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ABSTRACT

Rigorous development in Software Defined Radio (SDR) helps to realize the
dream of Cognitive Radio. The SDR can be used with a reconfigurable antenna
to achieve full Cognitive Radio system. Reconfigurable antenna is an antenna
designed that is capable of changing its operating frequency. However, the SDR
such as Universal Software Radio Peripheral (USRP) B200 does not come with a
software algorithm that can change the operating frequency of the reconfigurable
antenna. To overcome this problem, an energy detection algorithm that can work with
wideband to narrowband reconfigurable antenna switching algorithm and narrowband
to narrowband reconfigurable antenna switching algorithm are proposed. By using the
algorithms, the switching of operating frequency of the reconfigurable antenna can be
done via software. All algorithms were developed using GNU Radio and Arduino
micro-controller to reconfigure antenna switching to replace manual switching. USRP
B200 was the selected SDR for all measurements. Probability of detection was the
parameter that had been measured and simulated. Statistical test was conducted to
verify the result between measurement and simulation, which revealed that there was
no significant difference between them. Results for wideband antenna, wideband to
narrowband reconfigurable antenna, and narrowband to narrowband reconfigurable
antenna show 3.2% to 18% difference between measurement and simulation. Hence,
it can be concluded that there is a good agreement between the measurement and

simulation.
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ABSTRAK

Pembangunan yang meluas dalam Perisian Penakrifan Radio (SDR) membantu
merealisasikan Radio Kognitif yang diimpikan. SDR boleh digunakan dengan antena
konfigurasi boleh ubah untuk mencapai sistem Radio Kognitif penuh. Antena
konfigurasi boleh ubah ialah antena yang direka supaya mampu menukar frekuensi
operasi. Walau bagaimanapun, SDR seperti Perisian Radio Universal (USRP)
B200 tidak datang dengan algoritma yang mampu menukar frekuensi operasi antena
konfigurasi boleh ubah. Jadi untuk mengatasi masalah ini, satu algoritma pengesanan
tenaga yang boleh digunakan dengan algoritma antena konfigurasi boleh ubah jalur
lebar ke jalur sempit dan algoritma antena konfigurasi boleh ubah jalur sempit ke
jalur sempit adalah dicadangkan. Dengan menggunakan algoritma-algoritma ini,
penukaran frekuensi operasi antena konfigurasi boleh ubah boleh dilakukan melalui
perisian. Semua algoritma telah dibangunkan menggunakan GNU Radio dan mikro-
pengawal Arduino untuk menukar frekuensi operasi antena konfigurasi boleh ubah
menggantikan pensuisan manual. USRP B200 adalah SDR yang telah pilih untuk
semua pengukuran. Parameter yang diukur dan disimulasi adalah kebarangkalian
pengesanan. Ujian statistik telah dilakukan untuk mengesahkan keputusan di antara
pengukuran dan simulasi, yang mendedahkan bahawa tiada perbezaan yang signifikan
di antara keduanya. Hasil pengukuran antena jalur lebar, antena konfigurasi boleh
ubah jalur lebar ke jalur sempit, dan antena konfigurasi boleh ubah jalur sempit ke
jalur sempit menunjukkan 3.2% ke 18% perbezaan antara pengukuran dan simulasi.
Oleh itu, dapat disimpulkan bahawa terdapat kesamaan yang baik antara pengukuran

dan simulasi.



CHAPTER

TABLE OF CONTENTS

TITLE

DECLARATION
DEDICATION
ACKNOWLEDGEMENT
ABSTRACT

ABSTRAK

TABLE OF CONTENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF ALGORITHMS
LIST OF ABBREVIATIONS
LIST OF SYMBOLS
LIST OF APPENDICES

INTRODUCTION

1.1 Overview

1.2 Problem Statement

1.3 Objectives

1.4 Scope and Significance of Study
1.5 Contributions

1.6 Thesis Outline

LITERATURE REVIEW

2.1 Introduction

2.2 Cognitive Radio Overview
2.3 Spectrum Holes

24 Spectrum Sensing Techniques

2.5 Conventional Energy Detection

2.5.1 The Performance Measures of Conven-

tional Energy Detection

Vil

PAGE

il
11

v

vi

Vil

X1
xiii
X1v

XV

XVi

B W W W = -

0 N U e

10

11



2.6

Friis Free Space Propagation Model

2.7 F-test Statistical Method
2.8 Reconfigurable Antenna
29 Chapter Summary
RESEARCH METHODOLOGY
3.1 Introduction
3.2 First Stage (Software Implementation)
3.2.1 Software Defined Radio (SDR) and
Arduino
3.2.2 Software used for Antenna Switching
Development
33 Second Stage (Design and Simulation)
3.3.1 Energy detection with Reconfigurable
Antenna Algorithm Flowchart
332 Connection between SDR and Reconfig-
urable Antenna
3.4 Final Stage (Measurement)
34.1 Threshold Value Selection
3.5 Chapter Summary

ENERGY DETECTION AND REONFIGURABLE AN-
TENNA SWITCHING ALGORITHM

4.1
4.2
43
4.4

4.5

4.6

Introduction

Energy Detection Algorithm

Algorithm for Wideband to Narrowband Reconfig-
urable Antenna

Algorithm for Narrowband to Narrowband Recon-

figurable Antenna

Types of Antenna

45.1 Wideband to narrowband Reconfigurable
Antenna

45.2 Narrowband to narrowband Reconfig-

urable Antenna
GRC Flowgraph Graphical User Interface (GUI)
4.6.1 Graphical User Interface at Transmitter
Side
4.6.2 Graphical User Interface at Receiver Side

viil

16
16
17
21

22
22
22

24

24
25

25

28

30

32
32

33
33
33
36

41
45

47

49
52

52
54



4.7

The Performance of Energy Detection Algorithm

4.8 Free Space Path Loss Simulation
4.9 USRP B200 Transmit Power
4.10 Reconfigurable Antenna Switching Time
4.11 Chapter Summary
5 SIMULATION AND MEASUREMENT OF RECONFIG-
URABLE ANTENNA
5.1 Introduction
5.2 Wideband Antenna Measurement Result
5.3 Wideband to Narrowband Reconfigurable Antenna
Measurement Result
54 Narrowband to Narrowband Reconfigurable An-
tenna Measurement Result
5.5 Chapter Summary
6 CONCLUSION AND FUTURE WORK
6.1 Conclusion
6.2 Future work
REFERENCES

Appendices A — C

86 —

iX

55
57
60
62
62

63
63
63

67

71
76

77
77
78

79
90



TABLE NO.

2.1

2.2

2.3

3.1

4.1

4.2

4.3

LIST OF TABLES

TITLE

Spectrum sensing techniques comparison

Literature review on energy detection

Literature review on antenna with Cognitive Radio system
The parameters setup during wideband antenna, wideband
to narrowband reconfigurable antenna and narrowband to
narrowband reconfigurable antenna measurement.

Switch configuration for wideband to narrowband reconfig-
urable antenna

Switch configuration for narrowband to narrowband reconfig-
urable antenna

Switching time

PAGE

13

19

30

48

50
62



FIGURE NO.

2.1
2.2
2.3
24
3.1
3.2
3.3
3.4
3.5
3.6

3.7
3.8
3.9
4.1
4.2

4.3

4.4

4.5

4.6
4.7

4.8
4.9
4.10
4.11

LIST OF FIGURES

TITLE

Cognitive cycle [1]

Spectrum hole concept [1]

Spectrum sensing technique [1, 2]

Schematic representation of the energy detector [3]

Overall research flow

Energy detection with reconfigurable antenna flowchart
Flowchart implementation in GNU Radio-Companion
Reconfigurable antenna connection with USRP Diagram
Reconfigurable antenna block diagram

The completed reconfigurable antenna switching system with
USRP B200

Hyperlog 7060

Measurement setup diagram

Measurement setup

Flowchart for energy detection algorithm

Flowchart for wideband to narrowband reconfigurable
antenna

GRC flowgraph for wideband to narrowband reconfigurable
antenna

Source code flowchart for narrowband to narrowband
reconfigurable antenna

GRC flowgraph for narrowband to narrowband reconfigurable
antenna

Wideband antenna

Wideband and wideband to narrowband reconfigurable
antenna Sy

Micro-controller switching line

Wideband to narrowband reconfigurable antenna

Wideband to narrowband reconfigurable antenna Si;

Narrowband to narrowband reconfigurable antenna

X1

PAGE

10
23
26
27
28
29

29
31
31
31
35

37

40

43

44
45

46
46
47
48
49



4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

5.1

5.2

5.3

54

5.5

5.6

5.7

5.8

59

5.10

5.11

Narrowband to narrowband reconfigurable antenna S;; switch
configuration

GRC flowgraph at transmitter side

Graphical user interface at transmitter side

GRC flowgraph for reconfigurable antenna GUI

USRP B200 cable connection

Probability of detection P, at 2 GHz, 2.2 GHz and 2.55 GHz
Probability of detection P, at 2, 2.2,and 2.55 GHz

Energy detection simulation using FSPL method

USRP B200 and handheld spectrum analyzer setup

USRP transmit power (dBm) vs gain (dB)

P, simulation and measurement using wideband antenna at 2
GHz

P, simulation and measurement using wideband antenna at
2.2 GHz

P, simulation and measurement using wideband antenna at
2.55 GHz

P, simulation and measurement using wideband to narrow-
band antenna at 2 GHz

P, simulation and measurement using wideband to narrow-
band antenna at 2.2 GHz

P, simulation and measurement using wideband to narrow-
band antenna at 2.55 GHz

P; simulation and measurement using narrowband to
narrowband antenna at 2.2 GHz

P; simulation and measurement using narrowband to
narrowband antenna at 2.55 GHz

P; simulation and measurement using narrowband to
narrowband antenna at 2.9 GHz

P; simulation and measurement using narrowband to
narrowband antenna at 3.5 GHz

P; simulation and measurement using narrowband to

narrowband antenna at 4.1 GHz

Xii

51

52

53

54

56

56

58

59

60

61

64

65

66

68

69

70

71

72

73

74

75



ALGO. NO.

LIST OF ALGORITHMS

TITLE

Energy detection
Wideband to narrowband configuration

Narrowband to narrowband configuration

Xiil

PAGE

34
39
42



USRP
SDR
IDE
FSPL
GRC
ED
FCC
ISM
SNR
LED
PC
CR
AWGN
FFT

LIST OF ABBREVIATIONS

Universal Software Radio Peripheral
Software Defined Radio

Integrated Development Environment
Free-Space Path Loss

GNU Radio-Companion

Energy Detection

Federal Communications Commission
Industrial, Scientific and Medical
Signal to Noise Ratio

Light Emitting Diode

Personal Computer

Cogitive Radio

Additive White Gaussian Noise

Fast Fourier Transform

X1V



LIST OF SYMBOLS

Probability of detection
Probability of false alarm
Probability of missed detection
Threshold

Received signal

Primary user signal

Additive white gaussian noise
Hypothesis zero

Hypothesis one

Decision matrix

Number of sample

Primary user signal variance

Noise signal variance

XV

Complementary distribution function of standard gaussian

Transmit power

Received power

Transmit gain

Received gain

Distance

Wavelength

Losses

Sample one variance

Sample two variance

Degree of freedom sample one

Degree of freedom sample two



APPENDIX

LIST OF APPENDICES

TITLE

USRP B200 Specification
Log-Periodic Antenna (HyperLog 7060) Specification
List of Publication

XVi

PAGE

86
88
90



CHAPTER 1

INTRODUCTION

1.1 Overview

Cognitive Radio is defined by the Federal Communications Commission (FCC)
as a radio system that senses its operational electromagnetic environment and can
dynamically and autonomously adjust its radio operating parameters to modify the
system operation, such as maximize throughput, mitigate interference, facilitate

interchangeability, access secondary markets, etc [4].

Cognitive Radio networks can also be represented as an innovative approach
to wireless engineering in which radios are designed with an unprecedented level
of intelligence and agility. Cognitive Radio have the ability to monitor, sense and
detect conditions of their operating environment, and dynamically reconfigure their
own characteristics to best match those conditions. This technology enables radio
devices to use the frequency spectrum in entirely new and sophisticated ways, and can
be a solution to the spectral congestion problem by introducing the opportunistic usage

of the frequency bands that are not occupied by licensed users [4—6].

According to Federal Communications Commission (FCC), the spectrum
utilization in the 0 to 6 GHz band varies from 15% to 85%, this has prompted the
FCC to propose the opening of licensed bands to unlicensed users and given birth to
Cognitive Radio [6,7]. Nowadays some frequency in the Industrial, Scientific and
Medical (ISM) band is not efficiently used due to the fact that some developers tend to
use the same frequency for their product [8]. For example, WiFi frequency is widely
used by the product developer because of the availability on cheap WiFi transceivers
in the market. Congestion in that particular frequency will result in data corruption,

data collision, and data lost [8].



1.2 Problem Statement

Reconfigurable antenna is an antenna that can change its properties such as
operating frequency. The reconfigurable antenna operating frequencies are tuned using
radio frequency switches such as pin diode and varactor diode [9-12]. Wideband to
narrowband reconfigurable antenna is one example of reconfigurable antenna that can
change its operating frequency. The reconfigurable antenna can be used with a software
defined radio (SDR) to achieve the full Cognitive Radio concept. However, the SDR
such as Universal Software Radio Peripheral B200 (USRP B200) does not come with a
software algorithm that can change the operating frequency of reconfigurable antennas
like the wideband to narrowband and narrowband to narrowband reconfigurable
antenna due the specific design of the antennas. In order to solve this problem, antennas

switching algorithm for the reconfigurable antennas need to be developed.

Spectrum sensing is one of the task in Cognitive Radio concept. The simplest
type of spectrum sensing is energy detection. Energy detection can be implemented
in the SDR to measure the performance of the energy detection with reconfigurable
antenna, however due to the different varieties of the energy detection and specific
needs, it is not included in the software. So, to overcome this problem energy detection
algorithm that can work with the reconfigurable antenna need to be developed in the

software.

The performance of the energy detection usually compared between theory and
simulation for examlple in [13—15]. There are few measurements on the performance
of the energy detection algorithm with reconfigurable antenna like in [16]. So, the
performance of the reconfigurable antennas with energy detection spectrum sensing

need to be measured.



1.3 Objectives

The objectives of this research are as follows:

l. To implement energy detection algorithm at 2-5 GHz frequency range

that can be used with reconfigurable antenna.

2. To develop wideband to narrowband reconfigurable antenna and

narrowband to narrowband reconfigurable antenna switching algorithm.

3. To validate the performance of the wideband antenna, wideband to
narrowband and narrowband to narrowband reconfigurable antenna in

term of energy detection.

1.4  Scope and Significance of Study

This research covers on the development of the energy detection spectrum
sensing algorithm that can work with the reconfigurable antenna. The programming
languages used were C, C++ and Python for software development in GNU Radio
environment. USRP B200, by Ettus Research were used as the SDR platform for

experimentation.

The frequency range used in this research was from 2 to 5 GHz, this was due to
the specific design of the wideband antenna, wideband to narrowband reconfigurable
antenna and narrowband to narrowband reconfigurable antenna. Additionally, two
reconfigurable antenna switching alogrithm were developed. The algorithm can
be used to change the operating frequency of the reconfigurable antenna in the
software. Furthermore, the SDR can be programmed to search any suitable frequency
automatically. Moreover, the developed algorithm can increase the efficiency of the
frequency usage, as it can sense the availability of the frequency or white space. With

the improvement, the completed system can be commercialized for everyday use.

1.5 Contributions

The main contribution of this research is in term of software development of

the energy detection spectrum sensing for the reconfigurable antenna to change its



frequency properties via software using micro-controller, thus removing the need of
manual switches. Three algorithms were developed during the course of this research;
the energy detection algorithm, the wideband to narrowband reconfigurable antenna
switching algorithm and narrowband to narrowband reconfigurable antenna switching
algorithm. Other contributions include the performance measurement of the energy
detection algorithm with the reconfigurable antenna that can be used for future research

work.

1.6 Thesis Outline

A brief overview to Cognitive Radio and spectrum sensing, problem statement,

objective of research, scope and significance of the study are presented in chapter 1.

In chapter 2, the background knowledge on Cognitive Radio, spectrum holes
and conventional energy detection and its related equation are discussed. Previous
work on energy detection and Cognitive Radio system with antenna are reported and

summarized.

In chapter 3, the methodology of research is discussed. The flow of research
are presented and the three stages of research work are described. The first stage which
is software implementation are described, followed by second stage, energy detection

flowchart overview. Third stage, measurement setup and its parameters are discussed.

In chapter 4, development on energy detection algorithm, wideband to
narrowband reconfigurable antenna algorithm, and narrowband to narrowband
reconfigurable antenna algorithm are presented. Additionally, the types of antenna
used, graphical user interface, switch timing, and free space path loss simulation are

discussed.

In chapter 5, measurement and simulation result on the performance of energy
detection algorithm with wideband antenna, wideband to narrowband reconfigurable
antenna, and narrowband to narrowband reconfigurable antenna are presented,

compared and discussed thoroughly.

Finally, chapter 6 concludes the thesis and suggestion for future research work.
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