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Abstract

The goal of this thesis is to study performance of cognitive radio networks in terms
of total spectrum utilization and throughput of secondary networks under perfect and
imperfect sensing for Additive White Gaussian Noise (AWGN) and fading channels.
The effect of imperfect sensing was studied by applying non-collaborative and
collaborative sensing techniques using energy detecting and square law combining
techniques, respectively. Spectrum allocation for heterogeneous networks in cognitive
radio networks was discussed and a new sharing algorithm that guarantee Quality of
Service (QoS) for different secondary users’ applications was proposed. The
throughput degradation of secondary users due to the activities of the primary users
was explored by varying the arrival rate of the primary users in a given spectrum band.
Computer simulation showed that increasing the primary user’s activity will increase
the total spectrum utilization but decreases the secondary users’ throughput
simultaneously. The effect of the received Signal to Noise Ratio (SNR) of the primary
user on the cognitive radio network performance is studied in which, a high SNR of
primary users led to a higher throughput of secondary network in AWGN channels
compared to Nakagami fading channels. The effect of applying cooperative sensing is
also presented in this thesis. As we increased the number of cooperating sensors, the
network throughput increased which proves the advantage of applying cooperative
sensing. A spectrum allocation algorithm for heterogeneous network model is
developed to study the QoS assurance of secondary users in cognitive radio networks.
The system performance of the heterogeneous network was investigated in terms of
the total spectrum utilization. It is found that, higher number of secondary users, better
channel’s condition and low required QoS of applications would increase the spectrum

utilization significantly.



vii

In this thesis, the proposed allocation algorithm was applied to the heterogeneous
cognitive radio model and its performance was compared to the First Come First
Served (FCFS) algorithm in both AWGN and fading channels. The proposed algorithm
provided a higher average SNR and spectrum utilization than FCFS algorithm and
guaranteed the QoS requirement for applications of secondary users. The effect of
imperfect sensing on the system performance was investigated, and it was shown that,
as the probability of detection increases the total applications’ data rate increases
significantly. The proposed algorithm guaranteed the QoS requirement for each
application of secondary users. The effect of imperfect sensing on the system
performance was investigated, and it was shown that, as the probability of detection

increases the total data rate increases significantly.

Keywords: Cognitive Radio Networks, non-cooperative sensing, cooperative sensing,

spectrum sharing, heterogeneous network, Hungarian algorithm, spectrum utilization.



viii
Title and Abstract (in Arabic)

dasil) 33 gad & o) aa 43S ) Ay aa) ) i) B Cioal) AS Ldia

leal Cun e S5 4y gl Hl GISEN elal Al )3 58 da g kY sl (e Caagl)

Sl e 5 ) ledia¥) aladiuly A1 oY) & s ol aln)  calal) JDlii)
Gl el 5 b G 68 il Gl gl g Caliaall () maaall Gy @l gl 4
SIS i ahaiuly Sl je g Jgladll ae gy BN e jlednay) Ll A
o Audlaidl e Al Cadall (anadd Ad8le i e yill sl 0% ga g A6
Cliplaill Aandll 53 g Ganal Bada a0 ) 58 Aae )l s ) B &5 481 )a¥1 4 gl ) Sl
G O fU aaddiiiall Aaliy) 8 ganil) CBLASIL) &5 o s3] raadiiall Aalidl)
Gai A Gl Gaeddiuall Jga s Jaee ot A e Gl peasiial) Lalis
G s Gt ) aeadiil) L il ) o) A s Al Bl ¢ yelal g paa b
o & gl iy gl (Cppendiisall bl il g2 oS g Caphall e el
Cpeddiioall (pe Jiieal) splia gaall 5 LEYI Jane 5l 2l 50 o dladl da g Y
3V Aol e f Jaxa o) (A J s sl a3 9 481 Y1 4 gaal 5 Sl ¢l e st
oanY) gaall culd el gl 8 4 sl il g Jed dalil ) gas el guall )
Jpanll a3 Jladin¥) s jeal aae 3 vie | Ly w58 ld Ol 5l pa 4 lae Ciliaall
) sa ashi o1 A glatll Jlafiu¥) (e BaEELY) (30 s Laa 45050 e f dpali) e
Opeaivsall Zaadll 53sa Al ol gl dwilatie ye 3K0AN £3sell (ol (auads
o Lol A e a5 5 sl Ayl A (il 3 A oY) Ay gl DU IS0 8y 530
Jara o Jgmall a3 ) a5 cld @l gidl) g Caliaal) (a1 szl cld ol gl

e g n i) g3 sal ety Cadall il 5 maall LU 5_LEY) il e



oAl A o da 55k e (8 Lyl i oy i peadiisall gk JS) dendll 33 5a lasa
Ol ) Cpeaiivuall CoLESS) Adlaial 830l 31 ) i g allail) ool 8 WD) e lediia)

B sale OS5 il L e b 5



Acknowledgements
Foremost, all praises to Allah for blessing me throughout my study and research and

endowing me with patience and knowledge to complete this thesis.

I would like to express my sincere gratitude to my advisor Dr. Mohammed Abdel-
Hafez, he has been a terrific mentor for me through the research with his immense
knowledge, enthusiasm and encouragement. I would also like to thank Dr. Khaled

Shuaib for his enlightening ideas and valuable contribution to the research.

My gratitude goes to my thesis examination committee Dr. Qurban Ali Memon and

Dr. Matti Hamaél&inen, for their helpful and valuable suggestions.

In addition, T would like to thank the chair and all members of the Department of
Electrical Engineering at the United Arab Emirates University for their help and

support during my studies and research.

A special gratitude goes to my beloved parents and sisters. Words cannot express how

grateful I am for your continuous prayers, love and guidance all my life.



Dedication

To my family

For their endless love, support and encouragement

Xi



Xii

Table of Contents

TTIEL ettt ettt ettt ettt e bt e a e et e e bt e be e nte e be e aeeaneeens 1
Declaration Of Original WoOrK .......c..ccoveiiiiiiiiieiieieeecee et il
(707517 5 1 1 L SRS il
Approval of the Master thesiS ........cceccierieiiieiieeee e v
ADSITACT ittt et vi
Title and AbStract (In ATabiC) ......cccueeeveeeiieriieieeieeeie et ens viii
ACKNOWIEAZIMENTS ......eeiiieiieiieeieeeee ettt st e et e eeneeeneeenneas X
DIEAICATION ...ttt ettt ettt ettt e et e ettt ne e et e b eaeas xi
Table Of CONLENLS ...e..eiviriieiiiiieieetee ettt e Xii
LSt Of TADIES ...cveeiiiiieiiiiee ettt Xiv
LISt O FIZUIES 1oeouvviieiiiieiie ettt ettt ettt e sttt este e et e e etveessbaeesseesssaeessseeesseenns XV
List Of ADDIEVIAIONS .....oveiiiiriiiiiriieiirieeeeter ettt st XVi
List Of SYMDOIS ..ttt XVii
Chapter 1: INtrodUCHION .......cveiiiiieciie ettt e ser e e e ssr e e esnaeeeenes 1
1.1 Cognitive Radio NEtWOTKS ........cccceoeueuiuiieieriieiiiniirirrss e 2

1.2 Spectrum Management ...........coceveeieerniereieinninieeeseneseees et seesenene 3

1.2.1 SPectrum SeNSING .......cccceeeueurueueriiereieieieieieieeeieesiseesese e 4

1.2.2 Spectrum DECISION .....cccceuieeeiueieiiieiiieieieieieieieiseesieesses e 5

1.2.3 Spectrum Sharing ... 6

1.2.4 Spectrum MODILItY .....cccccoeieiiiiiiiieicicieceieee e 6

1.3 Cognitive Radio Networks Architecture...........cecueveeienenienenienenieneee. 7

1.4 Cognitive Radio Networks Channel Models...........ccccceeueenennnnnnnnenes 9

1.4.1 Rayleigh Fading Channel .............cccoviieininncineeccceee 10

1.4.2 Nakagami-m Fading Channel ..........c.cccccoonnniiinnnneincee, 10

1.5 Thesis Organization ........c...cceeerreeueeeninenirieieeesresie et es 11
Chapter 2: Literature REeVIEW ........cceeiiiiiiiiieierie ettt 13
2.1 INErOAUCTION ..oueinieiieieccie ettt sttt enens 13

2.2 Research MOtIVALION .....cccoeeerieirieirieineieeeiecsie ettt 13

2.3 Preceding EffOrts ......cccoveirirririrrrs et 14

2.4 CONCIUSION .vervieinieiiieieiieieerie ettt sttt e s ste e saeseseese e sseneesens 19
Chapter 3: Cognitive Radio Networks under Perfect Sensing...........ccoceveeieniennnene. 20
3.1 INrOAUCTION w.oeeeeeiciett et 20

3.2 1d@al MOdEL......ouieieiiiiiiiciiicicicicteeteet e 20

3.3 Probabilistic MOdel ..o 21

3.4 POISSON MOEL ..ottt e et s st ae e reeene e e e e ereesreesnee 21



3.4.1 Poisson DiStriDUtION .......cceueueeriririeieiirrieieee e 21

3.4.2 DEfINIION .oveieeiieiieieieee ettt es 22

3.4.3 Model ASSUMPLIONS ....covoveueeeiiririeieieirisieie e seees 22

3.5 Simulation RESUILS ......c.eoiririeieieiirree s 23

3.6 CONCIUSION ..ottt ettt en 26
Chapter 4: Cognitive Radio Networks under Imperfect Sensing...........cccoeeveenrenenee 28
4.1 INErOAUCTION ..ouveinieiiieceieere ettt st st ss e esens 28

4.2 Non-cooperative Sensing in Cognitive Radio Networks..........ccccccceereeenee 28

4.2.1 Non-cooperative Sensing in AWGN channels .........c.c.cooeueneee. 28

4.2.2 Non-cooperative Sensing in Fading channels ............c.ccoe.c...... 29

4.3 Cooperative Sensing in Cognitive Radio Networks ..........ccccecvvecvnireennen. 29

4.3.1 Non-cooperative Sensing in AWGN channels ...........c.cccoeuneee. 29

4.3.2 Non-cooperative Sensing in Fading channels ............c.ccoc.c...... 30

4.4 CONCIUSION .vovvieinieviirieiirieiriee ettt sttt s ste e saeseseebe e ssenessens 32
Chapter 5: Spectrum Sharing in Heterogeneous Network Model ...........coccoeveinninnnee 34
5.1 INEOAUCLION w.oeeeiiicicte et 34

5.2 Centralized Cognitive Radio Network Model ...........cccoovverveceneenniinnne, 34

5.3 Cognitive Radio Base Station Model...........cccoceeeeuirenecnninnsnsnne 35

5.4 Spectrum Allocation OptiMIZAtioN ..........ccceeeueveueiruereieiereiererseeesieessesesesenees 36

5.4.1 Bipartite Graph .........cccocceeiiiinnnr s 36

5.4.2 COSt FUNCHON ..ottt 38

5.5 Proposed Spectrum Sharing Algorithm ..o, 39

5.6 Heterogeneous Network System Model ... 41

5.7 CONCIUSION ..ottt ettt en 49
Chapter 6: Performance Measures in Heterogeneous Network Model...............c....... 51
6.1 INETOAUCLION ...ttt s 51

6.2 Capacity under Perfect Sensing ..........cccoeoeeoennrreincnnrece e 51

6.3 Capacity under Imperfect SensSing .........ccccceevveeeeeerririeeenenreeeereseeeens 53

6.4 CONCIUSION ...ttt es 57
Chapter 7: Conclusions and Future Work ..........cccccovviriinnnncerreecesseeee 58
7.1 CONCIUSIONS ..vovvviniieiirieiiieienisiee ettt ettt sae e s et se st e te e benesseneseesennas 58

7.2 FULUIE WOTK o 61

BIbHOZIAPRY ...ttt 62



List of Tables

Table 4.1: Effect of channel conditions on spectrum utilization ...............ccceeveeeenne.
Table 5.1: QoS requirements for different applications ...........cccocceeveeiriieiienineenne

Table 6.1: Network data rate with imperfect Sensing .........cccocceevveeveeirciieceeneeenenn,

Xiv



XV

List of Figures

Figure 1.1: Measurement of spectrum utilization (0-6 GHz) in downtown Berkeley . 1

Figure 1.2: Channel Structure of the multi-spectrum decision .............ccecceeveeeeernnen. 2
Figure 1.3: Static spectrum assignment policy and cognitive radio technology ......... 3
Figure 1.4: Cognitive 1adio CYCLE .....c.ooiiiiiiiiiiiriieieceeeceeeee e 4
Figure 1.5: Spectrum management framework for cognitive radio networks ............ 7
Figure 1.6: Cognitive radio network architecture .........c.ccoeeceeviencineiiiiiieeeeeee, 8
Figure 1.7: Spectrum sharing in cognitive radio networks ..........c.ccocevevieneniienennns 8
Figure 3.1: Effect of SU activity on system performance ............c.ccceceeeeerueeueniennnene 24
Figure 3.2: Effect of available & requested channels on system performance ......... 25
Figure 3.3: Effect of PU activity on system performance ............c.ccoeceeeverueeveneennnenn 26
Figure 4.1: Effect of channel conditions on spectrum utilization .............c.cccceeeee.ne. 32
Figure 4.2: Effect of number of sensors on spectrum utilization ............c.cccoeeeeeueenne 32
Figure 5.1: PU-1 SENSING MALTIX .eecveeitieiiieeiieitienie ettt 35
Figure 5.2: SU-1 SENSING MALIIX ..c.eevveriieriiriieniieiinieniieie sttt st 36
Figure 5.3: Channel’s QOS MAatTiX ......cccceerierieriiieiieie et 36
Figure 5.4: Bipartite Graph .........cccceoieiiieiieniieeiecie ettt ere e e 37
Figure 5.5: Heterogeneous basic system model ..........ccceoeviriieninieninieneiieneene 42
Figure 5.6: Heterogeneous network model ...........ccccoeiiiiiiiiiiiiii e 42
Figure 5.7: Interference model in cognitive radio network model ............................ 44
Figure 5.8: Spectrum utilization for different number of SUs..........cccoocveviiiiinennnene. 45
Figure 5.9: Spectrum utilization for different number of channels.................c..c....... 45
Figure 5.10: Comparison of allocation schemes in different channel conditions...... 47
Figure 5.11: Proposed algorithm instantaneous assignment .............cceceeveeeruereennnene 48
Figure 5.12: Average achieved SNR for applications ...........cccceevevvenirieneniienennenn 49
Figure 6.1: Applications’ sum data 1ate ...........ccccereerieerienieeieeeee e 52
Figure 6.2: Average achievable rate in AWGN channel ... 53
Figure 6.3: Average achievable rate in Rayleigh channel .................ccocveinnnnnnnn 53
Figure 6.4: Applications’ sum data rate with imperfect sensing .............ccccceeeveeuenne. 55

Figure 6.5: Applications’ average data rate with imperfect sensing ...........cc.ccecc..... 57



AWGN:
BER:
CR:
CRBS:
D2D:
DPSK:
FCC:
FCFS:
LOS:
MAC:
MIMO:
OFDM:
Pdf:
PU:
QoE:
QoS:
SINR:
SLC:
SNR:
SuU:

List of Abbreviations

Additive White Gaussian Noise

Bit Error Rate

Cognitive Radio

Cognitive Radio Base Station
Device-to-Device

Differential Phase Shift Keying
Federal Communications Commission
First Come First Served

Line of Sight

Media Access Control

Multiple Input Multiple output

Orthogonal Frequency Division Multiplexing

Probability Density Function

Primary User

Quality of Experience

Quality of Service

Signal to Interference plus Noise Ratio
Square Law Combining

Signal to Noise Ratio

Secondary User

XVi



Py Nakagami
P4 rayteigh
k
Aw
An
¢’
SNR,

SNR

List of Symbols

Number of secondary users

Number of available channels

Euler’s number

Probability of misdetection

Probability of false alarm

Instantaneous channel’s SNR

Average channel’s SNR

Threshold

Variance of the channel

Incomplete gamma function

Half number of samples

Generalized Marcum Q function

Nakagami fading parameter

The probability of miss detection in Nakagami fading channel
The probability of miss detection in Rayleigh fading channel
Number of sensors

Minimum value in a row

Minimum value in a column

Cost for assigning channel i to secondary user j

Energy to noise power spectral density ratio for channel i
Energy to noise power spectral density ratio for secondary user j
Channel gain for secondary user i

Channel gain for primary user j

Total noise affecting secondary user i
Transmission power for secondary user i
Hypothesis of the primary user’s signal presence

Hypothesis of the primary user’s signal absence

XVii



Chapter 1: Introduction

The role of wireless communications is becoming a corner stone in providing both
coverage and capacity for fixed and mobile broadband access where radio spectrum is
a precious resource in wireless communication networks.

The demand for this resource is growing rapidly due to the innovations that
increased the number of connected devices, widened and eased the access of average
users to versatile wireless services that requires high data rates. Wireless
communication tries to rise to the occasion by using small size cells and larger
spectrum. On the other hand, the Federal Communications Commission (FCC), which
is the interstate communication regulator in the United States, has shown low spectrum
utilization on the allocated spectrum — FCC showed that in most cases 70% of the
allocated spectrum is unused [1]. Figure 1.1 shows measurements taken in downtown
Berkeley, which reveal a typical spectrum underutilization [2].

The problem, which started as a lack of scarce resource is now transferred to a
problem of spectrum management. This change of direction inspired many researchers
to develop new policies to access the licensed spectrum and techniques that lead to a

better utilization of the spectrum.
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Figure 1.1: Measurement of spectrum utilization (0-6 GHz) in downtown Berkeley



1.1 Cognitive Radio Networks

Cognitive Radio (CR) is a promising wireless technology that aims to better utilize
and manage the spectrum. Cognitive radio networks consists of two types of users: the
primary users (PUs) and the secondary users (SUs). The primary user is the user who
is licensed to use the spectrum at any time while the secondary user is the user who
does not have a license to use the spectrum but will exploit the spectrum holes based
on agreed upon policy.

Due to the dynamic behavior of radio environment, cognitive radio must have the
capability of adapting and changing the appropriate communication parameters. A
visual demonstration of the cognitive radio concept is shown in Figures 1.2 and 1.3.

Researchers have focused on three main paradigms of cognitive radio networks:
underlay, overlay and interweave. The underlay paradigm allows secondary users to
access the spectrum if their interference to primary users is less than a certain
threshold. In overlay systems, the secondary users use advanced signal processing and
coding to assure and enhance the communication of primary users while being able to
utilize the spectrum at the same time.

In interweave networks; the secondary users opportunistically exploit spectral holes

to communicate without affecting the primary users’ communication [3, 4].

Occupied by primary users Idle spectrum band

"'::‘Frequency (Hz)

L

Subchannels <--- -
for CR user A

________________ ‘. »Subchannels
for CR user B

Figure 1.2: Channel structure of the multi-spectrum decision [3]
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Figure 1.3: (a) Static spectrum assignment policy (b) Cognitive radio technology [3]

1.2 Spectrum Management

Coexistence between the primary and the secondary networks and the
heterogeneous quality of service (QoS) requirements of the cognitive radio users
forced the development of new spectrum management techniques to achieve solutions
to many associated design challenges.

» Spectrum Management challenges

1. Interference Avoidance:

The secondary network must work seamlessly regardless of the existence of the
primary network but at the same time must not interfere with it; the data transmission
must be done effectively to not interfere with the primary network and efficiently as
to achieve the maximum spectrum utilization.

2. QoS Awareness:

The secondary network must provide a suitable band for the secondary users based
on their specific requirements. These challenges are met by implementing the
cognitive radio cycle.

The cognitive cycle as shown in Figure 1.4 redrawn from [3], performs four main

tasks: spectrum sensing, spectrum decision, spectrum sharing and spectrum mobility.
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Figure 1.4: Cognitive radio cycle.

1.2.1 Spectrum Sensing

The first and arguably the most important step in the cognitive cycle is spectrum

sensing. This is where the cognitive radio network scans the spectrum looking for

white spaces or holes that are not used by the primary users and can be used by the

secondary users to transmit their data and hence enhance the spectrum utilization.

Many different schemes to detect the existence of primary users’ existence have

been introduced in the literature; some of them are based on detecting the primary

users’ transmitters to identify this spectrum portion as busy while others are based on

detecting the leakage power of the primary receiver, as this will indicate an ongoing

communication in the primary network. Matched filter detection, energy detection, and

feature detection are some examples of the first kind while the direct receiver detection

method is a type of spectrum sensing based on the leaked power from primary user

receivers [5].

» Spectrum Sensing Challenges



One of the spectrum sensing challenges is the location estimation of primary
receivers. This is a challenge because there are no interaction between the primary and
the secondary networks. Another issue is the detection of primary users in an
environment in which a large number of both primary and secondary users reside
which makes the ability to spot spectrum holes a difficult task. Spectrum-efficient
sensing algorithms are constantly modified to find the most efficient method to balance
between the sensing time and the spectrum utilization; a greater sensing time leads to
minimize the error in estimation but at the same time reduces the spectrum utilization
and vice versa [6].

1.2.2 Spectrum Decision

After all the available bands have been identified in the sensing step, the spectrum
decision step aims to optimize the process by selecting the best band to satisfy the
minimum quality of service required by the secondary users while maintain a no
interference policy to the primary users. This can be done by channel characterization
based on the current channel estimation and primary users’ activity modeling; this
includes channel identification, channel capacity estimation, channel interference
estimation and spectrum selection [6].

» Spectrum Decision Challenges

Researchers are looking into cooperation and adaptability in cognitive radio
networks, which is still an open area of research. Transmission parameters must be
optimally adapted to use the certain spectrum bands; even at low SNR, the achieved
data rate can be maintained by changing the modulation schemes and using Multiple
Input Multiple Output (MIMO) techniques. In addition, spectrum decision mobility

over licensed and unlicensed bands is another challenge in cognitive radio networks

[6].



1.2.3 Spectrum Sharing

The third component in the cognitive cycle is optimum sharing of available
spectrum holes between competing secondary users based on their individual
requirements. Spectrum sharing is very useful in terms of saving energy, which can be
achieved by utilizing lower frequency bands that will decrease the transmitted power.
Exploiting other regions of the spectrum that are underutilized can provide a greater
capacity and this can be advantageous by reducing the number of active base stations

which will enhance the system power efficiency [6].

» Spectrum Sharing Challenges

Using shared common control channel between all the secondary users depends on
the topology. This channel is also used by the primary users and must be vacated
immediately when the primary users arrives. Due to the nature of cognitive radio the
operating frequency change continuously, this is referred to as a dynamic radio range
property. The research on spectrum sharing techniques considers the channel as a basic
spectrum unit. In many of the research about spectrum sharing, researchers considered
the assumption that the secondary users know the location and transmission power of
the primary users to calculate the interferences appropriately [6].
1.2.4 Spectrum Mobility

The last step in the cognitive cycle is the spectrum mobility. After the secondary
user occupies the channel, it must be aware of the activities of primary users. In case
of a return of the licensed user to use it, the unlicensed user must leave the occupied
channel and hop to another channel; this is called a spectrum handover. As in the
handoff of cellular networks, the transition between channels must be fast and
seamless to maintain a good performance of the network [6].

» Spectrum Mobility Challenges



Available vacant channels change continuously over time and space. Maintaining
a QoS over all these challenges in all the cognitive cycle steps is a major design

concern. Figure 1.5 show the spectrum framework for cognitive radio networks [6].

Application Control lﬁl QoS requirements

Handoff Delay Transport Reconfiguration
Spectrum Spectrum
. Routing Information / Decision
Mobility Routing Information Network Reconfizuration
e —— .
Function Function
. Sched Infor !
Spectrum Sharing J Link Reconfiguration

Sensing Information /
Sensing Information Physical Reconfiguration

-

Handoff decision, current and candidate spectrum information

Figure 1.5: Spectrum management framework for cognitive radio networks

1.3 Cognitive Radio Network Architecture

The cognitive radio network components are divided into two main groups: The
primary (licensed) network and the secondary (dynamic spectrum access) network.
The primary network users are the licensed user to use the spectrum at any time and
must not be affected by secondary users.

The secondary network is not licensed to use the spectrum and hence it must have
additional functionality to match these requirements. Since the secondary users can
access both licensed and unlicensed bands (Spectrum Heterogeneity), the operations
in each portion of the spectrum must be different in a way, which adds another layer
of complexity to the cognitive users, as the secondary users need to have an adaptive
media access control protocol (MAC) to roam seamlessly from one network to the

other [8].



In the licensed band, the main task done by the unlicensed users is to perform an
efficient spectrum sensing to detect the activity of the primary users, and the capacity
of the secondary users depend on the level of interference. If at any time the primary
user returns, the secondary user must immediately evacuate the channel (spectrum
mobility). While in the unlicensed bands, all the users are the same and no one has a
priority over the other unless stated by a certain policy, and the main task in these
bands is to share the available spectrum efficiently and effectively [8]. A cognitive

radio network architecture is shown in Figure 1.6 redrawn from [6].
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Figure 1.6: Cognitive radio network architecture

Figure 1.7 demonstrates the concept of spectrum sharing between primary and

secondary networks.
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Figure 1.7: Spectrum sharing in cognitive radio networks



Optimizing the sensing interval is important to enhance the performance of the
cognitive users and many researchers have proposed methods to achieve that. In this
thesis, we concentrate on the spectrum sharing step in the cognitive cycle and therefore
the sensing time is assumed to have negligible effect on the capacity of the secondary

networks.

1.4 Cognitive Radio Networks Channel Models

Communication over wireless channels is very challenging due to various effects,
such as the geographical and topological characteristics of the area and the
communication nodes design. A combination of these components may lead to a
degradation in the system performance due to fading, multipath propagation and
shadowing. Signal to noise ratio, SNR is a common measuring parameter of the system
performance [9]. The signal refers to the received power while the noise is caused by
many parameters. In Additive White Gaussian Noise (AWGN) channels, the noise is
a result of the thermal noise at the receiver side only. On the other hand, fading
channels suffer from the impact of multipath propagation and shadowing. Fading is
categorized into slow and fast fading. In slow fading, the time duration of the fading
is smaller than the average time in which the fading is correlated, otherwise it is
considered to be fast fading. Fading can be also categorized into frequency selective
and flat fading [9]. If all of the spectrum components are affected the same way, the
fading is considered non-selective or flat fading, this occurs when the transmitted
signal bit duration is smaller than the channel coherence time (narrow-band systems).
On the other hand, frequency selective fading occurs when the spectrum components
are affected by different weights and the transmitted signal bit duration is greater the
channel coherence time (wide-band systems). In this thesis, only slow-flat fading

channels are considered [10].
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In the urban environment, the transmitted signal suffers from various obstacles in
their way to the receiver. These obstacles cause a reflection, deflection and refraction
in the signal, and as a result of this, the receiver gathers multiple versions of the signal
from different paths over time, this is referred to as multipath propagation. In this
thesis, Rayleigh and Nakagami fading channels are taken as a statistical behavior of

the multipath fading [10].

1.4.1 Rayleigh Fading Channel
Multipath fading with no direct line of sight (LOS) is statistically described with

Rayleigh distribution. The received signal envelope is given as [9]:

P(r) =5 e G 30 (1.1)
where 7 is the received signal voltage and o2 is the variance of the channel
distribution

The instantaneous signal of the Rayleigh channel is exponentially distributed and

is given as [9]:

Po)=teF >0 1.2
y(¥) = Yy = (1.2)

<~

where y is the received signal power and ¥ is the average SNR of the Rayleigh faded
channel.

The received signal in the Rayleigh fading channels suffers from high variations;
this is of high importance in cognitive radio networks as the misdetection of the
primary users will lead to collision with the cognitive users.

1.4.2 Nakagami-m Fading Channel
The received signal envelope in Nakagami channels is given as [9]:

2 mm 2m-1 _(mrz)
n

QM r(m)

PR(r) = r=0 (1.3)
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2
where 2 = E(R?) and m is the fading parameter and is given as (rzfi—mz

Rayleigh fading is considered a special case of Nakagami fading by settingm = 1,
and when m is large, the Nakagami channel tends to behave as a non-fading or AWGN
channel. In other words, as the fading parameter increases the fading effect becomes
less and less until it vanishes at large values of m.

The instantaneous SNR of the Nakagami channel is gamma distributed and is given as
[9]:

—_ m
mmy™ Tt —(5H

>
e y=0 (1.4)

Py(y) =

where y is the received signal voltage and ¥ is the average SNR of the Nakagami
fading channel.
1.5 Thesis Organization

The objective of this thesis it to study the performance of spectrum sharing in
cognitive radio networks and to show the performance of a new spectrum allocation
technique based on the Hungarian algorithm that provides QoS assurance to the
secondary users. In what follows, we present the thesis outline and its main

contributions.

Chapter 2 provides the necessary background and presents a summary of the
existing models of spectrum allocation models of the cognitive radio network. It
highlights the motivation for developing new models to cope with the diverse quality

of service requirements

In chapter 3, different cognitive radio networks models in the AWGN and under
perfect sensing mode are studied. The performance of the models was measured with
the total spectrum utilization and with secondary users’ data throughput. The

degradation of throughput due to primary users’ activity is explored by varying the
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arrival rate of the primary users in a given spectrum band. This chapter provides an
insight to the benefits of cognitive radio networks in increasing the spectrum

utilization.

The study of cognitive radio models performance is extended in chapter 4 to cover
the system models under Rayleigh and Nakagami fading channels. This will provide
more realistic models in wireless communication than the AWGN channel. The effect
of imperfect sensing is also studied by applying non-collaborative sensing represented
by the energy detection scheme. Furthermore, collaborative sensing using square law
combining technique is investigated. The effect of the primary user’s SNR and the

fading parameters were discussed.

In Chapter 5, a heterogeneous network model is introduced to study the QoS
assurance of secondary users in cognitive radio networks. An allocation process in
centralized base stations is discussed in details and a spectrum allocation algorithm
based on the Hungarian algorithm is proposed. A comparison between the First Come
First Served (FCFS) algorithm and the proposed algorithm under AWGN and fading

channels reveals the outperformance of the proposed algorithm compared to FCFS.

The heterogeneous network performance in terms of the total capacity and the
achieved data rate are the main consideration of Chapter 6. For each application, its

contribution to the total network capacity and its average data rate is presented.

Chapter 7 concludes the work and provides suggestions for possible future works.
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Chapter 2: Literature Review

2.1 Introduction

Research in Cognitive Radios encompasses many areas of interest starting from the
research in spectrum sensing techniques through spectrum decision and sharing and
finally to the research on spectrum mobility. In this chapter, the motivation behind
spectrum sharing that assures QoS is discussed. The preceding efforts in the cognitive
radio in general and sharing techniques and models in particular are also presented in
details.

2.2 Research Motivation

Cognitive radios consists of a high level of complexity in all of its operations steps.
The continuous interactions between all the network elements (licensed and
unlicensed) have created a huge research opportunities in order to develop procedures,
algorithms and protocols to achieve the promised outcomes of the cognitive radio [11].
Wireless networks are a dynamic and unpredictable medium in nature and the lack of
instantaneous and full predictive knowledge of its behavior may lead to degradation in
the expected performance and QoS [12].

This leads to one of the thesis motivations, which is the study of cognitive radio
under different channel models; AWGN, Rayleigh and Nakagami models in particular.
The effect of imperfect sensing using non-cooperative (energy detector) and
cooperative sensing (square law combining technique) on the system performance is
also addressed to show a clear image of cognitive radio systems.

As cognitive users’ devices with different applications that require varying QoS i.e.
(chat, audio, video and web browsing) are connected online, an algorithm that allocates

the best available channel for their requirements while achieving the maximum
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spectrum allocation is required; this is the motivation for the proposed allocation
algorithm presented in this thesis.
2.3 Preceding Efforts

In this section, we review some of the related research on the area of cognitive radio
in general and the research in spectrum sharing in particular. Mitola and Maguire
presented the first description in cognitive radio in 1999 [13]. They have introduced
the concept of radio etiquette, “Radio etiquette is the set of RF bands, air interfaces,
protocols, and spatial and temporal patterns that moderate the use of the radio
spectrum”. They have stated that the cognitive radio must have knowledge of this
etiquette in addition to the propagation and network modeling and the application
scenarios that automatically leads to the satisfaction of varying user needs. This
knowledge redefines the responsibilities and capabilities of the radio nodes from blind
nodes to intelligent nodes that are aware of their surroundings and are always adapting
their protocol stack to the varying requirements of the network nodes and working in
different ways to achieve these requirements. Smart radios are the foundation stone for
the realization of cognitive radio.

In 2005, Haykin described the cognitive radio as a smart wireless communication
system that is cognizant of its surrounding environment and uses this knowledge to
learn, build and adapt to the statistical variation in the inputs, which aims to provide a
reliable communication anytime, anywhere and provide an efficient utilization of the
radio spectrum [14]. In his paper, Haykin tackled three main cognitive tasks: radio
analysis, channel estimation & modeling and dynamic spectrum management, which
represent the first three tasks of the cognitive cycle [14].

A profound understanding of any system behavior can be extracted using

appropriate modeling; these models must have two characteristics in order to be
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considered a “realistic” model: the system must be general and specific at the same
time!

The model must be general to be applied to various problems, yet specific to the
needs and specifications of the current implementation. This can be carried out by
designing a simple model and see if it can capture all the system characteristics and
properties. If true then we try to make it simpler until the point it is not reliable to be
implemented, and the model prior to this will be implemented [15].

Different approaches of spectrum sharing in cognitive radio have been proposed
throughout the years from joint power allocations, spectrum pricing and using contract
theory. The authors of [16] introduced a power control algorithm based on game theory
for cooperative cognitive radio networks where they used the throughput and power to
represent the utility function. They have achieved the Nash equilibrium analytically
and by simulation. A joint rate and power control algorithm is derived in [17] and the
authors perspective was to maximize the link utility function, and they have shown the

algorithm performance through simulations.

The authors of [18] and [19] studied the spectrum sharing problem using spectrum
pricing. In the former paper, the authors investigated the impact of increased number
of secondary users with different channel preferences on the system performance,
while the latter focused on cooperative pricing model with competitive pricing and

used the Nash equilibrium as a solution to the problem.

In [20], the authors proposed a joint power control and resource allocation model
for co-channel deployed femtocells in macrocell networks that aims to minimize the
total power consumption and guarantee QoS for both femtocell and macrocell users.
The authors proposed a centralized scheme based on the Hungarian algorithm to solve

the formulated optimization problem and the simulation results showed that the
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proposed scheme allocated both power and frequency to femtocells effectively while

reducing the power consumption considerably.

The authors of [21] proposed a new adaptive channel allocation algorithm for
cognitive radio networks with Orthogonal Frequency Division Multiplexing (OFDM)
systems using the Hungarian algorithm. The algorithm aims to maximize the total bit
rate of cognitive users under the constraint that the secondary users’ transmission
power must be below a certain threshold and the interference at the primary users is
below the maximum acceptable value. The proposed algorithm improved the system

throughput compared to other algorithms based on computer simulations.

The authors of [22] proposed an allocation scheme based on the Hungarian
algorithm that work with different channel conditions using a backpressure approach.
The proposed scheme assigns the available resources firstly to users with larger
waiting traffic opportunistically, after that, the remaining available resources are
allocated to other users to achieve fairness and maximize the throughput of the
network. The authors of [23] investigated and modeled the channel allocation problem
in a single cellular cell suffering interference from multiple device-to-device (D2D)
communications. The allocation scheme was implemented using the Hungarian
algorithm to maximize the number of D2D communications and to provides an optimal
aware of interference to the cellular communication. The allocation scheme succeeded
to enhance the number of D2D communications while minimizing the interference to

the cellular network.

Another approach for spectrum sharing technique was presented in [24]. The
authors investigated the problem of maximizing the total throughput of multiple

secondary users in a multi-channel sensing-based cognitive radio network under
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various traffic conditions. Two dynamic spectrum access algorithms (Hungarian and
Greedy) were proposed under non-cooperative spectrum sensing. The simulation
results showed that as the number of available channels increases the Hungarian

algorithm provides a better allocation results than the greedy algorithm.

In [25], the authors proposed a new scheduling scheme for MAC-layer sensing in
cognitive radio networks based on the secondary users channel state and primary users
activity. The spectrum sensing problem was modeled as an optimization problem and
solved using the Hungarian algorithm. The proposed algorithm succeeded to provide
a considerable tradeoff between the fairness among secondary users and the cognitive
radio network throughput. The authors of [26] investigated the problem of downlink
video streaming for multi-users in cognitive radio networks, where each secondary
user is allowed to access only one channel at a time. The problem of secondary users
Quality of Experience (QoE) maximization was formulated as a maximum weighted
matching problem and was solved using the Hungarian algorithm to provide optimal
channel assignment. The simulation results showed the outperformance of the
proposed algorithm compared to other schemes in terms of number of available

channels and the QoE achieved.

In [27], the authors investigated the resource allocation for underlay cognitive radio
networks, where the primary users do not exist and thus the secondary users do not
cause any interference to them. The authors compared two schemes, the sum energy
efficiency based scheme that formulated a sum energy efficiency maximization
problem and then solved by the Hungarian algorithm and a resource allocation scheme
based on the stable matching that considered the choices of primary and secondary

users.
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In [28], a channel allocation scheme for two-way relay cognitive radio networks
was proposed. The authors modeled the network as a classical weighted bipartite
graph, which was solved by the Hungarian algorithm to provide an optimum relay
selection and channel allocation. The authors’ strategy was based on utilizing some of
the secondary users as a relay to the primary users communication, maximizing the
signal to interference plus noise ratio (SINR) for the secondary users and minimizing
the SINR at the primary users The simulation results showed that the proposed
allocation scheme outperformed the conventional power allocation and relay selection
algorithms. The authors in [29] proposed a new channel allocation scheme with
cooperative spectrum sensing as a sensing strategy. The authors implemented an
iterative Hungarian algorithm to optimize the channel allocation. The authors showed

that the proposed scheme succeeded to enhance the sensing performance of the system.

In [30], the authors proposed an innovative channel sharing scheme that aims to
minimize the interference caused by the secondary users that affects the ongoing
communications of the primary network. The authors formulated the sharing problem
as an assignment problem and the Hungarian algorithm was implemented to provide
an optimal solution under the constraints of minimizing the interference to the primary
users. The authors have shown that the proposed scheme succeeded to reduce the
interference to the primary users compared to other schemes. For all the above-
mentioned schemes, the Quality of Service (QoS) requirements for different
applications and secondary users were not considered. In this thesis, a spectrum

sharing algorithm that focuses on the secondary users’ QoS requirements is presented.

A centralized cognitive radio network model is considered where all the cognitive
cycle decisions are done there. The network is simulated under different channel

models to reflect different environments in which the system may exist. The spectrum
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broker, which is the central entity responsible for allocating the channels, receives all
the required channel information, i.e. the existence of the primary user and the channel
SNR. It also receives the requests from the secondary users to access the spectrum;

the secondary users send their QoS requirements in terms of SNR to the system broker.

The proposed allocation algorithm is based on the Hungarian algorithm in order to
provide an optimum spectrum sharing solution among the secondary users. It gathers
all the information mentioned above and matches the SUs applications with the
available channels that have the nearest SNR that is higher than the required SNR. The
algorithm approach provides QoS assurance for the cognitive network and a power

saving strategy for the secondary users.

2.4 Conclusion

A comprehensive review of the spectrum allocation schemes was given in this
chapter. The motivation behind the research in the area of spectrum sharing was
discussed and the need for an allocation technique that guarantee QoS for secondary
users is presented. The Hungarian algorithm is famous for providing an optimization
allocation for resources in various types of applications, and wireless communications
is not an exception of that. It was shown that, the Hungarian algorithm was used as an
optimization algorithm in cellular, Ad-hoc, D2D and cognitive radio networks. Given
that, it was considered as a base model to our proposed allocation algorithm that was

briefly discussed in this chapter.
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Chapter 3: Cognitive Radio Networks under Perfect Sensing

3.1 Introduction

In this thesis, four cognitive radio models are considered starting from an ideal
spectrum sharing case in this chapter and ending with the usage of the modified
Hungarian algorithm introduced in chapter 5. For all the models in this chapter,
perfect sensing of the primary users is assumed and the probabilities of false alarm

and misdetection are assumed to be negligible.

3.2 Ideal Model

In this model, a centralized cognitive radio network that consists of N number of
secondary users compete for the access of up to K available channels. The simulation
of this model will shed the light on the relationship between the total spectrum
utilization and the secondary users’ data throughput will illuminate the benefits of
cognitive radio.

Spectrum utilization of this model is directly related only to the number of available
and requested channels as other parameters were considered to be perfectly
implemented. If the number of available channels identified after the perfect spectrum
sensing is greater than the number of requested channels by the secondary users then
a low spectrum utilization is to be expected. Spectrum utilization will increase as the
number of requested channels increase until it reaches the number of available
channels and in this case, the spectrum will be fully utilized (ideally).

On the other hand, the throughput of the secondary user (measured as a percentage
of the data sent to the total number of data) is expected to be the other way around.
When the number of available channels is greater than the number of the requested

channels, all the data is ideally sent and received and therefore we expect a 100%
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throughput for all secondary users. The throughput will decrease if the number of
available channels is less than the number of needed channels and this value will reach
zero if all the spectrum is utilized by the primary users.

3.3 Probabilistic Model

In this model, the existence of the primary users in each time slot and channel is
generated randomly based on the ratio of the total number of primary users to the total
number of users (primary and secondary users). The existence of the secondary users
and different QoS requirement are generated randomly. QoS for the secondary users
is generated as a random number between 1 and 4 that represents the number of
channels the secondary user needs to send its data. The simulation model will give an
insight into the relationship between the number of available and requested channels
and the spectrum utilization and secondary users’ data throughput.

It is expected to gain high spectrum utilization up to full utilization of the total
spectrum if the number of spectrum holes are greater than the cognitive users’ demand
and vice versa. The users’ data throughput as illustrated before has an inverse
relationship with the spectrum utilization as we are considering on the cognitive users’
throughput only. If the primary users’ throughput is considered then it will have an
obvious direct relation with the number of occupied channels and evidently will have
an impact on the channel conditions.

In this model, a full secondary users’ buffer is assumed, perfect spectrum sensing
and minimum satisfying channel conditions.

3.4 Poisson Model
3.4.1 Poisson distribution
In probability theory and statistics, the Poisson distribution, is a discrete probability

distribution that gives the probability of a given number of events occurring in a fixed
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interval of time and/or space. It is widely used when these events average occurring
rate is known and that the events are independent from each other; the occurring of an
event at a certain time does not have any effect on the behavior of events in the future.

This process is a continuous time Markov process.

3.4.2 Definition
A discrete random variable X is said to have a Poisson distribution with

parameter A > 0, if, fork =0, 1, 2... the probability mass function of X is given by

yL R

fl:;) = B(X =k) = — (3.1)

where
e = Euler’'s number

k! = Factorial of k

A = Mean and Variance value of X

If for every t > 0 the number of arrivals in the time interval [0, t) follows the Poisson
distribution with mean At, then the sequence of inter-arrival times are independent and
identically distributed exponential random variables having mean 1/A.

3.4.3 Model Assumptions

» The probability of a primary user entering the network between t - t + At is

Ak g2

given as , where A is a constant, independent of the time, independent of

k!
the earlier number of arrivals and represents the average number of primary
users.

» The number of arrivals in non-overlapping intervals are statistically independent.
» Only one primary users arrival can occur during a time slot t
In this model, the number of primary users is generated using a Poisson distribution

function of minimum value of 1 and a maximum value equal to the total number of
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channels in the network. If the number of primary users is higher than the total number
of channels, this will lead to very rare opportunities for secondary users to find vacant
channels. The number of requested channels moves on a range for each run with a
constant value of the mean number of the primary users. This model is more realistic
than the previous two models. Though it is assumed that all secondary users have the
same QoS requirements and all secondary users are treated as summation of one entity
in the calculations. As in the second model, the simulation results will show the
relationship between the mean number of primary users, the total spectrum utilization
and the secondary users’ data throughput for different number of requested channels.
3.5 Simulation Results

Figures 3.1 - 3.2 represent the effect of secondary users’ as well as the primary
users’ activity on the system performance, i.e. the total spectrum utilization and the
secondary users’ data throughput. Figure 3.1 shows the effect of secondary users’
requirements on the system performance. It is clear from the figure that for the same
number of white spaces or available channels, the network (including primary users)
utilization may reach a 100% of the available capacity with the increase in secondary
users’ activity in an ideal situation.

On the other hand, the data throughput of the secondary users drop with their higher
demand for available channels. This is because when the number of available channels
is less than the requirement number, the secondary users must compete for the limited
number of available channels.

Figure 3.1 also illustrates that for the same number of required channels, the
spectrum utilization decreases with the increase of available channels that is because
when the number of available channels is higher than the secondary user requirements

this leads to spectrum holes that are not utilized. Data throughput of secondary users
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increases with the increase of available channels, which is expected because in this
case all secondary users will send their data without competing with other secondary
users. In general, Figure 3.1 shows the inverse relationship between the total spectrum

utilization and the data throughput of secondary network.
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Figure 3.1: Effect of SU( azztivity on system performance

Figure 3.2 shows the relationship between the normalized to 1 spectrum utilization
and secondary user data throughput with the number of both the available and
requested channels.

When the number of available channels is higher than the number of needed
channels the data throughput will reach 100% -normalized to 1 in the graph- as all
secondary users’ data are transmitted, while the spectrum utilization drops because
there are some spectrum holes that were not utilized. On the other hand, when the

number of requested channels are higher than the available channels, the spectrum
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utilization will reach a 100% ideally, as most of the spectrum will be utilized by the
primary user and the rest will be used by some of the secondary users. The secondary

networks’ throughput will drop as a result of lacking free channels.
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Figure 3.2: Effect of available & r(eciuested channels on system performance
The effect of primary users’ activity (mean number of primary users) on the total
system utilization and the data throughput of the secondary users is depicted in Figure
3.3. As the mean number of primary users increases, the spectrum utilization increases
to reach ideally 100% where the primary users will be the dominant participants
utilizing the spectrum. This means that secondary users will be assigned a smaller

portion of the spectrum leading to a drop in their data throughput, which reaches zero

when there are no spectrum holes left by the primary users. For the same mean number
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of primary users the spectrum utilization increases with higher demand from the
secondary users (needed channels) as the white spaces are utilized. On the other hand
increasing the demand of the secondary users beyond the available channels leads to

degradation in the data throughput of the secondary users.
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Figure 3.3: Effect of PU activity on system performance

3.6 Conclusion

In this chapter, different cognitive radio networks models in the AWGN and under
perfect sensing are studied. The performances of the models were measured in terms
of the total spectrum utilization and the secondary users’ data throughput. It was found
that, as the number of available channels decreases, the total network utilization
increases due to the primary users’ activities and the secondary network throughput

decreases. The effect of primary users’ activities (mean number of primary users) on



27

the total system utilization and the data throughput of the secondary users were also
discussed in this chapter. The degradation of throughput due to primary users’
activities are explored by varying the arrival rate of the primary users in a given
spectrum band and it was shown that increasing the primary user’s activity in the
network will increase the total spectrum utilization and at the same time decreases the
secondary users’ throughput.

As these results may seem predictable but it provides a basic cognitive radio model

that will be further developed in the following chapters.
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Chapter 4: Cognitive Radio Networks under Imperfect Sensing

4.1 Introduction

Spectrum sensing is extremely important step in the cognitive cycle. Channel model
was shown to have a great effect on the sensing performance; therefore, the effect of
different sensing techniques in different channel models on the secondary users’
throughput is discussed in this chapter.
4.2 Non-cooperative Sensing in Cognitive Radio Networks

In this section, non-cooperative sensing in AWGN and fading channels using
energy detector is discussed.
4.2.1 Non-cooperative Sensing in AWGN Channels

AWGN channel is the ideal type of wireless channel where the total noise at the
receiver is only a result of the white noise and no effect of other factors such as fading
is considered. Performance of cognitive radio networks in AWGN channels is
measured using four basic parameters, the probability of misdetection P, , the
probability of false alarm P, the probability that the primary user is using the channel
P(H;) and the probability of a vacant channel P(H,). The probability of misdetection
is the probability the primary user exists but not detected. The probability of false
alarm is the probability that a flag was raised indicating the existence of the primary
user while in fact it does not occupy the corresponding channel. These probabilities

are given as [31]

Ppg = 1= 0Qs <\/g J;) (4.1

r(s,A/2c?)

Py = r(s)

(4.2)
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where y is the SNR,A is the threshold and o2 is the variance of the channel. I'(.) is
the incomplete gamma function [32], N is the half number of samples, Qg is the

generalized Marcum function [33].

4.2.2 Non-cooperative Sensing in Fading Channels
In Nakagami fading channel, the probability density function (pdf) of the SNR

follows the gamma distribution and is given as in equation (1.4):

K0 = s () ym e ) (43)

where y is the average SNR in the fading channel and m is the Nakagami fading

parameter.

The probability of false alarm in Nakagami channels is the same as in AWGN given
in equation (4.2), since the false alarm probability is the probability that the received
signal is above a certain threshold while the primary user is does not exist. The

probability of detection over Nakagami fading channel is given by [32]:
1 ©o _ —
Panakagami = 7= Iy 0s (V@ONVI) Gy ymtexp (T y)dy  (44)

The probability of detection in Rayleigh channels can be found easily by setting

m = 1 in the above equation

Pd,Rayleigh = fOOO QS (\/(2—)/)' \/I) (%) exp (% ) d]/ (4-5)

4.3 Cooperative sensing in cognitive radio networks
In this section, cooperative sensing using square law combining technique is
discussed in AWGN and fading channels.

4.3.1 Cooperative Sensing in AWGN Channels
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Applying non-cooperative spectrum sensing may affect the performance of the
cognitive radio network in terms of probability of detection and the probability of false
alarm, especially when the primary users’ received SNR is low. This encouraged
researchers to apply cooperative sensing technique to improve the primary users’
detection results. In this thesis a parallel distributed sensors with data fusion is used to
simulate the network performance in terms of throughput. In this model, the fusion
center will gather the information from all the sensors and combine them to examine
the existence of primary users. As an example of the soft combining techniques, Square
Low Combining technique (SLC) is applied to the network model and the performance

of the network is compared against non-cooperative sensing.

The probability of misdetection and probability of false alarm in AWGN channels
with collaborative sensing is the same as in AWGN given in equations (4.1) and (4.2)

just by replacing N by kN where k in the number of collaborative sensors and is given

as [31]:
2k A
%=h%¢£9) (4.6)
rsa/2¢% ,
Pr = Ts)" 2 Gys(d) 4.7)

4.3.2 Cooperative Sensing in Fading Channels
Under identical independent Nakagami fading channels, the pdf of the combined

SNR using SLC method follows the gamma distribution and is given by [30]:

km _
for® = oo (3) Y e )y 20 (4.8)

where ¥ is the average total SNR, k is the number of sensors and m is the Nakagami

fading parameter.
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The probability of false alarm in Nakagami channels is the same as in AWGN given
by (4.2), since the false alarm probability is the probability that the received signal is
above a certain threshold while the primary user does not exist. The probability of

detection over Nakagami fading channel is given by [31]:
1 o) _ —
Pd,Nakagami = % fo Qks (V (Zk]/), \/I) (%)km Vkm 1 exp (?m )/) d)/ 4.9)

The probability of detection in Rayleigh channels can be found easily by setting m

=1 in the above equation
(e} 1 —
Parayeign = Jo Qs (V@A) OF y*texp (L) dy  (4.10)

The performance of the cognitive radio network represented as the secondary users’
spectrum utilization under fading channels and non-cooperative sensing is depicted in
Figure 4.1. It is clear from the figure that as the primary users’ received SNR increases,
the spectrum utilization increases where it reaches a total spectrum utilization at 15dB
received primary user’ SNR. In deep fading channels with m = 0.5 fading parameter,
this percentage drops to about 65%, the spectrum utilization increases to about full
capacity when m = 5. Figure 4.1 also shows the deep effect of bad channel conditions

on the system performance using traditional non-cooperative sensing.

The performance of the network using SLC collaborative sensing technique under
Nakagami fading channels with fading parameter m = 2.3 is shown in Figure 4.2. The
effect of number of collaborative sensors is clear. For a primary user’s received SNR
of 10dB, the spectrum utilization under AWGN is about 100% where this percentage
decreases to about 60% using one sensor. Increasing the number of sensors effectively
boosts the system performance and only an amount of four sensors makes the fading

channel appearing as an AWGN channel
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Effect of Channel Condition on Spectrum Utilization
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Figure 4.1: Effect of channel conditions on spectrum utilization
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Figure 4.2: Effect of number of sensors on spectrum utilization

4.4 Conclusion

The effect of the received primary user’s SNR on the cognitive radio network is

presented in this chapter. High primary users’ SNR results in a better estimation of the
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activity of the channel and lowers the probability of misdetection; this leads to a higher
spectrum utilization. Channel conditions were also discussed in this chapter. As the
channel suffers from only thermal noise, the spectrum utilization is higher compared
to channels that suffers from fading for the same primary user’s SNR. Those

conclusions are summarized in Table 4.1.

Table 4.1: Effect of channel conditions on spectrum utilization

- Spectrum Utilization (%)
PU’s SNR Rayleigh | Nakagami | Nakagami | Nakagami | AWGN
(dB) (m=1.8) (m=3.5) (m=5)
10 50 50 65 65 70
15 80 87 95 98 100
20 92 92 100 100 100

The advantage of applying cooperative sensing compared to the non-cooperative
sensing is also discussed, as the number of cooperating sensors increases the network
throughput increases. More sensors will provide a valuable information of the network

regarding the activity of the primary users.
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Chapter 5: Spectrum Sharing in Heterogeneous Network Model

5.1 Introduction

In this chapter, we discuss in details the cognitive radio model used in the
development of the spectrum sharing technique in heterogeneous networks, and
demonstrates how the proposed algorithm works and concludes with computer

simulations to show the performance of the proposed algorithm.

5.2 Centralized Cognitive Radio Network Model

In this model, all decisions are carried out by a centralized entity with enough
processing power to provide service for all the users in the dual network (primary
network and secondary network) which will simplify the design of the end users’
network. Throughout the thesis, it will be referred to as Cognitive Radio Base Station
(CRBS). In this scenario, the centralized base station is responsible for the cognitive

radio cycle from the spectrum sensing to the spectrum mobility stages.

Cognitive radio base station in the absence of the secondary users, acts as an
ordinary base station to provide service to primary users and its operation is quite
similar to the current base stations of the cellular networks. The additional process is
a real time sensing of the spectrum holes and the existence of the secondary users. The
base station registers the spectrum holes and waits for a request for an available

channel from a secondary user.

When a secondary user requests a channel for its data transmission, it must provide
its QoS requirements to the cognitive radio base station that will provide an optimal
channel allocation. A real time spectrum sensing is crucial to the success of the

cognitive radio as it will increase the spectrum utilization instantly and it will provide
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a dynamic prediction model of the channel occupation characteristics in a specific area,
which is very useful in adapting the spectrum sensing time in order to reduce the
processing power. The cognitive radio base station continues to scan this perimeter
and if a primary user has data to send it must ask permission from the CRBS, which

will demand the secondary user to leave the occupied channel.

5.3 Cognitive Radio Base Station Model

The first operation of Cognitive Radio Base Station is to sense the spectrum as
mentioned earlier. The result of the spectrum sensing is stored in a 3-D matrix; one
dimension represents the time, the second dimension represents the frequency of the
channel and the third dimension represents the primary user’s ID. If a primary user is
occupying the first channel (F1) at the first time slot (T1), a “1” will be inserted into
the matrix in the (1, 1) or otherwise this positon is filled with 0 and this process will
continue for M primary users, N secondary users and K channels until all the matrices
are created. The spectrum sensing matrix dimension must be dynamic according to the
spectrum sensing time and as described earlier we assume no effect of the sensing time
on the secondary network performance. Two matrices for primary and secondary users

are generated based on the model. Figures 5.1 and 5.2 show a simplified matrix.

Fi F, F; F4 Fs Fs
T 1 0 0 1 0 1
T, 0 1 0 0 1 0
TL 1 0 1 0 0 0

Figure 5.1: PU-1 sensing matrix



Fl Fz F3 F4 F5 Fs
T, 1 0 1 1 0 1
T, 1 0 0 0 1 0
T 0 0 1 0 1 0
Figure 5.2: SU-1 sensing matrix
F] Fz F3 F4 F5 F6
SNR SNR; | SNR; | SNR3 | SNR;y | SNRs | SNRg
Data Rate R] Rz R3 R4 R5 R6

Figure 5.3: Channel’s QoS matrix
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The cognitive radio base station database has another table built in it, which is the

channel quality of service table. As the CRBS scans the spectrum, it records also the

channels’ characteristics like the SNR and records them into the channel QoS Table.

5.4 Spectrum Allocation Optimization

5.4.1 Bipartite Graph

Allocating the spectrum holes to the secondary users can be depicted as an

assignment problem, that can be solved partially or completely using bipartite graph

and the Hungarian algorithm. In the bipartite graph, set A represents the secondary

users and set B represents the available channels (W, X, Y, Z) where each secondary

user (A, B, C) from set U must be only connected to a maximum of one channel from

set V. If a channel from set V is assigned to a secondary user from set U, then it cannot

be assigned to another secondary user. An illustration of bipartite graph is shown in

Figure 5.4.



37

Figure 5.4: Bipartite Graph

Every edge of the bipartite graph has a cost and many optimization algorithms were
developed to solve this assignment problem. To find the optimum solution to the above
bipartite graph an optimization algorithm must be considered which will assign each
secondary user to only one available channel in case of a complete matching or
provides a maximum matching in case of incomplete matching. The total cost of this
assignment must be minimized.

The main steps of the Hungarian Algorithm are summarized as following, [34]:

1. Represent number of SUs (N) in the rows, number of channels (K) as columns, and

cost as C matrix.

2. Find row minimum (Aw)

3. Subtract each element by Am (i.e.,Cs; = Cg _ Aw) from each row of the cost matrix.

4. Subtract each element by the row minimum An (i.e., Cgt = Cg¢ -An) from each

column of the cost matrix.

5. Cover all the zeros in the matrix with minimal number of lines. If L lines are used

to cover the entire zeros and if L. = n, go to step 8. Else, continue.
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6. IfK < N, add the minimum of the uncovered element h to every uncovered
element. Subtract h from all elements which don’t have any line passing through it and
add h if a number has 2 lines passing through it and the remaining elements remain

unchanged then move back to step 4.
7. The solution is now obtained as each row and column have only one zero.
8. Apply the assignment to the original matrix.

5.4.2 Cost Function

The cost assigned to each edge of the bipartite graph were derived to guarantee that
each secondary user gets a channel that satisfies its minimum QoS requirements. In
this work, we introduce a cost function based on the minimum required signal to noise
ratio, which will provide a QoS assurance and power efficiency at the same time

(Green Cost Function). Cost function is provided as:

C‘] — SNR;— SNRJ'
t SNRj

(5.1)
where Cl-j is the cost for assigning channel i to secondary user j,SNR; is the energy

per bit to noise power spectral density ratio for channel, SNR; is the minimum required

energy per bit to noise power spectral density ratio for secondary userj. Besides
assuring the QoS for secondary users, this cost function provides power efficiency to
secondary users by choosing the channel with the closest SNR to their QoS
requirements.

The maximum achieved data rate of the secondary users depends on the channel’
SNR and the bandwidth of the channel. In this thesis, the maximum channel bandwidth
needed is about 60 KHz for video applications as will be explained further in section
5.6, this is a small bandwidth and therefore our main concern will be the SNR of the

channels.
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After obtaining the cost of all edges between the secondary users and the channels,
these values will form the matrix that is the basis to solve the assignment problem. If
all the channels satisfy the secondary users’ minimum requirements, the Hungarian
algorithm is applied directly to the matrix and the optimized solution is obtained but if
one or more channels fails to meet the minimum QoS requirements of one or more
secondary users then a slightly modified approach is used as described in section 5.5.
5.5 Proposed Spectrum Sharing Algorithm

In this section, a description of the proposed algorithm is presented, and its
constraints are explained mathematically.

1. Generate the cost matrix.

2. If all the channels meet the minimum QoS requirements apply the Hungarian
algorithm to the cost matrix else go to step 3.

3. For all rows find the minimum element value and subtract this value from all row
elements.

For all columns find the minimum element value and subtract this value from all
column elements.

5. For all rows, find the number of zeros in each row.

6. If number of zeros in all rows is greater than 1, assign the first secondary user to the
first acceptable channel.

7. Prohibit this user from accessing other channels and prohibit other secondary users
from accessing this channel.

8. If the number of zeros in a row equals one, assign the secondary user with the only

acceptable channel.
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9. Repeat from step 5 until all secondary users are assigned to the best matched
available channel (perfect matching) or until no channels can be matched due to
requirement constraints.

In case of special cost matrix the algorithm reacts according to the specified case;
e.g. if one available channel is the only option for more than one secondary user it is
assigned to the use with the minimum identification number. Another special case
occurs when two or more edges have the same cost and both of them satisfy the data
rate requirements. In this case, the secondary user with the minimum highest required
data rate will be assigned the available channel to achieve a higher spectrum
utilization. A pseudo code for the proposed algorithm is shown below:

1: C « Cost Matrix

2:forall C; ;do
3: check CSNR(i,j)

4. if CSNR(i) > CSNR(j) ,then

5: Allocate using Hungarian Algorithm
6: else

7: for all rows i

8: m; = min(j, j)

9: Cij= Cij— m;

10: Repeat from 7 for all columns j

11: n = number of zeros in each row

122 ifn >0

13: SU; = G

14: if all channels not occupied
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15: Goto 13
16: else

17: end

18:  end

The proposed algorithm main object is to minimize the cost function, maximizes
the number of occupied channels and maximizes the number of served secondary
users. The algorithm abide the constraints that any user must be assigned only one
channel and any channel must only be assigned to one user.

The proposed algorithm can be represented mathematically as:

Minimize: ¥, Y5, ¢/ xJ (5.2)
Maximize ¥X , x;/ (5.3)
Maximize YN, x;/ (5.4)
Subject to:
Yiaxd <1 (5.5)
Moxd <1 (5.6)

x;7 € {0,1}, where x;/ is the cost function
5.6 Heterogeneous Network System Model
As mentioned earlier, in centralized network model, the central base station is
responsible for the main tasks of the cognitive cycle. Interweave cognitive radio
network model works under the assumption of total absence of the primary user in the
specific spectrum bands. The secondary users compete for the access of these channels

as if they were reserved for them. Figure 5.5 below shows a basic model.
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501, QoS

Figure 5.5: Heterogeneous basic system model

A centralized cognitive radio network of M primary users and N secondary users is
considered. Each primary and secondary user has an identification number based on
the time they join the network. The secondary users are competing for the access of
K available channels. All the secondary users have data to send, though with different
QoS requirements e.g. Internet chatting, voice over Internet, video over IP and web

browsing as shown in Figure 5.6.

LR
Audio Chat
i
Secondary Base
Station
Web
Browsing
= System Broker
SRR
Video

Figure 5.6: Heterogeneous network model

The radio spectrum is divided into channels with equal bandwidth and each channel

has an identification number as well. The central entity periodically receives the signal
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to noise ratio and other channel parameters for each user, which forms the cost matrix.
Spectrum sensing is assumed to be perfectly done and the probability of misdetection
and the probability of false alarm are neglected. A matrix with available channels
identification numbers and the corresponding signal to noise ratio to each available
channel is formed. The central entity then applies the proposed algorithm to the cost
matrix. Afterwards based on the proposed algorithm the central entity assigns each of
the available channels to the best matched QoS requirement secondary user. The
central entity relays this information to all the secondary users; if there is no match for
the secondary user the central entity sends a message to the user asking it to wait and
prohibits it from accessing the channels. The minimum QoS requirements for the used
applications in the simulation are given in Table 5.1 [34].

Table 5.1: QoS requirements for different applications

Application Data Rate Minimum E,/N, | Required Bandwidth
(X) (Kbps) (dB) (Hz)
Web Browsing 30.5 8 10
Audio 56 11 15
Video 300 14 60
Chat 1 15 1

These requirements are based on using the differential phase shift keying (DPSK)
modulation scheme. Channels with uniformly distributed energy per bit to noise power
spectral density ratio (E,/Ng) are generated to simulate the wireless environment.
The i;, secondary user is transmitting in a different channel, denoted by its channel

gain as g; and the j;;, primary user’s transmission in this channel as gf. The total noise

in the iy, channel is denoted as N; and the secondary users transmission power as P; as

shown in Figure 5.7. The received SNR; of the i;, SU is written as
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9; Pi
N j Pp. .
ijlyj#gjs. P1+2j=1 g}. Pj+ N;

SNR; = i=1..K (5.8)

PU,

Py

sy,

Figure 5.7: Interference model in cognitive radio network model

For the channel to be considered as satisfactory for a certain application x the

following condition must be maintained

SNR; > SNR,

Figure 5.8 shows the heterogeneous network spectrum utilization based on the
number of secondary users and the average required SNRs of the SUs applications
for 4 available channels with average SNR of 14.5 dB. It is clear from the graph that
at low required SNR, all the secondary users were assigned a channel and thus the
utilization grew linearly from 25%-100% for 1 to 4 SUs and as the number of SUs
exceeded the total number of channels the spectrum utilization settled at full
utilization. On the other hand, as the required SNR increases, the spectrum utilization
decreases as the number of available channels that satisfy the required QoS becomes
more limited. Increasing the number of secondary users results in an increase in the

spectrum utilization, which reaches about 95% for 6 SUs. Figure 5.8 illustrates the
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required SUs applications on the system performance, as the required SNR increases
the spectrum utilization decreases and as the number of SUs increases the utilization

increases as well.
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Figure 5.8: Spectrum utilization for different number of SUs

Figure 5.9 shows the effect of number of available channels and the channel conditions
on the spectrum utilization bearing in mind that the required SNR is 11dB. The effect
can be divided into 3 stages. When the number of secondary users is less than the
number of available channels the spectrum utilization depends mainly on the number

of available channels.

Heterogeneous Network Spectrum Utilization

Spectrum Utilization (%)

—E— 4 Channels, SNR = 14.5dB
</ 4 Channels SNR = 12.50B ]
- %X - 3 Channels,SNR = 14.5dB
3 Channels SNR = 12,508

4
Number of Secondary Users

Figure 5.9: Spectrum utilization for different number of channels



46

The utilization decreases as the number of available channels increases and for the
same number of available channels as the channel conditions improve the spectrum
utilization increases as well. The spectrum utilization dependency takes a turn as the
number of available channels and number of secondary users equal each other. At this
point, the spectrum utilization depends mainly on the channel conditions. The
utilization improves as the channels’ conditions get better and for the same channels’
conditions, less number of available channels will leads to a higher spectrum
utilization. When the number of secondary users exceed the number of available
channels, the spectrum utilization also depends greatly on the channel conditions, but
as there are more pool of secondary users to allocate from, the higher the number of

available channels, the higher the spectrum utilization.

Figure 5.10 demonstrates the effect of channel conditions and the QoS requirements
of the secondary users’ applications on the utilization of the secondary network. It is
clear from the graph that as the channels’ conditions improve, the spectrum utilization
increases accordingly; the higher the average channels’ SNR, the higher the utilization
is until it reaches a full spectrum utilization. The QoS requirements of the secondary
users also affects the spectrum utilization as shown in the graph. For the same average
channel” SNR, the spectrum utilization decreases as the QoS requirements increases
and vice versa. The graph shows the superiority of the proposed algorithm over FCFS

algorithm in terms of the archived spectrum utilization.
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Spectrum Utilization (%)
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Figure 5.10: Comparison of allocation schemes in different channel conditions

Without losing generality and for simulation purposes, four secondary users with
different QoS requirements (8, 11, 14, 15 dB) are requesting to access available
channels with different channel parameters. The modified algorithm is applied to the
system and the assigning results are presented. An illustrating example of the
instantaneous assignment of the channels to the secondary users is shown in Figure
5.11. Figure 5.11 demonstrates many aspects of the proposed algorithm performance
in AWGN and Rayleigh fading channels and against the FCFS algorithm represented
as the achieved SNR for different secondary users’ applications. The proposed
algorithm succeeded to provide all the secondary users’ their required SNR in AWGN
channel. Under Rayleigh fading, the channels’ SNR are much less compared to
AWGN channels and therefore, some users got an SNR that is less than their
requirements. From the first look, it seems like the FCFS algorithm provides a higher
SNR than the proposed algorithm. Giving the graphs a closer examination reveals the
importance of the proposed algorithm. Although at some times the FCFS may provide
a higher SNR for the secondary users’, but it does not guarantee the minimum

requirements for them; this is clearly shown in the chart in Figure 5.11.
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Figure 5.11: Proposed algorithm instantaneous assignment

The average achieved SNR under ideal channels using the proposed algorithm

succeeded in meeting the minimum QoS for all applications as depicted in Figure 5.12.

In Figure 5.12, the effect of Rayleigh fading channels on QoS is illustrated by

comparing the achieved SNR to the minimum requirement. As expected, the achieved

SNR in the Rayleigh fading channels were always smaller than the one in ideal

channels and in some cases even less than the minimum QoS required by the secondary

users’ applications.
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Average achieved SNR in heterogeneous network
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Figure 5.12: Average achieved SNR for applications

The simulation results in Figures 5.12 reveals the success of the proposed algorithm
in terms of QoS assurance through SNR and overall spectrum utilization of the
networks in the long time run with a success rate of more than 85% which reveals the

advantage of the proposed algorithm.

5.7 Conclusion
In this chapter, the proposed channel allocation algorithm was applied to the
heterogeneous cognitive radio model and its performance was compared to the FCFS

algorithm in both AWGN and Rayleigh fading channels.

The effect of channels’ conditions and the required QoS requirements of secondary
users on the spectrum utilization are demonstrated. The spectrum utilization is
proportional to the average channels’ condition and inversely proportional to the
secondary users’ QoS requirement. As the average channels’ SNR increases, more
channels will be available for assignments which increases the spectrum utilization.
Simultaneously, for the same channel’s SNR, the lower the QoS requirements the

higher the spectrum utilization is until a full spectrum utilization is achieved. The
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effect of channels’ conditions have more effect on the spectrum utilization at low

channels’ SNR and the effect diminishes slowly as the channels’ conditions improve.

The effect of the number of secondary users and the channels’ conditions on the
system performance is also investigated in this chapter. It is found that as the number
of secondary users increases the spectrum utilization increases. It is also shown that,
as the required average SNR’s for the applications increases, the spectrum utilization
decreases and for the same required SNR, a better channel condition will lead to a

better spectrum utilization.

The two algorithms were compared by the average achieved SNR for each
application and by the total spectrum utilization for each algorithm in which the

proposed algorithm provided a higher SNR and spectrum utilization than FCFS.
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Chapter 6: Performance Measures in Heterogeneous Network Model

6.1 Introduction

The allocation algorithm is described and its performance was measured in the
sense of providing an optimum allocation for the secondary users to available
channels. In this chapter, the performance of the algorithm is measured by the

secondary users’ network achieved capacity and data rate.

The capacity of the secondary user’s network in AWGN channels in the absence
of the primary users is given by Shannon’s equation [35]:

Co = loga(1+ vs) (6.1)
where ysis the SNR of the channel between the secondary transmitter and the
secondary receiver.

On the other hand, when the primary users exists but the secondary users’ fail to

recognize its existence the capacity of the secondary networks is given as [35]:

¢, = log,(1+ -2 (6.2)

1+‘}/p

where y,, is the SNR of the channel between the primary transmitter and the secondary

receiver.

The probability of the primary users is using the channel is given as P(H;) where the
probability of a vacant channel is P(H,). The average capacity of the secondary

network is given by [14]:

C = Co(1—PrP(Hy) + C; Py, P(Hy) (6.3)
6.2 Capacity under Perfect Sensing

Under perfect sensing, both the probabilities of misdetection and false alarm are

negligible and then the capacity of the secondary network is given as [14]:
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C= Cy=log(1+ ys) (6.4)

The accumulative data rate of every application is represented in the Figure 6.1, where
it is assumed that allocating a free channel to a certain application will guarantee its

required data rate.
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Figure 6.1: Applications’ sum data rate

Figures 6.2 and 6.3 represents the average achievable rate for all applications using
the proposed algorithm under AWGN and Rayleigh fading. It is clear from the graph
that the proposed algorithm provided the required data rate for web browsing, audio,

video and chat.



53

Network Data Ratein Ideal Channels
T T T

10° T

10" |
*f%%%%%%%%%%%%%%%%%%%*%%****%%*%%%%%%%%%%%%%%****

W*;Q%Mi}i}i’%%ﬁﬁ ...... ! RN ﬁ* . igﬁr%ﬁ HEEPEERS

¥¢ Web Browsing
0 F >k Audio
%2 Video
X Chat

Data Rate (kbps)

10

10™ L L L L L
(o] 5 10 15 20 25 30 35 40 45 50

Time
Figure 6.2: Average achievable rate in AWGN channel
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Figure 6.3: Average achievable rate in Rayleigh channel

6.3 Capacity under Imperfect Sensing

In the previous section, perfect sensing is assumed and therefore the capacity of
the secondary network depend only on the channels SNRs and the transmission
parameters as the secondary users transmit their data in absolute absence of the

primary user.

If the activity of the primary user is sensed imperfectly, the probability of misdetection

and false alarm affects the secondary network as their transmission may suffer from
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collision with the primary network transmission and even if collision never happened
the channels’ SINR would decrease due to the interference from the primary or
secondary users. As mentioned earlier in Chapter 5, the channel SINR can be written

as equation (5.2) where ?4:1' i g}’ P; represnts the primary users’ interference to

secondary users’ transmission. As the probability of detection increases, the secondary
network is more aware of the activity of the primary users on channel and therefore
the secondary users can send data over free channels. On the other hand, if the
probability of detection decreases, the secondary network is considered blind of the

primary network and this may cause a degradation of the performance of the network.

Figure 6.4 represents the average achievable rate for all applications using the
proposed algorithm in AWGN channel with different probability of detection values
with P(H,) = 60%. Figure 6.4 shows that for web browsing application, the total data
rate with imperfect sensing is the same as under perfect sensing even under low
probability of detection, this means that channel allocation for web browsing was not
affected by the primary users’ activity. This is due to the low QoS requirement of the
web browsing that allowed it for more channel options to be assigned. For audio, the
achieved data rate is considered the same on relatively high probability of detection,

nevertheless when the probability of detection decreases, the rate decreases.
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Figure 6.4: Applications’ sum data rate with imperfect sensing

Due to the high QoS requirements for the video and chat application (14 and 15
dB), any interference from the primary users, reduces the channels’ SINR which

results in a fewer channels that satisfies their QoS.

Figure 6.4 shows clearly, as the probability of detection decreases, the achieved
data rate for video and chat decreases significantly Table 6.1 shows the percentage of

the achieved data rate for each application with different probabilities of detection.
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Table 6.1: Network data rate with imperfect sensing

Pa=1 | Py =038 Py =0.5
Data Rate Data Rate
Application Percentage Percentage
(Kbps) (Kbps)
Web
1500 1500 100% 1500 100%
Browsing
Audio 1600 1600 100% 1400 87.5%
Video 13000 | 11000 84.5% 9000 69.5%
Chat 40 37 92.5% 20 50%
Total 16140 | 14137 87.5% 11920 73.85

An interesting criteria of the proposed algorithm is embedded in Table 6.1,
when P; = 0.8, the percentage of data rate of the chat application is higher than the
video application while when Py = 0.5, the opposite happened as the percentage of

the video is higher than the chat.

Higher probability of detection means lower interference from the primary users,
which leads to higher SNR channels, and as mentioned in the proposed algorithm
description the chat application is assigned the highest SINR channel, which is

relatively available at this time.

On the other hand, when channel conditions are bad, less channels satisfy the QoS
of the chat application and the vacant channel is assigned to the video application.
Figure 6.5 shows the average data rate for all applications, and it is clear from the

figure the effect of imperfect sensing.
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Figure 6.5: Applications’ average data rate with imperfect sensing

6.4 Conclusion

The secondary network’s performance in terms of the capacity and the average data
rate for each application are presented in this chapter, the proposed algorithm
succeeded on average to guarantee the QoS requirement for each secondary users’
application. The effect of imperfect sensing on the system performance is investigated
using simulation. As the system incorporates advanced spectrum sensing techniques
that have higher probability of detection the cumulative applications data rate increases

significantly.
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CHAPTER 7: Conclusions and Future Work

In this chapter, a conclusion of our work in the thesis is summarized and suggestions

for future work are presented.

7.1 Conclusions

In this thesis, cognitive radio networks under perfect, imperfect sensing is
discussed, a spectrum allocation algorithm for heterogeneous networks in cognitive
radio networks is proposed, and the performance of the algorithm is analyzed based

on the spectrum utilization, capacity and data rate for secondary networks.

In Chapter 1, a background overview of the cognitive radio network is presented
and its features regarding its architecture, spectrum management techniques and
channel models is discussed. A literature review of the spectrum allocation techniques
used in cognitive radio networks is examined and the motivation for developing a
spectrum sharing algorithm that guarantee QoS for secondary users is discussed in
Chapter 2. The Hungarian algorithm is famous for providing an optimization allocation
for resources, that’s why it was used as a base model to our proposed allocation

algorithm that is briefly discussed in this chapter

In Chapter 3, different cognitive radio networks models in the AWGN and under
perfect sensing are studied. The performance of the models was measured in terms of
the total spectrum utilization and the secondary users’ data throughput. It was found
that, as the number of available channels decreases, the total network utilization
increases due to the primary users’ activity and the secondary network throughput
decreases. The effect of primary users’ activity (mean number of primary users) on the

total system utilization and the data throughput of the secondary users was also
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discussed in this chapter. The degradation of throughput due to primary users’ activity
is explored by varying the arrival rate of the primary users in a given spectrum band
and it was shown that increasing the primary user’s activity in the network will
increase the total spectrum utilization and at the same time decreases the secondary
users’ throughput.

The study of cognitive radio models performance is extended in Chapter 4 to cover
the system models under Rayleigh and Nakagami fading channels which are more
realistic models in wireless communication than the AWGN channels. The effect of
imperfect sensing is also studied by applying non-collaborative sensing and
collaborative sensing techniques using energy detecting and square law combining
techniques, respectively.

The effect of the received primary user’s SNR on the cognitive radio network is
presented in this chapter. High primary users’ SNR results in a better estimation of the
activity of the channel and lowers the probability of misdetection; this leads to a higher
throughput of the cognitive network. As the channel suffers from only thermal noise,
the secondary users’ throughput is higher compared to channels that suffers from
fading for the same primary user’s SNR. As the number of cooperating sensors
increases the network throughput increases which proves the advantage of applying
cooperative sensing; more sensors will provide a valuable information of the network

regarding the activity of the primary users.

In Chapter 5, a heterogeneous network model is introduced to study the QoS
assurance of secondary users in cognitive radio networks. An allocation process in
centralized base stations is discussed in details and a spectrum allocation algorithm
based on the Hungarian algorithm is proposed. In this chapter, the proposed allocation

algorithm was applied to the heterogeneous cognitive radio model and its performance
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was compared to the FCFS algorithm in both AWGN and Rayleigh fading channels.
The effect of channels’ conditions and the required QoS requirements of secondary
users on the spectrum utilization is demonstrated. The spectrum utilization is
proportional to the average channels’ condition and inversely proportional to the
secondary users’ QoS requirement. As the average channels’ SNR increases, more
channels will be available for assignments which increases the spectrum utilization.
Simultaneously, for the same channel’s SNR, the lower the QoS requirements the
higher the spectrum utilization is until a full spectrum utilization is achieved. The
effect of channels’ conditions have more effect on the spectrum utilization at low

channels’ SNR and the effect diminishes slowly as the channels’ conditions improve.

The effect of the number of secondary users and the channels’ conditions on the
system performance is also investigated in Chapter 5. It is found that as the number of
secondary users increases the spectrum utilization increases. It is also shown that, as
the required average SNR’s for the applications increases, the spectrum utilization
decreases and for the same required SNR, a better channel condition will lead to a

better spectrum utilization.

The two algorithms were compared by the average achieved SNR for each
application and by the total spectrum utilization for each algorithm in which the

proposed algorithm provided a higher SNR and spectrum utilization than FCFS.

The secondary network’s performance in terms of the capacity and the average data
rate for each application are presented in Chapter 6. The proposed algorithm succeeded
on average to guarantee the QoS requirement for each secondary users’ application.
The effect of imperfect sensing on the system performance was investigated. As the

probability of detection increases by applying advanced spectrum sensing techniques,
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the total applications data rate increases significantly as the cognitive network will be

more aware of the primary users’ activity.

7.2 Future Work

In this section, we discuss directions for future work, which can be summarized as
follows: In this thesis, we assumed the cognitive radio network models suffer only
slow flat fading. The research can be extended for systems under fast and selective

fading.

In our work, we have assumed that the sensing time has no effect on the system
performance, studying the effect of varying the sensing time and applying different

sensing techniques is a possible extension to the current research.

The proposed algorithm allocates the vacant channels based only on the QoS
requirements for applications; an option to prioritize the applications will provide more
flexibility to the algorithm. Some applications require high QoS requirements, video
streaming as an example; developing the cost function to accommodate not only the

SNR but also other specific applications’ requirements is a possible research direction.
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