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Abstract

Cognitive radio (CR) is an emerging technology that woulgiave spectrum
utilization by exploiting unused spectrum in dynamicalhaoging environments.
We investigate the design of link adaptation algorithmg.(@daptive power and
bit loading) for orthogonal frequency division multipley (OFDM)-based CR
systems. Different power and bit loading schemes can bguedifor CR users
which exploits the time varying nature of fading gains asrtdse OFDM sub-
carriers. However, one of the challenges here is to ensatethie interference
caused to the primary users (PUs) remains below the tartgterence thresh-
old. Therefore, not only do we need to consider the fadinggdiut also the
spectral distance of the subcarriers from the PU’s band.

In this thesis, we propose an optimal power loading algorjtassuming that
the rate can be varied continuously, for an OFDM-based CRBysThe down-
link transmission capacity of the CR user is thereby maxéahjzvhile the inter-
ference introduced to the PU remains within a tolerable eang/e investigate
the case of discrete (or integer) rate adaptation. A suitrapscheme for inte-
ger bit loading is presented which approximates the optaoatinuous rate value
to a nearest integer. Next, we propose schemes that maxihezeapacity of
CR users when only imperfect channel state information Y @Sivailable at the
CR transmitter while guaranteeing the statistical interiee constraint. Further,
we propose resource allocation schemes for a multiuseagoenhere power is
loaded for CR users not only in the subcarriers where PU iprestent (overlay
fashion) but also in the subcarriers where PU is presenteflanyd fashion). Fi-



nally, for the scenarios where the link between CR sourcedastination might
be weak and not reliable for communication, we employ reéay$propose relay
and power allocation schemes. Numerical results have besemtied for all the
proposed algorithms.



Preface

The publications that has resulted because of the reseanclucted in this thesis
are as follows:

e Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bhargs\daptive
Power Loading for OFDM-based Cognitive Radio SystemsPinceed-
ings of IEEE International Conference on Communicatio@&X07), pp.
5137-5142, Glasgow, Scotland, June 2007. (appears ineha)pt

e Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bharga@ptimal
and suboptimal power allocation schemes for OFDM-baseditieg radio
systems,IEEE Trans. on Wireless Communol. 7, No. 11, pp. 4710-
4718, Nov. 2008. (appears in chapter 2)

e Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bhargdvescrete
bit loading for OFDM-based cognitive radio systems”,Rroceedings of
National Conference on Communications (NCC,0gp. 1104-1109, Jan.
2007, Kanpur, India. (appears in chapter 3)

e Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bhargdayak Adap-
tation in OFDM-based Cognitive Radio Systems”Cagnitive Radio Com-
munications Networks, Springer-Verlagpp. 189-212, 2007. (appears in
chapter 3)

e Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bhargé\daptive
power loading for OFDM-based cognitive radio systems wigtistical in-

iv



terference constraint,” acceptedIBEE Trans. on Wireless Comnkeb.
2011. (appears in chapter 4)

e Gaurav Bansal, Olivier Duval, and Francois Gagnon, “Joinéiady and
Underlay Power Allocation Scheme for OFDM-based Cognieelio Sys-
tems”, inProceedings of IEEE Vehicular Technology Conference (LU}’
pp. 1-5, Taipei, Taiwan, May 2010. (appears in chapter 5)

e Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bharg&®awer al-
location for multiuser OFDMA-based Cognitive Radio Syssemith Joint
Overlay and Underlay Architecture”, to be submitted as arjalpaper.
(appears in chapter 5)

e Dinesh Bharadia, Gaurav Bansal, Praveen Kaligineedi, ajag ¥. Bhar-
gava, “Relay and Power Allocation Schemes for OFDM-basedgn@ive
Radio Systems”, under minor revision in a journal. (appeachapter 6)

In the research contributions made in Chapters 2, 3, 4, anahd the primary
author and the researcher. | conducted literature revielgmtified the research
problems. Formulation of the research problems, mathealatnalysis and sim-
ulations were totally carried out by me. | also wrote the agged manuscripts
for publication. | am second author in the contributions smadChapter 6. For
this particular work, | conducted the literature reviewentified and formulated
the research problem. | helped in the mathematical anadysissimulations. |
wrote the manuscript for publication. Dr. Md. Jahangir Hosss a co-author for
contributions in Chapters 2, 3, 4, and 5. He provided someitapt technical
feedback during the formulation of the research problentbase chapters. He
also provided editorial corrections while writing the asated manuscripts for
publication. Olivier Duval is a co-author in Chapter 5. Hépeel in conducting
the mathematical analysis and writing the Introductiortisacof the associated
manuscript. Prof. Francois Gagnon is a co-author for doutions in Chapter
5. He provided some editorial comments. Dinesh Bharadiacsauthor for the



contributions in Chapter 6. He conducted the mathematieayais and wrote the
computer programs for simulating performance of propostgmes. Praveen
Kaligineedi is a co-author in Chapter 6. He provided somdlfeek while formu-
lating the research problem and provided important editéeedback. My super-
visor Prof. Vijay K. Bhargava is a co-author for contributgomade in Chapters 2,
3, 4, 5, and 6 of this thesis. | consulted him during identifamaand formulation
of the research problems. He also provided editorial feeklfar the associated
manuscripts.

Vi



Table of Contents

Abstract. . . . . . . . i
Preface . . . . . . . . \Y
TableofContents . . . . . . . .. .. ... ... Vil
Listof Tables . . . . . . . . . . . . . Xi
Listof Figures . . . . . . . . Xii
Acknowledgments . . . . . . . ... L XV
1 Introduction . . . . . . . . . .. .. 1
1.1 Background . . . .. .. ... ... 4
1.1.1 Opportunistic Spectrum Access Strategy: Overview. .. . <4
1.2 Motivation and Objective ofthe Thesis . . . . . . .. ... .. .. 7
1.2.1 Adaptive Power Loading Algorithms . . . . . . .. .. .. 8
1.2.2 Discrete Bit Loading Algorithms . . . . . . ... .. ... 9
1.2.3 Power Allocation with ImperfectCSI . . . .. ... ... 10
1.2.4 Joint Overlay and Underlay Power Allocation Schemes 10
1.2.5 Relay and Power Allocation Schemes . . . .. .. .. .. 10
1.3 ThesisOutline . . . . . ... ... ... ... ... ... .. ... 11

2 Adaptive Power Loading for OFDM-based Cognitive Radio Syeems 14
2.1 Introduction . . . . . . .. ... 14

Vil



2.2 SystemModel . ... ... ... L 17

2.2.1 Interference Introduced by CR User's Signal . . . . . . 20
2.2.2 Interference Introduced by PU's Signal . . . . . ... .. 21
2.3 OptimalScheme . . . . ... ... ... ... ... ..... 21
2.4 Suboptimal Schemes . . .. ... ... ... ......... .. 26
241 SchemeA . . . . . . . ... 27
242 SchemeB ... ... ... .. ... .. 0L 29
2.5 Comparison with Classical Schemes and Nulling Mechanis. . 30
2.5.1 Uniform Power Loading Scheme . . . . . .. .. ... .. 30
2.5.2 Waterfiling Scheme . .. .. ... ... ......... 30
2.5.3 Nulling Mechanism . . . . ... .. ... ......... 31
2.6 NumericalResults . . . . .. ... .. ... ... ... ... L 33
2.7 Imperfect Channel-gain Information at the Transmitter. . . . . 36
28 Conclusions . . . . . . ... L 41
Discrete Bit Loading for OFDM-based Cognitive Radio Systms . . 43
3.1 Introduction . . . . . . .. ... 43
3.2 SystemModel . . ... ... .. .. ... L 45

3.2.1 Interference Introduced by the Secondary User’'sgbign 46
3.2.2 Interference Introduced by the Primary User’s Signal . 46

3.3 Proposed Scheme A . . . . . . .. .. .. ... .. ..o 47

3.4 Modifications in the Existing Schemes . . . . . . ... ... .. C 5
341 SchemeB ... .. ... ... .. .. .. .. .. ... 50
342 SchemeC .. ... ... . . . . .. .. .. . 0L 51

3.5 NumericalResults . . . . .. ... ... ... ... ......L 53

3.6 Effect of Subcarriers Nulling Mechanism. . . .. .. ... ... 54

3.7 Conclusions . . . .. ... ... 56

Adaptive Power Loading for OFDM-based Cognitive Radio Sys
tems with Statistical Interference Constraint . . . . . . . . . .. .. 60
4.1 Introduction . . . . . . . . ... 60



42 SystemModel . . ... ... L 63

4.3 Problem Formulation and Optimal Power Allocation . . ... 66

4.4 Suboptimal and Classical Power Loading Schemes . . . .. .69
4.4.1 Newly Proposed Suboptimal Scheme . . . . . . ... ... 70
4.4.2 Uniform Loading Scheme . . .. ... .......... 71
4.4.3 Waterfilling Scheme . . .. ... ... .......... 72

4.5 Numerical Results and Complexity of Algorithms . . . . ... 72

46 Conclusions . . . . . . . ... 74

Power Allocation for Multiuser OFDMA-based Cognitive Radio Sys-

tems with Joint Overlay and Underlay Architecture . . . . .. . .. 77
5.1 Introduction . . . . . .. .. .. .. 77
5.2 SystemModel . ... ... ... .. .. ... L 79
5.3 Problem Formulation . . .. ... ... .. ............L 82
54 OptimalScheme . . . .. ... ... ... ... . ... ..... 84
5.4.1 Subcarrier Allocation . . . . ... ... ... ... ..., 84
5.4.2 PowerAllocation . . .. ... ... ............ 85
5.5 SuboptimalScheme . . . .. ... ... ... .. 0L 86
5.6 ClassicalSchemes . . . .. ... ... ... ... ......._. 89
5.6.1 OverlayOnlyScheme. .. . ... ... .......... 89
5.6.2 UnderlayOnly Scheme . . . . .. ... ... ....... 90
57 NumericalResults . . . .. ... .. ... ... ..........L 91
58 Conclusions . . . . . .. ... ... 103

Relay and Power Allocation Schemes for OFDM-based Cognite

RadioSystems . ... .. ... .....................104
6.1 Introduction . ... .........................104
6.2 SystemModel . .. .. .. .. ... 106
6.3 Problem Formulation and Proposed Schemes . . . . .. ... 08. 1
6.3.1 RelayAllocation .. ....................110
6.3.2 PowerAllocation . . ... .................114



6.3.3 Optimal Solution . . . .. .................115

6.4 NumericalResults . . . . . .. .. ... ... ... ........ 116
6.5 Conclusions . . . . .. ... ... 118
7 Conclusions and Future Research Directions . . . . ... ... .. 119
7.1 Conclusions . . . . .. ... 119
7.2 Future Work and Work inProgress . . . . . ... ... ... ... 121
7.2.1 Power Allocation Schemes for OFDM-based CR Systems
with ImperfectSensing . . . . . .. ... .........121
7.2.2 Cross Layer Design of OFDM-based CR Systems . . . . . 122
7.2.3 Resource Allocation Schemes for Cooperative Rejayin
forCRNetworks . . . ... .. ... ... ........L 122
Bibliography . . . . . . . . .. . 124



List of Tables

Table 4.1 Complexity of differentschemes . . . . ... .. ... ... 75

Xi



List of Figures

Figure 1.1

Figure 1.2
Figure 1.3

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Coexistence of primary and cognitive users ategrto spec-

trum pooling strategy. . . . . . . .. .. ... ... ... 5
Possible coexistence scenarios: Scenariol. ....... ... 6
Possible coexistence scenarios: Scenario2. ....... ... 7

Distribution of primary and CR users in the spatanain. . . 18
Distribution of primary and CR users in the fraggyedomain. 19
Power profile for suboptimal schemes. . . . . ... ...... 27
Maximum transmitted data rate of CR user verdesfarence
introduced to the PU band by several schemes. . . ... ...
Transmit power of CR user versus interferenagediiced to
the PU band by severalschemes. . . . . ... ... ... ..
Maximum transmitted data rate of CR user verdesfarence
introduced to the PU band by Scheme A for various nulling
scenarios.
Maximum transmitted data rate of CR user verdesfarence
introduced to the PU band by Scheme B for various nulling
scenarios.

Maximum transmitted data rate of CR user verdesfarence
introduced to the PU band by the uniform-loading scheme for
various nulling scenarios. . . . . . ... ... ... .. ...,

Xii



Figure 2.9

Maximum transmitted data rate of CR user verdesfarence
introduced to the PU band by the water-filling scheme for var-
ious nulling scenarios.

Figure 2.10 Maximum transmitted data rate of CR user vergeisage in-

Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5

Figure 5.1
Figure 5.2

terference introduced to the PU band when the channel gain is
not perfectly known at the CR transmitter. . . . . . . ... ..

Distribution of primary and secondary users . ...... . . .
Interference introduced to the primary user hamgus given
datarate (BER=10) . . . .. ... .. .. .. ... ... 55
Interference introduced to the primary user hamgus given
data rate (BER = 10') for Scheme C under various nulling.
Interference introduced to the primary user hamgus given
datarate (BER = 10/) for Hughes-Hartogs scheme under var-
jousnulling. . . . ... .. ... ...
Interference introduced to the primary user hamgus given
data rate (BER = 10) for Chow et al. scheme under various
nulling.

64
65

Co-existence of PU and CR users in the frequenoyado . .
Co-existence of PU and CR users in the spatial ohoma . .
Maximum transmitted data rate versus power Hu@ge for
CR users.
Maximum transmitted data rate versus interfexe¢hreshold
for 214 PU band ((?) for CR users.
Maximum transmitted data rate versus probgbifj with
which instantaneous interference introduced to the PU band
remains below interference thresholgfor CRusers. . . . . 76

Underlay and overlay power allocation . . . . . . ...... . 80
Power profile for suboptimal scheme . . . . . . ... ..... 87

Xiii



Figure 5.3 Total transmitted rate versus total power bulyetarious

schemes . . . . .. .. . ... 93
Figure 5.4  Total transmitted power versus total power btitigevarious

schemes . . . . .. ... ... 94
Figure 5.5 Total transmitted rate versus interferencestiolel for various

schemes . . . . . . ... 96
Figure 5.6  Total transmitted power versus interferencestmold for var-

jousschemes . . . . . . .. ... 97
Figure 5.7 Power profile for various schemes Ift&} = 1x10°® Watts

and total power budget 10x10 3 Watts . . . .. ... ... o8
Figure 5.8 Power profile for various schemes Ift%} = 1x10~* Watts

and total power budget 1x104Watts . . . . ... ... .. 99

Figure 5.9 Power profile for various schemes If[&} = 1x10°® Watts
and total power budget 10x10-3 Watts but for different

valuesofd; . . .. .. ... 100
Figure 5.10 Total transmitted rate versus number of CR uUsengarious
schemes . . . . . . ... 101

Figure 5.11 Total transmitted rate versus probability (@hwhich instan-
taneous interference introduced to the PU band remaing/belo

interference threshold;f{) for various schemes . . . . .. .. 102
Figure 6.1 Systemmodel . . . ... .. ... ... ... ......... 107
Figure 6.2 PU and CR user distribution in frequency domain. .... . . 116
Figure 6.3 Capacity of CR users versus interference thteghg) for a

fixed number (3) ofrelays. . . .. ... ... ... ..., . 117
Figure 6.4 Capacity of CR users versus relays for a fixed vél0oe®

Watts) of interference thresholty). . . . . . . . .. ... .. 118

Xiv



Acknowledgments

| would like to profoundly thank my supervisor Prof. Vijay Bhargava for
his continuous guidance, inspiration and encouragementginout my graduate
studies. | have been very fortunate to work in a intelleceuiironment provided
in the Information Theory and Systems (ITS) laboratory urRlef. Bhargava’'s
mentorship. Special thanks to Dr. Md. Jahangir Hossain lidnis invaluable
suggestions and for always being there for research discusisam thankful to
Prof. Lutz Lampe, Prof. Vikram Krishnamurthy, Prof. Rob8dhober and Prof.
Alireza Nojeh for serving on my departmental exam committéevould like
to acknowledge Natural Sciences and Engineering Researchol of Canada
(NSERC) for supporting my graduate studies by awarding nex@ider Graham
Bell Canada Graduate Scholarship. Last but not the leastuldiike to thank all
the members of ITS laboratory for their friendship and caapen.

XV



Chapter 1
Introduction

Radio spectrum is one of the most scarce and valuable resimcwireless com-

munications. Given this fact, new insights into the use @csum have chal-

lenged the traditional static spectrum allocation appndacthe spectrum man-
agement. Actual measurements have shown that most of tieatdt spectrum
is largely underutilized [1]. Spectrum-Policy Task Forggainted by Federal

Communications Commissions (FCC) has also reported sivigavs about the

underutilization of the allocated spectrum. SpecificalC has reported vast
temporal and geographic variations in the usage of alldcspectrum with uti-

lization ranging from fifteen to eighty five percent [2].

Spectral utilization can be improved significantly by giyiopportunistic ac-
cess of the frequency bands instead of static spectrumasiboc According to
the opportunistic spectrum access policy, a group of patieiders may use a fre-
guency or spectrum band for wireless communications peavitiat the legacy
users of this band are not deprived from the priority righise the band. On the
other hand, development of the software-defined radio (SB&t)nology [3] has
enabled a radio transceiver to perform its baseband prioggfssictionalities e.g.,
modulation and demodulation using software and digitaidoghe SDR, there-
fore, becomes the promising technology towards developéergatile wireless
transceivers which will have the capability of accessirftedent radio networks



with different technologies. In order to facilitate opparistic spectrum access,
this versatile transceiver needs to be spectrally awarés mbtivates the design
of the cognitive radio (CR) technology [4]. The CR techngldgan innovative
radio design philosophy and involves smartly sensing theglssvof spectrum and
then determining the transmission characteristics (gygpol rate, power, band-
width, latency) of a group of secondary users (SUs, alsoneddo as CR user)
based on the behavior of the users to whom the spectrum hadibeesed [5],
[6]. As such the CR has been proposed as a way to improve gpeatilization
by exploiting unused spectrum in a dynamically changingrenwnent.

However, in order to fully exploit the CR paradigm, it reqesrto design adap-
tive access technologies for the CR systems. Thereforemtie focus of the
wireless communication researchers community is to rebeamnd develop such
enabling adaptive radio access technologies. Before biegaime CR systems a
reality, it requires research in two major directions adioed below.

e Spectrum Sensindn order to identify and access a suitable portion of spec-
trum with a minimum interference to the legacy users i.e ghmary users
(PUs), the first critical design challenge is to monitor tkewvty levels of
the legacy users. This monitoring or sensing is very cliticéhe sense that
it needs to process a very wide bandwidth and reliably dgexstence of
PUs. Therefore, spectrum sensing techniques should haaey digh sen-
sitivity, linearity, and dynamic range of the circuitry ine radio frequency
front-end. In order to achieve these goals, various digitaial processing
techniques, for example, matched filtering, energy detecand cyclosta-
tionary feature detection have already been studied initgr@ture [7]. In
order to come up with an effective spectrum sensing algoritbrequires to
consider the computational complexity, storage necegsiiyl search time
and the knowledge the CR has regarding the PU signal chasticte Bur-
den on the signal processing technigues can be alleviateda@e extent
by using cooperative diversity between CR spectrum serji8pré&ew CR

IThroughout this thesis, we user the terms SUs and CR usersably.
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spectrum sensors under independent fades can help in mgduadividual
sensitivity requirements.

o Efficient Spectrum UtilizationBased on the information of available spec-
trum as determined by the sensing algorithms, the nexteangilhg task is
to utilize the available spectrum in an efficient fashion oy 8Us. As such
the transmission capacity of the SUs is maximized while ttierference
introduced to the PUs remains within the tolerable rangeceCam unused
or suitable portion of the licensed spectrum is identifiedHgySUs, a num-
ber of challenging questions arises. One of these challgnguestions is
that what would be the physical layer transmission pararsetgy., trans-
mission power and rate of SUs? As such the transmission itamdche
SUs is maximized while the interference introduced to thes FJmain-
tained within a satisfactory level. Due to the great flexipih dynamically
allocating the unused spectrum among the SUs as well as slheaealysis
of the spectral activity of the PUs [9], orthogonal frequerddvision mul-
tiplexing (OFDM) has already been recognized as a poteinéiakmission
technology for the CR systems.

In this thesis we assume that spectrum sensing has beemmped@nd the
spectrum band which are available for CR transmission aosvkn This thesis
focuses on exploring research challenges involved in tegd®f adaptive power
and bit loading algorithms for an OFDM based CR system. Ihsusystem,
the SUs are considered to co-exist with the PUs by filling thesed portions of
the frequency band and using OFDM modulation at the airfater We provide
some solutions to these challenging problems.



1.1 Background

1.1.1 Opportunistic Spectrum Access Strategy: Overview

One of the most challenging problems of opportunistic spectsharing is the
successful co-existence of PUs and SUs in the same frequemzy. Several
strategies have been proposed in the literature for oppistic spectrum access.
Examples of these strategies have been surveyed in [10]haydinclude the
spectrum pooling [9], the CR approach for usage of virtudicensed spectrum
(CORVUS) [1], the DARPAs neXt Generation (XG) program [1T], the IEEE
802.22 [13], the dynamic intelligent management of spectior ubiquitous mo-
bile network (DIMSUMnet) [14], the OFDM-based cognitivaia (OCRA) net-
work [15], the European dynamic radio for IP services in galdr environments
(DRIVE) [1€]. In spectrum pooling architecture, CR systenhighly flexible as
in this manner, the spectrum bands, which are left idle byitdemsed users, can
be filled efficiently. The goal of this architecture is to degrSUs on the existing
licensed users without requiring any changes to the liaksgstem and hence,
increase the spectrum utilization.

Spectrum Pooling

According to the spectrum pooling strategy of opportunisppectrum sharing,
the SUs access a licensed frequency bands by filling the dms#ion of the
spectrum without making any changes to the PUs’ system. dti@emof spectrum
pooling was first introduced in [4]. Basically, the spectrpaoling represents the
idea of merging spectral ranges from different licensedewr{GPRS, UMTS,
military, emergency services, TV band, etc.) into a commaol pThen from this
common pool, unused spectrum can be assigned to the cagogers. For an
example, the spectrum pooling strategy is shown in Fig. héres SUs co-exist
in the same band by filling the unused or idle portion of the’Rldads.
According to the spectrum pooling strategy, both SUs and ¢lJsxist in the



Figure 1.1: Coexistence of primary and cognitive users according ta-spe
trum pooling strategy.

side by side band and their access technologies may beettitfet herefore, the
mutual interference is the limiting factor for the perfomea of both networks.
Specifically, in [17] the authors have shown that using OFDbtioiation causes
mutual interference between the PU and the CR users duetotherthogonality

of the transmitted signals. The amount of interferencethiced to the PU’s band
by a CR user’s subcarrier depends on the power allocatedistibcarrier as well
as the spectral distance between the subcarrier and theb@bks The authors
have also studied the effect of subcarriers’ nulling medrmarwhich reduces the
interference in the PU’s band.

The model presented in Fig. 1.1 is a generalized picture@fistence of both
types of users according to the spectrum pooling strateggodling to the inter-
ference model presented in [17], we will see that a SU’s trassion in a given
unused portion of the spectrum produce higher interferémtiee adjacent PU’s
band. In other words, the interference introduced into a Bublhis dominated by
the adjacent SUs’ transmission. Interference from thepgartesSUs decays as the
distance increases. Therefore, if we consider only two dantiinterferers, two
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Figure 1.2: Possible coexistence scenarios: Scenario 1.

possible co-existence scenarios; namely scenario 1 andrsge, can be imag-
ined as shown in Figs. 1.2, 1.3. Scenario 1 shows that the Rlysoexist with
the SU(s) that are located in the middle of the PUs. In scerfarSUs access the
left and right side of the unused portion of the PUs band.

It is assumed that the frequency bargl (andB2 in scenario 1, and in
scenario 2) which has been occupied by the PU(s) is knownKgmse 1.2 and
1.3). The frequency band can be occupied by more than one Plésinterfer-
ence introduced to the PUs is the limiting factor for the ssstul coexistence.
We assume that all the unused spectrum is used by a cogrstrs which uses
OFDM modulation format at the air interface. One of the mainaatages of us-
ing OFDM is the flexibility that it provides in allocating tregpectrum. The other
advantage of using OFDM is that the FFT used in OFDM transomssan be
used for the analysis of the spectral activity of the licehgsers. The available
bandwidth for CR transmission is divided intkdsubcarriersN/2 on each side
and each having a bandwidth &f.

Further it is assumed that the cognitive user does not haye&aowledge
of the PUs’ access method whether it is also OFDM or not. IfRkkalso use
OFDM modulation and the SU has knowledge of it, their trarssion could be
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Figure 1.3: Possible coexistence scenarios: Scenario 2.

made orthogonal. However, in practice PU might not be usiR®K and even
if it is using OFDM, it would be very difficult for CR user to kmothe required
parameters of PU in order to maintain orthogonality. Dueh® ¢oexistence of
primary and SUs in such fashion, there are two types of iaterice in the system
[17]. One is introduced by the PU into the CR user band and tier as intro-
duced by the cognitive user into the PU band as describewb@&lte interference
introduced by the PU to the CR band acts as a noise and lingtsapacity of
CR users. On the other hand, there would be limits imposet®mterference
introduced by CR user into the PU band and will act as a limifactor in the
power allocation for CR users.

The literature review related to each of the research pnobkddressed in this
thesis will be presented separately in the relevant cha itesif.

1.2 Motivation and Objective of the Thesis

The motivation for this research stems from the need to efftty utilize the spec-
trum available for CR transmission. Since different subees in an OFDM sys-
tem may have different fading gains in a given channel aceess of the same



modulation order in all subcarriers leads to an inefficietiltzation of overall
spectrum [18]. Assuming that the channel state inform&i@Bl) is available at
the transmitter, different power, bit or both power and bading schemes have
been proposed in literature. These loading schemes expétime varying na-
ture of fading gains across the OFDM subcarriers in ordemiarove the overall
system performance. Different loading algorithms havéedeht end goals [19].
One broad class of bit loading algorithms minimizes the dnaib power while
attaining a fixed transmission rate as well as a given tangedrior rate (BER)
(see, for example, [20], [21]). In another version of bitdo®y algorithms, er-
godic capacity is maximized at a fixed transmit power. Allslalgorithms have
maximized the transmission capacity of OFDM-based systarmdsare useful for
conventional wireless networks where there is only one gfwsers i.e., PUs.
Since there is a mutual interference between the primantl@E&Us when both
type of users co-exist, use of the classical loading algorite.g., uniform power
but variable rate algorithm and water-filling algorithm flU’s transmission may
result in higher mutual interference to the PU’s band. Hetledesign problem
is that given an interference threshold prescribed by the, Plow much power
and how many bits should be loaded into each subcarrier saththe overall
transmission capacity of the CR user is maximized.

The broad objective of thesis is to develop thorough aradi/thodeling and
numerical analysis, dynamic resource allocation scheme®FDM-based cog-
nitive radio systems such that the capacity of CR users candx@émized while
interference introduced to the PU band is kept below a spécifireshold. The
specific objectives of the thesis can be described as:

1.2.1 Adaptive Power Loading Algorithms

According to the classical power and bit loading schemeswager-filling, more
power and bits should be loaded into the subcarrier whichhigiser channel
gain. However, the amount of interference introduced bgwatlg transmission
in a SU’s subcarrier, depends on the location of the sulsrawith respect to



the PU’s spectrum. From the interference point of view, neer should be
loaded into a distant subcarrier. Therefore, it requirasdicjous loading policy
which not only consider the fading gains of the subcarrientsaiso the spectral
distance of the subcarriers from the PU’s band. The authdgsi have proposed
an unequal bit loading algorithm for a non-contiguous (NIF)PM-based CR
system. However, in this scheme uniform power allocatiomm@gnthe OFDM
subcarriers is used. In this thesis, we will see that useiédium transmit power in
each subcarrier can significantly reduce the transmissipaaty of the SU. The
power and bit loading algorithm for an OFDM-based CR systerfoimulated
as a constrained optimization problem. This optimizatibfem maximizes the
transmission capacity of the secondary subcarriers weiéping the interference
introduced to the PU below a specified threshold.

1.2.2 Discrete Bit Loading Algorithms

The study in Section 1.2.1 is based on the operating assompiat the transmis-
sion rate can be varied continuously. Most of the coding andutation schemes
that are used in practice provide a discrete or integeritneggsson rate which has
led the researchers to develop discrete bit loading algostfor OFDM-based
systems. In this context, a number of algorithms have beepqgsed in the liter-
ature. Examples of well-known algorithms include the Hszhkartogs [23] and
the Chow et al. [24] algorithms. These algorithms are nogadiy applicable

to an OFDM-based CR system as the interference they inteotiuthe adjacent
PU’s band may increase significantly. In this thesis, we psepa sub-optimal
scheme based on Lagrange formulation such that it mininttzesnterference
introduced to PU band while transmitting at a fixed data ragk BER. We also

propose schemes based on the modifications of Hughes-lHdg&8pand Chow

et al. [24] algorithms such that rather than minimizing tlEmsmitting power (as
required for the conventional scenario) they minimize titerference introduced
to the PUs (as required for the CR scenario) while keepingedl fdata rate and
BER.



1.2.3 Power Allocation with Imperfect CSI

The study in previous sections is based on the assumptibpehfact CSl is avail-
able at the CR transmitter. Specifically, the channel gagteden CR transmitter
and CR receiver can be estimated at the CR transmitter thrinegeedback tech-
niques. However, the instantaneous channel gains betwRéra@smitter and PU
receiver is hard to estimate. Although by exploiting thefpgdignals transmitted
by the PU user it is possible to estimate the statisticsr{digton and the mean
value) of the channel fading gain. For such a scenario, teeference introduced
to the PU band can be guaranteed only in a statistical maimérnis thesis, we
propose schemes that maximize the capacity of CR users wilgrinoperfect
CSl is available at the CR transmitter while guaranteeimgdtiatistical interfer-
ence constraint.

1.2.4 Joint Overlay and Underlay Power Allocation Schemes

The study so far assumed that the CR power is only allocatax averlay fashion

to the subcarriers where PU is not present and only mutuaiference between
CR and PU is considered. However, power can also be loadedbtagiers in an

underlay fashion to the subcarriers where PU is presentlandd-channel inter-
ference will also have to be taken into consideration. Is thesis, we propose
resource allocation schemes for a multiuser scenario wi@ker is loaded in a
joint overlay and underlay fashion while making sure that tbtal interference
introduced to the PU band remains below a threshold.

1.2.5 Relay and Power Allocation Schemes

CR systems may have a weak channel between CR source and @GRii@s and

reliable communication might not be possible as CR sournencatransmit at a
very high power because of the limits on the interferencedaia be introduced to
the PU band. In such a scenario, relays can be employed tapram alternative
path of communications as the data can be transmitted kglalow transmission
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power and hence, introducing less interference to the Pd.barthis thesis, we
propose relays and power allocation schemes for OFDM-b@geslystems.

1.3 Thesis Outline

In chapter 2, we investigate an optimal power loading atgorifor an OFDM-
based CR system. The downlink transmission capacity of Reis&r is thereby
maximized, while the interference introduced to the PU rieswithin a tolerable
range. We also propose two suboptimal loading algorithratdhe less complex.
We also study the effect of a subcarrier nulling mechanisnthenperformance
of the different algorithms under consideration. The penfance of the optimal
and suboptimal schemes is compared with the performante alassical power
loading algorithms, e.g., water-filling and uniform powet ariable rate loading
schemes that are used for conventional OFDM-based systmesented numer-
ical results show that for a given interference threshdié, proposed optimal
scheme allows CR base station (BS) to transmit more powedier ®o achieve a
higher transmission rate than the classical loading dlyos. These results also
show that although the proposed suboptimal schemes haagnceegradation in
performance compared to the optimal scheme, they outpetfoz classical load-
ing algorithms. We also present numerical results for ngltnechanism. Finally,
we investigate the effect of imperfect channel gain infaioraat the transmitter.

In chapter 3, we explore the trade-offs between the dataofat® OFDM-
based CR system and the interference introduced to the Rd&\when both type
of users co-exist in side by side band. In order to minimizeititerference to the
PU’s band, a suboptimal algorithm is proposed. We also mepwo schemes
based on modifications in the existing discrete bit loadiclgesnes namely the
Hughes-Hartogs [23] and Chow et al. [24] schemes. Numemngsailts have been
presented.

In chapter 4, we develop an optimal power allocation algartifor the OFDM-
based CR systems with statistical interference conssramposed by different
PUs. A suboptimal algorithm with reduced complexity is alseestigated. Pre-
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sented numerical results show that with our proposed optmaer allocation
scheme CR user can achieve significantly higher transmigsipacity for given
power budget and interference constraints compared toléissical power allo-
cation schemes namely, uniform and water-filling powercaltmon schemes. The
sub-optimal scheme, which has same implementation cortykex the uniform
power loading scheme, achieves higher transmission dgpéein the conven-
tional uniform power loading scheme. Water-filling schemjch is optimal
power allocation for a conventional OFDM-based system axlhigher imple-
mentation complexity, outperforms the sub-optimal scheme

In chapter 5, we present findings of our study of joint overdend under-
lay power allocation schemes for orthogonal frequencystvi multiple access
(OFDMA)-based multiuser CR system. In a departure fromtisgswvork in lit-
erature where power is allocated in either overlay only ataskay fashion, we
propose schemes which perform a joint allocation. Spedifigdhe total capacity
of CR is maximized while maintaining a total power budget &adping the in-
terference introduced to the PU band below a threshold. Asphimal schemes
may offer prohibitively high complexity, we also proposeaster, suboptimal
scheme. The results of simulations of the proposed jointlayend underlay
allocation schemes show a significant gain in transmissapacity over classical
schemes which only transmit in either overlay or underlahian. Joint allo-
cation maintains its advantage over either overlay or Uagemly scheme even
when implemented with a low-complexity suboptimal schem&va empirically
found out after implementing further simulations.

In chapter 6, we investigate the relay and power allocatioblpm for OFDM-
based CR systems. We propose a method where the capacity ab&Rem-
ploying relays is maximized while total transmission powegkept within a bud-
get and the interference introduced to the PU band is keftiinvd prescribed
threshold. The optimization problem is a mixed-integeryem, which is NP-
hard. Hence in this chapter, we have proposed three suimalgchemes. The
presented numerical results show that the performanceapioged suboptimal
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schemes is close to the optimal solution.
In chapter 7, we conclude the thesis by highlighting our gbuations. We
also briefly suggest possible directions of future research
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Chapter 2

Adaptive Power Loading for
OFDM-based Cognitive Radio
Systems

2.1 Introduction

Cognitive radio (CR) has been proposed as a way to improwergpefficiency

by exploiting unused spectrum in dynamically changing emunents. The CR
design is an innovative radio design philosophy that ineslsmartly sensing the
swaths of spectrum and then determining the transmissiaracteristics (e.g.,
symbol rate, power, bandwidth, latency) of a group of seaondsers (SU) based
on the behavior of the users to whom the spectrum has bearséideg(referred
to as primary users (PUs)). Although opportunistic spectaccess would allow

1The papers based on the research work presented in thisechapte been published as:
Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bharg&vdaptive Power Loading for
OFDM-based Cognitive Radio Systems”, Bmoceedings of IEEE International Conference on
Communications (ICC'07pp. 5137-5142, Glasgow, Scotland, and Gaurav Bansal, 8fthnhir
Hossain, and Vijay K. Bhargava, “Optimal and Suboptimal BoMlocation Schemes for OFDM-
Based Cognitive Radio Systems”, llBEE Transactions on Wireless Communicatiort, 7, no.
11, pp. 4710-4718, Nov. 2008.
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CR users to identify and access available spectrum resguoce of the main
concerns is to utilize these available spectrum resourcas efficient manner.

Due to its great flexibility in dynamically allocating unusspectrum among
CR users, and the ease of analysis of the PU’s spectral tgd®]j orthogonal
frequency division multiplexing (OFDM) has already beecognized in the lit-
erature as a potential transmission technology for CR systeSince both CR
user and PU may exist in side-by-side bands yet have differaress technolo-
gies, mutual interference is the limiting factor for perf@nce of both networks.
Specifically, in [17] the authors have shown that using OFDbtioiation causes
mutual interference between the PU and CR users due to thenttoogonality of
the transmitted signals. The amount of interference intced to the PU’s band
by a CR user’s subcarrier depends on the power allocatedistivcarrier as well
as the spectral distance between that particular subcarriethe PU’s band.

In order to exploit the time-varying nature of fading gaimsass the OFDM
subcarriers, power loading algorithms have been proposéuki literature [18].
These algorithms maximize the transmission capacity of@ldI@-based conven-
tional wireless network where there is only one group of sisee., PUs. Since
there is mutual interference between CR user and PU wherctieyist in side-
by-side bands, use of the classical loading algorithms argform power but
variable rate and water-filling algorithms, for CR systemymeasult in higher
mutual interference in the PUs’ band. We consider a CR dakritansmission
scenario where a CR transmitter/base station (BS) traasnidrmation to a CR
user using the radio spectrum that is unoccupied by the Pistah downlink
scenario interference introduced to the PUs is the limitaggor, rather than the
transmit power of the CR user. In fact, such an interferdimgéed scenario limits
the transmit power as well as the achievable transmissterofeCR user. Hence,
the design problem is as follows. Given an interferencestiotl prescribed by
PUs, how much power should be transmitted into each OFDMasubkc for a
given channel fading gain such that the total transmissate of the CR user is
maximized?
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According to the classical power loading schemes, e.g.emfdling, more
power should be loaded into the subcarrier with the highanokl gain. How-
ever, the amount of interference introduced by allowinggraission in a CR
user’s subcarrier depends on the location of the subcavitlerrespect to the PU’s
spectrum. From the interference point of view, more poweuhbe loaded into
a subcarrier that is far away from PU’s band. Therefore, ejods loading policy
is required that not only considers the fading gain of thecauter but also the
spectral distance of the subcarrier from the PU’s band.

Motivated by the aforementioned challenging task and ttexference model
studied in [17], in this chapter we propose an optimal powading scheme using
the Lagrange formulation. This loading scheme maximizesdibwnlink trans-
mission capacity of the CR user while keeping the interfeeenduced to the PUs
below a specified threshold. As the complexity of the optisthleme can be high
for some applications, we also propose two suboptimal seker®ur presented
simulation results demonstrate the strength of our prapeseemes compared
to the classical schemes for the CR scenario. Specificaflystvow that our pro-
posed schemes can load more power into CR user band in ordehitve higher
transmission capacity for a given interference threshsldeecified by the PUS’
network. In a related work in [22], Wyglinski has proposediaequal bit loading
algorithm for a non-contiguous (NC)-OFDM-based CR systémNC-OFDM-
based transmission systems, subcarriers, which couldipaltg interfere with
the transmission of other users have been proposed to \actiA combined
spectrum pooling and adaptive bit loading for CR OFDM bagestiesn has been
studied in [25] in order to improve the bit error rate (BER)GR system. In or-
der to minimize adjacent channel interference, a sidelappression mechanism
has been proposed in [26]. An efficient multiuser water fijladgorithm under
interference temperature constraints in the OFDMA-badedhé&works has been
proposed for an uplink scenario in [27]. The authors in [1&fjéstudied the effect
of the subcarrier’s nulling mechanism, which reduces tieriarence in the PU’s
band. By nulling the subcarriers that are adjacent to the &dljpmore power
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can be loaded into far apart subcarriers for a given intenfeg threshold. How-
ever, after nulling we cannot load any bits into the nearliycawriers even when
they have very good channel gain. Hence, nulling presemntsda-off, which we
also study in this chapter. Specifically, we present the pqsefile of different
schemes under various nulling scenarios. Numerical eshtiw that for a given
interference threshold, nulling of one adjacent subcaimeroves the achievable
transmission rate of suboptimal and classical schemede whiling of two or
more adjacent subcarriers may degrade their performannally; we study the
effect of imperfect channel gain information at the CR traitter.

The organization of this chapter is as follows. While Setf2@? describes the
system model, Section 2.3 presents the problem formulatioithe optimization
solution for power adaptation. In Section 2.4, we propose low-complexity
suboptimal schemes. We compare performance of our propmmdeames with
that of the classical schemes and nulling mechanism in @e@i5. Selected
numerical results are presented in Section 2.6. The effecherfect channel
gain information at the transmitter is studied in Section ZEinally, Section 2.8
concludes the chapter.

2.2 System Model

For an example, a possible co-existence scenario of PUg eal a CR user’s
radio in geographical location is shown in Fig. 2.1. In félcere may be a number
of co-existence scenarios. For example, one scenario cao-lmeated scenario
where both primary receivers and CR receiver co-exist inesaser’s device. For
example, in future generation laptops, multiple radiod exist in a given lap-
top and a medium access control (MAC) coordinator will cdhoate their MAC
functionalities. One of these radios can be based on CR oémiyn The other
co-existence scenario can be closely-located scenargudin scenario, different
radio receivers may exist in different users’ devices baséusers can be closely
located.

In spectral domain, we consider the same side-by-side CR a@dess model
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Figure 2.1: Distribution of primary and CR users in the spatial domain.

as is assumed ilEl]J]. Basically, it is assumed that the &eqybands of band-
width B1,Bsy, ..., B, in Hz which have been occupied by the PU(s2,1..L, are
sensed by the CR system and known (see Fig. 2.2) to it. Thecupiead band
sensed by the CR system for possible transmission is locat@ach side of the
PU bands 12,...L, as shown in Fig. 2.2.The available bandwidth for CR trans-
mission is divided intdN subcarrier based OFDM system. It is assumed that the
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Figure 2.2: Distribution of primary and CR users in the frequency domain

bandwidth for each CR subcarrierAd Hz. It is assumed that the access mecha-
nism/modulation format in PUs’ band is not known to the CReys

In downlink transmission scenario shown in Fig. 2.1, in gahehere are
three instantaneous fading gains: (1) between the CR usansmitter and CR
user’s receiver for th&" subcarrier denoted &$* (it is assumed thatSs are
independent and identically distributed (i.i.d.)); (2}ween the CR user’s trans-
mitter andl'" PU receiver, denoted &3 (assumed to be i.i.d.); and (3) between
thel™ PU’s transmitter and the CR user’s receiver, denotetfagassumed to be
i.i.d.). We assume these instantaneous fading gains decpgiknown at the CR
user’s transmitter. Specifically, we assume that the CRuseteiver can esti-
mate channel gair$’® and h,IDS and report to the CR transmitter. With co-located
scenario discussed earlier i.e., both primary and CR rece®re located in same
device and primary receiver can estimate the chah?f’ehhich is reported to the
CR transmitter. On the other hand, if PU and CR receiversoaaged in different
devices, we assume that the CR transmitter can estimataanael gairh;” from
the emitted signal from the PU ’s receiver.

Further, we note that for scenarios where perfect knowledgestantaneous
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channel gains is not available, the throughput obtainemlityin proposed resource
allocation algorithm in this chapter will serve as an uppeurd on the maxi-
mum achievable throughput. In Section 2.8, we will study ¢hee where the
instantaneous fading gains are not perfectly known at thar@msmitter rather
the average fading gains of PUs are known at the CR transmitte

The transmit power is adjusted in each CR user’s subcarviéth an ideal
coding scheme, the transmission rate atithearrier,R;, for the transmit power,
P and channel fading gaitn’, is connected via the Shannon capacity formula,
and is given by

ss/2
R (P19 = Aflog, <1+ 2|h_|Lme> , 1)
0%+ 20=1Y;

whereo? denotes the additive white Gaussian noise (AWGN) variaand,Ji(')
denotes the interference introduced by krePU band into thé!" OFDM sub-
carrier. It is assumed that the interference introducedWy iRto the SUs can be
modeled as AWGN which may not be valid for low number of PUswideer, for
larger number of PUs, AWGN assumption is a good approximatio

As it is mentioned in [17] that due to the coexistence of PU @Rlusers
in side by side bands, there are two types of interferencbarsystem. One is
introduced by the PUs into the CR user’s band, and the othetrauced by the
CR user into the PUs’ band. In what follows, we provide briegctiption and
mathematical models for interference between CR user arsd PU

2.2.1 Interference Introduced by CR User’s Signal

Assuming an ideal Nyquist pulse, the power density specttiumeit" subcarrier
in the CR user band can be written as [17]

sinnfTs)2 2.2)

a(f) =T (“hr
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whereR is the total transmit power in th&" subcarrier andTs is the symbol
duration. Let us denote the interference introduced by'freubcarrier of CR to
thelth PU’s band a$i(')(di| ,R). This interference is the integration of the power
density spectrum of th&" subcarrier across tHéh PU band, and can be written

as
di+Bi/2 /sintrfTs) 2
O, Py — [pSP2 s
i (di,R) = | HTs/d"_Bl/z ( — ) df, (2.3)

whered; represents the distance in frequency betweeittiseibcarrier of the CR
user band and thieh PU band, an@, represents occupied bandwidth iy PU.

2.2.2 Interference Introduced by PU’s Signal

The power density spectrum of the PU signal after M-fast leoiransform (FFT)
processing can be expressed by the following expected wdline periodogram
[17] :

m ) i _ 2
TN = O

wherew represents the frequency normalized to the sampling frexyuendgpy (ej"")
is the power density spectrum of the PU signal. The PU sigaslldeen taken
to be an elliptically filtered white noise process with an #tade Poy [17].
The interference introduced by ttth PU signal to thé'" subcarrier, denoted
asJi(')(d” ,Ppu), will be the integration of the power density spectrum of Bié
signal across thé" subcarrier, and can be written as

dy +Af/2
3 (d,Pey) = }h|ps‘2/d_ L/Z E{In(w)tdw (2.5)

2.3 Optimal Scheme

Our objective is to maximize the total transmission rate BfuSer while keeping
the instantaneous interference introduced to the PUs baloertain threshold,
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expressing mathematically as,

: h° R
C = max ZAflogz 1+'—(|) , (2.6)
= 02+ 3 1d
subject to,
L N 0
> D (i, R) <, (2.7)
I=1i=
and
P >0, Vi=12,...N, (2.8)

whereC denotes the transmission capacity of the CR uNetenotes the total
number of OFDM subcarrierd;;, denotes the total interference threshold pre-

_ . 2
scribed by thel. PU bands,Ki(') = \hfp}szfd?;'jBE?I//zz(s',r;ﬁ}) df, andA is a
finite deterministic value. It should be noted that we argisglthe problem for a
single CR user.

Theorem The total transmission capacity is maximized by

* 1 ozt
R :max{O, 0~ so? : (2.9)
A3iK |3

Proof: Considering the fact that maximization of a concave furcis equiva-
lent to minimization of its negative value and introducihg tagrange multiplier
A for the inequality constraint in Eq. (2.7), and Lagrange tipliérs L for the
inequality constraint in Eq. (2.8), we can write the Karw&hn-Tucker (KKT)

22



conditions as [28]

F)i*
L N (
Z Ii (d" 5 PI*)
I=1i=
Hi
KPR
1 L d|-(|)
- —Hi+A =
(02+ZSII_S_%Ji<I) N PI*) Izl dPI
[ D
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Now, we can eliminatg; from Eq. (2.10) and write the equation as follows,

Pi*

v
(@]

Il

HM -
—~
2
N—
A
5

p* . L |
N 2, <L I(') +)\P' ZKi() = 0
0+ 1 * =1
ss| 2 + |
|h>
=12, ..N,
! A
(0 +|ES|LS|1| +p|*) ZI 1K ) N
vV 1i=12..N

(2.11)

0]
If A <1/ (m Zl":l Ki(')) , this last condition in Eq. (2.1.1) can only hold

[ish
if P* > 0asyh_, K" > 0, which by the third condition in Eq. (2.11) implies that

A= 1/((%4—?) S K ) Solving forP*, we can writeP* =1/ ()\ S K )—
L
<02+Z| lJ >/|h55| Now, if A > 1/ (% Sk Ki(')) ,thenP* >0, is
impossible, because it would imply |
0] 0]
A>1 (% zlelKi(”) >1/ ((% + P) zlelKi(”) . which vi-
olates the thi'rd condition in Eq. (2.11) as t'he condition barwritten as,

L

P,*ZKi(l) Ao ! —0, Vi=12,..N. (2.12)
£ -] . [
= (o i p ) st k0

%

L 10
Hence,P* =0if A > 1/ (M zlL:lK( )) Therefore, we can write the



optimal power profile as

[
p* — 1 . o? + ZlelJi( :
. | 2
AshK iy
. 1
A< o%+3t, 3" L e
A PAREL
0 ifA> (I)l (2.13)
0243143 zL k)
|hiss|2 |:1 1
or, more simply, can be written as following,
|
R*:maX{O, Ll o O'2+zs|ls_:21\]|()} (214)
A3ieiK |h?s]

Substituting Eq. (2.14) into Eq. (2.7) we can write

|

iiKa(” x maX{Q L -ty )} <l (215
1=11= A3k Iy

Now as both left-hand side and right-hand side of Eq. (2.1&)pasitive values,

the maximum of left-hand side would be achieved when thetdtigimd side is

maximum. Hence, to maximize the capacity, i.e. to maxintiegtower, we solve

Eq. (2.15) at the boundary and it is written as,

L N 2 L 1M

3 3 K xmaxq o, L A 1= L G (2.16)
| L (D) ss|2

1=11= A3k iy

The lefthand side of Eq. (2.16) is a piecewise-linear ingirgafunction ofﬁ,
1I=1™

2, <L 40 ) _ :
with breakpoints a % , and hence the equation has a unique solution

that is readily determined. Hence Proved.
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It is important to mention that the power allocation policykqg. 2.9 is in-
deed an waterfilling policy. However, the cutoff value foe tthannel gain or the
threshold for this waterfilling policy is weighted by the @rge of the interference
term zlel Ki('). Specifically, the policy suggests that more power shouldlloe
cated to the subcarrier which has relatively better chaguelity and is relatively
far away from the PU’s band.

2.4 Suboptimal Schemes

By using the above scheme, we can calculate the optimal palggation pol-
icy that maximizes the transmission capacity of the CR udalevkeeping the
interference introduced to the PUs below the specified tlmlds However, sev-
eral iterations may be required in finding the value\drom Eq. (2.16) and the
complexity of the optimal scheme @(NlogN). It should be noted that the com-
plexity of the optimal scheme is not very high, but however¢éhmight be some
systems which have strict requirements on the complexityrence, in the fol-
lowing section, we propose sub-optimal schemes based aistiesithat have a
complexity ofO(1).

Heuristic schemes proposed in this section are based oadhthat the inter-
ference introduced to a PU band by the CR user subcarriezases as the spectral

2, 5L 40
distance between them decreases. If we ignore the secmajfféi’gs's%) from

the power profile of Eq. (2.1.3), the power is inversely prajooal to the param-
eteryh , Ki('), which depends on the spectral distance ofithesubcarrier from
the PU band. As such, in order to reduce the interference &tecplar PU band,
less power should be assigned to the subcarriers that aréortbat PU band, and
more power should be assigned to the subcarriers that afrefathe PU band.
There are two types of CR user bands as illustrated in Fig.(n2 is adjacent
only to one PU band (CR user band 1) and the other is surroung&d) bands
on both sides (CR user band®...,L). The allocation of less power to the nearby
subcarriers suggests that the power can be distributed bkagle ladderprofile

26



120 dnilic L.
cr Py cy P c|Pime
;t)and 1 band 1 il 2 bandL band L
\ Pl
41 ..........
L LS
A EJREK,
B BEEN Frequen&y
<Bi L s (B By

Figure 2.3: Power profile for suboptimal schemes.

in CR user band 1 and like step ladderprofile in other CR user subcarriers
(2,3,...,L), as shown in Fig. 2.3. The total transmit power is deterchgwech that
the total interference introduced by all the subcarrieeqgal to the interference
threshold. Based on the step size of the power profile, wegsefwo suboptimal
schemes as follows.

2.4.1 Scheme A

While allocating power using Scheme A for a particular CRrisécarrier, we
consider the effect only on the PU band where it causes theanasunt of inter-
ference, i.e., the PU band to which it is closest. Power isildiged such that the
subcarriers that are adjacent to the PU bands are given [poWdren we increase

the power byP as we move away from the PU bands. Hence, to subcarriers that
are adjacent to the PU bands we allocate pdwdp those that are right next to
them we allocate R, and so on. For proposing this scheme, without loss of gen-
erality we assume that each CR user band occq}‘)il_esl subcarriers. Hence, we
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can write the power profile as follows:

P (%—i—l—i)P
Vie{l,z,...%}
_ (i—%)P
\ﬂe{%ﬂ,...[%“
_ (ZTN+1—i)P
vie { B—'ﬂ +12TN}

L 2L
= (N+1-i)P
. (2L—-1)N
Vi e { [ o0 +1,....,N (2.17)
We now need to findP. We can write,
N Lo
S KR = Ip. (2.18)

i=11=1

From eq. (2.17) and eq. (2.18), we can write:

lth
P=— 2.19
” (2.19)
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where

_|_
=] (L— DN
5 e
I:(|_7L1)N+1|:1
N L
+ 0y ZKi(')(NJrl—i) (2.20)

2.4.2 Scheme B

In this scheme, the step size of the ladder is taken to beselyeproportional to
sE, K. Hence, the power in th& subcarrier can be written as

L
AN (2.21)
| |; 1

whereP will be determined by the value df,, as follows. Eq. (2.18) will hold

in this case as well and by substituting Eq. (2.21) into Eg.1§Pthe power

allocation policy for scheme B®, can be expressed as

5 lth
N3 1K
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In next section we describe classical schemes namely,ramgower loading and
waterfilling scheme, and nulling mechanism which we will asedbenchmarks to
measure the performance of the proposed schemes.

2.5 Comparison with Classical Schemes and
Nulling Mechanism

The classical OFDM loading algorithms, the uniform powexdmg and water-
filling schemes, are suboptimal for such an interferencédanscenario, as they
do not have constraints on interference.

2.5.1 Uniform Power Loading Scheme

In the uniform power loading scheme, uniform powvreis loaded into each sub-
carrier. In fact, the uniform power loading scheme is a sgi@zise of sub-optimal
scheme A, wher®" is assumed aB. Therefore, using Eq. (2.18) for a given
interference thresholt,, the power allocated to th& subcarrier with uniform
power loading?” can be easily expressed as

lth
F)iu = —I . (2'23)
PRI Ki( )

2.5.2 Waterfilling Scheme

For distributing power according to the waterfilling scheme first determine
the total power used by the uniform sche(i® ) in transmitting at the given
interference threshold. Using this total power as the paeestraint, the power
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profile for the waterfilling scheme can be written as [29]

2 L 3®
pY = 1_% if A < ;I
A ‘hiss} <GZ+Z|L—1Ji< ))

s
. 1
=0 ifA>
02+Z|L:13i<)
||

(2.24)

. WE 1 02+ZII_:1J'(I)
or, more simply, a&"" = max{ 0, 3 — U‘Tfl . Now, the constank can be
calculated from the following: |
k 1 02 + ZI|_:1‘]i(|) U
Zmax O, X - T — PTotaI (225)
= [

It should be noted that the interference introduced by themfdling scheme will
not be equal td, and can be written as

|WF — K pwr, 2.26
221 R (226)

2.5.3 Nulling Mechanism

In [17], the authors studied the effect of nulling the subieas and showed that
the interference introduced to the PU band can be reducedlbggithose sub-

carriers (i.e., allocating zero power) that are adjacerthéoPU band, since the
adjacent subcarriers produce the maximum amount of imeerée. This proce-
dure implies that for a given interference threshold, maegr can be allocated
to the far apart subcarriers than to the neighboring suiecarrThus, one would
expect that a higher transmission rate can be achieved osing power. How-

ever, nulling the adjacent subcarriers loses frequencgrsiity, as the adjacent
subcarrier is assigned with zero power even when it has ageag channel gain.
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Therefore, nulling creates a trade-off. Hence, here weysbud proposed subop-
timal schemes namely Scheme A, and Scheme B, and classit@nmioading
and water-filling scheme with the effect of nulling. It shadde noted that we do
not study effect of nulling on the optimal scheme, as it igadty optimal, and
automatically nulls the subcarriers that need to be nulled.

Here, we restrict ourselves to two cases of nulling, naméky,one-nulling
and two-nulling cases. By a “one-nulling” we mean that focreaide of the PU
band, we null one subcarrier that is adjacent to it. Withoaslof generality, we
assume that each CR user band occu%iesbcarriers. Hence, in Fig. 2.2 we null
2L — 1 subcarriers, namely,

oc{(B) (2 (2) ()} o

Similarly, in two-nulling, for each side of the PU band welrtbe two subcarriers
adjacent to it. Hence, for two-nulling in Fig. 2.2 we nu(l22 — 1) subcarriers,
namely,

(2.28)

Now for studying the nulling mechanism, we load zero powethia sub-
carriers in Eq. (2.27) or Eq. (2.28) for one and two nullingpectively. For
the remaining sub-carriers, we load powers according tetheme under study,
such that the total interference introduced to the primamsrdand is equal to
lih, and the power profile for the schemes can be derived acglydirin the
following section, we present simulation results that canegghe performances of
the various proposed schemes with the classical schemesudlimy mechanism
for the CR scenario.
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2.6 Numerical Results

In the numerical results presented in this section, we asghmvalues of and
N to be 4 and 20, respectivelg. We assume the value df to be 4u seconds.
Here we assume the values/of to be 0.3125 MHz, which is same as subcatrrier
frequency spacing in wireless local area network (LAN) dtads [30], [31]. The
values 0fB,, By, B3z, andB4 has been taken to be 1 MHz, 2 MHz, 5 MHz, and 10
MHz respectively. The value af? is assumed to be 18W. The value of ampli-
tudePpy is assumed to be 10. The channel gdi#tsh’®, andh/ is assumed to be
Rayleigh fading with an average channel power gain of 10diBceSthe channel
fading gains for different realizations of channel gain bardifferent, an average
transmission capacity of 100,000 independent simulatios is considered.

In Fig. 2.4, we plot the achievable transmission rate of tReuSer versus
interference introduced to the PU band for different screeameler consideration.
From this figure, we observe that for a given interferenceghold, the optimal
scheme achieves the highest transmission rate for CR u¥¥escan also see
that the transmission rate that can be achieved using thesirhal schemes is
higher than that achieved by the classical uniform-powadileg and water-filling
algorithms. It can also be observed that scheme B perfortteriean scheme A.

In Fig. 2.5, we present the transmit power of the CR user getise inter-
ference introduced to the PU band for various schemes umahsideration. We
can observe from Fig. 2.5 that the optimal scheme allowstnégsion of higher
power than the other schemes for a given interference tbiegshhe classical uni-
form power loading and water-filling schemes are able to kba&dleast amount
of power and achieve lower transmission capacity for CRajs&s they do not
judiciously take interference into account in their loagpolicy for a given inter-
ference threshold.

The transmission capacity of the CR user versus interfer@mcoduced to

2In practice the values df andN would be high, but for simplicity in the simulation analysis
we have assumed the values to be 4 and 20, respectively. ifdgmuld be noted that the trends
in the results presented in this chapter would still holdditrer values of. andN.
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the PU band is plotted for scheme A, scheme B, the classiciironrloading
scheme and the classical water-filling scheme for variollggiscenarios in Fig.
2.€, Fig. 2.7, Fig. 2.8, and Fig. 2.9, respectively. For thkesof comparison,
we have also plotted the transmission capacity of the optstiaeme in Figs.
2.6, 2.7,2.8, and 2.9. It can be observed from the figuresattet nulling, the
performance of the suboptimal and classical schemes ireprmympared with the
no-nulling case. However, the optimal scheme still actsgte highest capacity
for a given interference threshold. Interestingly, it cerobserved from Figs. 2.6,
2.7,2.8,and 2,9 that for all the schemes, performance degffar the two-nulling
case compared with the one-nulling case. This result isusecaf the tradeoff
between the interface that can be reduced by nulling additisubcarriers and
the capacity that can be achieved by keeping them activemn fnese selected
numerical results, it can be concluded that nulling addalsubcarriers does not
always help to improve overall system performance. We diccoasider further
nulling, as the associated performance degradation waketieia simulation.

2.7 Imperfect Channel-gain Information at the
Transmitter

In the numerical results presented in this section, we use/dlues ofL, N, T,

Af, By, By, B3, B4, 02 andPoy supplied in Section 2.6. Further, the channel gains
h$S, h°P, andh/® are assumed to be Rayleigh fading with an average channerpow
gain of 10dB. Now, we assume that the CR transmitter can khew exactly

as it can receive the feedback from CR receiver. But for soreeaios, e.g.,
closely-located scenario, it may not be possible for thei@Rsmitter to know the
instantaneous values bf” andhP. However, the average channel gainshpt
andhl'oS can be predicted as they are closely located. Thereforkisgsé¢ction, we
study the performance of various algorithms assuming thigt@average channel
gains ofh’? andh are known at the CR user’s BS. It is important to mention
that in such case, interference constraint imposed to PUsetsin an average
sense. We run our simulations for the scenario when CR triétesranly knows
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nulling scenarios.

40



the average channel power gaint§f andh. In Fig. 2.10, we have plotted
the transmission capacity of the CR user versus interferemcoduced to the
PU band for various schemes for the scenarios of perfectrapdriect channel
information at the transmitter. Again, we have presentedcilrve of average
transmission capacity for 100,000 simulation iteratiohgan be observed from
Fig. 2.10, that performance degrades for the imperfectast®n However, it

should be noted that even with the imperfect channel gaorimétion at the CR
transmitter, proposed optimal and suboptimal schemeomerbetter than the
classical schemes.

2.8 Conclusions

In this chapter, we have developed an optimal power loadogyishm that max-
imizes the downlink transmission data rate of the CR uselenthe interference
introduced to the PU remains within a given limit. We haveogdsoposed two
suboptimal power loading algorithms that have less conityiéxit can achieve a
performance close to the optimal one. Presented numeeésalts show that the
classical loading algorithms used for conventional wesleetworks perform the
worst for the CR scenario among the schemes considered. Weealso studied
the effect of nulling mechanisms on the performances ofowarischemes. Se-
lected numerical results have demonstrated that the olgithame performs the
best, and that the one-nulling case achieves better datpeebrmance than cases
with a greater number of nullings, as well as zero-nullingesa Finally, we have
studied the case where the channel gain information is réeqity known at the
CR transmitter and found that even in this case proposedrsehperform better
than the classical schemes.
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Chapter 3

Discrete Bit Loading for
OFDM-based Cognitive Radio
Systems

3.1 Introduction

Cognitive radio (CR) has been proposed as a way to improrsipe efficiency
by giving opportunistic access of the frequency bands taamgof CR users for
whom the band has not been licensed. Although opporturgpgctrum access
would allow CR users to identify and access available spetiresources, one
of the main concerns is to utilize the available spectruroueses in an efficient
manner. As such the interference introduced by the CR uséhg forimary users’
band is kept below a prescribed threshold determined byfanence temperature
[6].

1The papers based on the research work presented in thisechsate been published as:
Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bhargdawak Adaptation in OFDM-based
Cognitive Radio Systems”, i@ognitive Radio Communications Networks, Springer-\égerlap.
189-212, 2007, and Gaurav Bansal, Md. Jahangir HossainVgayl K. Bhargava, “Discrete
bit loading for OFDM-based cognitive radio systems”Proceedings of National Conference on
Communications (NCC'07pp. 1104-1109, Jan. 2007, Kanpur, India.
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Due to great flexibility in dynamically allocating the undsgpectrum among
the CR users as well as the easy analysis of the spectraitadivhe primary
users [9], orthogonal frequency division multiplexing @) has already been
recognized in the literature as a potential transmissiomrtelogy for the CR sys-
tems. Since both the secondary and primary users may exsgterby side band
and their access technologies may be different, the muttexference is the lim-
iting factor for performance of both networks. Specificalty [17] the authors
have shown that using OFDM modulation causes mutual it between the
primary and the secondary users due to the non-orthogpmdlihe transmitted
signals. The amount of interference introduced to the piynuiger’s band by a
given subcarrier depends on the power allocated in thatastibcas well as the
distance between the subcarrier and the primary user’s. band

In order to exploit the time varying nature of fading gainsoss the OFDM
subcarriers discrete bit loading algorithms have beengeegin literature [23],[24].
These algorithms have minimized the transmitted power oO&DM system
while transmitting at a fixed data rate and at a fixed bit erate (BER) and are
useful for conventional wireless networks where there Iy one group of users
i.e., primary users. Since there is a mutual interferentedsn CR and primary
users when both group of users co-exist in side by side bhadliscrete bit load-
ing algorithms proposed for conventional systems e.g],[24] results in higher
mutual interference to the primary users. Hence, the degghin CR system is
quite different problem as the interference to the primagrs should be below
the given threshold. According to the classical discretédaiding schemes e.g.,
[23] and [24], more power and bits should be loaded into thestrier which has
higher channel gain. However the amount of interferendepdauced by allowing
secondary user’s transmission, in a given subcarrier akpen the location of
the subcarrier with respect to the primary user’s spectmdfeom this point of
view, more power and hence, more bits should be loaded inistand subcar-
rier. Therefore, it requires a judicious loading policy aiinhot only considers the
fading gain on the subcarriers but also the distances ofuhbeasriers from the
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primary user band in order to minimize interference.

In this chapter, we propose a sub-optimal scheme namelyrselde based
on Lagrange formulation such that it minimizes the intexfee introduced to the
primary users while transmitting at a fixed data rate and BRRher, we propose
an optimal scheme namely scheme B by modifying the existingh¢s-Hartogs
algorithm [23] and a sub-optimal scheme namely scheme C lyfyiiog Chow et
al. algorithm [24] such that rather than minimizing the smanitting power (as re-
quired for the conventional scenario), they minimizes titerference introduced
to the primary users (as required for the CR scenario) whakping a fixed data
rate and BER. In all cases we assume that there is no congrairansmit power.
This assumption is practical for CR radio system specialiydbwnlink scenario
as the interference is the limiting factor. Simulation tesshow that the proposed
schemes A, B and C introduce less interference to the prioegyband as com-
pared to existing Hughes-Hartogs and Chow et al. schemes $pecified data
rate and BER of CR users. Also, scheme A is of very low compleas compared
to scheme B.

The organization of this chapter is as follows. In Sectio?, 3ve give the
system model. The optimization problem has been formukateldsolved in a sub-
optimal fashion in Section 3.3. Further in Section 3.4, wespnt the modification
in the existing optimal and suboptimal schemes. In Sectibn\ge give selected
numerical results. Finally, Section 3.6 concludes the tdrap

3.2 System Model

We consider the same side by side CR access model as assuijigd. irBa-
sically, it is assumed that the frequency band which has lbeeuopied by the
primary users is known and the primary user band of bandvdghlocated in
the middle and the bandwidth available for secondary uaestnission is located
on each side of primary user band as shown in Fig. 3.1. Therbéeanore than
one primary user occupying the primary user band of bandMddOFDM modu-
lation scheme is employed for the secondary users and tilal@esbandwidth for
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secondary users is divided intkbsubcarriersN/2 on each side and each having
a bandwidth ofAf.

We assume that each subcarrier has a bandwidth that is madlesthan the
coherence bandwidth of the channel and that the instaniare@nnel gains are
perfectly known at the transmitter. The transmit bits ar@pdidely loaded in each
subcarrier. Due to the coexistence of primary and secondsans in such fashion,
there are two types of interference in the system [17]. Onetieduced by the
primary user into the CR user band and the other is introdbgetthe cognitive
user into the primary user band as described below.

3.2.1 Interference Introduced by the Secondary User’s Sig

The power density spectrum of ti{8 subcarrier in CR user band can be written
as [17]

sinnfTs)2

@a(f)= P.Ts( e (3.1)

whereR is the total transmit power emitted by th&subcarrier in CR user’s band
andTs is the symbol duration. The interference introduced byitthsubcarrier to
the primary user band is the integration of the power dersgigctrum of theth
subcarrier across the primary user band and can be written as

di+B/2 / sinmf Ty 2
R =Rn [ (SR at, 32)

whered; represents the spectral distance betweeri'thsubcarrier of CR user
band and the primary user banki(d;, R) represents the interference introduced
by theith subcarrier for a transmit powe®, into the primary user’s band.

3.2.2 Interference Introduced by the Primary User’s Signal

The power density spectrum of the primary user signal afterM-fast Fourier
transform (FFT) processing can be expressed by the follpekpected value of

46



the periodogram [1.7]

1 7 e [ Sin(w— )M /2\?
R W

W) = 5 [ ol (e ap @
wherew represents the frequency normalized to the sampling frezyendgey (elV)
is the power density spectrum of the primary user signam&y user signal has
been taken as an elliptically filtered white noise procesh &h amplitude-y
[17]. The interference introduced by the primary user digm¢heit" subcarrier
will be the integration of the power density spectrum of thienary user signal
across thé" subcarrier and can be written as

di+Af/2

Heh o) = [ TE(Inw)}dw 34)
di—Af/2

whereJ;(d;, Pry) represents the interference introduced by the primary siger

nal into theit" subcarrier of CR user’s band. For a large number of PUs this

interference introduced into a CR subcarrier can be asstoneel additive white

Gaussian noise (AWGN) from central limit theorem. Here, wsugne a single

PU but in a practical system there would be lot of PUs intarfgwith the CR

subcarrier and hence, we assume the interfer@riocbe AWGN.

3.3 Proposed Scheme A

In this section, we propose a sub-optimal scheme which niieisnthe interfer-
ence introduced to the primary user band while transmitéing fixed data rate
and BER. We use Lagrange formulation for solving the optatian problem, but
as it is difficult to solve the combinatorial optimization \aesume the rates to
be continuous and after the optimization we round them tegiet numbers and
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Figure 3.1: Distribution of primary and secondary users

hence, the scheme is sub-optimal. It can be written matheatisitas follows:

N
min i;h(di,F’.(RO), (3.5)
N

BER(Pl,Ri,hi> < BE&peo (3-7)

whereZ = {0,1,2,---} represents the integer transmission rétejenotes the
total number of secondary useRs,denotes the transmitted rate for iesubcar-
rier, BER denotes the BER for th&" subcarrier. From the assumption in Section
3.2.2. that the interferenclgis AWGN, BER can be expressed as [32]

~1.6RN?
(02+J)(2R - 1)

BER =0.2exp (3.8)
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andRspecandBE Rspecrespectively denotes the specified data rate and BER.
Now, from Egs. (3.7) and (3.8) we can write,
1(0%+3) (2R —1)

A= 2 In(5BER; peg- (3.9)

(o2}

Further, we defind(i) = a_ and then, substituting Eq. (3.2) in Eq. (3.5) we can
write,

N
min ZikiP,. (3.10)

Ria@i:

By substituting Eq. (3.9) in Eq. (3.10) we can write,

RSQZ\

Now using, Lagrange optimization in Eq. (3.6) and E. (3.W8 can write

—ki In( 5BEPSpea (024+3)(2R —1)
h? '

(3.11)

~ & —kIn(5BERped (0% +H) (R -1) I
- i; 1.6 2 _)\(i;R!_Rspec). (3.12)

For the moment, we do not confirig to integers and now differentiating Eq.
(3.12) with respect t&® we can write,

L —kIn(5BERsped (02+3)(2RIn(2))

Now, from Eq. (3.13) we can write,
—1.6n?
R =100,(A) +log,( ). (3.14)

ki IN(5BERsped (02 +J) In(2)

Substituting Eq. (3.14) into Eq. (3.6), we can write

_ og? .
logy(A) = spec Nzll ki In( SBEPg,lézah(z -I-J.)In(Z)). (3.15)
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Now, from Eq. (3.14) and Eq. (3.15), we can write

R= N le h|21.6 )
—1.6h?
K IN(5BER ped (02 + 3 In(2)

+ logy( ). (3.16)

If R in Eq. (3.16) comes out to be negative for some subcarriers kit is
assigned to those particular subcarriers and we reitehatevhole scheme for
remaining subcarriers. Now, as ratescan only be integers, we rourig to
nearest integeRy; and the round off erroAR; = R — Ry is determined. The
next part of the scheme is adopted from [24]. The spih, Ry is calculated
and if it is larger (smaller) than thspes then the rate of the channel with the
smallest (largestAR; is decremented (incremented). The algorithm stops when

5121 Rai = Rspeo
3.4 Modifications in the Existing Schemes

3.4.1 SchemeB

The Hughes-Hartogs algorithrn [23] incrementally allosaé® integer number
of bits at the cost of high computational complexity. Theoaighm works in a
manner such that bits are added successively to the sudyoatich will require
least amount of power for the specified BER. But for the CR adenthe goal
is to minimize the interference introduced to the primargrissband. Hence we
allocate the bits in a manner such that successively bitadated to the subcarrier
which will introduce least amount of interference to thenpary user band. The
modified algorithm works as follows

1. The subcarrier by which the interference introduced ® ghimary user
band will be least for the specified BER in assigning one mittie bearched.
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2. The bit is assigned to the subcarrier which introducesrmim interfer-
ence.

3. Keep on repeating till the given data rate is achieved.

It is obvious that the above algorithm requires extensieedeng and hence
it is slow. However, it is optimal as the bits are loaded in aaxrmex such that the
total interference will be minimized. Although the schemeBptimal, it is very
slow for practical applications as compared to scheme Alwhas a closed form
expression.

3.4.2 SchemeC

The Chow et al. algorithm [24] omits intensive sorting adli@ates rate among
the subcarriers according to the channel capacity appatiom The goal of the
algorithm is to minimize the transmitted power or to maxienihe noise margin
given a data rate and a target BER, where noise maygifi«n) is defined as the
amount of additional noise that can be tolerated, whileathieving the specified
BER. The algorithm can be described as follows [24]

1. Initialize ymargin = O, IterateCount(number of iterations) = 0, UsedCar(total
number of subcarriers) = N arafi)(energy of a particular subcarrier) = 1.

2. ForVi calculate

. SNRi)
R(i) =logy,(1+ ——— 3.17
() =logp(L+ = (3.17)
wherert is the SNR gap in the gap approximation [33].
R(i) = round/R(i)] (3.18)

where IQ(i) is an integer number of bits that are assigned to a particular

subcarrier.
dif f(i) =R(i) — R(i). (3.19)
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| fR(i) = 0,UsedCar= UsedCar— 1. (3.20)
Now, if Rigta = ZiNzl IQ(i) = 0, the algorithm is stopped.
3. If Rotal # 0, the neWymargin is calculated according to:

Riotal—Rspec
Ymargin = Ymargin+ 10log;o(2 USedcar ) (3.21)

whereRspecis the given data rate. Increment IterateCount by 1.

4. If Rotal # Rspecand IterateCoun& MaxCount(maximum number of al-
lowed iterations), let UsedCar = N and go to step 2, else gdeip 5. It
should be noted that if the algorithm does not converge aftaxCount
iterations, convergence is forced using step 5.

5. If Riotal > Rspes then one bit is subtracted from the subcarrier which has
the minimum diff(i) and it is repeated untq becomes equal tBspec
On the other hand, Rota < Rspes then one bit is added to the subcarrier
which has the maximum diff(i) and it is repeated uRi;s becomes equal
t0 Rspec

6. Power of each subcatrrier is adjusted such that the BERabf ®#bcarrier
(here, we exclude the subcarriers which have been assigbis) @s equal
to the specified BER for the given bit allocatigi).

Basically, the algorithm first finds the optimal system parfance margin (in
steps 1 to 4), and then if the algorithm does not convergbtaxCountiterations,
forced convergence is imposed (in step 5) and finally, it stdjthe input energy
distribution.

Now, for the CR scenario we change the Ea. (3.17), so thatitbete allo-
cated more to the sub-carriers which are far from the prinonagr band, as they

52



introduce less interference. We defranst(i) as follows

N
consti) = (1/k(i)) /;(1/k(i)). (3.22)

It should be noted that the subcarriers which are near to rineapy user band
introduce more interference and hence, has a higher valki)ais compared to
the subcarriers which are far from the primary user bandtf®€R scenario, we
modify Eq. (3.17) as follows

cons{(i)SNRi)

R(i) = loga(1+ T—. ). (3.23)

Hence, by introducingonst{(i), we are allocating less bits to subcarriers which are
near to the primary user band as they produce more inteder@md more bits are
given to the subcarriers which are far from the primary userdoas they produce
less interference. Rest of the algorithm remains same.

3.5 Numerical Results

In the numerical results presented in this section, we usevdtues ofTs to be
4u seconds. We assume the valued\dfto be 0.3125 MHz, which is same as
subcarrier frequency spacing in wireless local area ndt\(agkN) standards [30],
[31]. The value of B has been taken to be 0.3125 MHz. Noisewas of 10°W
is assumed. The channel fading power dairs assumed to be independent and
identically distributed (i.i.d.) Rayleigh faded with aneage channel power gain
as 5dB. A specified BER of 10 is used and the value afis taken to be 9.8dB
as in [24]. The value of amplitudBsy is assumed to be 1mW. The value of
MaxCountis taken to be 10. Further, we assume that there are 10 sigvsdar
CR users, 5 on each side of the PU bahd.

In Fig. 3.2, we present the interference introduced to tlmamy user band

2In practice the value of total number of CR subcarriers wdadchigh, but for simplicity in
the simulation analysis we have assumed the value to be 10.
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versus given data rate plots for the proposed schemes A, Eaadd conven-
tional Hughes-Hartogs scheme and Chow et al. scheme. Thiegldata rates
are average of 100,000 independent simulation runs. Frgm3Z, we observe
that for a given data rate existing Hughes-Hartogs and Chaal. eschemes in-
troduce more interference to the primary user band as cadgarschemes A,
B and C. Scheme B is optimal and introduces the minimum ieterfce to the
primary user band. Scheme A is sub-optimal and it introdless interference
as compared to sub-optimal scheme C and same as optimal s¢hdishould

be noted that the sub-optimal scheme A has similar perfocmas the optimal
scheme B because the quantization error does not produceisaral degrada-
tion in the performance. Further in Fig. 3.2, we have markeddower values
for some selected data rates. We observe from these vahtehéhconventional
optimal Hughes-Hartogs scheme, which minimizes the poreguires the least
power for a given data rate. Our proposed schemes A, B and @reeaigher

transmit power than the Hughes-Hartogs scheme as theynassige power to
the distant subcarriers compared to the nearest subsaimierder to reduce the
interference to the primary user band.

3.6 Effect of Subcarriers Nulling Mechanism

In [17], the authors have studied the effect of nulling thbcsuriers and have
shown that the interference introduced to the primary usedictan be reduced
by nulling the subcarriers which are adjacent to the primesr band. The rea-
son behind it is that the adjacent subcarriers produce thenmuan amount of
interference. It also implies that for a given capacity mpogver will have to be
allocated to the remaining subcarriers, so that the taggedaty can be achieved.
As a consequence one can expect that higher power needs twdéstead and
which might lead to higher interference. Therefore, nglloreates a trade-off.
Here we study the effect of nulling on the proposed schemeughes-Hartogs
scheme and Chow et al. scheme. It should be noted that scheres B per-
forms optimally and hence, nulling has no significance festhschemes.
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Figure 3.2: Interference introduced to the primary user band versusngiv
data rate (BER = 10/)

In Fig. 3.3, we plot the interference introduced to the prynaser band vs.
given data rate plots for the proposed scheme C under vanigilisg. Here, by
one nulling we mean that we null one subcarrier from eachssid¢he primary
user band that are nearest to it and similarly for higheraghf nulling. Similar
results have been plotted in Figs. 3.4 and 3.5, for Hughetebs scheme and
Chow et al. scheme. In these plots we have also plotted theaatof the optimal
scheme for sake of comparison. From Figs. 3.3, 3.4 and 3.5aneobserve

55



that in several data points after nulling the performanceabfeme C, Hughes-
Hartogs scheme and Chow et al. scheme improves as compareadtdling, but
still the optimal scheme performs the best and transmitdmax data rate for a
given interference threshold. We did not consider more rermobnulling as the
performance degrades and they have been checked via sonulalso, from the
plots we observe that for most of the data points two nulliaggrms the worst.
It implies that after one nulling the more power that has bakwcated to the
remaining subcarriers dominates the reduction in interfee due to the nulling
of adjacent subcarriers. In Figs. 2.3, 3.4 and 3.5, we haegmkesented the power
values used by the schemes under various nulling. The vahesgnted can be
used as an important design parameter in designing OFDledoasynitive radio
systems.

3.7 Conclusions

In this chapter we have studied the interference perforemanthe well-known
discrete bit loading algorithms when they are used for OFBdded CR systems.
In order to minimize the interference to the primary useesd, a suboptimal
algorithm has been proposed. We have also proposed two sshiwsed on mod-
ifications in the existing discrete bit loading schemes rgitine Hughes-Hartogs
[23] and Chow et al. [24] schemes. Presented numericaltsegemonstrate the
strength of our proposed schemes.
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Chapter 4

Adaptive Power Loading for
OFDM-based Cognitive Radio
Systems with Statistical Interference
Constraint!?

4.1 Introduction

The utilization of valuable radio spectrum resource camig@oved significantly
by using the cognitive radio (CR) technology [6]. Orthogldnaguency division
multiplexing (OFDM), because of its flexibility in allocaty the spectrum, has
been recognized as an air interface technology for CR sys{éin For exam-
ple, implementation details and some of the advantages bi\BBased CR sys-
tems have been discussed in [22]. Because of the coexisté@i® and primary
users in side-by-side bands, mutual interference betwessetusers is the limit-

1A paper based on the research work presented in this chagstdreen published as: Gaurav
Bansal, Md. Jahangir Hossain, and Vijay K. Bhargava, “Ad&fower Loading for OFDM-based
Cognitive Radio Systems with Statistical Interference €@int”, accepted itEEE Transactions
on Wireless Communications, Feb., 2011
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ing factor in order to achieve a good performance for CR systd 7]. Use of the
classical power allocation algorithms e.g., well knownevdtlling algorithm for

CR systems may result in higher interference to the primagy (PU) bands. In
[34], we proposed a power loading algorithm that maximizedbwnlink trans-
mission capacity of the CR user while keeping the total fetence introduced
to different PU bands below a specified threshold. A distadualgorithm for

optimal resource allocation in orthogonal frequency donsmultiplexing access
(OFDMA)-based CR systems has been proposed in [35]. Sevtrat resource
allocation schemes for OFDM-based CR systems have beemggdpn [35],

[37], [3€], [39].

Most of the above mentioned works assumed that the instaotsnchannel
qualities from the CR transmitter to both CR and PU receigezknown perfectly
at the CR transmitter. In general, when perfect channed stédrmation (CSlI) is
available at the CR transmitter, it can be exploited to iaseethe transmission
rate of CR users [40]. Further, it is shown in [41] that if thenonel fading gain
between PU transmitter and PU receiver along with the cHagaias between
CR transmitter to CR and PU receivers is known at the CR tratesyra superior
power-control policy can be designed. However, it may n@ peactical assump-
tion that the perfect CSI is known at the CR transmitter. Irtipalar although
the fading gains among CR transmitter and its receiver catmbe/n at the CR
transmitter via feedback channel, it is difficult, if not iogsible, to estimate the
instantaneous channel fading gains between CR transmittePU receivers. For
some scenarios, the CR transmitter can have informationtdbe statistics of the
channel fading gain among the CR transmitter and the PUuerseiFor example,
in [42], authors have argued that from the pilot signalsdraitted by a PU, the
mean value of the random channel fading gain between a Piveee@ad the CR
transmitter can be estimated.

In a recent work in [43] resource allocation algorithms hbeen proposed
for multiple input multiple output (MIMO) OFDM-based CR ggss where im-
perfect CSI is assumed at the CR transmitter. However, thigoesihave as-
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sumed a bounded channel uncertainty model, where the dhestimaation error
is bounded by some threshold. For such a bounded uncertaindgl, interfer-
ence introduced to PU band has been guaranteed to be bel@gifiexpinterfer-
ence threshold. Similar, bounded uncertainty model is us¢],[45]. Further,
in a recent work in [46], a statistical channel uncertaintydel is assumed where
average interference introduced to the PU band is kept bilewspecified limit.
In this chapter, we propose a probabilistic interferencelehdor OFDM-based
CR systems where channel fading gain can have any valugt(isenot bounded)
and interference is guaranteed in a statistical manner.

Following our earlier work in [34], there are three key cdmitions in this
chapter compared to the work in [34]. First, the proposedgr@Nocation scheme
requires the knowledge of channel fading statistiostead of instantaneous chan-
nel fading gain among the CR transmitter and PU receivers.thigregard,
we have proposed a probabilistic model of interferencestiolel where inter-
ference can be guaranteed only in a statistical manner. nfetloe considered
co-existence scenario in this chapter is more generaltzax the one presented
in [34]. In particular, in the system model presented in tiapter, different PU
receivers may have different interference constraints.ségh it provisions for
different quality of transmission for different PUs. Thirdhe presented model
also considers that the CR transmitter has a maximum tramp&wier limit. The
power limitation shows two regions in achievable capacitthe CR user; one is
power limited region and other is interference limited oegi

As such the transmission capacity of CR user is maximizediffarent statis-
tical interference constraints imposed by different PUs.algo propose a reduced
complexity suboptimal power allocation scheme. Our sitotaresults demon-
strate the strength of our proposed schemes compared ttagstcal schemes for
the CR scenario. Specifically, we show that the optimal seheam load more
power into CR users’ OFDM sub-carriers’ in order to achieighbr transmis-

2We assume a non-line-of-sight (NLOS) propagation enviremtnSo that the random ampli-
tude fading gain can be modeled as Rayleigh distributed wsthitistics we refer to both Rayleigh
distribution and its mean value.
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sion capacity while keeping the interference below a gileeghold with cer-
tain probability. The optimal scheme can achieve highersimsission capacity
than classical schemes. The suboptimal scheme which has samplexity as
uniform-loading scheme can achieve higher transmissipaaty than the uni-
form power-loading based scheme. Water-filling schemechvisi optimal power
allocation for conventional OFDM-based systems and hasgnigomplexity, out-
performs the sub-optimal scheme.

The organization of this chapter is as follows. While Setdd? describes the
system model, Section 4.3 presents the problem formulatidrthe optimal solu-
tion for power allocation over CR OFDM subcarriers. In Sexct#.4, we propose
a low-complexity suboptimal scheme and present the clalssothemes. Selected
numerical results and complexity analysis of proposed reeiseis presented in
Section 4.5. Finally, Section 4.6 concludes the chapter.

4.2 System Model

In the frequency domain, we consider that CR useraRt) users co-exist in side-
by-side bands as depicted in Fig. 4.1 (similar co-existencdel is used in [34]).
We assume that the bandwidth available to the CR user isativiittoN subcar-
riers with bandwidtlAfHz. TheL PUs are assumed to be occupying frequency
bands of bandwidtBy, By, ..., B, respectively. In spatial domain, depicted in Fig.
4.2, there are two types of channel gaing¥i)is the channel gain between CR
transmitter and the CR receiveriith OFDM subcarrier (it is assumed thgfs
are independent and identically distributed (i.i.d.))] &) hfp is the channel gain
between the CR transmitter ahith (| = 1,2,--- L) PU receiver (assumed to be
i.i.d.). We assume that the PU bands experience flat fadirga¥§ume that the
instantaneous channel gdiff is known at the CR transmitter. However, it is as-
sumed that instead of instantaneous channelrgséfinhe distribution type and the
corresponding distribution parameters are known at CRsirdter.

For ideal modulation and coding scheme, the transmissterofahe CR user
in ith subcarrierC; is connected via Shannon formula and can be expressed as
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Figure 4.1: Co-existence of PU and CR users in the frequency domain.
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Ci = Aflog, <1+ L%) (4.1)
02+ 3119

whereR is the power of the CR user in tlin subcarrierg? is the additive white
Gaussian noise (AWGN) variance adiﬁ) denotes the interference introduced
by Ith PU transmitter in theth subcarrier of CR user. It is assumed that the
interference]i(') is AWGN. We assume that the CR receiver is a smart receiver
and the interference valu]é') can be measured at the CR receiver and hence, is
known at the CR transmitter via a feedback channel. Theferemce introduced

by ith CR subcarrier transmission in thign PU band can be expressed as [17],

[34], s e ,
) sp|2 / " (Sln tf IS)
I/ =Rlh I df 4.2

i I ‘ | ‘ S di—By /2 7TfTs ( )

whereTs is the symbol duration and; represents the spectral distance between
theith CR subcarrier anth PU band.
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Figure 4.2: Co-existence of PU and CR users in the spatial domain.
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4.3 Problem Formulation and Optimal Power
Allocation

Our design goal is to find power values for each subcaefi = 1,2,---,N)

for given instantaneous fading gain®¥ and the total transmit power budget.

As such the total transmission capacity of CR u§ers maximized while the
probability that the total interference toPU bands is kept below the thresholds
It(r',) (=1,2,---,L) with the probability valuea or above. Mathematically, the
problem in our hand can be formulated as a constrained ggatian problem as
follows,

C = mafoNIo 1+m (4.3)
= M i; 9 -

o2+ 5,3
subject to,
N | |
Pr. Zli()(du,Pl)Slt(h) > a WI=12..1, (4.4)
i=
R >0 Vi=12..N, (4.5)
and
N
P < Pr. (4.6)
2.7

Now the probabilistic interference constraint in Eq. (4f@h) a flat channel
fading inI™ PU band can be written as,

2 g |
Pr. ‘hfp} Z\KI( )P| < lt(h) 2, V=12, .1, (47)
i=

, . 2
WhereKi(') = Tsf;:'fé'/zz (S';‘Tﬁ}) df. Sinceh;" is assumed to be Rayleigh dis-
tributed with a known parametéy, the distribution of] hlsp}z corresponds to an

exponential distribution with the parame?efr. The constraintin Eq. (4.7) can be
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evaluated in closed form for the Rayleigh fading case asvia|

10
M 'th

1—e 220 " > V=12 L (4.8)

After some mathematical manipulations, Eq. (4.8) can b#devwrias

[0

N
() th
PK'/ < Vli=12 ...L. 4.9
2 K S e i) 2 (4.9)

Theorem 1The power profile for which the total transmission capatitig.
(4.3) is maximized for the given constraints in Eas. (4.8)€), and (4.9), can be
written as,

o245k 307
P = |w— —== Vi=1,2,.N, (4.10)
[P
wherew; = ;(l) andf, andy are deterministic Lagrange parameters.

BH3a UK
Proof: We use the fact that minimization of negative value of thecewe

function in Eq. (4.3) is equivalent to its maximization. lragge parametens,
Li, and are introduced for the inequality constraints in Egs. (4(8)6), and
(4.9), respectively. The Karush-Kuhn-Tucker (KKT) comalits can be written as
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follows [28&],

P >0 Vi=12.N, (4.11)
N

PR-Pr < O (4.12)
2,

AR Iy

PK S 9
i;' ' 202(—In(1-a))

Vi=12.L (4.13)

g > 0, Vi=12,.N, (4.14)

uiP — 0, Vi=12,N, (4.15)

> 0, (4.16)

<ZP Pr> —- 0 (4.17)
v > 0, VYl=12..1(4.18)

N
U
EPK- =0 vi=1,2,..L (419
M<i_" 2)\2 In1a> ’ o ( )

1 -
T [ gzist g0 _“'+B+ZMK,('> = 0, Vi=1,2,.N. (4.20)
(0 +Z| 1V +P) =1

5k

Now we can eliminatey;, and can write Egs. (4.14), (4.15), and (4.20) as follows,

1 L .
- < B+YwK', vi=12.N, (4.21)
i T =1
e T
lis
R S0 -
RB— + RYyK =0, vi=12.N, (422
0t+319 =1
e +PR
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If B +z|":1y1Ki(|) < W then Eq. (4.21) can only hold B* > O,

#]

which by solving Eq. (4.22) give®)* = 1 oSt On the other
YOI R, A R T ™ T e
hand, if B + Z|L:1WKi(|) > —L1 . thenP* > 0 is impossible, because it

|
2 +z||.:1 Ji( )
hSS

would violate Eq. (4.22). Hencé, the optimal power profila ba written as,

o245k 0NN
Pr = |w— — &=t Vi=12,.N, (4.23)
[ 2
lia

wherew; = —
) BH3a K

Solving forL 4+ 1 Lagrange parameterg,(andy,l = 1,2,...L) can be com-
putationally complex. The Newton’s method can be used to thedLagrange
parameters in a quadratic complexity [28]. The interiomponethod can also be
used to maximize the total transmission capacity in £a.)(4i8en the constraints
in Egs. (4.5), (4.6), and (4.9). The complexity using iraepoint method would
beO(N3). As the complexity of the proposed algorithm can be quité hilgwhat

follows, we propose a low-complexity sub-optimal scheme.

4.4 Suboptimal and Classical Power Loading
Schemes

In this section we propose a low complexity sub-optimal sohe We also de-

scribe classical schemes namely; uniform loading schechevater-filling scheme
which are used for conventional OFDM systems. It is impdrtanmention that

classical schemes are also suboptimal in context of CRregsds they do not take
interference constraint into account.
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4.4.1 Newly Proposed Suboptimal Scheme

The power has to be assignedNoCR subcarriers such that the capacity of CR
users can be maximized while &lH- 1 constraints (total power constraint from
Eqg. (4.6) and. interference constraints from Ed. (4.9)) are satisfied. ddre-
plexity of the optimal scheme comes from the fact that tHesel constraints
have to be met simultaneously. In order to reduce such coxityleve follow a
two step procedure as follows. First, we keep only one of.thé. constraints and
find power allocation in each subcarrier. Let us denote theepallocation value
for ith subcarrier whenth (j = 1,2,--- L+ 1) constraint is kept bﬁj. It is im-
portant to mention that solving the optimization problenthvanly one constraint

is less complex and obviousl%/ is a suboptimal value. Since for a given subcar-
rier we will haveL + 1 power allocation values corresponding to each constraint
In the second step, for a given subcarrier the minimunh @f1 power values
(P }jLi 1) is chosen. Therefore, all the constraints can be satisfiedtaneously

in a suboptimal fashion.

Specifically, to satisfy. interference constraints given in Eq. (4.9), power is
allocated according to ladder profile as'in [34]. It is basedh® heuristics, that
subcarriers closer to PU bands introduce more interferandénence, less power
should be allocated to these subcarriers. Power is alld@atach CR subcarrier
such that it is inversely proportional to the facqu”. It should be noted that
parametelKi(') depends on the spectral distance between CR subcarriehand t
PU band. The closer CR subcarrier is to PU band, higher is d@heevof Ki(')
and hence, less power is allocated in that particular sulkecaPower in theth
subcarrier because of tihh interference constraint is,

PO —pk wvi=12.L (4.24)

whereP can be calculated by assuming strict equality onl thénterference con-
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straint qt(,?) in Eq. (4.9) and can be written as,

10

=_th _ (4.25)
2NAZIN i

In order to satisfy the power constraint given in Ed. (4.6¢, assume that equal
power is allocated over all subcarriers, and corresponplavger profile for total
power constraint can be written as,

P — pr/N. (4.26)

For every subcarrier we choose the power which is minimumraad L + 1
power values and can be written as,

psuboPt_ mingp® p@ Pty wi=12 N (4.27)

By selecting the minimum power value fradmt 1 power values (correspond-
ing to each ofL + 1 constraints), all constraints are satisfied. However iy ma
happen that none of these constraint is met strictly. Henedlyij in order to max-
imize the capacity we scale the power profR8°P) until one of the constraints
is met strictly.

4.4.2 Uniform Loading Scheme

In uniform loading scheme, equal power is allocated to alicauriers such that
all L+ 1 constraints in Egs. (4.6), and, (4.9) can be satisfied. Byrasg equal
power and solving Eq. (4.9) to satisfy the strict equalityl tminterference con-
straint qt(,?), the corresponding power for tig subcarrier can be written as,

0
|
p) _p th vl =1,2,...L. (4.28)

i - |
25N, KA%In (1Ea)
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The power allocation for constraint in Ec. (4.6) remains sas in Eq. (4.26).

The final power allocation to each subcarrier is done acogrth Eq. (4.27). It

should be noted that at least one of thesel constraints will be met strictly and
hence, scaling of power value is not required.

4.4.3 Waterfilling Scheme

In water-filling scheme, we use the total power allocated hifoum loading
scheme as the power constraint. The power valuétifiosubcarrier, denoted by
Pi(WF), are obtained using the standard water-filling algorith®).[2ZThe power
values will satisfy the total power constraint given in E4.€), however we check
if the power values satisfy the interference constraingsied in Eqg. (4.9). If a
particular interference constraint is not satisfied, weicedhe power in each sub-
carrierPi(WF) such that the all interference constraints are satisfiesio,Af none
of these interference constraints is met strictly, the pomMePi(W P

until one of these interference constraints is met strictly

is increased

4.5 Numerical Results and Complexity of
Algorithms

In this section we present a numerical example where we assiat there are
three PU bandd.£3), and there are twenty eight OFDM subcarriéds< 28) for

CR user? The value ofTs has been taken to beuseconds. Here we assume the
values ofAf to be 0.3125 MHz, which is same as subcarrier frequency sgaci
in wireless local area network (LAN) standards [30], [31]heTvalues ofBy,

B,, andB3 have been assigned to be 1 MHz, 2 MHz, and 5 MHz respectively.
AWGN variance, ¢2) is equal to 101°W and the channel gains are assumed to
be Rayleigh distribution with average channel power gains®® hi", hiP, and

h3” equal to -5dB, -3dB, -5dB, and -7dB respectively. The valfigds equal

3In practice the values df andN would be high, but for simplicity in the simulation analysis
we have assumed the values to be 3 and 28, respectively.uldsbe noted that the trends in the
results presented in this chapter would still hold for otvedues ofL andN.
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to 1x10-8W. The values oilt(hl), andltf) have been assumed to be 10w,
and 5¢<10-%W. Simulations are run for 10000 independent iterations to obtain
average transmitted data rate for different algorithmseudnsideration.

In Fig. 4.3, we plot the achievable maximum transmissioa fat the CR user
versus the total power budget for various schemes. The MI@ has been fixed
to 2x10-% W, and the value od has been considered to b®8. From this figure,
we observe that the optimal scheme is able to achieve theestiglansmission
rate for a given power budget. Further, water-filling schemgperforms the sub-
optimal scheme which performs better than the uniform pdeating scheme. It
should be noted that as we increase the power budget for CRhusénterference
constraint becomes dominant and the transmission capac@R user does not
increase as the power budget increases. This is expectadhas region the CR
system operates in an interference limited scenario.

In Fig. 4.4, we plot the achievable transmitted data rat¢tfeiCR user versus
interference threshold for second PU barhtﬁf,)j(for all the schemes under consid-
eration. The value of total transmit pow®¥, has been assumed to be B0°W,
Again, we observe that the optimal scheme achieves higlparcids than that of
other schemes. The water-filling scheme achieves highacdgghan the subop-
timal scheme. On the other hand, the suboptimal schemevashiggher capacity
than the uniform scheme. The capacity versus interferdmestold curve sat-
urates after a certain value tg(f) The reason is that althougﬁ) is relaxed by
increasing its value, other constrainltr%)(, 't(r?)’ andPr) becomes dominant.

In Fig. 4.5, we plot achievable maximum transmitted date fat the CR user
versus probabilitya. The values ofr, andlt(ﬁ), is assumed to bex510~° W, and
2x 1076 W, respectively. As expected, we observe that the optinteme per-
forms better than the other schemes. Also, water-fillingesudh outperforms the
suboptimal scheme and the suboptimal scheme has an impcapedity perfor-
mance compared to the uniform power loading scheme. It isrgbd from Fig.
4.5 that as expected as the valuadfcreases, the achievable capacity of CR user
decreases for a given power budget and interference tHdssho
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Figure 4.3: Maximum transmitted data rate versus power budggtfor CR
users.

Complexities of various algorithms under considerati@@esented in Table
l. It can be seen that the complexity of the proposed optiroléme is higher
compared to other schemes. Our proposed suboptimal schémk performs
better than the uniform loading scheme has a similar conitgleXVater-filling
scheme has a higher complexity than both the uniform loadatgme and the
proposed suboptimal scheme.

4.6 Conclusions

In this chapter, we have developed an optimal power allonagilgorithm for

the orthogonal frequency division multiplexing (OFDM)deal CR system. In-
stead of instantaneous channel fading gain between the ¢8ivee and the CR
transmitter, the developed optimal power allocation saheeguires the fading
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Figure 4.4: Maximum transmitted data rate versus interference thitdgbo
2"d Py band (7)) for CR users.

Table 4.1: Complexity of different schemes

Scheme Complexity
Proposed optimal scheme O(N3)
Proposed suboptimal scheme  O(L«N)
Uniform Loading scheme O(L«N)
Water-filling scheme O(L*N=log(N))

statistics and parameters to be known at the CR transmAteisuch the trans-
mission rate of the CR user is maximized for a given power budgd different
probabilistic interference constraints imposed by ddferPU systems. We also
proposed and investigated performance of a low compleutbpptimal power al-
location scheme. Presented selected numerical resulgeshibat our proposed
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Figure 4.5: Maximum transmitted data rate versus probabilia) (vith
which instantaneous interference introduced to the PU bamains
below interference thresholdly) for CR users.

optimal power allocation achieves significantly highensiaission capacity for
CR user compared to the classical power allocation scheamaslg, uniform and
water-filling power allocation schemes that is used for emtional OFDM-based
system. The suboptimal scheme achieved better perfornthaoethe uniform
loading scheme.
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Chapter 5

Power allocation for multiuser
OFDMA-based Cognitive Radio
Systems with Joint Overlay and
Underlay Architecture?

5.1 Introduction

In recent years, cognitive radio (CR) has been proposed eshadlogy to im-

prove the spectrum efficiency by giving an opportunisticesscof the unused
spectrum to unlicensed users[6]. Most CR systems in thealitee implement
orthogonal frequency division multiplexing (OFDM) as a mtation technology
because of its flexibility in allocating spectrum resouf@gsUnder interference
temperature constraints, the total interference powelaieeeivers limits the al-
lowed transmitting power at the CR receiver level. A CR traitter may adapt
its power to the changing interference levels to PU recsiieorder to maximize

1A paper based on the research work presented in this chaptiebie submitted as Gaurav
Bansal, Md. Jahangir Hossain, and Vijay K. Bhargava, “Pallecation for multiuser OFDMA-
based Cognitive Radio Systems with Joint Overlay and Uagiektchitecture”
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its capacity in an overlay fashion [34], |36]. In such scheppower is only allo-
cated to frequency bands where primary user (PU) is not ptesel only mutual
interference between PU and CR users is considered. In §$gurce alloca-
tion algorithms have been proposed where power is loaded imderlay fashion
(i.e. power is allocated to frequency bands where PU is @yreaesent and only
co-channel interference between PU and CR is considered).

A hybrid overlay and underlay cognitive radio model is pregd in [47] to
adapt coding and modulation to the interference that PUesaltssCR but it does
not include the interference caused by power leakage fronm@Rerlay bands to
PU and arbitrarily fixes the underlay CR power, while it cobnédadapted to cur-
rent CR interference levels. Including these elementsdaortbdel makes adaptive
power allocation a critical factor in order to maximize thR €apacity. In [48],
a joint overlay-underlay two-switch model is presented #ither transmits in
overlay or in underlay format.

Schemes which perform a joint power allocation employinthlmverlay and
underlay waveforms do not exist. By considering either mwerlay or underlay
only power transmissions, the entire degrees of freedomarautilized. For
example, while allocating power in an overlay fashion, renpower is allocated in
overlay subcarriers (subcarriers where PU is not presEat)a given interference
threshold, it might seem that overlay power allocation widae able to maximize
transmission capacity, as loading CR power in underlay auigcs (subcarrier
where PU is present) introduces more interference to the &idl.b However,
underlay subcarriers might have a very good channel quaitCR users. By
allocating power in overlay only fashion, underlay subiessrcan not be exploited
and hence, is not optimal.

In this chapter, we propose an optimal scheme for capacityimmzation
which allocates power to entire bandwidth (i.e., both inrtaye and underlay
fashion), while keeping the interference introduced toRkhkebands within a pre-
scribed threshold, and keeping the total transmission paitlin a budget. As
the complexity of optimal scheme can be high, a suboptinteise has also been
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proposed. It is based on the heuristic that as underlay sudrsaintroduce more
interference to the PU band, less power should be allocatéldem. Also, we
have used an equal power profile for underlay subcarriersaaiar-based power
profile for overlay subcarriers. Further, we have compartedooposed schemes
to schemes where power is allocated in either overlay or liaygenly fashion
(classical schemes). Presented numerical results deratmgtat significant im-
provement in achievable capacity is achieved by loadinggoawa joint overlay
and underlay fashion, as compared to either overlay or tendenly.Further, we
present the power profile of the proposed optimal scheme;hwdhiows that in-
deed transmission capacity is maximized when power is atiémtjointly to both
overlay and underlay subcarriers.

The organization of the chapter is as follows. The systemahisdpresented
in Section 5.2 and the problem in formulated in Section 5:3o0ptimal scheme is
proposed in Section 5.4. In Section 5.5, we present a lowptaxity sub-optimal
scheme. Classical schemes are presented in Section 5.@ar@ilical results are
presented in Section 5.7. The chapter is concluded in Sebt&

5.2 System Model

We assume that using spectrum sensing, bands where spduitesmare present
have been identified, and spectrum holes and PU exist insigkde band. One
possible co-existence scenario is depicted in Fig. 5.1yevepectrum holes are
labeled as CR bands. It is assumed that the M available baedsvaded intoN
spectrum holes (or CR subcarriers) dn&U subcarriers, each of bandwidi
Hz. As shown in Fig. 5.1, the CR transmitter may allocate diporof its total
power budgefPr in any number of overlay (CR) and underlay (PU) subcarriers.
We assume downlink transmissiomhere base station is transmittingKkoCR
users.

We assume the CR power transmission to be an ideal Nyquise paihd the
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=1| k=2 =N
Und ower
Figure 5.1: Underlay and overlay power allocation
power density spectrum in thé&' band can be written as,
sinmTfTs 2
ad 1) = pTs (ST E) 5.

whereTs is the symbol duration, ang(k) is the total power loaded in thié"
subcarrier.

If overlay power (o) is loaded in overlay subcarriers (where PU is not present),
the overlay interferenced(l)) introduced to thé!" PU band can be expressed
as[34], [17]

A da+A1/2 /SinmTfTg | 2
_ o(U,K) hsp(1) 2T / ( 5) df (5.2
UZ Z | SP ‘ S da_Af)2 7TfTs ( )

wherehsp(l) is the channel gain between CR base station and PU receiver in
the It subcarrier,Ts is the symbol durationgl represents the spectral distance
between théd" CR subcarrier antf" PU band,po(u,k) represents the overlay
power loaded by thet" user in thek™ overlay band. We assume that the PU
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bands experience flat fading.

If additional underlay powerng) is loaded in underlay subcarriers (where PU
is present), the underlay interferenag(()) introduced to thé!" PU band can be
expressed as

%ﬁAUZ(gnnrg 2

K L
m) |hsp( 2'r/' ) df (5.3
= 5 S mumsHPT [ () df 69

where py (u,m) represents the underlay power loaded byuafeuser in themh
underlay band.
The total interference introduced to the PU band can be written as

iPY() =io(l) +iu(l), (5.4)
which after reformulation can be written as,
K M
(u I) = |hsp(l)| Z Z p(u,k) fdlst(dkl) (5.5)
wherep(u, k) indicates which user is occupying a particular subcartiean have

only value of either 0 or 1, as only one user can occupy a peatisubcarrier. The
spectral distance factor<Q fgist(k, 1) < 1 can be calculated as:

W4+U@Af<§nnrk)2df (5.6)

fdist(k7|> :Ts/ T
S

(k—1—1/2)Af

The capacities due to overlay transmission and underlaginassion have
been denoted b§y, andCo and can be expressed as,

LA IhsgU,K)?po(u.K)

_Mu;k;"’g(” a2+ (K ) 67
Ihss(u,1) 2y (u.1)

Cuy = Af ZlIZIog<1+ o2+ ) (5.8)
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wherehsdqu, k) are independent and identically distributed (i.i.d.) amelrgains
between CR base station and e CR user in thed" subcarrier,o? denotes
the additive white Gaussian noise (AWGN) variance, §fid denotes the inter-
ference because of all PU bands into the CR transmissi@ isubcarrier. We
assume interferencigk) to be AWGN.

The total capacity of CR users can be written as

C=Co+Cu (5.9)

which can be reformulated as,

K M 2
C=afY S p(uklog <1+ ‘hSS(UUZ’?‘j ('ig“’k)) (5.10)

In this chapter, we assume that the channel bgifu, k) between CR base sta-
tion and CR receivers can be estimated by the feedback bet@ieddase station
and receivers, and is known perfectly at the CR base statlowever, the chan-
nel gainhgp(l) between CR base station and PU receivers is not known plgrfect
at the CR base station. In [42], the authors have arguedrtiratthe pilot signals
transmitted by PU user, mean and the distribution of thenfpadains between CR
base station and PU receiver can be estimated. Hence, ichilger we assume
that the CR base station knows the statistics (mean and strébdtion) of the
channel gains between itself and the PU receivers.

5.3 Problem Formulation

The optimization problem is to maximize the transmissigrecaty ofK CR users
while keeping the total interference introduced to the Pbiddaelow a threshold
and total transmission power below a specified power canstidow, as we only
know the statistics of channel gaigp(l ), the interference can be guaranteed only
in a statistical manner, i.e., it can be guaranteed with avgngprobability & or
above) that the interference introduced to the PU band resvislow a specified
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interference threshold. The mathematical formulatiomefdptimization problem
is:

AR [hss(u, k)| p(u, k)
max uk)log, [ 1+ =22 2 5.11
p(uk).p(uk) u;k;p( ) gz( 0%+ j(k) (541
subject to,
K M
Pr. (\hsp(mz z z p(u, k) faist(dhe ) < |t(h>> >a for 1=1,2,--- L,
u=1k=1
(5.12)
p(uk) >0, for u=12-.- K,and k=1,2,--- /M (5.13)
K M
S p(u.K)p(uk) < Pr, (5.14)
u=1k=1
p(uk)={0,1} for u=12-.- ,K,and k=12---'M (5.15)
K
Zp(u,k)zl for k=1,2,---,M (5.16)

wherePr. denotes the probability angl(u, k) indicates which user is occupying
a particular subcarrier. It can only have value of either Doas a particular
subcarrier can be occupied only be one user.

Now, assumindisp(l) to be Rayleigh distributed with a known parametgr
the distribution of|hsp(1)|? is exponential with the paramet@f. Hence, the
interference constraint in Eq. (5.12) can be written as,

0
th

1—e PPLaskaPelpuliash) > g for | =1,2,---,L (5.17)

After mathematical manipulations, Eq. (5.17)can be reamigs,

10

Uk)fdlst(dkl)_zAZ( |:,:1<1_a))7 for |:1727”'7L

||M§

byl

(5.18)
It should be noted that the optimization problem for maximgzEq. (5.11)
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given constraints in Egs. (5.13), (5.14), (5.15), (5.184 &.18), is generally a
NP-hard problem, which is hard to solve optimally. Howevethis chapter. we
have assumed a downlink scenario and an optimal solutiobé®s proposed in
the next section.

5.4 Optimal Scheme

In this section we propose optimal solution for the optirtiaproblem given in
Egs. (5.11), (5.13), (5.14), (5.15), (5.16), and (5.18)dbgoupling the subcarrier
and power allocation. First, we propose a subcarrier dilmcgdcheme and prove
that even after decoupling, the proposed solution woulddbenal.

5.4.1 Subcarrier Allocation

Since the goal in Eq. (5.11) is to maximize capacity, we alleca particular
subcarrier to a user with the highest signal to noise ratNR)Sor that subcarrier.
Thusp(u,k) =1 for u = uy, or O otherwise, where

|hss(U, K) \2

Uk - arg muaXm,

for k=21,2,--- .M (5.19)
Theoreml: The decoupling of power and subcarrier allocation, per&mnby
allocating subcarrier according to Ea. (5.19) is optimal.

Proof: We will prove TheoremIby contradiction.

Lets assume that a optimal scheme exists where auggth highest channel
gainhsqu;, k) in the K" subcarrier and th&" subcarrier is not assigned to user
ui. Insteadk!" subcarrier is assigned to usgrwith channel gairhsgu;j, k). Lets
assume that optimal powgxuj, k) is loaded. As it is a optimal schenpgu;, k)
will satisfy constraints in Egs. (5.13), (5.14), and (5.18)

Now, if we assign the&k!" subcarrier with same powes(uj, k) but to user
U. The constraints in Eqs. (5.13), (5.14), and (5.18) will & satisfied. But
capacity in Eq. (5.11) would be higherlasgui, k) > hsqu;, k). So, assigning!"
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subcarrier to useuj is not optimal. Hence, proved by contradiction.

5.4.2 Power Allocation

Now after performing subcarrier allocation, the optimiaatproblem can be writ-

ten as: )
< hss(u, K)[“ p(u, k)
max uk)log, [ 1+ =222 B 5.20
pwk)tg;mzup( ) gZ( 02+¢(m ( )
subject to,
K |(|)
p(u,K) faist(di ) < th ., for 1=1,2,---,L (5.21)
2.2, 2)2(—In(1-a))

p(uk) >0, for u=12-.- K, and ke Q, (5.22)

K

p(u,k) < Pr, (5.23)
u=1keQy

whereQ, is the set of subcarriers assigned to usdry performing subcarrier
allocation according to Eq. (5.19).

The optimization problem specified in Eqs. (5.20), (5.2%)2%), and (5.23),
is convex inp(u,k). We define a se§; such that,p(u,k) € S = {p(u,k) >
O;V u,k € Qu}. Introducing Lagrangian coefficientg, andy, corresponding to
constraints in Eqs. (5.21), and (5.23), respectively, thgrangian over s&; can
be written as:

K Ihss(u, k>|2p<u,k>>
{ = | 1+

uzlkegzu 0% <
0]

L |t K

i ;m <2)‘2(|)(—hn(1 a)) Z Z}u uk)fdlst(dkl)>
K
>

I
+ V<PT_ p(U,k))
u=1keQy
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The Karush-Kuhn-Tucker (KKT) conditions [28] can be writtas:

[hs(u, k)|
071 5K 1 It K Ep(uk) a faist(d)) —y=0 (5.25)
It(f|1) K
of 2/\2<|)(_|n(1_ a)) - uzlkezfzu p(u, k) 1:dist<dk,l) =0 for 1=1,2---,L
(5.26)
K

v(Pr -3 p(u, k)) =0 (5.27)

u=1keQy
a >0 for 1=1,2,---,L (5.28)
y>0 (5.29)

From Eq. (5.25), the power profile can be written as:

1 B o2+ j(k)
ai Taist(dl) Y |hsgu, k)2

p(u,k) = [ (5.30)

As the optimization problem in hand is a convex problem, thgrange coeffi-
cientsa; andy in Eq. (5.30) can be calculated using Newton’s method orimite
point method such that the KKT conditions in the Eas. (5.£6X27), (5.23) and
(5.29) are satisfied. As the Lagrange parameters need tonbeuted, the com-
plexity of optimal scheme can be high. Hence, in the nextsehee propose a
low-complexity suboptimal scheme.

5.5 Suboptimal Scheme

In the optimal scheme proposed in the previous section itbeasn shown that
decoupling subcarrier and power allocation is optimal. kesv, the scheme can
be computationally complex because of the proposed optioakr allocation
technique employed in the optimal scheme. The complexigubtarrier alloca-
tion scheme iO(KM), but the complexity of power allocation technique would
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be exponential.

In the suboptimal scheme proposed in this section, we fistate subcarriers
according to Eq. (5.19). Now, we propose a suboptimal powecation such
that the complexity is lower than exponential. Based on theristic that the
underlay subcarriers introduce more total interferentbed’U band compared to

the overlay subcarriers, we allocate less power to undstagarriers compared
to overlay subcarriers.

CR|CR|PU|(PU|CR|CR[CR|PU|PU|CR

N
Undeérlay Constant P

Figure 5.2: Power profile for suboptimal scheme

We allocate equal low power to all the underlay subcarriéfise power is
loaded in the overlay subcarriers in a ladder profile, as 43, [&hich is based
on the heuristic that the subcarriers which are closer to &l bintroduce more
interference to the PU band and hence are allocated less.pbmeepower profile
for the suboptimal scheme is depicted in Fig. 5.2.

The power profile for underlay subcarriers which are alladted equal power
can be expressed as,

pU (I) = Punder|ay V I E {1, 2, ...L} (5.31)
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The overlay subcarriers are allocated power in a ladderdashhere step size of
the ladder is constant. Basically, we allocBtgeray power to the subcarriers ad-
jacentto PU band, then we allocat,gaypower to the subcarriers that are right
next to them, and so on. Mathematically, the power profilefarlay subcarriers
can be expressed as,

po(k) — Pove”ay* | V k € {1, 2, ...N} (5.32)

Now, we introduce a design factarby which underlay power is less than the
overlay subcarrier and can be expressed as,

Poverlay= X* Punderlay V1 € {1,2,..L} (5.33)

The factorx is empirically determined in the simulations. Now, the powe
profile can be determined if the valueRfgeriayis known. The values dyngeriay
is determined such that both total power budget in [Ea. (5228 interference
threshold constraints in Eq. 5.21 can be met at the same @asically,L + 1
values ofPyngeriay Which satisfy the total power constraint ahdnterference
thresholds are determined. The value which is minimum isehas it will satisfy
all the constraints.

Without loss of generality, we can group overlay and ungesidcarriers such
that the firsL subcarriers are underlay subcarriers and remaiNiagbcarriers are
overlay subcarriers. The power profile which will satisfg tbtal power constraint
can be written as:

pl

underlay underlay™

N
sL+xxPY o Si—pr (5.34)

Now, from Eq. 5.34, the value dﬁgﬁéerlaycan be calculated as:

Pltheriay= Pr/(L+xxNx (N+1)/2) (5.35)
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The power profile (denoted 'nztr,a)) which will satisfy thel'" interference

constraint in Eq. 5.21 can be written as:

(1+2) ( 1) N+L It(fl‘)
(5.36)

Now, from Eq. 5.35, the value di{SL)derlaycan be calculated as:

[0

P(|+1) — th
naetey 2AP(—In(1—a)) * (kg faisi(dhr) +xx RO Taisi(dher) * (k— L)
(5.37)
Finally, the value 0P ngeriaywould be chosen as:
) (L+1)
Punderlay— mln{ underlay I:)underlay 7Punder|a (5.38)

5.6 Classical Schemes

In this section, we propose overlay only and underlay onhestes for compari-
son to our proposed optimal and suboptimal schemes.

5.6.1 Overlay Only Scheme

In overlay only scheme, we allocate power in an optimal f@shbut only in
overlay subcarriers. Basically, all the power is allocat®dl overlay (CR) sub-
carriers, and. underlay (PU) subcarriers are nulled (assigned zero powém
power is allocated in overlay subcarriers such that the ttasmission capacity
is maximized, while maintaining total power budget conistrand keeping the
total interference introduced to the PU band below a spedifieeshold. Specifi-
cally, the power profile for overlay only schemayo) is obtained by solving the
following optimization problem:

maxCp (5.39)

Poo
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subject to,

Priiol) <1)y>a for 1=1,2---,L (5.40)
poo(u,i)>0  for u=12--- K and i=21,2---,N (5.41)
K N
> ZipOO(”’i) <Pr (5.42)
u=1li=

whereig(l) andCo are defined in Egs. (5.2) and (5.7) respectively.

Now the subcarriers are allocated to CR users according.t¢5rf) but only
to N overlay subcarriers and can be written as,

hsqu,i)|? .
U = argmax|525(7’.).‘, for i=1,2,---,N (5.43)
u oc+ j(l)

The power allocation can be determined using optimal schantethe corre-
sponding power profile can be written as,

T
1 a2+ (i)

aOftgist(chi ) +Y°°  |hsdi)? (5.44)

Poo(U,i) =

where Lagrange coefficientg?© andy°° are determined such that constraint in
Egs. (5.40), (5.41), and (5.42) are satisfied.

5.6.2 Underlay Only Scheme

Similarly, in underlay only scheme, we allocate power in atiroal fashion, but
only in underlay subcarriers. All the power is allocated_tanderlay (PU) sub-
carriers andN overlay (CR) subcarriers are nulled. The power profile fatarfay
only scheme iy o) is obtained by solving the following optimization problem

maxCy (5.45)
Puo

subject to,
Priv(h <1)y>a for 1=1,2,--- L (5.46)
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puo(ui)>0 for u=12--- K and i=12--- L (5.47)
K L

> Zpuo(u,i) <Pr (5.48)
u=li=

whereiy (1) andCy are defined in Egs. (5.3) and (5.8) respectively.
The subcarriers are allocated to CR users according to Et€)(but only to
L underlay subcarriers,
lhsg(u,i)|” .
U = argmax——-—-, for i=212..- L (5.49)
u o2+ j(i)
The power allocation can be determined using optimal schantethe corre-
sponding power profile,

1 o+’
aP Ofaist(di) + WO |hsgi)|?

Puo(u,i) = (5.50)

where Lagrange coefficient1$~’O andy/© are determined such that constraint in
Egs. (5.46), (5.47), and (5.48) are satisfied.

5.7 Numerical Results

The values ofls has been taken to bgudeconds. Here we assume the values of
Af to be 0.3125 MHz, which is same as subcarrier frequency sgaciwireless
local area network (LAN) standards [3C], [31]. The valuet @ndN have been
assumed to be 8 each. The value of total number of uédrave been assumed
to be 4.2 Noise varianced?) has been taken to be 1. The value of inter-
ferencej(k), has been generated randomly with a mean-af@ 8 W. The value

of probability @) with which the interference introduced to the PU band remai
belowli, has been taken to be 0.95. The channel aiu, k) has been assumed

2In practice the values af, N andK would be high, but for simplicity in the simulation analysis
we have assumed the values to be 8, 8 and 4 respectively. ifddmuld be noted that the trends
in the results presented in this chapter would still holddibrer values of, N andK.
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to be Rayleigh distributed with a mean of dl® The mean 4;) of the channel
gainshsp(1), hsp(2) , hsp(3) , hsp(4) , hsp(5) , hsp(6) , hsp(7) , andhsp(8), have
been assumed to bedB, -7dB, -10dB, -5dB, -7dB, -10dB, -5dB, and - @B, re-

spectively. For the suboptimal scheme, our simulation englly showed 4 to be
the best value for the factar

First, we fix the value oit(r',), for everyl, to be 1x10~° Watts and in Fig.
5.3, we plot the maximum achievable capacity versus totalpdudget for pro-
posed optimal scheme, suboptimal scheme, overlay onlynsetend underlay
only scheme. From Fig. 5.3, it can be observed that the pempogtimal scheme
achieves significantly higher transmission capacity caegbto suboptimal, over-
lay and underlay only schemes. It can also be observed teat@woposed low-
complexity suboptimal scheme outperforms overlay and dagenly scheme.
In Fig. 5.4, we plot the total transmitted power for varioahames. A very in-
teresting point can be noted that when the power budget &teyrénan k103
Watts, overlay only scheme loads more power than optimareehin CR sub-
carriers. Hence, the proposed optimal scheme not only loads more tggad
also achieves it while using less powekt higher power budget (greater than
1x10-3 Watts), the interference constraint becomes the bounaarstint and
there is more power available to load. But overlay only sahé&mot able to load
the power judiciously, as it does not use the entire degreés@dom available
by loading power in all the subcarriers (overlay as well adantay subcarriers)
and hence end up using more transmission power while acigésss capacity.
It should also be noted that the proposed suboptimal schemgsrsignificantly
lower power as compared to overlay only scheme while it agsidigher capac-
ity.

Further in Fig. 5.5, we fix the total power budget to 102 Watts and plot the
maximum achievable capacity versus interference thregbothe proposed opti-
mal scheme, suboptimal scheme, overlay only scheme andlanoaly scheme.
Again it can be seen from Fig. 5.5, that proposed optimal abdtimal schemes
outperform both overlay and underlay only schemes. It shbaelnoted that for
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higher interference threshold (greater thanl®—° Watts) overlay and underlay
scheme achieves the same capacity. As for higher valuesesfarence thresh-
old, total power constraint (set to<1.0~3 Watts) becomes the limiting constraint.
Both overlay and underlay only schemes has same degreegdbin, as they can
both load power in 8N = L =8) subcarriers, they both perform the same. However,
optimal and suboptimal scheme can load power intoNL&- ( = 16) subcarriers
and hence, achieves higher capacity. In Fig. 5.6, we plotdte transmitted
power for various schemes. It can be noted that for higherfetence threshold
total power constraint becomes the boundary constrainathsdheme loads same
total power in subcarriers.

In Fig. 5.7, we have plotted the power profile for various msgd schemes
depicting the power that has been loaded into various stibcarWe have fixed
the values oit(r',) to be 1x10~6 Watts and total power budget to £@0~3 Watts
(these values are chosen such that total power budget isiggnand interference
constraint is acting as the boundary constraint). Furtieerthis simulation we
have taken the mean( of the channel gainissp(l ) for everyl to be -1@ B (when
we take different values of the meay) for various PU users, bands with higher
mean values are assigned lower power as they introduce nteréerence. Hence,
power profile varies with it. Here, we want to study how vas@achemes load
power irrespective of the differences of the channel gathteance, we assumes
the same value for all In Fig. 5.9, we will study the case when the mean value
(A)) is different for different PU bands.) Now, from Fig. 5.7 cén be seen that
overlay and underlay only schemes loads power only in oyama underlay only
subcarriers. The proposed optimal and suboptimal scheaus lpower in every
subcarrier. Also, as the interference constraint is thentaty constraint, less
power is allocated to underlay subcarriers as they intredhigher interference to
the PU band.

In Fig. 5.8, we have changed the values!t%)fto be 1x10~* Watts and total
power budget to 10~ Watts (these values are chosen such that the interference
threshold is high and total power constraint is acting adthendary constraint).
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Power loaded (in Watts)
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Figure 5.7: Power profile for various schemes ﬂréP = 1x10°% Watts and
total power budget 10x 103 Watts

Here, we observe that overlay only allocated the same pow&x10° Watts
(1.25x107° Watts* 8 = 1x10~* Watts) in every overlay subcarrier. Underlay
only scheme has also loaded 1:2B)~° Watts in every underlay subcarrier. The
reason is that as the interference threshold is very higtenay and overlay
subcarriers are similar. The proposed optimal scheme |@28<10~° Watts
(.625x107° Wattsx 16 = 1x10~* Watts) in every subcarrier. Because of the di-
versity gain obtained by loading power in 18 { L) subcarriers, optimal scheme
achieves higher capacity for same power budget.
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Figure 5.8: Power profile for various schemes fkﬁrP = 1x10~% Watts and
total power budget 1x10~* Watts

In Fig. 5.9, we have fixed the values tﬂh’) to be 1x10°® Watts and total
power budget to 10102 Watts. Now, the mear() of the channel gainissp(1),
hsp(2) , hsp(3) , hsp(4) , hsp(5) , hsp(6) , hsp(7) , andhsp(8), have been assumed
to be -5IB, -7dB, -10dB, -5dB, -10dB, -10dB, -7dB, and -3IB, respectively. We
can observe from the Fig. 5.9, that more power is loaded imedoainds with low
values of mean/j). Like in subcarrier 5 the mean is -dB and hence, more
power in both underlay only and optimal scheme is loaded. évew suboptimal
scheme loads same power in all underlay subcarriers an@ hssme power does
not increase with change in the values of the mean (
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Figure 5.9: Power profile for various schemes f(ék) = 1x107° Watts and
total power budget 10x 103 Watts but for different values of;

Further, in Fig. 5.10, we fix the values q(h) to be 1x10~° Watts and total
power budget to £10 -3 Watts. We change the number of CR users from 1 to
10. It can be seen from Fig. 5.10, that the capacity obtaiyedhkious schemes
increase as the number of CR users increase. As base stsgignssubcarrier to
a user with highest channel gain, increase in number of uisersases diversity
and hence, capacity increases. In Fig. 5.11, we vary theesadfl probability
(a) with which the interference introduced to the PU band haioain below
lih. 1t can be seen that fa = 1, the capacity is 0, as it is not possible that with
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probability 1 instantaneous interference remains beéjgwl he capacity obtained

increases as we decrease the valua.oft should be noted that for sufficiently

high values o#, significant capacity can be obtained (likeaat 0.95, capacity of

1x 10 bps can be achieved).
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5.8 Conclusions

In this chapter, we have proposed two schemes employinggogrlay and un-
derlay power allocation for OFDM-based CR systems. The $ickieme is an
optimal scheme. It is based on Lagrange formulation thatimiags the down-
link capacity of CR users, while maintaining a total poweddget and keeping
the interference introduced to the PU band below a thresfidld second scheme
is a suboptimal scheme which provides a low complexity a#igve to the first
one, but nevertheless, performs comparably with the pexgpoptimal scheme.
Both schemes significantly outperform classical schemesrkgy only or under-
lay only schemes), as we demonstrated numerically usinglatrans. Compar-
ison of the complexity of various schemes shows that theqeeg suboptimal
scheme provides the aforementioned advantage in perfeevara far lower cost.
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Chapter 6

Relay and Power Allocation
Schemes for OFDM-based Cognitive
Radio System$

6.1 Introduction

Cognitive radio (CR) has been proposed as a technology tmieghe spectrum
efficiency by opportunistically using unused licensed sp@e of a primary user
(PU) |6]. In literature, orthogonal frequency division mplexing (OFDM) has
been recognized as a potential transmission technique RosyStems [6], [9].
However, in OFDM-based CR systems, even with near-perfestteum sensing,
secondary users (SU) can produce significant interferenB&ls operating in the
adjacent bands and vice-a-versa. In [34], power allocairemes have been
proposed which maximize the capacity of CR user while kegfie interference
introduced to the PU operating in these adjacent bands lzesp&cified threshold.
Nevertheless, for the case when CR systems have a weak tHeatween

1A paper based on the research work presented in this chagstdrden submitted as: Dinesh
Bharadia, Gaurav Bansal, Praveen Kaligineedi, and VijaBlkargava, “Relay and Power Alloca-
tion Schemes for OFDM-based Cognitive Radio Systems” undeor revision in a journal.
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source and destination, reliable communication might reopbssible because
the CR users can not transmit at high power as they mightdot® unacceptable
interference to PU in the adjacent bands. Therefore, tleedink of transmission
between source and destination might not always be avai|dbl, [50]. Instead,
cooperative communications can be used to generate analter path between
source and destination via relays and diversity can be aethigbl]. Also, using
cooperative communications the data can be reliably tratesrby using lower
power and hence, reducing the interference introducecet®thband.

Cooperative transmission techniques have been proposéitéat sequence
ultra wide-band (DS-UWB) based CR systems in [52] with tha af avoiding
interference to a PU present in the same band and maximizegignal to noise
ratio (SNR) at the destination. In this chapter, an OFDM daS® system is
considered in which the channel between the source anchdgsti is under a
deep fade and hence, a direct link is not available. Thesetbe source transmits
to the destination via CR based relays. Decode and forwaF] (Elays which
decode the transmitted signal and retransmit it to the oltbin are considered.
For such a system, we investigate relay and power allocatibemes such that the
Shannon capacity is maximized while taking into considenathe interference
caused to the PUs in the adjacent bands as well as the totar pmmsumed
for transmission. We show that joint relay and power allmcais a mixed-integer
optimization problem which is highly complex to solve. Henm this chapter, we
solve the problem in two steps: We first allocate relays te@rbiers assuming
equal power allocation and then power is allocated to ealely.réMe explore
both optimal and sub-optimal schemes for relay and powecation. Further,
numerical results are presented which shows the strengtfopbsed schemes.

The organization of the chapter is as follows. The systemahisddescribed
in Section 6.2. The optimization problem and the proposédgtimal schemes
are presented in Section 6.3. In Section 6.4, the numeresallts are discussed
and finally the conclusions are drawn in Section 6.5.
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6.2 System Model

We consider OFDM-based CR system with relays in the netwedbhawn in Fig.
6.1. We assume that the channel between CR source (S) andstiRatien (D)
is weak and that the direct link does not exist between S aras3hown in Fig.
6.1 with a dotted line. Here, we assume that spectrum sehamgbeen performed
and the source and the relays have the knowledge of the beaittde for trans-
mission. Further, we assume that therelanelays and\N CR subcarriers in the
network. The reIays{Rk}{jz1 are perfectly synchronized in time and frequency
domain. Leth, andh{ denote the instantaneous channel gain§'afubcarrier
for CR user from S to relafR and from relayRy to D, respectivelyh'sp andhLP
denote the instantaneous channel gains between S ant! tAg receiver, and
betweerR, and thd™ PU receiver, respectively.

We assume that a feedback channel exists between S and egldyisetween
relays and D. Hence, the knowledge of instantaneous chaairesh, andh
through conventional techniques of estimation and feddbas been assumed.
Further, we assume that CR network has a perfect knowledgbafnel state
information between PU and itself [34], [53], [39]. Theredpchannel gainls;'SP
and hLP are assumed to be known at S (CR source) and CR relays reghecti
These channel gains can be obtained by estimating the eecgignal power from
primary terminal and assuming the channel reciprocity. e\®y, it should be
noted that the relay and power allocation schemes propaostrisi work can be
easily extended to a scenario where only the statistics afirodl fading instead
of perfect channel gains are known. For such a scenariafené@ce introduced
to PU band can be guaranteed in a statistical manner, i@nibe guaranteed
with any given probability that the interference introddde the PU band always
remains below interference threshold. Following the war]&¥], it can be shown
that when channel fading statistics follow a Rayleigh disttion, the interference
constraint still remains linear and convex optimizaticchteiques proposed in the
next section will still be applicable.

In spectral domain, side-by-side access model has beerdeoed as in [34].
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Figure 6.1: System model

It is assumed that there arePU bands, witH!" PU having a bandwidtB. The
remaining unused spectrum is divided amdhgubcarriers each with bandwidth
Af. In first time slot, S transmits information & onit" subcarrier with power
PL, and in the second time sld® transmits information to D oiit" subcarrier
with powerPli(D. Shannon capacity of subcarrier is given by

OF+ 31
Clp = Aflog, <1+ m) (6.2)
02431
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whereCL, andC}, represent capacity of the channels between &ndRy to D,
respectivelyak2 ando? are assumed to be the variance of additive white Gaussian
noise (AWGN) atR, and D, respectively. The interference introduced bylthe
PU toR¢ and D on the'" subcarrier are denoted B3, andJ! respectively. We
assume PU interferend andJ! to be AWGN and it it assumed that interferences
can be measured by the CR network [34].

The interference introduced to PU band by CR transmissias fsllows [17],
[34]

L N K )

Ispu= S Zi S puNsp*PSTsGH, (6.3)
[=1i=1k=1
L N K | , |

lrRPU= 5 pihp|*Plp TGl (6.4)
[=1i=1k=1

B2 \ TS )de, dy represents the spectral distance between
thei'" CR subcarrier and thé" PU bandTs is the symbol duratiorp|. is a binary
decision variable which indicaté¥ subcarrier is allocated By, Ispy andlrpy
represent total interference introduced to the PU banddnstnission from S to

all relays, and by transmission from all relays to D, respebt

| _ di+Bi/2 (sinmifT,
whereG; = ||/ ( s

6.3 Problem Formulation and Proposed Schemes

The optimization problem can be expressed as follows,

N K o
max Zlkzlpkmin{C'Sk,C,'(D} (6.5)

PlPycPloi
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subject to,

Ispu < lin,

IrPU < lth,
K .
> p=1Vi
K=

pl € {0,1}, Vk,i.
PL,>0, Ry >0, Vkii,

N K
_Zlkzlpli (Psk+Po) < Pr. (6.6)

wherePr is the maximum total power that can be used for transmissipis, the
maximum allowed interference to the PU band.

We use an approach similar 1o [55] to solve Eq. (6.5). It casHmvn that the
minimum of the capacities in the objective function in Ea.5{as maximized if
the SNR at both relay and D are equal for the given total powastraint [55].
Therefore,

hsd?Ph  Ihipl*Rlp
P +3iad 02+ 3¥igd
Using Eg. (6.7), the optimization problem in Egs. (6.5)6]&an be reformulated
as

(6.7)

N K .
min —pi {Aflog, (14 n P (6.8)
22, PAT oo+ nAY)
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subject to,

L N K
ZzlzpkB kP < lin
I=1i=1k=1
L N K | i
5SSy AAR <l
I=1i=1k=1
N K
PP < Pr
i=1k=1
K
> p=1Vi
Pl >0, Vkii,
oL € {0,1}, Vk,i. (6.9)
. . . . |hi ‘2 . |hi ‘2 d | 2 di
WhereF"'(:P'Sk-l-Pf(D, :m, L:T&D@r,nk (Efk-i-lal’Blk |h | E‘L-il-(d' TsG Alk

The optlmization problem in Eqg. (€6.8), given the constraintEq. (6.9), is
a mixed integer optimization problem andNé$>-hard. Hence, in this chapter we
propose sub-optimal schemes. The optimization problerolig&d in two steps.
First while assuming equal power allocation, we sub-optyressign a relay to
each subcarrier and then we optimally allocate the powehaore¢lays for the
assigned subcatrriers.

6.3.1 Relay Allocation

In this subsection, we consider relay assignment techeigssuming equal power
allocation to all subcarriers (i.€3 = Pr/N). Optimal relay assignment requires
solving a discrete optimization problem whichNd>-hard. Therefore, we pro-

pose three low-complexity suboptimal schemes to alloaéy's to subcarriers as
follows.
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Scheme A

In this scheme, the integrality constraint pjg is relaxed p,L can have any real
value between 0 and 1) which makes the problem in Egs. (68) & linear
continuous optimization problem. Further while allocgtiequal power to all
subcarrierslﬂi = Pr/N), interference constraintkspy < lth, andirpy < ltn) might
not satisfy. Hence, we relagk_; p/ = 1 constraint tog§_, pl < 1, so that a
feasible solution is guaranteed. After solving this linpaygram (LP) forpli(, the
relay R with highestp|. is assigned to thi" subcarrier.
Hence Ka which denotes the relay allocated to thesubcarrier using Scheme

A can be written as,

Ka(i) = arg rr;(axof( Vi (6.10)

Wherepli( is calculated as described above. The complexity of thisrétgn is
O(K®N3) as it involves solving a LP.

Scheme B

The previous scheme used linear programming to allocateethg to a particular
subcarrier. Here we reformulate the objective functiondn (6.8) as follows,

min i § —Aflogy(1+ peniR) (6.11)
PP i=1K=1
The reformulated objective function in Eq. (6.11) is eqlewato the one in Eq.
(6.8), for binary values ob,i(. While allocating equal power to all subcarriers,
we use the reformulated objective function to propose acpilmal closed form
solution forp.

Relaxing the integrality constraint cpﬂ makes the reformulated problem con-
vex. As in Scheme A, we relagf_; pl = 1 constraint tos _; ol < 1. Now, the

111



convex problem in Eq. (6.11) is as follows,

N K

min3 3 - {Aflogy(1+ pi&e) } (6.12)
P iIT1K=1
subject to,
L N K
PLBIPr < Nk
252
L N K
S Y S PAKP <Nl
I=1i=1k=1
K .
> p<1Vi
!
P € (0,1], Vk,i. (6.13)
where&] = @

The above optimization problem described in Eas. (6.12),(&rl3) is a con-
vex optimization problem and applying Karush-Kuhn-Tuci€KT) conditions
[28€], closed form solution is obtained as follows,

' Af 1
. > ~ = 6.14
Px maX{ A1 (S4B Pr) + A2 (S A Pr) + v gl,(} (6.14)

whereA; > 0, A2 > 0, andv; > 0Vi, are deterministic Lagrange parameters, which
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are determined using following equations:

(Z pl— ) = (6.15)
L N K
Al{z S P 'kB!kPr—Nlth} =0 (6.16)
I=1i=1k=1
L N K
A NI 0 6.17
2 {lgzg PP — th} (6.17)

Now, Kg which denotes the relay allocated to iHesubcarrier using Scheme
B can be written as,
Kg(i) = arg rr;(axof( Vi (6.18)

Wherepli( is calculated using Scheme B. The complexity of the abovegsed
scheme i€D(K3N3) as it involves solving linear system of equations, Egs. {15)
(17). Further motivated by the closed form solutior‘p{gfobtained in Eq. (6.14),
we propose a low-complexity heuristic scheme in next sectio

Scheme C

We propose a heuristic scheme for assignment of subcafoierslays based on
Eq. (6.14).E|i( is the effective signal to interference-plus-noise raBt\R) when
relay Ry is assigned to thé" subcarriery -, Bl is proportional to the cumulative
interference introduced by the CR source S to the PU bandsyjan Al is pro-
portional to the cumulative interference introduced byyd®, to the PU bands.
Hence, we propose a heuristic scheme wfpér&re assigned as follows,

g
“ 31 Bl + S Al

(6.19)

pli( in the above equation represents the ratio of the channefgaihe transmis-
sion between S and D, using relkyor subcarrieli to the interference caused to
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the PU by this transmission. Intuitively, higjﬁ would imply that the relak can
give better throughput (higher channel gain) at lower fietence to the PU band
over theit" subcarrier. Therefore, the rel& with maximump,i is allocated to
theith subcarrier. Hence,

Kc(i) = arg n?(axo,i( Vi (6.20)
wherepf( is calculated using Scheme C. The computational compl@fityis

heuristic scheme iO(KN). After allocating relays to subcarriers, in the next
section we propose a method for power allocation to the stibca

6.3.2 Power Allocation

Now, for a given allocation of relay to the subcarriers, deddoy K(i) (which
could beKa(i), Kg(i), or Kc(i)), the optimization problem in Eq. (6.8) given the
constraints in Eq. (6.9) can be rewritten as,

N o
rqaleAf 09 (L1 + Ny iy Peiy) (6.21)
Py 1=

subject to,

L N _
3 3 B <l
—1i=
LN

|
2, 2 AP < hn
—1i=

N
Py < Pr,
2 B
Py = 0, Vi, (6.22)

This is a convex optimization problem with linear consttasiand can be solved
by using KKT conditions. The closed form solution is as fol
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, Af 1
P —maxi 0, S (6.23)
K(i) { A4{Z|L:1 BEK(i)}+)‘5{ZIL:1A=K(i)}+)\6 nk(i) }

whereAs > 0, A5 > 0 andAg > 0 are deterministic Lagrange parameters, which
are determined using following equations:

N .
e (_;P,'((i) - Pr> —0, (6.24)

P

Iy
—
M IM-
Mz ]|

>
a1
— N

The computational complexity involved in assigning powettte subcarriers
is O(N3).

6.3.3 Optimal Solution

For assessing the numerical strength of our proposed s¢hegn@opose an op-
timal solution which is obtained by exhaustive search anttéénas a very high
complexity. Specifically, all possible combinations ofoakting relays to sub-
carriers are considered, and for a given relay allocatiomepas allocated in a
optimal fashion i.e., the allocation which maximizes thpamity for given inter-

ference and total power constraint is chosen. The optimatien requires an
exhaustive search, and hence the complexity of optimatisalis O(KN.N3).
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6.4 Numerical Results

The values oL andN are chosen to be 2 and 6, respectivedy.The simula-
tion model is shown in Fig. 6.2. Here we assume the valuésfdab be 0.3125
MHz, which is same as subcarrier frequency spacing in wseelecal area net-
work (LAN) standards [20], [31]. The values Bf;, andB, are assumed to be 1
MHz, and 2 MHz, respectively. The values of, akz are assumed to be equal
to 10-3 W. The values of interferencel, Ji, has been taken to be 1®W. The
channel gainglp, hip, hi,, hi  follow Rayleigh fading with a mean power gain
of —10 dB. The maximum total poweP¥) is assumed to be 16 W. The sim-
ulations have been conducted for 10000 iterations, so thatam obtain average
capacity values for various schemes under consideration.

Secondary Secondary Secondary
Users 1 MHz Users 2 MHz Users

1 5 1% Primary 2" Primary User
User band band

;Af B1 B2

Figure 6.2: PU and CR user distribution in frequency domain

In Fig. 6.3, we plot capacity obtained by CR users under diffeschemes
versus the interference threshold to Ri)(in a CR system with three relays. We
have also plotted the results of the optimal solution. It barobserved in Fig.
6.3, that Scheme A and Scheme B perform similar and, are Vesg ¢to optimal
scheme. We can also observe that Scheme C performs a bit tharséhe other
schemes. However, note that Scheme C is based on heurigtitga a relatively

2In practice the values df andN would be high, but for simplicity in the simulation analysis
we have assumed the values to be 2 and 6, respectively. Aldmuld be noted that the trends in
the results presented in this chapter would still hold ftveotvalues of. andN.
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low computational complexity.

In Fig. 6.4, we compare capacity obtained by CR users unffereit schemes
with increasing number of relays but keeping interfereihceghold [i,) constant
to 10-® W. We observe that as the number of relay increases, therperfee of
the proposed sub-optimal schemes decrease as comparecbatithal solution.

Capacity vs. Interference threshold
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Figure 6.3: Capacity of CR users versus interference threshijdl for a
fixed number (3) of relays.

117



Capacity Versus Relay taking Ith=10°
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Figure 6.4: Capacity of CR users versus relays for a fixed value fA0atts)
of interference thresholdf).

6.5 Conclusions

In this chapter, we have presented relay and power allotatibemes for OFDM-
based CR systems. The capacity of CR user is maximized iragimgl environ-
ment. The constraints on total transmission power andfer&nce introduced
to the PU band have been taken into account. The problem iscedrmteger
optimization problem and hence, an analytical optimal sotuis hard to find.
In this chapter, we have proposed three suboptimal relaypamger allocation
techniques. Complexity analysis and numerical resultpagsented.
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Chapter 7

Conclusions and Future Research
Directions

7.1 Conclusions

In this thesis, we have developed various dynamic resouloeation schemes
for OFDM-based CR systems. We have made following six mapotrdoutions
in this dissertation.

First, we have developed an optimal power loading algoritihat maximizes
the downlink transmission data rate of the CR user while tiverfierence intro-
duced to the PU remains within a given limit. We have also psegl two sub-
optimal power loading algorithms that have less complekity can achieve a
performance close to the optimal one. Presented numeesalts show that the
classical loading algorithms used for conventional wesleetworks perform the
worst for the CR scenario among the schemes considered. Vieahso studied
the effect of nulling mechanisms on the performances ofouarischemes. Se-
lected numerical results have demonstrated that the olitchame performs the
best, and that the one-nulling case achieves better datpeebrmance than cases
with a greater number of nullings, as well as zero-nullingesa Finally, we have
studied the case where the channel gain information is réeqity known at the
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CR transmitter and found that even in this case proposedrsehperform better
than the classical schemes. The work has been publishe@]i{32].

Second, we have studied the interference performance @fe¢hleknown dis-
crete bit loading algorithms when they are used for OFDMedaSR systems.
In order to minimize the interference to the primary useesdh a suboptimal
algorithm has been proposed. We have also proposed two sshemed on mod-
ifications in the existing discrete bit loading schemes rgitine Hughes-Hartogs
[23] and Chow et al. [24] schemes. Presented numericaltsedeimonstrate the
strength of our proposed schemes. The work has been publisiet], [59].

Third, we have developed an optimal power allocation atgorifor the OFDM-
based CR system. Instead of instantaneous channel fadimgpe@veen the PU
receiver and the CR transmitter, the developed optimal paiecation scheme
requires the fading statistics and parameters to be knotire &R transmitter. As
such the transmission rate of the CR user is maximized fovengyower budget
and different probabilistic interference constraints as@d by different PU sys-
tems. We also proposed and investigated performance of edowlexity subop-
timal power allocation scheme. Presented selected nuaheeisults showed that
our proposed optimal power allocation achieves signifigdngher transmission
capacity for CR user compared to the classical power allmtathemes namely,
uniform and water-filling power allocation schemes thatssdifor conventional
OFDM-based system. The suboptimal scheme achieved bettiermance than
the uniform loading scheme. The work has been publishedCdsiftl the jounral
version is to be submitted &s [54].

Fourth, we have proposed two schemes employing joint oyerid underlay
power allocation for OFDMA-based CR systems. The first sehé&sran opti-
mal scheme. It is based on Lagrange formulation that maesnilae downlink
capacity of CR users, while maintaining a total power budyget keeping the
interference introduced to the PU band below a thresholde sétond scheme
is a suboptimal scheme which provides a low complexity aligve to the first
one, but nevertheless, performs comparably with the pexgpoptimal scheme.
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Both schemes significantly outperform classical schemesri@y only or under-
lay only schemes), as we demonstrated numerically usinglatians. The work
is under preparation to be submitted as [61].

Finally, we have presented relay and power allocation selseior OFDM-
based CR systems. The capacity of CR user is maximized iragimgl environ-
ment. The constraints on total transmission power andfermnce introduced to
the PU band have been taken into account. The problem is alrmikeger op-
timization problem and hence, an analytical optimal soluis hard to find. In
this chapter, we have proposed three suboptimal relay andrmalocation tech-
niques. Complexity analysis and numerical results aregnmtesl. The work has
been submitted for publication as [62].

7.2 Future Work and Work in Progress

The research conducted in this thesis have given rise to roaaljenging and
interesting problems. Our current works are addressingwsof these problems.
A brief description of some of these issues is as follows.

7.2.1 Power Allocation Schemes for OFDM-based CR
Systems with Imperfect Sensing

One of the important tasks of CR user is to reliably detecttfalable spectrum.
In this thesis, we assumed perfect spectrum sensing. Howaeve€R employs
sensing mechanism to determine the presence of PU, thehe lo@gn error in the
detection of PU. The probability of missed detection wowdtedmine the amount
of interference caused to the PU by the CR system. The prtlyaijifalse alarm

would determine the throughput of the CR system. Recertipeswork has been
done in [63], [64], where resource allocation schemes haen ldesigned while
incorporating the interference due to errors in spectrunsisg but the mutual
interference considered in this thesis (which exist evera@RPU are in side-by-
side bands) have not been considered. An interesting futsearch would be to

121



take not only the mutual interference but also the interfeeentroduced due to
errors in spectrum sensing into account. Dynamic resoulaeasion algorithms
needs to be designed for such a system model.

7.2.2 Cross Layer Design of OFDM-based CR Systems

Cross-layer design can be a very useful tool for efficierlization of resources
available in wireless networks [65]. How efficiently can titeysical layer func-
tionalities (e.g. spectrum sensing, channel quality ettt@ract with the upper-
layer MAC, network and transport-layer protocols like shleng, routing and
rate control, can play a very crucial part in achieving higégectrum efficiency.
The work conducted in this thesis (power control) for CR egst can be extended
to optimization across various layers. Specifically, clager schemes can be de-
vised that will allow joint optimization of some or all of tHellowing parameters:
power allocation, (physical layer attributes), routingA®! layer attribute), and
rate (transport layer attribute) while making sure thatitherference introduced
to the PU bands remains below a specified threshold.

7.2.3 Resource Allocation Schemes for Cooperative Relagn
for CR Networks

The work conduced in Chapter 6 of this thesis assumes dedicalays employed
for achieving the diversity gain. However, recently co@ee relaying has been
proposed to improve spectrum diversity in CR networks [6#jere CR users
can act as a relay for each other. Large benefits in terms obiwimg efficiency

and fairness of resource sharing can be gained by coopetiong CR nodes.
Specifically, some CR users because of their low traffic dehtimnot need to
use the entire available bandwidth (spectrum holes). Hewglrey can improve
spectrum efficiency by acting as relays for the CR user’s wdne thigh traffic

demand but low available bandwidth. For such a network nesofrelay, power
etc.) allocation algorithms need to be designed. The worklgoted in Chapter
6 of the thesis can be extended to design dynamic resounmmtdn algorithms
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for cooperative relaying for CR networks.
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