablets and PDAs) CR platforms with MIMO capability.

The single MIMO element has a total dimension of 12×30 mm2. The complete

integrated antenna was created within a dielectric substrate area of 65×120 ×5.8

mm3. The antenna system cover the bands from 755∼3450 MHz.
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5.1.1 Design Details

The proposed novel frequency reconfigurable modified PIFA MIMO antenna sys-

tem along with its UWB sensing antenna is shown in Figure 5.1. The complete

model consists of two printed circuit boards. The main board with dimensions

65×120×1.56 mm3 containing the UWB sensing antenna on the bottom layer and

GND plane of the UWB monopole antenna on the top side of the main board. The

elevated board containing the modified PIFA MIMO reconfigurable antennas each

with dimensions 30×12×0.8 mm3. Both designs were fabricated on a commercial

FR-4 substrate with εr=4.4.

The reconfigurable MIMO elements were mounted on the top corners of the

main board with a coaxial feed. The total height of the whole system was 5.8

mm. The bottom layer of the main board contained the UWB monopole antenna

which was also acting as a reference GND plane for the reconfigurable antennas.

Figure 5.2(a) shows the TOP view of the two reconfigurable modified PIFA

MIMO elements with their associated digital biasing circuitry. PIN diodes were

used to connect the two different radiating parts at two different points on the top

side of the elements thus providing reconfigurability. The switching mechanism of

the PIN diodes leads to four distinct modes of operation for each element.

Figure 5.2(b) shows the bottom layer of the reconfigurable MIMO antenna

elements. The bottom side consists of radiating lines and the coaxial feed. The

two elements were fed from the bottom side. Figure 5.2(c) shows the side view

while Figure 5.2(d) shows the front view of the reconfigurable antenna. Both

elements were connected to the ground plane through a shorting wall of width 1.7

mm. Figure 5.2(c) shows a zoomed in view to show the shorting wall from the

bottom of the elevated antenna to the GND plane. The shorting walls connecting

the elevated antenna with the ground plane was used to lower the resonating

frequencies of the elements.

The biasing circuitry for a single diode is shown in Figure 5.3. Two diodes were

used for each antenna. The circuit is a series combination of an RF choke of 1 µH

in series with 2.1 kΩ resistor connecting the PIN diode with the radiating part of
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Figure 5.1: Proposed MIMO antennas system for CR platform (a) Top view (b) Bottom
view.

antenna. Both terminals of the PIN diode were connected with the RL circuit to

isolate the DC and RF parts of the antenna. The value of the resistor is selected

to pass sufficient current and within the rating current in the forward biased

condition of the PIN diode. The two reconfigurable antennas are exactly similar

in structure to form the MIMO system. All the resistor, capacitor and inductor

values used in the biasing circuitry were same for all four branches containing

the PIN diodes for switching purposes. The fabricated model of the proposed

design is shown in Figure 5.4. Figure 5.4(a) shows the top view of the complete 2-

element MIMO antenna system integrated with the UWB sensing antenna. Figure

5.4(b) shows the bottom layer of the fabriacted sensing antenna which was also

acting as a reference GND plane for the reconfigurable antenna. Figs. 5.4(c) and

Figure 5.4(d) show the top and bottom views of the fabricated modified PIFA

reconfigurable MIMO antennas, respectively.
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Figure 5.2: Detailed schematic of the two-element reconfigurable MIMO antenna (a) Top
view (b) Bottom view (c) Side view (d) Front view - All dimensions are in millimeter
(mm).
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Figure 5.3: PIN diode biasing circuitry

5.1.2 Simulation and Measurement Results

The complete two element reconfigurable MIMO antenna system along with its

sensing antenna was modeled and simulated using HFSSTM . The scattering pa-

rameters of the fabricated design were measured using an Agilent N9918A vector

network analyzer (VNA). The gain patterns and efficiencies were measured at

King Abdullah University of Science and Technology (KAUST), Jeddah, Saudi

Arabia, using a SATIMO Starlab anechoic chamber. The starting frequency for

the chamber was 800 MHz. All measured and simulated results of MIMO antennas

and sensing antennas are summarized in the following subsections.

A-1 UWB Sensing Antenna

An UWB sensing antenna is an essential and integral part of CR platforms for

channel sensing. The proposed UWB sensing antenna is based on a monopole

structure as shown in Figure 5.1. The objective of this antenna was to achieve

UWB sensing operation bands of 700∼ 3500 MHz with typical smart mobile hand-

set backplane size of 65×120 mm2. The design presented cover frequency bands

frequency bands from 710∼ 3600 MHz. According to the literature survey con-

ducted, most of the UWB designs for CR platform were operating above 3 GHz

and very few were found to be working in the 2 GHz and above keeping in mind

the area constraint.

The simulated and measured reflection coefficients are shown in Figure 5.5.

The measured results for the fabricated antenna are in close agreement with the

simulated results. To check the effect of having a hand on the UWB antenna,
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Figure 5.4: Fabricated model (a) Top view (b) Bottom view showing the sensing antenna
(c) Top view of reconfigurable MIMO antenna(d) Bottom view of reconfigurable MIMO
antenna.

a curve showing the resonance behavior in its presence has little effect on the

antenna |S11| curves.

The reconfigurable communication antenna is integrated with sensing antenna

by sharing the same substrate and is critical to consider the mutual coupling or

isolation between the communication and sensing antennas. Figure 5.6 shows the

isolation between sensing antenna and the two element MIMO antennas. It has

been observed that the minimum isolation is better than 14 dB in all frequency

bands. The sensing antenna for CR applications must possess an omnidirectional

radiation pattern. Figure 5.7 (a), (b) and (c) show the simulated 3-D gain patterns

of the UWB antenna at three different frequency bands: 800 MHz, 1500 MHz and

3000 MHz, respectively. The simulated and measured 2-D gain patterns in the yz-

plane at three different frequencies (800 MHz, 1500 MHz and 3000 MHz) are shown

in Figure 5.8. The peak gain and efficiencies for sensing antenna are computed.

The simulated and measured results are given in Table 5.1. Good agreement is

observed.
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Figure 5.5: Simulated and measured reflection coefficient of UWB sensing antenna.
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Figure 5.6: Mutual coupling between sensing and MIMO antennas.
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Figure 5.7: Simulated 3-D gain pattern at (a) 800 MHz (b) 1500 MHz (c) 3000 MHz.

Figure 5.8: Simulated and measured 2D gain pattern in yz-plane. Dashed lines - simu-
lated, solid lines - measured (a) 800MHz (b) 1500MHz (c) 3000MHz.
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Table 5.1: Antenna Efficiency and Peak Gain of the Sensing Antenna

Peak Gain (dBi) Efficiency (%)

Simulated Measured Simulated Measured

800 MHz 2.72 3.19 75 67

1500 MHz 4.01 5.49 91 84

3000 MHz 4.69 3.79 96 87

Table 5.2: Reconfigurable Antenna Operation Modes

S.No PIN Diode 2 PIN Diode 1

Mode-1 (M1) OFF OFF

Mode-2 (M2) OFF ON

Mode-3 (M3) ON OFF

Mode-4 (M4) ON ON
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A-2 Reconfigurable MIMO Antenna

Each reconfigurable MIMO element is based on modified PIFA consisting of folded

patch with a meander line structure. The bottom side meander structure provide

two different current paths resulting in multi-resonances. The top side of the mod-

ified PIFA is a discontinuous slotted patch antenna structure. The discontinuity

of the antenna is integrated with PIN diodes for connecting or disconnecting the

two top parts of the antenna structure. Thus diodes are used to provide more

flexibility by its ON/OFF operation. The non-symmetrical structure of the PIFA

with PIN diodes results in different radiating lengths which results in multiple

bands for various modes of operation. The two PIN diodes in each antenna el-

ement results in four distinct operating modes for each MIMO antenna element.

The details of modes for PIN positions are given in Table 5.2. These four modes

of operation result in different frequency resonances. These modes are:

A-2.1 Mode-1

In this mode, both PIN diodes at the top side of the reconfigurable MIMO antenna

are switched OFF. The resulted simulated and measured reflection coefficients of

mode-1 are shown in Figure 5.9. In mode-1, the MIMO reconfigurable antenna

is resonating at three different bands. The first resonance occurs at 1095 MHz

while the second and third resonances occur at 1945 MHz and 3050 MHz with

a -6 dB operating bandwidth of at-least 44 MHz in all three bands. A slight

shift in observed in the measurement of the third resonance due to the fabrication

tolerances that became more significant at higher frequencies.

A-2.2 Mode-2

In this mode, PIN diode 1 is switched ON while PIN diode 2 is switched OFF.

The resulted simulated and measured reflection coefficients are shown in Figure

5.10. In mode 2, the antenna resonates at two different bands. The first resonance

occurs at 770 MHz while the second resonance occur at 1660 MHz with a -6 dB

operating bandwidth of at-least 30 MHz in both bands.
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Figure 5.9: Reflection coefficients of the MIMO antenna system - Mode 1.

A-2.3 Mode-3

In this mode, PIN diode 1 is switched OFF while PIN diode 2 is switched ON. The

resulted simulated and measured reflection coefficients are shown in Figure 5.11.

In mode-3, the antenna is resonating at four different bands. The first resonance

occurs at 1000 MHz while the second, third and fourth resonances occur at 1508

MHz, 2450 MHz and 3350 MHz with a -6 dB operating bandwidth of at-least 44

MHz in all four bands. BAP50-02

A-2.4 Mode-4

In this final mode, both PIN diodes at the top side of MIMO antenna are switched

ON. The resulted simulated and measured reflection coefficients are shown in

Figure 5.12. In mode-4, the MIMO antenna resonate at 1060 MHz and 1760 MHz

with a -6 dB operating bandwidth of 50 MHz and 180 MHz respectively.

The details of the measured center resonance frequencies (fc in MHz) and -6 dB

operating bandwidth (BW in MHz) of the reconfigurable MIMO antenna system

are shown in Table 5.3 for all modes.
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Figure 5.10: Reflection coefficients of the MIMO antenna system - Mode 2.
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Figure 5.11: Reflection coefficients of the MIMO antenna system - Mode 3.
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Figure 5.12: Reflection coefficients of the MIMO antenna system - Mode 4.
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Figure 5.13: Simulated isolation between MIMO antenna elements.
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Figure 5.14: Measured isolation between MIMO antenna elements.

From the measured and simulated results, it is evident that close agreement is

found between the various modes. The difference in the simulated and measured

results were mainly due to the difference in substrate properties of the fabricated

antenna and fabrication tolerances. In higher frequency bands, the shift in the

frequency was because of the PIN diodes used in the circuit. The fabricated model

used PIN diodes, BAP50-02, that can work up to 3 GHz, but we used them up to

3.6 GHz. The insertion loss |S12 | of the diode rises significantly above 3 GHz and

hence had an adverse effect on its performance above this maximum frequency.

In addition, the shift may be because of the lack of modeling flexibility of PIN

diodes in HFSS. The diodes were modeled as resistive circuits in forward bias

while becoming a capacitive circuits in reverse bias conditions according to their

data sheets.

For the MIMO antenna system, mutual coupling between MIMO antenna el-

ements is important to consider. The simulated and measured isolation between

MIMO elements are shown in Figs. 5.13, and 5.14 for all four modes. The worst

case isolation was 12 dB between the MIMO antenna elements for both simu-

lated and measured values. The obtained isolation values are acceptable for good
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MIMO operation.

Table 5.3: Measured Reconfigurable Antenna Bands, Center Frequency (fc in MHz)
and Bandwidth (BW in MHz) For (Antenna-1 (A1), Antenna-2 (A2), All modes (M1,
M2, M3, M4))

Band-1 Band-2 Band-3 Band-4

fc BW fc BW fc BW fc BW

M1
A1 1060 80 2018 130 3195 160 - -

A2 1065 80 2020 130 3195 160 - -

M2
A1 747 60 1583 210 - - - -

A2 751 65 1580 220 - - - -

M3
A1 995 110 1510 130 2410 155 3250 160

A2 1020 110 1515 130 2420 150 3250 160

M4
A1 975 75 1690 210 - - - -

A2 980 75 1675 215 - - - -

5.1.3 Current Distribution

The proposed reconfigurable MIMO antenna system was also analyzed from its

surface current densities obtained from HFSS simulations. The analysis presented

here is only for mode-1 and can be extended to other modes of operation as well.

Figure 5.15(a) shows the current density on the top surface of antenna-2 at its first

resonance of 1095 MHz while antenna-1 and the sensing antennas were terminated

with 50Ω. Figs. 5.15(b) and (c) shows the bottom side of the reconfigurable

antenna and reference GND plane, respectively. As evident from the figures, a

high current density was along the inner side of the meander line and the inner

edge of the folded patch at the top side. The ground plane also act as part of the

radiator as the bottom side of PIFA is connected directly to the ground plane.
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Figure 5.15: Current distribution for the MIMO antenna system at 1095 MHz- Antenna-
2 excited: (a) Top layer (b) Bottom layer (c) Ground plane.
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Figure 5.16: Current distribution for the MIMO antenna system at 1945 MHz- Antenna-
2 excited: (a) Top layer (b) Bottom layer (c) Ground plane.
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Figure 5.17: Current distribution for the MIMO antenna system at 3050 MHz- Antenna-
2 excited: (a) Top layer (b) Bottom layer (c) Ground plane.
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Table 5.4: Simulated and Measured Peak Gain (P.G in dBi) and Radiation Efficiencies
(η %)

Band-1 Band-2 Band-3 Band-4

Simulated Measured Simulated Measured Simulated Measured Simulated Measured

P.G η % P.G η % P.G η % P.G η % P.G η % P.G η % P.G η % P.G η %

M-1
A-1 0.54 40 -1.2 26 2.99 55 1.56 41 5.2 62 3.2 45 - - - -

A-2 0.55 40 -1.5 27 3.15 56 1.42 41 5.2 62 3.05 47 - - - -

M-2
A-1 -5.01 22 - - 3.1 75 2.03 60 - - - - - - - -

A-2 -5.03 22 - - 3.12 74 2.03 61 - - - - - - - -

M-3
A-1 -3.13 26 -5.23 20 2.25 58 0.27 34 2.53 25 1.25 20 1.53 40 0.12 25

A-2 -3.13 26 -5.23 20 2.25 58 0.26 35 2.53 25 1.23 19 1.53 41 0.132 254

M-4
A-1 -1.56 37 -2.56 23 3.53 60 2.01 46 - - - - - -

A-2 -1.62 35 -2.7 24 3.54 61 1.97 46 - - - - - - - -

There is slight coupling on the bottom and top sides of the antenna-1 while the

coupling through the ground plane is insignificant. Similar behavior was observed

with the excitation of antenna-1 at 1095 MHz.

Similarly, in mode-1 at the second resonance frequency of 1945 MHz, the cur-

rent densities at the top, bottom and ground planes of the reconfigurable MIMO

antenna-2 are shown in Figs. 5.16(a), (b) and (c), respectively. A high current

density was around the edges of top side of the antenna and divided lines of bot-

tom side of antenna-2. The coupling was insignificant on the top and bottom of

element-1 and even on the ground side.

The current distribution for mode-1 at frequency of 3050 MHz is shown in

Figure 5.17. All currents are shown for the 3050 MHz operating frequency of

PIFA element-2. It can be seen that the high current levels are around the slot

at the top side of the radiating element. The mutual coupling between the two

MIMO elements is insignificant.

5.1.4 Far Field Radiation Characteristics of the Reconfig-

urable MIMO Antenna

The 3D radiation patterns of the proposed reconfigurable MIMO antenna system

were computed using HFSS. The gain patterns for each mode and each band
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were obtained for one element while the second was terminated with 50Ω. The

gain patterns of the first two modes are shown in Figure 5.18 and Figure 5.19,

respectively. In Figure 5.18, the 3D gain pattern is plotted for three bands: 1095

MHz, 1945 MHz and 3050 MHz while Figure 5.19 shows the 3D gain patterns for

770 MHz and 1660 MHz. The maximas of each element is tilted showing lower

field correlation that is usually desired.

The two-dimensional measured gain patterns of the MIMO antenna systems

are presented here for one frequency of each mode. Figure 5.20 shows the nor-

malized measured gain patterns of the proposed MIMO antenna system at 3195

MHz of mode-1. The maximum measured gain at this frequency was 3.2 dBi.

All co-pol and cross-pol patterns for the two elements of the MIMO antenna are

given in Figure 5.20 (a) and Figure 5.20 (b), respectively. Figure 5.21 shows the

measured gain pattern at 1580 MHz of mode-2. All co-pol and cross-pol patterns

are given in Figure 5.21 (a) and Figure 5.21 (b), respectively. Similarly, the 2-D

gain patterns for mode-3 and mode-4 at operating bands of 1510 MHz and 1690

MHz are shown in Figure 5.22 and Figure 5.23, respectively.

The simulated and measured peak gains in dBi and %η are given in Table

5.4 for all modes of operation. It should be noted that the low efficiency at some

bands is due to the fact that this multi-resonance antenna depends on higher order

modes for these bands in addition to the fact that the design is fabricated on a

lossy substrate (FR-4).

5.1.5 TARC and the Correlation Coefficient of the Recon-

figurable MIMO Antenna System

In MIMO antenna systems, efficiency and bandwidth information are insufficient

for its comprehensive characterization [153]. Total active reflection coefficient

(TARC) and correlation coefficient (ρ) are used for better characterization of

MIMO antenna systems. TARC is defined as the ratio of the square root of

total reflected power divided by the square root of the total incident power in a
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Figure 5.18: Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1095 MHz(b)
Antenna-2 excited at 1095 MHz (c) Antenna-1 excited at 1945 MHz (d) Antenna-2
excited at 1945 MHz (f) Antenna-1 excited at 3050 MHz(e) Antenna-2 excited at 3050
MHz.
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Figure 5.19: Simulated 3D gain pattern Mode-2 (a)Antenna-1 excited at 770 MHz(b)
Antenna-2 excited at 770 MHz (c) Antenna-1 excited at 1660 MHz (d) Antenna-2 excited
at 1660 MHz.

Figure 5.20: Measured normalized gain patterns for the proposed MIMO antenna Mode-
1: (a) xz plane at 3195 MHz and (b) yz plane at 3195 MHz. solid: co-pol element 1;
dashes: co-pol element 2; circle: cross-pol element 1; and dashes-dot: cross-pol element
2.
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Figure 5.21: Measured normalized gain patterns for the proposed MIMO antenna Mode-
2: (a) xz plane at 1580 MHz and (b) yz plane at 1580 MHz. solid: co-pol element 1;
dashes: co-pol element 2; circle: cross-pol element 1; and dashes-dot: cross-pol element
2.

Figure 5.22: Measured normalized gain patterns for the proposed MIMO antenna Mode-
4: (a) xz plane at 1510 MHz and (b) yz plane at 1510 MHz. solid Mode=2: co-pol
element 1; dashes: co-pol element 2; circle: cross-pol element 1; and dashes-dot: cross-
pol element 2.
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Figure 5.23: Measured normalized gain patterns for the proposed MIMO antenna Mode-
4: (a) xz plane at 1690 MHz and (b) yz plane at 1690 MHz. solid: co-pol element 1;
dashes: co-pol element 2; circle: cross-pol element 1; and dashes-dot: cross-pol element
2.

multi-port antenna system [2]. TARC is given by:

Γta =

√∑N
i=1 |bi|2√∑N
i=1 |ai|2

(5.1)

where ai and bi are the incident signals and reflected signals, respectively. They

are related to each other as;

[b] = [S][a] (5.2)

where S is the scattering matrix of the multi-port network.

TARC curves for the proposed MIMO antenna system for all four modes are

given in Figs. 5.24 ∼ 5.27. The analysis was carried out by keeping the excitation

of one port at 1ej0 while the phase of the second port is changed with different

phase excitations. The TARC curves in all figures shown are for excitation phases

0o, 30o, 60o, 90o, 120o and 150o. TARC curves shows the effective operating

bandwidth of the MIMO antenna system. It is clear that the operating bandwidth

of the MIMO antenna system will not be affected much by the change in phase

excitation of the other ports.
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The correlation coefficient (ρ) is a measure of isolation or correlation of the

MIMO channels. This metric considers the radiation patterns of the antenna

system and their effect on one another when operated simultaneously (which is

the case in a MIMO antenna system). The envelop correlation coefficient (ρe) can

be calculated using the following formula [25]:

ρe =
|
∫ ∫

4π
[~F1(θ, ϕ) ∗ ~F2(θ, ϕ)dΩ]|2

|
∫ ∫

4π
[~F1(θ, ϕ)|2dΩ|

∫ ∫
4π

[~F2(θ, ϕ)|2dΩ
(5.3)

where ~Fi(θ, ϕ) is the field radiation pattern of the antenna when port i is excited,

and ∗ denotes the Hermitian product.
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Figure 5.24: Mode-1: TARC curves for the proposed MIMO antenna system
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Figure 5.25: Mode-2: TARC curves for the proposed MIMO antenna system.
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Figure 5.26: Mode-3: TARC curves for the proposed MIMO antenna system.
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Figure 5.27: Mode-4: TARC curves for the proposed MIMO antenna system.

Envelope correlation coefficient values for both measured and simulated data

are summarized in Table 5.5. It is clear that the proposed reconfigurable MIMO

antenna system with an integrated UWB antenna for CR applications will satisfy

the ρe values required for good MIMO operation. Some measured values of ρe

are missing because of the lower end frequency limitation in the Satimo chamber.

The minimum frequency for measurement was 800 MHz.

Table 5.5: Simulated and Measured Envelope Correlation Coefficient (ρe) For all Bands
(B-1, B-2, B-3, B-4)

Simulated Results Measured Results

B-1 B-2 B-3 B-4 B-1 B-2 B-3 B-4

M-1 0.17 0.10 0.02 - 0.07 0.25 0.03 -

M-2 0.12 0.006 - - - 0.12 - -

M-3 0.17 0.04 0.01 0.05 0.03 0.17 0.09 0.02

M-4 0.03 0.01 - - 0.125 0.025 -
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5.2 A Planar Reconfigurable MIMO and Sens-

ing Antenna System

In this section, another CR antenna system is presented for wireless handheld

devices. The planar MIMO antenna elements are embedded with an UWB sensing

antenna to form a complete front end for CR platform. Most of the work related to

CR antenna systems cited in literature were single element with a sensing antenna

working above 2GHz and very few MIMO antenna systems were proposed above

3 GHz.

In this work, a novel compact meandered line planar reconfigurable MIMO an-

tenna is proposed for CR applications. This two element MIMO system is made

tunable in different bands using PIN and varctor diodes. The most distinguishing

feature of the proposed design is its planar structure with operation at lower fre-

quency bands starting from 580∼680 MHz and 834∼1120 MHz by using varactor

diode tuning. Most of the cited designs in literature cover high frequency designs

operating above 2 GHz for CR applications.

Another novel feature of the proposed design is the unique architecture of

its UWB sensing antenna and reconfigurable MIMO antenna sharing the same

substrate. The reference GND plane of the reconfigurable antenna is optimized

to work as a sensing antenna to scan the frequency spectrum while operating as

a GND reference plane for the reconfigurable antenna during the communication

stage. Moreover, the proposed MIMO antenna system is compact and suitable for

CR platforms in wireless handheld devices.

5.2.1 Design Details

The proposed novel frequency reconfigurable meander line planar MIMO antenna

system along with its UWB sensing antenna is shown in Figure 5.28(a), (b). The

complete system is integrated on single board of dimensions 65×120×1.56 mm3.

The proposed design was fabricated on FR-4 substrate with εr =4.4. The top layer

of the board contains two meander line MIMO reconfigurable antennas each with
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dimensions 7.9×56.6 mm2. The bottom layer contains the UWB sensing antenna

with its GND plane on the top layer of the board. The UWB sensing antenna

acts as a GND reference plane for the two element reconfigurable antenna.

Figure 5.29 shows the detailed view of the two meander line reconfigurable

MIMO elements along with its biasing circuitry. Both elements are exactly similar

in structure. A combination of PIN and varactor diodes were used for frequency

reconfigurability. The PIN diodes were used to connect the two radiating parts

to switch the operating bands while varactor diodes are used for fine tuning over

the lower frequency bands. The single PIN diode connecting the two parts of the

antenna results in two modes of operation with smooth frequency variation by

varactor diode. Figure 5.29(b) shows the side view of the antenna showing its

shorting wall connecting the meander line structure with its reference plane.

The biasing circuitry for a single PIN or varactor diode is shown in Figure

5.29(c). Both diodes have the same biasing circuity. The circuit is a series com-

bination of an RF choke of 1 µH in series with 2.1 kΩ resistor connecting the

PIN or varactor diode with the radiating part of the antenna. Both the diodes

were connected in series with RF choke to isolate the biasing circuitry from the

radiating antenna. The fabricated model of the proposed design was realized

on commercially available substrate, FR4, and is shown in Figure 5.30. Figure

5.30(a) shows the top view of the proposed design while Figure 5.30(b) shows the

bottom layer of fabricated design. The top and bottom layers are integrated as a

single complete system for CR application.

5.2.2 Simulation and Measurement Results

The proposed meander line based reconfigurable MIMO antenna along with the

UWB sensing antenna were modeled and simulated using HFSSTM . The fabri-

cated design was tested for scattering parameters using an Agilent N9918A vector

network analyzer at AMSD Lab at KFUPM, KSA. The gain patterns and efficien-

cies were measured at KAUST, KSA, using a SATIMO Starlab anechoic chamber.

The proposed UWB sensing antenna is basically a monopole antenna as shown
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Figure 5.28: Proposed MIMO antennas system for CR platform (a) Top view (b) Bottom
view - All dimensions are in millimeter (mm).

Figure 5.29: Detailed schematic of the two-element reconfigurable MIMO antenna (a)
Top view (b) Side view (c) PIN and varactor diodes biasing circuitry - All dimensions
are in millimeter (mm).
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Figure 5.30: Fabricated model (a) Top view (b) Bottom view showing the sensing
antenna

in Figure 5.28. The sensing antenna design presented cover frequency bands from

720∼ 3440 MHz. The simulated and measured reflection coefficients for the sens-

ing antenna are shown in Figure 5.31. The measured results for the fabricated

antenna are in close agreement with the simulated ones. The basic requirement of

the sensing antenna is its omnidirectional radiation pattern for CR applications.

The 2-D gain patterns of the sensing antenna in the yz-plane at two different

frequencies (800 MHz and 1500 MHz) are shown in Figure 5.32 (a) and (b), re-

spectively. The peak gain and efficiencies are measured at 800 MHz, 1500 MHz

and 3000 MHz. The simulated and measured (simulated, measured) peak gain val-

ues were (2.26, 2.82),(4.33, 3.83) and (4.26, 4.48) in dBi while percent efficiencies

(%η) were (80, 70), (85, 75) and (92, 79).

The proposed reconfigurable MIMO antenna is a meander line structure with

two slots to connect the PIN and varactor diodes. The given structure is short

circuited on one end with the reference GND plane by shorting walls. The first

discontinuity in the antenna structure is loaded with PIN diodes to connect the

radiating parts. The second slot is integrated with a varactor diode to vary the
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Figure 5.31: Simulated and measured reflection coefficient of UWB sensing antenna.

operating frequency smoothly, especially in the lower frequency bands. The PIN

diodes were used to switch the frequency bands. The ON/OFF operation of the

PIN diodes results in two modes of operations for the given antenna element.

These modes are:

A-1 Mode-1

In this mode, the PIN diode of the reconfigurable MIMO antenna is switched OFF.

The capacitance of the varactor diode was varied but it had negligible effect on the

operating frequency. The resulted simulated and measured reflection coefficients of

mode-1 are shown in Figure 5.33. In mode-1, two resonating bands were achieved.

The first frequency band was 1100 MHz while the second resonating frequency was

2480 MHz with a -6 dB operating bandwidth of at-least 100 MHz in both bands.

A-2 Mode-2

In this mode, the PIN diodes were switched ON while the varactor diodes were

biased with voltage from 0∼6 volts. The change in capacitance of the varactor
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Figure 5.32: Simulated and measured 2D gain pattern in yz-plane. Dashed lines -
simulated, solid lines - measured (a) 800MHz (b) 1500MHz.

resulted in a smooth transition of the operating frequencies. In mode-2, three

resonating bands were achieved with center frequencies 585 MHz, 860 MHz and

2410 MHz for zero biasing voltage across the varactor diode. Increasing the biasing

voltage results in smooth variation of the operating frequency for the lower two

bands while the biasing voltage had less effect on the upper frequency band. The

first resonating frequency was varied between 573∼680 MHz while the second

band covered 834∼1120 MHz. The minimum -6 dB operating bandwidth for all

the three bands were 22 MHz, 90 MHz and 120 MHz, respectively.

The simulated reflection coefficients are shown in Figure 5.34 for mode-2 while

measured reflection coefficients are shown in Figure 5.35. The worst case isola-

tion was 11.5 dB between the MIMO antenna elements for both simulated and

measured values.

The simulated and measured results are in close agreement as evident from

the reflection coefficients curves. The slight frequency shift was because of the

substrate properties and fabrication tolerances. Moreover, the shift in frequency

may be because of the lack of proper modeling of PIN and varactor diodes in HFSS.

The PIN diodes were modeled as resistive and capacitive circuits in forward and

reverse bias conditions, respectively, while the varactor diode was modeled as a

variable capacitor.
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Figure 5.33: Reflection coefficients of the MIMO antenna system - Mode 1.
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Figure 5.34: Simulated reflection coefficients of the MIMO antenna system - Mode 2.
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Figure 5.35: Measured reflection coefficients of the MIMO antenna system - Mode 2.

A-3 Gain Pattern and Envelop Correlation Coefficient

The 3D gain patterns of the proposed reconfigurable MIMO antenna system were

computed using HFSS. The gain patterns for mode-1 at two bands for both anten-

nas are shown in Figure 5.36. The 3D gain pattern are plotted for two bands: 1100

MHz and 2480 MHz. The maximas of gain pattern for each element are tilted,

thus results in lower field correlation. The minimum frequency for measurement

was 800 MHz and all values below 800 MHz are represented by (-). The simulated

and measured peak gains were (1.02dBi, 2.98dBi) and (0.05dBi, 2.92dBi), respec-

tively, for mode-1 while for mode-2, the values were (-3.01dBi, 2.01dBi, 3.15dBi)

and (-, 0.89dBi, 2.85dBi), respectively. The simulated and measured efficiencies

(η %) for mode-1 were (40, 72) and (32, 66), respectively, while for mode-2, the

values were (21, 56, 76), (-, 44, 67), respectively.

The two-dimensional normalized measured gain patterns of the MIMO antenna

systems are presented for mode-1 in Figure 5.37 at frequencies 1100 MHz and 2480

MHz, respectively. All co-pol and cross-pol patterns for the two elements of the

MIMO antenna are shown for xz and yz cuts.
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Figure 5.36: Simulated 3D gain pattern Mode-1 (a)Antenna-1 excited at 1100 MHz(b)
Antenna-2 excited at 1100 MHz (c) Antenna-1 excited at 2480 MHz (d) Antenna-2
excited at 2480 MHz.

Figure 5.37: Measured normalized gain patterns for the proposed MIMO antenna Mode-
1: (a) xz plane at 1100 MHz and (b) yz plane at 1100 MHz (c) xz plane at 2480 MHz
and (d) yz plane at 2480 MHz. solid: co-pol element 1; dashes: co-pol element 2; circle:
cross-pol element 1; and dashes-dot: cross-pol element 2.
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Envelope correlation coefficient (ρe) values for both simulated and measured

patterns were (0.025, 0.02) and (0.078, 0.045) respectively, for mode-1 while for

mode-2, ρe values were (0.078, 0.065, 0.015) and (-, 0.066, 0.02), respectively.

5.3 Channel Capacity Calculations

The basic purpose of MIMO antenna systems in 4G wireless standards is to in-

crease the throughput in multi-path and fading environments. MIMO antenna

systems could be utilized to increase the data rate without additional power con-

sumption or bandwidth increase. Theoretically, channel capacity increases linearly

by increasing the number of channels by considering uncorrelated channel. How-

ever, for practical MIMO systems, correlation exists between antenna elements.

The channel capacity calculation/measurement depends greatly on the correlation

among various antennas patterns and types of propagation channels. For better

channel capacity, high isolation and low correlation is desirable among the anten-

nas elements. The capacity of a N×N MIMO antenna system is given as [154]:

C = log2

(
det

[
I +

SNR

N
HH∗

])
(5.4)

where C is the channel capacity, I is the N×N identity matrix, H is the channel

coefficient matrix and H∗ is the conjugate transpose of H. The matrix H contains

the information about the phase and gain of the prorogation channel between

transmitting and receiving antennas.

In this section, channel capacity is calculated using the 2-D radiation patterns

for the MIMO antennas systems described in sections 5.1 and 5.2 and a theoretical

channel coefficient matrix (H). This channel model is described in details in section

2.3.7. The cross-polarization discrimination (XPD) is assumed to be 0 dB which

is a typical value in mobile scenario in for an urban multi-path environment.1

1The theoretical model was used due to lack of availability of an SDR platform
to conduct the channel capacity measurements at the frequency bands of the designed
reconfigurable antennas. The wideband SDR platform that the AMSD Lab has acquired
recently is not operational until this moment.
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5.3.1 Channel Capacity of Modified PIFA MIMO Antenna

Systems

In this section, the channel capacity is calculated for the modified PIFA based

MIMO antenna systems described in section 5.1. The average channel capacity

in mode-1 at given two bands of 1095 MHz and 1945 MHz are given in Figures

5.38 and 5.39, respectively. The given figures show the channel capacity curves for

the two element MIMO antennas, ideal MIMO systems with totally uncorrelated

channel and single-input single-output (SISO) system in the LOS environment. It

can be seen from curves that the channel capacity curves of the modified PIFA

based MIMO antenna system is less than the ideal MIMO antennas system but

better than SISO system. The lower channel capacity curve of printed MIMO

system is mainly because of channels and antenna systems correlation. The cor-

relation between the channels and antennas deteriorates the the performance of

MIMO systems.

Cumulative distribution function (CDF) curves of the channel capacity of given

MIMO antennas are shows in Figures 5.40 and 5.41 in LOS environment. It is

evident form the given curves that the performance of given MIMO system is less

than the ideal capacity but much better than the SISO systems.
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Figure 5.38: Average channel capacity in LOS environment - Mode-1 at 1095 MHz.
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Figure 5.39: Average channel capacity in LOS environment - Mode-1 at 1945 MHz.
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Figure 5.40: CDF of channel capacity - Mode-1 at 1095 MHz.
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Figure 5.41: CDF of channel capacity - Mode-1 at 1945 MHz.

5.3.2 Channel Capacity of Planar MIMO Antenna Sys-

tems

Channel capacity calculations based on the radiation patterns for the planar

MIMO antenna system described in section 5.2 is discussed in this section. The

average channel capacity in mode-1 at given two bands of 1100 MHz and 2480

MHz are given in Figures 5.42 and 5.43, respectively. The given figures show the

channel capacity curves of the two element MIMO antennas, ideal MIMO systems

with totally uncorrelated channel and SISO system in the LOS environment. It

is evident from the channel capacity curves that planar MIMO antenna system

performs well compared to its SISO counter part and its performance is degraded

compared to an ideal MIMO system. This is mainly because of the high correla-

tion between MIMO channels and MIMO antennas (note the close proximity of

the two MIMO antennas on available device).

The CDF curves of the channel capacity of given planar MIMO antennas at

two bands (mode-1: 1100 MHz,2480 MHz) are shows in Figures 5.44 and 5.45

in LOS environment. It is evident form the given curves that the performance
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of given MIMO system is less than the ideal capacity but much better than the

SISO systems.
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Figure 5.42: Average channel capacity in LOS environment - Mode-1 at 1100 MHz.
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Figure 5.43: Average channel capacity in LOS environment - Mode-1 at 2480 MHz.
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Figure 5.44: CDF of channel capacity - Mode-1 at 1100 MHz.
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Figure 5.45: CDF of channel capacity - Mode-1 at 2480 MHz.
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5.4 Conclusions

In this chapter, two novel compact reconfigurable MIMO antenna systems in-

tegrated with an UWB sensing antenna are presented. The proposed antenna

designs are the first to appear in literature for integrated CR antennas on a single

substrate covering lower frequency bands (i.e. 700 MHz) complying with existing

and next generation 4G wireless standards. The concept of using the GND plane

as the UWB antenna is unique to both these designs and is the distinguishing

feature for compact size antennas. The proposed designs are suitable for CR ap-

plications in small wireless handheld devices. The antenna was also evaluated for

MIMO parameters where it showed good performance metrics.
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CHAPTER 6

DF USING SP INTEGRATED

WITH RECONFIGURABLE

ANTENNA

6.1 Introduction

The six-port measurement technique was introduced in 1977 by Glen F. Engen

at the National Institute of Standards and Technology [136]. The six-port (SP)

measuring technique was developed as a method of network analysis in the field

of microwave metrology. Network analysis is the measurement of the scattering

parameters for a given microwave device, for example the reflection and transmis-

sion coefficients. The six-port reflectometer (SPR) is a device used to find the

reflection coefficient while the six-port network analyzer (SPNA) is used for the

measurements of both reflection and transmission coefficients [136]. So, SPR is a

device using SP techniques to measure the reflection coefficients. The SPR, SP

structure or SP architecture are synonymously used in literature for this device.

In this chapter, six-port (SP) measuring techniques are introduced followed

by the application of SP in RF DF systems. Two compact SP circuits are pre-

sented for angle of arrival (AoA) measurements. The first design is a single SP

architecture for determining the AoA in a single plane while the second is a dual

SP structure for dual angles resolution, φ and θ, determination. The single SP
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circuit was integrated with a reconfigurable MIMO antenna system as discussed

in Chapter 5. The complete system setup is used to assess the accuracy using two

SP in compact integrated DF system.

6.2 Six-port Reflectometer

The basic theory of an SPR can be described using a linear SP network, as shown

in Figure 6.1. The incoming and outgoing RF signals are described by wave

variables, associated with the physical waves traveling along transmission lines.

Incident waves are the signals traveling toward a device and are denoted by vari-

able a while the transmitted and reflected waves are designated with variable

b.

Figure 6.1: Six-port Reflectometer.

SP reflectometer is shown in Figure 6.1. All six ports of an SPR are connected,

of which, one port is connected to the incoming signal source (GEN), one is

terminated in a device under test (DUT) while the subsequent four ports are

connected to power detectors (D1- D4). The DUT is characterized by the reflection

coefficient (Γ). All the states of the SP are characterized by twelve variables ai

and bi, where i = 1,...,6. Reflected and transmitted state variables of the SP are
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mutually coupled scattering parameters and can be determined from the scattering

matrix of a given SP architecture. Relationship between the inputs and outputs

of an SPR with scattering matrix S is given by the equation:

b1

b2

.

.

b6



=



S11 S12 . . S16

S21 S22 . . S26

. . . . .

. . . . .

S61 S62 . . S66





a1

a2

.

.

a6



(6.1)

where the scattering matrix S is given by

S =



S11 S12 . . S16

S21 S22 . . S26

. . . . .

. . . . .

S61 S62 . . S66


The SP four ports (1 to 4) are the detector ports with known loads, for which

the reflection coefficient can be found as

ai = ΓDibi i = 1, ..., 4 (6.2)

where ΓDi is reflection coefficient of ith detector. Equation (6.1) shows the rela-

tionship between incident, reflected and transmitted signals through the scattering
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matrix S, thus forming six linear equations, while the reflection coefficient of each

of the four power detectors is given by equation (6.2). This forms a set of ten linear

equations that are mutually coupled, with ten constraints (solution of this system

should satisfy all condition imposed by these ten equations ) and twelve complex

variables (ai, bi i = 1, 2...6). So, it has two degrees of freedom. In this system only

two variables can be chosen arbitrarily while the rest can be expressed as linear

combinations of the two. In the SP architecture, the signal at port-5 (a5) is the

incident wave on the DUT, while (b5) is the reflected signal from the DUT. These

two signals are considered as the independent variables. By substituting equation

(6.2) into equation (6.1) and after algebraic manipulations, we can obtain:



0

0

0

0

b

b6



=



(S11Γ1 − 1) S12Γ2 S13Γ3 S14Γ4 S15 S16

S21Γ1 (S22Γ2 − 1) S23Γ3 S24Γ4 S25 S26

S31Γ1 S32Γ2 (S33Γ3 − 1) S34Γ4 S35 S36

S41Γ1 S42Γ2 S43Γ3 S44(Γ4 − 1) S45 S46

S51Γ1 S52Γ2 S53Γ3 S54Γ4 S55 S56

S11Γ1 S12Γ2 S13Γ3 S14Γ4 S65 S66





b1

b2

b3

b4

a

a6


(6.3)

The signals incident at the power detector of the SP at port-1 to port-4 can

be expressed from equation (6.3) as.

bi = Aia+Bib = bAi

[
a

b
+
Bi

Ai

]
= bAi (Γ− qi) i = 1, ..., 4 (6.4)

In equation (6.4), Ai and Bi are complex quantities which depend on the S-

parameter of the SP and the reflection coefficient Γ of the power detectors of the
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SPR. In equation (6.4) we have,

Γ =
a

b
and qi = −Ai

Bi

The output of each power detector can be represented as

Pi = |Aia+Bib|2 = P0|Ai|2|Γ− qi|2 (6.5)

In equation (6.5), P0 = |b|2 is the incident power. It is clear that the detector

output is proportional to the incoming RF signal. One of the detectors is taken

as a reference port, assuming it to respond to signal b of the DUT. The power

detected at the reference detector port can be written as

P4 = P0|B4|2|dΓ + 1|2 (6.6)

where d = A4/B4 = −1/q4. For an ideal reference port, d=0. The normalized

power at each of the detector ports can be written as

pi =
Pi
P4

= Ci

∣∣∣∣ Γ− qi
dΓ + 1

∣∣∣∣2 i = 1, ..., 3 (6.7)

where Ci = |Ai/B4|2. Equation 6.7 is the basic equation of a SPR. The relationship

between the reflection coefficient Γ of the DUT and the power detectors can be

completely characterized by 11 constants from equation (6.7). These constants

are called calibration constants.

6.3 Calibration

The calibration of an SPR consists of obtaining the unknowns given in equations

(6.4) and (6.7). Calibration is a necessary part of the SPR technique for accu-

rate microwave measurements which is assumed to be the most challenging and

formidable job. A considerable efforts had been put by researchers to develop

different calibration techniques for the determination of the calibration constants.
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In calibration, termination loads are connected to the DUT port and powers

are measured at the power detector ports. Termination loads used in calibration

are of the following types:

1. Fully known loads (Calibration or impedance standards)

2. Unknown loads or auxiliary loads

3. Partially known loads

4. Sliding loads

The detector powers and reflection coefficients are substituted to the SPR equa-

tion (6.7). The resultant set of equations are solved for the unknown calibration

constantsn [141,142].

6.4 AoA Determination using the SP

To find the AoA in elevation (θ -plane) and in azimuth (φ -plane) directions,

a schematic view of a geometrical model is shown in Figure 6.2. The receiving

antennas are separated by distance x and distance y in the plane of the array.

Owing to the angle of arrival θ and φ; there will be path difference between the

two propagation paths. So the propagated RF signals will be shifted with respect

to each other by angle ∆θ and ∆φ. The phase difference between the input RF

signals incident on the θ-plane and the φ-plane can be measured by calculating

the path difference between the two antennas within each SP setup. The four

elements in the antenna array are assumed to be separated by a distance of λ/2 in

both vertical and horizontal directions, where λ is the wavelength of the operating

frequency of interest, ∆x and ∆y are the path differences between the four antenna

elements seen by the incoming RF wave in the x and y directions, respectively.

The relationship between path differences and phase differences is given in (6.8).

The AoA for θ and φ can be calculated using (6.8) and (6.9), respectively.

∆y = λ
∆θ

2π
, ∆x = λ

∆φ

2π
(6.8)
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Figure 6.2: Angles of incoming waves with respect to planar array elements.

sin θ =
λ

y

∆θ

2π
, sinφ =

λ

x

∆φ

2π
(6.9)

A possible complete dual-angle resolution, multi-band direction finding sys-

tem is shown in Figure 6.3. The system would be used to find the 3D AoA of

a distant target by finding both θ and φ angles of the incoming wave. The pro-

posed dual-SP is designed to operate at much lower frequency bands than what

appeared in literature to cover a wide range of wireless standards, especially for

the fourth generation cellular phone system and the next generation in wireless

data networks. The proposed system covers a wide frequency range starting from

1.68 GHz to 2.25 GHz (higher frequency bands are also supported from 5.2 GHz

to 5.4 GHz) and has a compact size that allow it to fit within a standard smart

phone size.

Let us consider two input RF signals a5 and a6 are incident at SP-1 ports

5 and 6 while a13 and a14 are incident at SP-2 ports 13 and 14 with different

phases. The phase difference between the outputs of these two SP can be written
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as ∆θ = θ6 − θ5 and ∆φ = φ13 − φ14 for SP-1 and SP-2, respectively.

The two SP structures are functionally the same, thus only the reflection co-

efficient relations for SP-1 architecture will be derived. Let us assume that there

are two normalized wave inputs, a5 and a6 with different amplitudes and phases

incident on port-5 and port-6 given by,

a5 = aejθ5 (6.10)

a6 = αaejθ6 (6.11)

where α is the amplitude ratio of the two signals, a5 and a6. The RF output signals

of SP-1 can be written as a linear combination of the input signals as [147],

bi = a5S5i + a6S6i, i = 1, .., 4 (6.12)

The resultant signal at output port-1 can be written as

b1 = a5S51 + a6S61

b1 =
−j
2
aejθ5 +

j

2
αa5e

j∆θ

b1 =
a

2
ej(θ5−

π
2

) +
j

2
αaej(θ5+∆θ)

b1 =
a

2
ej(θ5−

π
2

) +
1

2
αaej(θ5+∆θ)e−j3π/2

b1 =
a

2
ej(θ5−

π
2

)
[
1 + αej(∆θ+π)

]
(6.13)

For port-2, the resultant signal is given by

b2 = a5S52 + a6S62

b2 =
−a
2
ejθ5 + αa5

−j
2
ej∆θ

b2 =
−a
2
ejθ5 + αa

−j
2
ej(θ5+∆θ)
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b2 =
−a
2
ejθ5

[
1 + αej(∆θ+

π
2

)
]

(6.14)

Similarly for port-3, the resultant signal is

b3 = a5S53 + a6S63

b3 =
−a
2
ejθ5 +

−1

2
αa5e

j∆θ

b3 =
−a
2
ejθ5 +

−1

2
αaej(θ5+∆θ)

b3 =
−a
2
ejθ5

[
1 + αej∆θ

]
(6.15)

and at port-4

b4 = a5S54 + a6S64

b4 =
−j
2
aejθ5 +

−1

2
αaej(θ5+∆θ)

b4 =
−a
2
ej[θ5+π

2
] +

1

2
αaej(θ5+j∆θ) − j.− j

b4 =
−a
2
ej(θ5+π

2
) − 1

2
αaej(θ5+π

2
+∆θ−π/2)

b4 =
−a
2
ej[θ5+π

2
]
[
1 + αej(∆θ−

π
2

)
]

(6.16)

The RF output signals of SP-2 can be written as the linear combination of the

input signals as.

bk = a13S13k + a14S14k, k = 9, .., 12 (6.17)

The output of each SP is passed through a power detector to get the DC signal.

In this scheme, diodes can be used as power detectors. The output of the power

detector can be written as a square magnitude of the RF input signal as given

in [145].

Vi = Ki|bi|2, i = 1, ..., 4 (6.18)

Vk = Kk|bk|2, k = 9, ..., 12 (6.19)

where Ki and Kk are constants measured in W/V. These constants are specified
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Figure 6.3: Dual Angle Resolution Dual Six-Port Design.

for each power detector showing the relationship between input power to output

voltage . Each output of the power detector circuit is passed through a differential

amplifier circuit to get the two components in-phase and quadrature (I and Q)

[147]. For SP-1 these are I1 and Q1 while for SP-2 they are I2 and Q2 .

I1 = (V3 − V1) = Kia
2cos(j∆θ) (6.20)

Q1 = (V4 − V2) = Kia
2sin(j∆θ) (6.21)

I2 = (V11 − V9) = Kka
2cos(j∆φ) (6.22)

Q2 = (V12 − V10) = Kka
2sin(j∆φ) (6.23)

Vectors Γ1 and Γ2 are defined for the dual SP in terms of the in-phase and quadra-

ture components as

Γ1 = (V3 − V1)− j(V4 − V2) = Kia
2ej∆θ (6.24)

Γ2 = (V11 − V9)− j(V12 − V10) = Kka
2ej∆φ (6.25)
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Equation (6.24) shows the phase relationship between the input RF incident waves

at SP-1 while (6.25) is used to show the phase relationship of the incoming wave at

SP-2. The phase difference of the incoming RF wave in the θ-plane can be found

using SP-1 while for the φ-plane is found using SP-2 by performing the measure-

ments on the baseband signal. A detailed literature survey of SP measurement

techniques for RF DF is presented in section 3.5.

6.5 Characterization of the Six-Port Outputs

The direction of the incoming RF waves in azimuth and elevation planes can be

easily determined using equation (6.9) based on the determination of the phase

differences measured by using the SP given in equation (6.8). But this calculation

overlooks the phase error caused by the slight asymmetry of the various SP paths,

asymmetry of the power detectors and as well as frequency measurement errors.

These errors in the phases were characterized via simulations and by laboratory

measurements. In this section, a mathematical analysis is carried out to develop

an analytical model to compensate for these errors in order to get high accuracy

in phase measurement at the output of each port.

Let

θ
′
5i is the phase error at output port-i of SP in a5 + phase error caused by power

detectors and differential amplifier

θ
′
6i is the phase error at output port-i of SP in a6 + phase error caused by power

detectors and differential amplifier

So, the output signal can be written as a linear combination of input signals a5

and a6 with phase error at the output of each port. Thus

bi = a5S5i + a6S6i

then,

b1 = a5S51 + a6S61

b1 =
−j
2
aejθ5ejθ

′
51 +

j

2
αa5e

j∆θejθ
′
61
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b1 =
a

2
ej(θ5−

π
2

)ejθ
′
51 +

j

2
αaej(θ5+j∆θ)ejθ

′
61

b1 =
a

2
ej[θ5−

π
2

]

[
1 + αaej(∆θ+π) e

jθ
′
61

ejθ
′
51

]

b1 =
a

2
ej(θ5−

π
2

)eθ
′
51 [1 + C1] (6.26)

Similarly, for port-2

b2 = a5S52 + a6S62

b2 =
−a
2
ejθ5ejθ

′
52 +

−j
2
αa5e

j∆θejθ
′
62

b2 =
−a
2
ejθ5ejθ

′
52
[
1 + αej(∆θ+

π
2

)
]
e∆θ

′
2

b2 = −a
2
e(j(θ5+θ

′
52)[1 + C2] (6.27)

b3 = a5S53 + a6S63

b3 =
−a
2
ejθ5ejθ

′
53 +

−1

2
αa5e

j∆θejθ
′
63

b3 = −a
2
e(j(θ5+θ

′
53)[1 + C3] (6.28)

b4 = a5S54 + a6S64

b4 =
−j
2
aejθ5ejθ

′
54 +

−1

2
αaej(θ5+∆θ)ejθ

′
64

b4 =
−a
2
ej(θ5+π

2
)ejθ

′
54 +

1

2
αaej(θ5+j∆θ)ejθ

′
64

b4 = −a
2
ej(θ5+π

2
)ejθ

′
54 [1 + C4] (6.29)

∆θ
′

i = θ
′

6i − θ
′

5i, i = 1, ..., 4 (6.30)

where

C1 = αej(∆θ+π)ej∆θ
′
1

C2 = αej∆θ+
π
2 ej∆θ

′
2

C3 = αej(∆θ+π)ej∆θ
′
3

C4 = αej(∆θ−
π
2

)ej∆θ
′
4

θ5 is the phase of incoming signal at port-5
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θ6 is the phase of incoming signal at port-6

Supposing that four identical detectors (Ki = K) are used, the DC output

voltages have an error term, respectively,

V1 = K1|b1|2 = K
a2

4
[1 + α2 − 2αcos(∆θ + ∆θ

′

1)] (6.31)

V2 = K2|b2|2 = K
a2

4
[1 + α2 − 2αsin(∆θ + ∆θ

′

2)] (6.32)

V3 = K3|b3|2 = K
a2

4
[1 + α2 + 2αcos(∆θ + ∆θ

′

3)] (6.33)

V4 = K4|b4|2 = K
a2

4
[1 + α2 + 2αsin(∆θ + ∆θ

′

4)] (6.34)

Once the error in each phase of the SP is characterized, the error in the incoming

RF wave can be analyzed based on (6.31) –(6.34). This phase error in each path

can be compensated for using an additional phase compensation block to have

more accurate DF results. This block could be implemented in hardware using

field programmable gate array (FPGA) or software based phase compensation can

produce the satisfactory results.

6.6 Contribution

RF based DF devices in a wireless hand-held devices are required in modern

wireless communication systems especially in the second generation of cognitive

radio systems. The primary requirement for such DF systems is to be compact so

that it can be accommodated within the small size of wireless handheld terminals.

Another key requirement of these DF systems is its operation in the low frequency

bands. Most of the designs available in literature are either not realizable on single

board [12] or have an issue with dimensions (i.e. one of large sizes) that cannot

be accommodated within a mobile phone size [11].

In this work, a compact wide-band direction finding system is proposed that is

suitable for wireless handheld and mobile communication devices. The proposed

SP design covers a low frequency wide band ranging from 1.68 GHz to 2.25 GHz
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with a minimum bandwidth of 570 MHz. The frequency bands covered are mostly

commercially available ones for cellular phone operation (3G and 4G). The dimen-

sions of the proposed SP architecture is optimized to be accommodated within a

software defined radio and cognitive radio platforms.

Moreover, the proposed design optimizes that in [11] resulting in 40% reduction

in total area of the single SP size and yet operates at a lower frequency range. This

compact structure having a dimension of 65×65×1.28mm3 can be easily fitted in

a cognitive radio or SDR platforms.

The distinguishing feature and the novelty of the proposed compact dual-SP

structure is its ability to find the azimuth (φ) as well as the elevation (θ) angles

of the incoming wave. All designs available in literature are based on single angle

resolution DF systems while the proposed design can be used to find the two

angles of the incoming RF wave (i.e. elevation and azimuth).

The proposed compact single SP and dual-angle resolution based dual-SP de-

sign can be used in variety of applications in wireless hand-held terminals and

other low cost microwave measurement devices as well.

6.7 Six-Port Design Details

The objective of this part of work is to design a SP structure that should be

compact and also can operate in lower frequency bands as compared to the other

available designs. This section is divided in three sub-sections.

1. Operating Principle of the printed SP

2. A compact single SP design

3. A dual-angle resolution based dual SP design

6.7.1 Operating Principle of a Printed SPR

Several variants of the SPR are reported in literature. The printed SPR is used

widely due to its ease of fabrication and development in low power measurements.
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In this work, a printed SPR is presented and that is based on [11] and is shown in

Figure 6.4 (a) . The printed SPR essentially consists of four 90o hybrid couplers.

A single 90o hybrid coupler is shown in Figure 6.4(b) with its scattering matrix S

given in equation (6.35).

S =
−1√

2



0 j 1 0

j 0 0 1

1 0 0 j

0 1 j 0


(6.35)

A typical SP is a passive circuit having two input ports and four output ports.

Each RF output signal is a different linear combination of the two RF input

signals. Each input signal is passed through two hybrid couplers each with a loss

of 3dB. The magnitude of the typical S-parameters has a theoretical value of -6dB

because of the two hybrid couplers. In the SP circuit shown in Figure 6.4 (a), the

input ports are port 5 and 6 while the output ports are 1, 2, 3 and 4. Ports 7 and

8 are terminated with 50Ω impedance.The scattering matrix of the proposed SP

phase discriminator can be easily obtained using the SP diagram 6.4 (a), and it
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Figure 6.4: (a)Printed SPR (b) Single Hybrid Coupler.

is given in equation (6.36).

S =
1

2



0 0 0 0 −j j

0 0 0 0 −1 −j

0 0 0 0 −1 −1

0 0 0 0 −j −1

−j −1 −1 −j 0 0

j −j −1 −1 0 0



(6.36)
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Figure 6.5: Microstrip Six-Port Circuit Layout.

6.7.2 Compact Single Six-Port Design

In this section, the design of a compact single SP is presented. This SP essen-

tially consists of two input ports and four output ports. The input ports are

connected to the RF incoming wave (i-e. antennas) while the output is a lin-

ear combination of the two inputs. Figure 6.5(a) shows the HFSS optimized

design model used in the simulations of the single SP while 6.5(b) shows the

fabricated microstrip circuit layout of the wide-band SP microwave printed struc-

ture. The design was realized on a Rogers 3006 double layer board with relative

permittivity of 6.15 and substrate thickness of 0.64 mm. The total dimensions

of the SP board were 65 × 65× 0.64 mm3. Port-5 and port-6 are the input

ports while output ports are numbered from 1 to 4. Ports 7 and 8 are termi-

nated with 50 Ω impedance. The microstrip line width used for 50 Ω is 0.95

mm. All other dimensions of the SP are shown on in Figure 6.5. In this SP cir-

cuit, L=65mm, W=65mm, w1=01.67mm w2=0.95mm, r=11.46mm, h=1.28mm,

x1=15mm, x2=7.4mm, x3=13.2, x4=3.6mm and x5=2.4mm.

6.7.3 Dual Six-Port Design

In this section, design details of the dual-angle resolution based dual-SP is pro-

vided. By using two SP designs as the one shown in Figure 6.6, we can find the
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Figure 6.6: The circuit layout of dual-angle SP design.

3D location of an incoming wave in spherical coordinates since we need to resolve

for two angles, θ and φ. Figure 6.7 shows the circuit layout of a multi-band, dual-

angle dual SP microwave printed structure that is a modified version with more

compact size than that in [11]. The dual-SPs are printed on a multilayer PCB for

3D angle of arrival (AoA) systems. The design was modeled and optimized using

HFSS and then realized on a Rogers 3006 board with relative permitivity of 6.15

and substrate thickness of 0.64mm. The total dimension of the complete dual SP

board is 65 × 65 × 1.28mm3. The two sides of the dual-SP are exactly the same

except for the feed positions to allow mounting the SMA connectors. Ports 5, 6

and ports 13, 14 are input ports for SP-1 and SP-2, respectively, while the output

ports are numbered from 1 to 4 for SP-1 and 9 to 12 for SP-2. Ports 7, 8 of SP-1

and 15, 16 of SP-2 are terminated with 50Ω impedance. The fabricated dual SP

design is shown in Figure 6.7.
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Figure 6.7: Top and Bottom layers of fabricated dual SP design.

6.8 SP Designs Results

The proposed dual SP was optimized using HFSSTM for wide-band dual angle

resolution and compact size. The wide-band covers frequencies from 1.68 GHz to

2.25 GHz with a bandwidth of 570 MHz. This frequency covers most of the existing

standards for mobile devices. The measurements were performed using an Agilent

N9918A VNA. Figure 6.8. shows the simulation and measurement results of the

reflection coefficient characteristics of input port-5 and port-6 of SP-1. Similar

results were obtained for SP-2. Both SPs are exactly similar in structure and same

simulation and measured results were obtained for both design. Figure 6.9 and

Figure 6.10. show the simulated and measured transmission loss characteristics

of the proposed SP-1. The transmitted S-parameter curves S5i (Figure 6.9.) and

S6i (Figure 6.10.) show the good transmission of power at the output ports.

Figure 6.11. and Figure 6.12. show the simulated and measured phases of

the transmission loss parameter S5i. The phase measurement results are in good

agreement with the theoretical values and simulated ones as the relative phase

are of interest and not the instantaneous phases. The simulated phases for S6i

are shown in Figure 6.13. while Figure 6.14. shows the measured phases of the

transmission loss parameter S6i. The maximum phase error relative to reference

port S64 was ±5 for both simulated and measured values.
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Figure 6.8: Simulation and measurements return loss at Port 6.
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Figure 6.9: Simulated and measured transmission loss S5i
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Figure 6.10: Simulated and measured transmission loss S6i
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Figure 6.11: Simulated phase S6i
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Figure 6.12: Measured phase S6i
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Figure 6.13: Simulated phase S6i
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Figure 6.14: Measured phase S6i

Figure 6.15: In-phase (I) and quadrature (Q) signals from the DF system
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Figure 6.16: Error analysis due to the asymmetry of the SPs and power detectors
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Figure 6.15. represents the in-phase and quadrature components (I /Q) of the

output from the difference amplifier. This result is based on the Eq. (6.20) and

(6.21) within a simulation model. This result includes the asymmetry effect of

each SP and assumes asymmetry for the power detectors and difference amplifies.

Due to the symmetrical structure of both SP, similar results are obtained for

both structures (i.e. SP-1 and SP-2). Figure 6.16. shows the error in ∆θ and

∆φ computed from the calculated values of the in-phase (I) and quadrature (Q)

components. The maximum phase error due to the asymmetry in the SP was

±5o, while the non-linearities of power detectors and the difference amplifier were

assumed to have a phase error of ±1o in the desired band of operation from 1.68-

2.25 GHz. The analytical expressions derived in (6.31) –(6.34) were simulated for

phase compensation. The error in the final values of θ and φ in the full range was

approximately ±3o after phase compensation. Figure 6.17 shows the estimated

AoA (θ) based on the measured values of ∆θ using (6.9) for the given band. The

figure shows the scanning of target RF source with variation of measured phase

difference ∆θ given in terms of estimated AoA (θ̃) . Practically, with the current

setup of SP and an array of micro-strip patch antennas, the feasible range of

scanning angle is from -75o to 75o with a maximum phase error in estimated AoA

(θ̃) is ±3o in the given band of operation from 1.68-2.25 GHz.

Table 6.1: Comparison between proposed SP and others.

Bands
(GHz)

Compact
Design

Area
(mm2)

Use in
Mobile
Devices

Dual
DF

Phase
Error

Ref [145] 2-2.45,5.8 Yes 85× 85 No No ±5o

Ref [12] 24 Yes - No No -

Ref [146] 5 - 6 No - No No -

Ref [147] 27 No - No No ±1o

Proposed
System

1.68 - 2.25 Yes 65× 65 Yes Yes ±3o

Table 6.1 compares the proposed SP features with others that appeared in

literature. It is clear that our design is more compact, supports lower frequency
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bands, provides dual angle DF capability and can be easily integrated within

wireless handheld terminals.

6.9 SP Circuit Integration with Reconfigurable

MIMO Antenna System

The principle of an RF direction finding system utilization SP structure is com-

pletely described in section 6.4. This section will describe the integration of single

SP circuit with the MIMO antenna system described in section 5.1. The whole

system consists of a transmitting antenna as source and a receiving MIMO antenna

system integrated with a SP circuit for AoA estimation.

6.9.1 Measurements Setup

To find the AoA from a distant source , a reconfigurable MIMO antenna system is

integrated with a single SP circuit. The source used is the UWB sensing antenna

described in section 5.1. Figure 6.18 shows an overview of the implemented system.

The receiving antennas were separated by a distance of 41 mm. Owing to the path

difference between the two receiving antennas, the propagated signal had a shift

and is useful to find the AoA.

A detailed view of the measurement setup at receiving side is shown in Figure

6.19. The receiving antenna used is the two element MIMO reconfigurable antenna

as discussed in section 5.1. The antenna was operating at four distinct modes

covering several frequency bands. In the current scenario, we have used it in

mode-1 and mode-4 at frequency bands 2020 MHz and 1690 MHz. The proposed

SP circuit covered frequency ranges starting from 1.68 GHz to 2.25 GHz. The two

reconfigurable antennas are connected with low noise amplifiers (LNA). The LNA

used was the ZX60-33LN-S+, with wide bandwidth covering frequency bands from

50∼3000 MHz. Its gain was between 13∼14.4 dB in the 1690∼2020 MHz.
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Figure 6.18: Block diagram of the DF measurement setup

Figure 6.19: Detailed view of SP integration with reconfigurable MIMO antenna system
for RF DF.
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The output of the LNA was fed to the SP circuit at port-5 and port-6. Two

ports of SP circuit were terminated with 50Ω load. The four output ports of the

SP structure were connected with the power detectors (ZX47-40LN-S+) followed

by a difference amplifier based on LM 741 IC. The output of SP is passed through

a power detector to get the DC signal. The power detector operating at wide

range with low noise DC output and needs a single 5V supply. The outputs of the

difference amplifiers are the in-phase (I ) and quadrature (Q) components. Both

(I ) and (Q) are DC and were acquired by a data acquisition card LabJack u6.

Two channels were used for acquiring this data. The data acquired by the data

acquisition system were processed in matlab for AoA estimation using Eq.(6.9).

Figure 6.20: (a) RF source (2) Setup for angle adjustment (c) SP circuit integrated with
two MIMO antenna system (d) LabJack interface for data acquisition

Figure 6.20 shows all the components of the measurement setup. Figure 6.20(a)

shows the source while Figure 6.20(b) shows the setup used for the direction of

the source. Figure 6.20(c) shows the SP circuit integrated with MIMO antenna
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system while Figure 6.20(d) shows the LabJack u6 interface for data acquisition.

6.9.2 Measurements Results

In the given setup shown in Figure 6.20, a single SP circuit was used to determine

the AoA in 2D. Using single SP with two element antenna setup can be used to

determine the AoA in single plane. For complete 3D(i.e. φ and θ) DF, dual SP

circuit with four antenna elements are required. Due to hardware limitation, in

this work we have determined the AoA in 2D only.

A.1 Description of AoA Measurements

The ultimate objective of this part was to find the AoA of an RF distant source

using the SP circuit integrated with a reconfigurable MIMO antenna system. In

this experiment, AoA measurements were made under known conditions. The

transmitting antenna was located with known orientation. The AoA of the in-

coming signal wave was known beforehand. A single antenna was positioned at

known angles with respect to the receiver. The transmitting antenna was operated

at single tone signal at 1690 MHz and 2020 MHz for two different measurements

of AoA determination. This experiment was conducted at the Microwave Lab at

KFUPM.

In this AoA experiment, transmitting and receiving antennas were placed at a

distance of 500 mm. The distance was made to ensure the minimum level of power

to be received for accurate AoA estimation. The orientation of the transmitting

antenna was changed for azimuth angles between ±80o. It has been found that

the error was becoming drastic for angles above ±60o. The maximum errors

found in the AoA measurements for azimuth angle between ±60o were ±16o and

±13o for frequency bands 1690 MHz and 2020 MHz, respectively. The analytical

expressions derived in (6.31) ∼(6.34) were utilized for phase compensation. The

error introduced in the phase by SP was subtracted from the final error plots.

Figures6.21 and 6.22 shows the error in the estimated AoA (θ) based on the

measured values of (I ) and (Q) using (6.9) for the frequency bands 1690 MHz and
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Figure 6.21: Angle of arrival at 1690 MHz

2020 MHz. The figures show the error in estimated AoA (θ̃). Practically, with

the current setup of SP and two elements MIMO antennas, the feasible range of

scanning angle is from -60o to 60o with a maximum phase error in estimated AoA

(θ̃) was ±16o in the given two bands of operations.

A.2 Sources of Error in AoA Estimation

The measurement results of AoA estimation were able to estimate the direction

of arrival with maximum error of ±16o. Though, the error was high but it helps

in understanding the problem and its implementation. The possible sources of

errors are discussed in this sections.

1. Ideally, the antenna elements are supposed to be 0.5λ apart. The accuracy

of the results drops for closely spaced antenna elements. In the current

scenario, the two antennas are separated by a distance 0.23λ and 0.27λ

apart, for two frequency bands of 1690 MHz and 2020 MHz, respectively.

2. Although, all the circulators in the SP were designed to be symmetrical in

the SP design, due to fabrication tolerances, some phase error was observed
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Figure 6.22: Angle of arrival at 2020 MHz

in the phases at the output of SP circuit and this contributes to the final

final estimated error.

3. Asymmetry and non-linearities from the power detectors and difference am-

plifies contributed phase errors as well.

4. Different circuit modules were connected using wires. The slight difference

in the lengths of wires might have added extra phase contributing to this

high error.

6.10 Conclusions

In this chapter, a compact single and dual-angle resolution based dual-SP system

is proposed. The developed system operated between 1.68-2.25 GHz and targets

software defined radio and cognitive radio platforms. The unique feature of the

proposed system is its ability to find the azimuth and elevation direction of an

incoming RF wave simultaneously. Prototypes of the SP circuits were fabricated

and tested. The proposed system is low cost, targeting lower frequency bands of

practical wireless devices and highly suitable to be used in handheld DF devices.
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The single SP circuit was integrated with a MIMO reconfigurable antenna sys-

tem to demonstrate the complete setup for AoA determination. The max error

observed using this complete system after implying an error mitigation technique

was ±16o.
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CHAPTER 7

CONCLUSION AND FUTURE

WORK

7.1 Conclusions

The use of wireless handheld devices has increased tremendously in recent years.

New features are continuously added to these devices resulting in intensive pro-

cessing and high data rate requirement. Moreover, it is required to perform mul-

titude of functions across several frequency bands and support various standards

in different countries as well. Thus, the design of compact and efficient recon-

figurable antennas that can be used in MIMO systems with additional capability

of efficient spectrum utilization are becoming more popular within mobile phones

and other wireless handheld devices. MIMO reconfigurable antenna design for CR

applications has received considerable attention among the researchers over past

few years.

This work presents and evaluates novel printed MIMO reconfigurable antenna

systems integrated with UWB sensing antennas for CR applications. The desired

frequency band of interest was 0.7∼3 GHz covering several frequency bands in-

cluding 4G-LTE bands and WiFi bands. The work focused on the integration of

these novel compact reconfigurable MIMO antenna systems with UWB sensing

antennas along with SP circuits to provide RF DF capabilities. Among others, the
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main challenges in such a design were to develop reconfigurable MIMO antenna

systems with UWB sensing antennas in a confined space of 65×120 mm2 along

with its integration with SP circuits while maintaining high isolation between the

antenna elements.

Five different frequency reconfigurable antenna designs were completed and

analyzed for MIMO performance. Two frequency reconfigurable designs were

embedded with UWB sensing antenna structure for the desired frequency band

of operation. These two designs were basically completely representing the front

end of CR platforms. The designs conform to 4G wireless standard for compact

wireless handheld devices. Additionally, the whole antenna system was integrated

with SP circuit to add the RF DF to the structure. Modeling and prototyping

results were in good agreement for all designs provided. The complete integrated

system with direction finding capability were aimed for frequency band between

0.7 GHz to 3 GHz. The maximum error found in the direction of RF source is

±16o.

The research carried out in this work is very useful and of practical value as it

provides viable solutions to the second generation CR standards that requires a

lot of capability from the radio unit None of the known (present in literature) CR

antennas had addressed this problem and were able to provide an integrated solu-

tion as needed because of the area constraints of smart phone and other compact

wireless devices.

7.2 Future Works

The work presented here was based on 2-element and 4-element reconfigurable

MIMO antenna system. The reconfigurability was achieved using PIN and varac-

tor diode. The biasing circuit can be optimized. The bias voltage connections by

wires should be replaced by on board battery holder with printed circuit board

connection. This will minimize the wiring effects on the antenna parameters espe-

cially the radiation pattern. One of the important MIMO parameter is the channel
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capacity measurement to validate the high data throughput of the antenna sys-

tem. All the MIMO antenna designs presented in this work can be tested for

channel capacity measurement using an SDR platform.

The work presented here utilized two MIMO antennas with a single SP circuit.

This work can be extended to four element MIMO with dual-SP circuit for dual-

angle AoA estimation (both in θ and φ planes). The SP circuit can be integrated

on the same PCB with discrete components. The reconfigurable communication

antennas could be optimized further to enhance the gain and efficiency in all

frequency bands. Isolation enhancement methods can be applied and this effect

can be analyzed especially when multi-band operation is considered. In addition,

the proposed single substrate 2-element reconfigurable MIMO antenna system

with sensing antenna for CR application works in sequential mode. However, the

current trends lead to concurrent operation of CR platforms. A mechanism can

be introduced in the current design to work in concurrent mode.
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