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Abstract

Proposing efficient spectrum utilization techniques tewadite spectrum congestion is
one of the most important challenges in wireless commuioicé¢chnologies operating at
specific spectrum bands. In fact, the growth of wirelessiagfpbn demands has caused
the frequency allocation table for wireless services tmbezover congested. On the other
hand, recent measurement studies have shown that the ragigeficy spectrum in its cur-
rent shape is inefficiently utilized. Hence, for the purposalleviating the long-standing
problem of spectrum congestion, the federal communicatonmission (FCC) is actively
revising the traditional spectrum allocation policies andving towards the adoption of
opportunistic spectrum-sharingchniques using cognitive radio. Cognitive radio (CR) is
a technology that has the ability of sensing the environnmewhich it operates and adapt-
ing to its changes. For instance, through sensing, CR detieetportions of the spectrum
that are un-occupied (also referred to as spectrum holes)sgecific location or time.
One of the most efficient ways to identify spectrum holes isd@nse the activity of the
primary users operating within the secondary users’ (dognuser) range of communica-
tion. In this dissertation, we study different approactwsaflaptive resource allocation in
spectrum-sharing CR networks. In this context, we propddieing spectrum sensing in-
formation about the primary users’ activity and secondagnnel knowledge to adaptively
adjust the secondary transmission parameters such agtinver and rate while adhering
to the generated interference at the primary receiverdiiscase, a proper resource man-
agement is needed so as to maximize the throughput perfeerarthe secondary users
and avoid performance degradation for the primary users.ekistence and specification
of such resource allocation are necessary issues and witivestigated in this disser-
tation for different operating scenarios. We also propadepting cooperative relaying
techniques in spectrum-sharing CR systems to more efédgtand efficiently utilize the
available transmission resources while adhering to théityud service requirements of
the primary (licensed) users of the shared spectrum banghrticular, while the moment
generating function approach is commonly used to evallggéerformance analysis of



cooperative relaying systems, we propose a unified framewbich relies on the first-
order statistics and convolutional methods to investiglageend-to-end performance of
cooperative relaying spectrum-sharing systems. Furtbexnmwe quantify the advantages
of utilizing relaying transmissions in spectrum-sharirfg @tworks for different operating
scenarios and conditions.

Student Research Director
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 Cognitive Radio Tasks: An Overview

As of late June 2009, the United States of America (USA) haspteted the shutting
down process of analog terrestrial broadcasting. The Gandhdio-television Telecom-
munications Commission (CRTC) has also set the deadlin@éatransition to digital tele-
vision (DTV), namely to August 31, 2011 [1]. By that date, @dian over-the-air televi-
sion stations will stop broadcasting in the analog domauh @se digital signals instead.
Around the world, most developed countries have begun taégrshutdown, a process
that will accelerate during the next five years. The traosito digital will free up some
valuable spectrum resources for other important servikesatlvanced wireless and public
safety, such as for police and emergency applicatidnsleed, DTV uses up less spectrum
resources than analog TV. In addition, DTV transmissioress laffected by interference
and also operates at lower power levels than analog TV sgnal

On the other hand, driven by the consumers’ increasingastén wireless services, de-
mands for the radio spectrum have increased dramaticatbye®er, the conventional ap-
proach to spectrum management is very inflexible in the sétradeach operator is granted
an exclusive license to operate in a certain frequency baiwvever, with most of the
useful radio spectrum being already allocated, it is beogreixcessively hard to find va-
cant bands to either deploy new services or to enhance tegrexbnes. In this context,

1This conversion will also offer more channels, and bettetyse/sound quality to TV users.



2 CHAPTER 1. INTRODUCTION

for the purpose of improving the spectral efficiency in TV danthe Federal Commu-
nications Commission (FCC) in the USA has allowed unlicdnsecondary) systems to
operate within the spectrum band allocated to DTV servideigevensuring that no harm-
ful interference is caused to DTV broadcasting [2]. Takihg tinto account, the IEEE
802.22 working group is developing the so-called WRAN sgaddwhich will operate as
a secondary system in the DTV bands based on cognitive racimology [3].

Cognitive radio (CR) technology has the ability of sensing ¢nvironment in which
it operates, and to exploit this information to opportuesty provide wireless links that
can best meet the demand of the user and of its radio envimnra® technology has a
huge potential to increase the radio spectrum utilizatipefficiently reusing and sharing
licensed spectrum bands while adhering to the interferdingéations of their primary
users. Accordingly, two main functions in CR systemsspectrum sensingndspectrum
access

Spectrum sensing consists of observing the radio spectamd Bnd processing ob-
servations in order to acquire information about the lieglisansmission in the shared
spectrum band. Spectrum sensing is an important task in €ierag, and considered com-
pulsory in the IEEE 802.22 standard [4]. Various spectrunssg problems have been
observed in the literature [5-8]. The necessary requirémepectrum sensing is to adopt
sophisticated sensing techniques and practical algositbnrexchanging the sensing infor-
mation between secondary nodes.

Spectrum access, on the other hand, consists of providilegeet allocation and man-
agement of the available resources among the secondasy @eef among the challenges
in opportunistic CR networks is spectrum access [9]. Indbed to efficiently and fairly
allocate the radio resources between secondary users inme®®rk is a fundamental
problem (see e.g. [10-13]).

In this dissertation, we focus on several issues relatedtgi&ctrum-sharing systems
namely, adaptive resource allocation, capacity limitsltiruser communications and the
benefits of utilizing cooperative communications in CR rats.

1.1.2 Adaptive Resource Allocation

Adaptive resource allocation is a promising technique tprowe the performance of
CR communication systems [14]. Using this technique, a Giierinas the ability to change
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its transmission parameters based on active monitoring\aral factors in the radio en-
vironment, such as radio spectrum, licensed users’ actwitl traffic, and fading channel
variations [9]. In this context, usually in spectrum-shgrsystems, the secondary channel
state information (CSI) is used at the secondary transmdatadaptively adjust the trans-
mission resources [15, 16]. In this regard, knowledge ofstmondary link CSI and infor-
mation about the channel between the secondary transig8if¢and the primary receiver
(PR), both at the ST, have been used in [16] to obtain the @bfower transmission pol-
icy of the secondary user (SU) under constraints on the pedkeerage received-power at
the PR. The same approach has also been used in [17] and [di@jitwze the SU's trans-
mission policy under different types of resource and qualitservice (QoS) constraints.
In [19], in addition to the aforementioned channel inforimat CSI pertaining to the pri-
mary user (PU) link was also assumed available at the ST tmalty adjust the transmit
power so as to maximize capacity subject to a constraint®avkrage capacity loss of the
primary link.

1.1.3 Capacity Limits

For performance evaluation and design of CR systems, ubm@ppropriate capac-
ity metric is of paramount importance. Usually, ergodicaty is used as a long-term
throughput measure in these systems [20]. The ergodic tgpsthe maximum average
achievable rate over all fading states without any congta delay. However, in CR sys-
tems, by imposing constraints on the interference gergtatdhe cognitive users while
adhering to the PUs’ activity levels, it is obvious that sopscentage of outage is un-
avoidable [16]. Hence, for delay-sensitive applicatiateday-limited capacity is a more
appropriate metric [21]. In this regard, the delay-limiteapacity of spectrum-sharing
systems under different types of power constraints, wassiinyated in [22] and [23], con-
sidering availability of the CSI pertaining to the SU linkdathe one corresponding to the
interference channel between the secondary transmiti@rg®d primary receiver (PR),
both at the ST. On the other hand, in many real-time apptinatithe required rate is not
necessarily constant. For example, in wireless systemsawhspecific rate is needed for
voice communication, any excess rate can be used for otlpdicaions. Motivated by
this fact, the service-rate based capacity notion was [@egan [24, 25]. In particular,
in CR systems where the transmission is limited by the PUsVviag it is desirable for
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the SUs to fully utilize the radio resources while they haweess to the shared spectrum
band. In this regard, considering availability of the saetany CSI and information about
the interference channel at the ST, the service-rate dgpaE@pectrum-sharing systems is
investigated in [22].

1.1.4 Multi-User Communications

As mentioned before in Section 1.1.1, spectrum access nteamso efficiently and
fairly allocate the radio resources between secondarysusest CR network [12]. This
issue is similar to the broadcast channel (BC) problem inecuiiwireless communication
systems. In BC systems, typically and traditionally, C& haen utilized to adaptively allo-
cate the transmission resources, such as time, power, lidthcmd rate, among users [26].
In particular, considering perfect CSl at the base statiwhraceivers, the optimal time and
power allocation policies that maximize the ergodic cayaef fading BCs was investi-
gated in [26]. In spectrum-sharing CR networks, the probdérfair resource allocation
among secondary users was investigated in [12] subject ®&dastraints at the SUs and
interference constraints at the PRs. In the latter works,i€®e only information based
on which the base station decides how to distribute the ressietween users.

1.1.5 Performance Analysis of Cooperative Relaying Commuacations

Resource management is indeed of fundamental importarggeictrum-sharing sys-
tems as explained in Section 1.1.1. However, when the dlailpectrum resources are
not sufficient enough to guarantee reliable transmissitimedecondary party, the resource
allocation policy may not be able to fulfill the secondaryrsseequirements. In such cases,
the secondary system has to implement sophisticated tpodsto meet its performance
requirements. One notable technique is cooperative conwauion, which exploits the
natural spatial diversity of multi-user systems. The cphad cooperative diversity has
been recently gaining increasing interest [27-31]. Theiklew is that terminals located
in different geographical positions may share their ardsnn order to mimic a virtual
antenna array and exploit the advantages of spatial diyengen when the source and des-
tination nodes are single-antenna devices. In fact, catipertransmissions enable two
nodes, one source and one destination, to reach one anlotbegh a set of cooperating
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relays, the aim of which is to propagate the signal from th&r@®to the destination in
order to enhance coverage and increase the achievablghtimoibetween the end nodes.
In this context, the performance evaluation of multi-btanwltihop cooperative wireless
systems has been investigated in [32] by proposing a unifaddwork which relies on
the MGF-based approach. Furthermore, outage probahildyead-to-end performance of
cooperative relaying systems were analyzed in [33, 34].

1.1.6 Cooperative Relaying CR Communications

Communication using relay nodes is a promising way to comiggal fading due to
multipath radio propagation, and improve the system perémce and coverage area [35].
Roughly speaking, there are two main types of signal pracgss the relaying nodes:
Amplify-and-forward (AF) whereby the relay simply amplgiéhe received signal without
any sort of decoding and forwards the amplified version taldstination node, which is the
most straightforward and practical option, and decodefandard (DF) whereby the relay
decodes the received signal and then re-encodes it befavarfiing it to the destination
node. In this context, the concept of relaying has been eghjoh the CR context to assist
the transmission of SUs and improve spectrum efficiency, geg [36—39].

1.2 Research Objectives

In this dissertation, as highlighted in the above, we iriges¢ different approaches in
adaptive resource allocation in spectrum-sharing CR nidsvdn this regard, we consider
CR networks making use of sensing information about the RtXwity in the CR neigh-
boring area and operating under interference constralntghis case, a proper resource
management is needed so as to guarantee the QoS requiranir@$Us. The existence
and specification of such resource allocation under vasendce requirements at the sec-
ondary system are necessary issues and will be investigated dissertation. We will
also develop dynamic resource allocation techniques amgloge proper adaptation poli-
cies for CR networks. In particular, we will consider a spet-sharing BC scenario and
develop advanced techniques for spectrum sensing andrcesmanagement in conjunc-
tion with the adaptation policies and protocols so as tazetithe radio spectrum in an
efficient manner. Thereafter, we will adopt the cooperataying transmission technique



6 CHAPTER 1. INTRODUCTION

for the secondary communication in a spectrum-sharing Gkesy, to more effectively use

the available spectrum resources and decrease the ieteréeat the primary receivers. In
this context, initially, we consider a source/destinatramsmission link and investigate the
performance evaluation of single- and multi-hop relayiognmunication systems by using
the moment generating function (MGF)-based approach. ;Twerconsider a typical co-

operative relaying spectrum-sharing system and investiggmend-to-end performance by
proposing a unified framework which relies on the first-orskatistics and convolutional

approaches.

1.3 Contribution of the Dissertation

1.3.1 Accomplishment

The contribution of this dissertation can be summarizecuesal respects as follows:

In Chapter 2, we consider a spectrum-sharing system whengother of the ST is con-
trolled based on soft-sensing information about the PUisiacand CSI pertaining to the
secondary link. Spectrum sensing information is obtained bpectrum sensing detector
mounted on the secondary side to assess the PU'’s activigyistidne shared spectrum band
and the system is characterized by resource constraintseocaverage interference at the
PR and peak transmit power at the ST. Considering theseationis, the ergodic capacity
of the SU’s channel in a fading environment is investigated the optimal power allo-
cation scheme for achieving capacity, namedyiable powerpolicy, is derived. However,
while most modulation schemes do not adapt their performame¢he fading conditions,
a reconfigurable CR is able to select a modulation strategtyatlapts the transmission
rate and power to provide reliable communication acrosstiaanel all the time. In this
context, we also investigateariable rate and powemultilevel quadrature amplitude
modulation M-QAM) transmission strategy in a CR communication systerarelthe rate
and power of the ST are adaptively controlled based on dibijaof the secondary link
CSI and soft-sensing information about the PU’s activityrtRermore, considering imper-
fect soft-sensing information is used at the secondaryerystve investigate the optimal
power transmission policy in terms of false-alarm and deiaqgrobabilities and explore
the impact of detection uncertainties on the performancspettrum sharing cognitive
radio systems.
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In Chapter 3, different capacity notions, namely, ergodelay-limited and service-
rate capacities, in CR systems are investigated while testnission parameters of the
cognitive users are adaptively changed based on avaiiadiiihe CSI pertaining to the SU
link, and soft-sensing information about the activity o# tAU. We first study the ergodic
capacity of the SU’s link in fading environments and derive associated optimal power
allocation policy. Then, the power allocation policy undertage probability constraint
is obtained, and the achievable capacity with such trarsamgolicy is investigated in
different fading environments. Finally, we propose the/gerrate capacity as a service-
based capacity notion for CR networks that not only provalesnimum constant rate for
cognitive users, but also increases the average long-telievable rate of the secondary
communication link through utilization of the availablecess power.

In Chapter 4, we consider a primary/secondary spectrumrghaystem, and study
adaptive resource management in CR fading BC channelsisicahtext, while focusing
on the capability of CR systems to sense the environment iohwthey operate, we obtain
an optimal time-sharing and transmit power allocationgyolor CR-BC systems, based on
local observations about the primary system activity adoeech SR. Our approach is novel
relative to utilizing local soft-sensing information indar to determine which SU should
have access to the shared spectrum band at each sensinggalso implement a discrete
sensing mechanism in order to limit the overall system cexip, without compromising
the system performance significantly.

In Chapter 5, we consider a source/destination transnmidsik and investigate the
performance evaluation of single- and multi-hop relayinghmunication systems by us-
ing the MGF-based approach. First, considering a genedhfexding scenario in a single-
hop communication system, we investigate the performafdbeoproposed system in
terms of the average symbol error probability (SEP) of aabjtM-ary QAM constella-
tions in maximal-ratio combining (MRC) schemes over noseniical correlated channels.
Then, we consider a multi-hop relaying system with ampdihd-forward (AF) transmis-
sion and no line-of-sight between the source and destmaibales, operating over Nak-
agami fading channels with arbitrary fading parametersthigs context, making use of
the MGF approach, we investigate the performance of cotipereelaying networks in
terms of average SEP, ergodic capacity and outage prdiyahibject to independent and
non-identically distributed Nakagamifading.
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In Chapter 6, we adopt a cooperative relaying techniquénsecondary transmission
in a spectrum-sharing system, to more effectively use tladable spectrum resources,
and decrease the interference at the PRs. We consider dalpaleoperative relaying
spectrum-sharing system and investigate the end-to-eridrpgnce of this cooperative
system by proposing a unified framework which relies on tts-6rder statistics and con-
volutional approaches. Specifically, assuming an interatedlecode-and-forward (DF)
relay node is employed in the communication between thenskey source and destina-
tion nodes, the end-to-end performance of the dual-hopearatige system is studied by
obtaining the first-order statistics pertaining to the fanstl second transmission channels.
Furthermore, we consider the scenario when a cluster ofgétaavailable between the
secondary source and destination nodes. In this case, paitigl relay selection scheme,
the results presented for the single-relay scenario arergkered. Finally, we consider that
the communication between the secondary source and destimedes is assisted by an
intermediate relay that uses AF relaying. We propose a fnariebased on the standard
convolutional approach to investigate the overall perfamoe of the cooperative spectrum-
sharing system for different propagation conditions.

1.3.2 List of Original Publications

e [1] V. Asghari and S. Aissa, “Adaptive Rate and Power Tramssion in Spectrum
Sharing Systems'lEEE Transactions on Wireless Communicatiord. 9, no. 10,
pp. 3272 — 3280, Oct. 2010.

e [2] V. Asghariand S. Aissa, “Resource Management in SpeaciBlnaring Cognitive
Radio Broadcast Channels: Adaptive Time and Power AlloodtilEEE Transac-
tions on Communicationsol. 59, no. 5, pp. 1446 — 1457, May 2011.

e [3] V. Asghari and S. Aissa, “End-to-End Performance of Gerapive Relaying in
Spectrum-Sharing Systems with Quality of Service Requemtst, [IEEE Transac-
tions on Vehicular Technologyol. 60, no. 5, pp. 2656 — 2668, July 2011.

e [4]V. Asghariand S. Aissa, “Spectrum Sharing in Cognitivadid Systems: Service-
Oriented Capacity and Power Allocation”, Accepted for pedgion atlET Commu-
nications, Special Issue on: Cognitive Communicatigps 1 — 13, May 2011.
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e [5]V. Asghariand S. Aissa, “Performance of Cooperativechpen-Sharing Systems
with Amplify-and-Forward Relaying”, Accepted for publiten at IEEE Transac-
tions on Wireless Communicatigri¢ov. 2011.

e [6] V. Asghari, D. da Costa and S. Aissa, “Symbol Error Praligtof Rectangular
QAM in MRC Systems with Correlateg-,. Fading Channels”lEEE Transactions
on Vehicular Technologyol. 59, no. 3, pp. 1497 — 1503, Mar. 2010.

e [7] V. Asghari, D. da Costa and S. Aissa, “Closed-Form Uppeurls for the Er-
godic Capacity of Multihop Relaying Networks with NakagamiFading”, Submit-
ted tolEEE Transactions on Communicatiodgan. 2011.

e [8] V. Asghari and S. Aissa, “Impact of Detection Uncertaston the Performance
of Spectrum Sharing Cognitive Radio with Soft Sensing”, iGiited tolEEE Trans-
actions on Vehicular Technologyuly 2011.

e [9] V. Asghari and S. Aissa, “Resource sharing in cognit@dio systems: Outage
capacity and power allocation under soft sensing,” in PHBEE Global Telecommu-
nications Conferenc€GLOBECOM’08), New Orleans, LA, USA, Nov.-Dec. 2008,
pp.1-5.

e [10] V. Asghari and S. Aissa, “Rate and power adaptation fioreasing spectrum
efficiency in cognitive radio networks,” in ProtEEE International Conference on
Communication§lCC’09), Dresden, Germany, June 2009, pp. 1 - 5.

e [11]V. Asghariand S. Aissa, “Adaptive Time-Sharing and Rowllocation for Cog-
nitive Radio Fading Broadcast Channels”, in Pr¢EEE International Conference
on CommunicationdCC’10), Cape Town, South Africa, May. 2010, pp. 1 - 5.

e [12] V. Asghari, A. Maaref and S. Aissa, “Symbol Error Probiyp Analysis for
Multihop Relaying over Nakagami Fading Channels”, in Pi&EE Wireless Com-
munications and Networking Conferei®®@CNC’10), Sydney, Australia, April, 2010,
pp. 1-6.



10 CHAPTER 1. INTRODUCTION

e [13] V. Asghari and S. Aissa, “Cooperative Relay CommunaaPerformance Un-
der Spectrum-Sharing Resource Requirements”, in PeEE International Con-
ference on CommunicatiofgCC’10), Cape Town, South Africa, May. 2010, pp. 1
- 6.

e [14] V. Asghari and S. Aissa, “Parallel-Serial Concateda@oding: Design and
Bit Error Probability Performance”, in ProdEEE 21st Canadian Conference on
Electrical and Computer Engineering CECE’08), pp. 489 — 492, Niagara Falls,
ON, Canada, May 2008.

e [15] V. Asghari and S. Aissa, “Capacity Analysis of Spectr@maring Cognitive
Radio Systems With/Without Delay Constraint,” SubmittedEEE International
Conference on Communicatioi€C’12), Ottawa, Canada, Jun. 2012, pp. 1 — 6.

1.4 Organization of the Dissertation

The remainder of the dissertation is organized as follows.

Chapter 2 investigates the optimal power and rate alloecattbemes that maximize the
ergodic capacity of the secondary user’s channel in fadimwgy@ment for CR spectrum-
sharing systems. In Chapter 3, we study three capacity mgtizamely, ergodic, delay-
limited and service-rate (with and without outage), for Gie&rum-sharing systems op-
erating under constraints on the average received-inggrée and peak transmit-power. In
Chapter 4, we investigate adaptive time sharing and povecadion policy in CR fad-
ing broadcast channels when spectrum-sensing informigtiatilized at the base station of
the secondary network. Then, we propose adopting cooperalaying transmission tech-
nique in spectrum-sharing systems to more efficiently usatailable spectrum resources.
In this context and as an initial step, in Chapter 5, a peréooe analysis of cooperative re-
laying communication systems is investigated in diffefadtng environments. In Chapter
6, we consider a cooperative relaying spectrum-sharing Y@k and develop a perfor-
mance analysis of the proposed cooperative system whikragito the QoS requirements
of the primary users of the shared spectrum band. Finakydissertation conclusions are
provided in Chapter 7.



Chapter 2

Adaptive Rate and Power Transmission
in Spectrum-Sharing Systems$

2.1 Variable Rate and Variable Power Transmission Poli-
cies

As mentioned earlier in Chapter 1.1.2, adopting adaptiseurce allocation technique,
a secondary transmitter finds the ability to change its trassion parameters based on
active monitoring of several factors in the radio envirominsuch as the primary users’
activity and fading channel variations [9]. In particuldre transmission parameters of the
secondary users, such as modulation level and transmitrpoves be adjusted according
to the channel variations while ensuring no harmful intenfiee is caused to the licensed
(primary) users of the spectrum band.

In this context, availability of CSI at the cognitive transier was initially considered
in [40], where the optimum adaptive power transmission sehthat achieves the Shannon
capacity [41], under fading and average transmit powertcaim$, was presented. The lat-
ter power optimization problem but subject to peak and ayeeteansmit power constraints
was investigated in [42]. Usually, in spectrum-sharingeyss, the secondary CSl is used
at the secondary transmitter to adaptively adjust the mnéson resources as presented

IParts of this chapter were presented at HBEE Transactions on Wireless Communicationsl. 9,
no. 10, pp. 3272 — 3280, Oct. 2010, and in the PI&EE International Conference on Communications
(ICC’09), Dresden, Germany, June 2009, pp. 1 — 5, and sutuinitt thelEEE Transactions on Vehicular
TechnologyJuly 2011.
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in [15-17,19]. Common to the latter works is the fact thaytak considered knowledge
about the interference channel at the ST. However, a CR mketvan be deployed in differ-
ent ways, e.g., centralized (with infrastructure) or Ad:Kdistributed) [9]. In particular, in
CR networks such as WRAN [43], knowledge of the channel betvtee ST and the PR,
i.e., TV receivers il EE E£802.22 WRAN standard [44], may not be accessible by the SU
network. Hence, in such networks, the capability of sensiilegenvironment [14] can be
utilized by the cognitive users to optimize their transnoisgolicy. Concerning the sens-
ing techniques, one of the most efficient ways to determieetspm occupancy is to sense
the activity of PUs operating in the SU’s range of commundicaf44]. From a practical
point of view, it is difficult for a SU to have direct access e tCSI pertaining to the PU
link. Thus, recent works on spectrum-sharing systems cdrated on sensing the primary
transmitter’s activity, based on local processing at thesteld [8]. In this context, the sens-
ing ability is provided by a sensing detector, mounted or8té equipment, which scans
the spectrum band for a specific time. Then, the activitysties of the PU’s signal in the
shared spectrum band is calculated.

Based on this sensing information, the cognitive user hiasctipability to determine
if a signal from a primary transmitter is locally present irs@ecific spectrum band [9].
For instance, the received signals at an energy-basedaletere used in [45] and [46] to
detect the presence of unknown transmitters. Using thtsseofsing information obtained
from the spectrum sensor and considering that the ST doekavet information about
the state of its corresponding channel, the power adaptatrategy that maximizes the
capacity of the SU’s link was investigated in [47]. On theasthand, in a spectrum-sharing
system, to avoid deteriorating the QoS of the PUs of the bandceived-interference
constraint at the PR can be considered more relevant thaimathemit power constraint
[48]. Indeed, in such systems, it is necessary to contrairtllesmit power at the STs so as
to limit the amount of interference caused to the PUs. Inrdgsird, using CSI pertaining to
the SU's link and adopting a soft-sensing technique at the & independent manner, the
outage capacity lower-bound of Rayleigh fading channelpnimary/secondary spectrum-
sharing system was investigated in [8].

In this chapter, we consider a spectrum-sharing systementher power of the ST is
controlled based on soft-sensing information about thesRidtivity and CSI pertaining
to the secondary link. The system is characterized by resaronstraints on the average
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interference at the PR (hereafter referred to as interbereonstraint) and peak transmit
power at the ST. Considering these limitations, we investighe ergodic capacity of the
SU’s fading channel, and derive the optimal power allocaticheme for achieving capac-
ity, namelyvariable powerpolicy. However, while most modulation schemes do not adapt
their performance to the fading conditions, a reconfige&R is able to select a modula-
tion strategy that adapts the transmission rate and povpeotade reliable communication
across the channel all the time [14]. This strategy, refetoeasvariable rate and power
was proposed in [49,50]. In the latter works, assuming C&llability at the transmitter
side, the rate and power strategy that maximizes channeatitgwas investigated under
average transmit power and bit error rate (BER) constrailmghis context, we also in-
vestigatevariable rate and powemultilevel quadrature amplitude modulatiad{QAM)
transmission strategy in a CR communication system whereate and power of the ST
are adaptively controlled based on availability of the selewy link CSI and soft-sensing
information about the PU’s activity.

In detailing these contributions, the remainder of thisptlais organized as follows.
Based on the system and channel models which are describstiion 2.1.1, at first,
the variable power strategy that maximizes the ergodicapaf the SU link under pre-
defined resource constraints is investigated in sectior2 2 Thereby, a discussion about
the benefits of using soft-sensing information under thesictamed adaptive transmission
policy over fading channels, is provided. Then, in sectidn?, considering/l-QAM mod-
ulatior?, we determine the adaptation policy for varying the trarssion rate and power
S0 as to maximize the achievable capacity of the seconddqihile satisfying the afore-
mentioned power constraints and BER requirements. Finallsnerical results followed
by concluding remarks and summary are presented in se@ibrsand 2.1.5, respectively.

2.1.1 Spectrum Sharing System
2.1.1.1 System Model

We consider a typical spectrum-sharing system with a pauriofary transmitter and
receiver (PT and PR) and a pair of secondary transmitter ecgiver (ST and SR). In
this scenario, the SU is allowed to use the spectrum banchatig assigned to the PU as

2Although our focus is otM-QAM modulation, the proposed rate and power adaptatioitypchn be
applied to otheM-ary modulation schemes as well.
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Figure 2.1: Spectrum-sharing system model.

long as the interference power imposed on the PR is limited pyedefined value. The
system model is illustrated in Fig. 2.1. We assume that théifds a stationary block-
fading channel with coherence timg,. According to the definition of block-fading, the
channel gain remains constant otértime epochs after which the gain changes to a new
independent value. The PT is assumed to use a Gaussian oideiblo average transmit
power P;. In this work, it is assumed that the PU’s activity follows ladk static model
where the duration of a block is equal to the coherence tintlieeofading channell,.. This
implies that for at leasf, time period, the activity state of the PU remains unchanged.
Accordingly, we may consider that the PT remains active (@ite$ with probabilitya or
inactive (OFF state) with probability = 1 — «, in T, time periods.

We further consider a discrete-time flat-fading channehwirfect CSI at the receiver
and transmitter of the SU. As illustrated in Fig. 2.1, the SReayates an estimate of the
channel power gain between ST and SR: We assume that the latter information is fed
back to the ST error-free and without delay. We denote thaémélagain between the
transmitter and receiver of the SU by, the one between the ST and PR By, and the
one between PT and ST kyy,,,. The channel power gains,, v, and~,,, are independent,
and we assume unit-mean distribution foi® and exponential distribution foy,, and~,,
with variances that depend on the distances between theiambnodesa% for ~, and

3The expressions derived hereafter can be applied for anggatistribution. In the numerical results
section, however, we will assumgy; to be distributed according to Rayleigh and Lognormal figmst.
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é for v,). Moreover, it is assumed that the channel gains are stagipergodic and
mutually independent from the noise. We also consider timatditive noise (including
interference from the PT) at the SR can be modeled as a zemo-Baussian random
variable with variancéVy B, where N, and B denote the noise power spectral density and
the signal bandwidth, respectively.

2.1.1.2 Spectrum-Sensing Module

As shown in Fig. 2.1, the ST is equipped with a spectrum-sgndetector whose
function is to assess the frequency band for primary trassions. Based on the received
signals, the detector calculates a single sensing métifid5]. We consider that the statis-
tics of ¢ conditioned on the PU’s activity being in an ON or OFF state kaown a priori to
the ST. Using energy-based sensing, it has been shown itHd6¢onditioned on the PU
being ON or OFF, the sensing parameteran be modeled according to Chi-square prob-
ability distribution functions (PDFs) witlr degrees of freedom, wheteis related to the
number of samples used in the sensing periddWe define the PDFs df given that the
PT is ON or OFF byf; (£) and f; (£), respectively. According to [51, pp. 941], for a large
number ofv (e.g.,v > 30), one can approximate a Chi-square distribution with a Gians
PDF. Since the number of observation samples can be larggkrior the approximation
to be valid, we choosg (&) ~ N (u1,67) and f,(€) ~ N (o, 63) where (i1, 62) and (o,
42) are respectively given by [8&]

P, P, ?
=N[=1+1 2 =2N|[=-2+1
s (dil+ ) 1 (dil+ ) ’ (2.1)
MOZNu 5(%:2]\77

whereP; is the PU transmit power ant}, denotes the distance between PT and ST.

The ST uses these statistigs(§) and fy(£)) to optimally adjust its transmission power
and rate while satisfying predefined power constraintseihat transmission pertaining
to the SU should not deteriorate the QoS of the PU, we imposasti@int on the average

“Note that we use Gaussian approximation according to enietgygtion technique, but, in the expressions
provided hereafter, there is no restriction as to the thistion of the sensing information. Such distribution
can be changed according to the sensing technique adoptbd bggnitive users.
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interference-power inflicted at the PR when the PU is ON. Thisstraint is defined as

E'YS7£7'Yp [S(’ysvf)’yp PUisON S Qinter; v %,Vp,f, (22)

whereS (v, £) denotes the transmit power of the SU, dnd, . [-] defines the expectation
over the joint PDF of random variables, £ and-y,,.

In practice, the SU’s transmit power needs to be limited ediog to the operation range
of power amplifiers. Thus, in addition to the interferencastaaint in (2.2), we impose a
peak transmit power limit at the ST, namely,

S(15,€) < Qpears ¥ 75, & (2.3)

Hereafter, considering knowledge of the secondary link &3$he ST and availability
of said soft-sensing information at the latter, we obtamadldaptation policies, pertaining
to variable powerandM-QAM basedvariable rate and powerthat maximize the achiev-
able capacity of the secondary link under the above predeas®urce constraints. Then,
we illustrate the benefits of using soft-sensing infornratioCR systems under the afore-
mentioned power and rate adaptation techniques.

2.1.2 Power Adaptation Policy

We start by investigating the power adaptation policy urttberaforementioned con-
straints. Then, we analyze the benefits of using soft-sgmsiarmation in our primary/secondary
spectrum-sharing system.

The ergodic capacity is defined as the maximum long-termeaabie rate, over all
possible channel states, with arbitrary small probabditgrror [41]. By considering the
average transmit power constraint, the ergodic capacayafling channel with CSI at both
the transmitter and receiver is obtained in [40]. Using th®ea approach, the capacity of
fading channels subject to peak and average transmit pawstraints is derived in [42],
which shows that a multiplexed Gaussian codebook with agdtjnallocated power in time,
such that both constraints are satisfied, can achieve tbdiergapacity.

In our case, the ST uses the CSI pertaining to the SU’s linlsaftesensing information
about the PU’s activity, in order to achieve optimum charoaglacity under interference
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(2.2) and peak transmit-power (2.3) constraints. Adopaingpproach similar to that used
in [42], the channel capacity can be shown to be achievedigfiv@ptimal utilization of
the transmit power over time, such that both constraintsreee Therefore, the ergodic
capacity, in bits/sec/Hz, represents the solution to tHheviing maximization problem:

Cor — S(VS? 5) Vs
5 rgség{ By e [logQ (1 *—~N5 )| (2.4)
st. B¢ |S(7,&)|[PUSON| < Q... (2.5)
S(’Ys, 5) < Qpeaka (26)

Whel’emagi{} denotes the maximization over the distributionsypandé. In (2.5), the

Vs

interference constraint is simplified by taking the expgotaover the distribution ofy,,
whereQi.. = Qinter 45 With d;, denoting the distance between ST and PR. We now state

the following result, giving the power adaptation policgtimaximizes the ergodic capacity
presented in (2.4).

Theorem:In a primary/secondary spectrum-sharing system, consglevailability of
sensing information about the primary user activity andedary CSI knowledge at the
secondary transmitter, the optimal power adaptation palitder constraints on average
interference and peak transmit power is given by:

( I %w(§)
Q(g) NyB i<§> e
_ Yu Yo v i Yu
S (s, &) = " N < : < NN.B’ (2.7)
0 1. %Z&)
\ s )\1]\70.37

where) is the Lagrangian multiplier, which is calculated such thataverage interference
constraint in (2.5) is satisfied, and the termg&£) and~, (§) are given by

fo (&)

o _ (8

A

711(5) =a+a onak- (28)

Proof 1 In order to obtain the optimal power allocation policy, weagd Lagrangian op-
timization [52, 5.5.3]. The objective functiori;, of the capacity formula in (2.4), can be
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expressed as given in (2.9), whexg A\ (7s, £) and A\3(vs, &) are the Lagrangian multipli-
ers.

S (7s, €) Vs
Jo S (4:€) Ay A2 (36, €) , As (7, )] = Ene [logz (1 + %)}

= X1 (B epuon [S (9, €) — Qlnger])

+ 0/ 0/ Ns (10, €) S (e, €) drude

- // )\3 (7575) (S (7575) - Qpcak) d’stg (29)
0 0

It is easy to show thaif is a concave function of (vs, {) and that the interference con-
straintin (2.4) is convex. Then, taking the derivative/efwith respect taS (s, £) and set-
ting it to zero yields (2.10) under the necessary and suffidcf@rush-Kuhn-Tucker (KKT)
conditions given by (2.11)-(2.13).

(05 ©+ 000D (g7 ooy ) ~MA©) £ 00
+ X2 (s, ) A3 (75, €) = 0. (2.10)
)\1 (E’ys,ﬂPUON [S ’}/sa - 1ntor 07 (211)

A2 (rysv ) (787 >_ 07 (212)
A3 (75, 6) (S (75, €) — Qpearr) = 0. (2.13)

For each value ofy, and &, the optimal transmit power can take values satisfying
Qpeax > S(75,€) > 0. Assume thab(v,, &) = 0 for somey, and€. In this case, (2.13)
requiress(s, £) = 0 and (2.12) implies thah, (s, £) > 0 which, when substituted into
(2.10), yield

(@fi (&) +afo (€)) ( NZB) ~Mfi(§) <0

which, after further manipulation, simplifies to

I ()
bWt (2.14)
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where)\, is the Lagrangian multiplier that satisfies the conditior(#111) (or equivalently
the interference constraint (2.5) at equality).

Assume that' (s, &) = Qpeax fOr somey, and¢. In this case, (2.12) requires, (s, &) =
0 and (2.13) implies thaks(vs, £) > 0 which, when substituted in (2.10), yield

(@hi (€) + afy (©)) (ﬁ) CMA©) >0,

which, after further manipulation, simplifies to

1_
Vs M NoB

(2.15)

Now suppose thdt < S(7s, £) < Qpeax, then the conditions in (2.12) and (2.13) imply
that A2 (s, £) = A3(7s, £) = 0. According to (2.10), it follows that

afi (€) +afy (€) I ~Mfi(€) =0,
S (7,6) vs + NoB

Then, after simple manipulation, the power adaptation@ofor 0 < S(7s,&) < @Qpeax
can be expressed as,

’Yu@) . NOB.
)\1 Vs
Finally, according to the results in (2.14), (2.15) and @)1the power adaptation

S(1:6) = (2.16)

policy that maximizes the capacity expression in (2.4) lmaxpressed according to (2.7),
thus concluding the proof.

The power adaptation policy, shown in (2.7), is partitiomgd three regions depending
on the variation of% with respect to two thresholds, namely, = % and’; = }VV(—)(?.
The schematic illustration of these thresholds is showngnZ2. As observed, in the first
region, we do not use the channel for values};oéxceedingrl. In other words, transmis-
sion is suspended when the channel inversion is strong mmthreshol%. The
second region is defined by the rarije< Vi < Ti, where the power allocation is in the
form of water-filing. Finally, a constant power equal@Q..x is considered for the third

region which corresponds t$) < T,. The threshold values of the power allocation policy,

2l and ) are determined such that the interference constrain} (@ Satisfied at
14V0 0

equality. Accordingly, the interference constraint cansbeplified by insertingS (s, £),
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Figure 2.2: Schematic illustration of the variation of thentsmit power using water-filling under
peak power-constraintl;cak)-

as givenin (2.7), into (2.5), thus yielding

mter - // (71;\(5) - NOB) f’Ys (’YS) fl (6) d%dg
"/v(f L ! s

/ [ Gt () 1 (O e (2.17)

’YV(‘E)
’Ys NOB

where f(z) represents the PDF of random variableNote that the integration in (2.17)
depends on the random variabtesand¢ which are the secondary CSI and sensing infor-
mation metric, respectively.

For comparison purposes, we address the case with no addisioft-sensing informa-
tion at the ST and using the optimal power adaptation poli@sented in [42]. Indeed,
we can assume that in [42, eq. (8)], the PU is always actiespective of its real activ-
ity. Now, by comparing (2.7) which considers soft-sensmigimation at the ST with the
power adaptation in [42], we observe that the effect of sefising information is reflected
through a new parameter in (2.7). This parametgk), is related to the soft-sensing PDFs
according to (2.8). As defined in Section 2.1.12(£) denotes the PDF of the sensing met-
ric £ given that the PU is OFF, anf] (£) denotes the one corresponding to ON states. As
observed in (2.8), when the probability that the PU is OFFs dggher than that of be-
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ing ON, then the value of,,(¢) has an ascensional behavior and¢) > 1. Otherwise,

7 (&) < 1. Hence, as the probability of the PU being OFF gets high€€,) increases and,
consequently, the SU’s transmission power shown in (26 mcreases. Note that when
(&) = 1, the power adaptation policies in (2.7) and [42, eq. (8)]dmee identical. In
this case, the ST has no information about the PU activitycofdingly, it considers that
the PU is always activef((¢)/ f1(£) = 1) and continuously transmits with the same power
level.

Finally, substituting the power allocation policy (2.7yan(2.4) yields the ergodic ca-
pacity formula pertaining to the SU’s link as follows:

C(er %(f) ’YS):| |: ( Q eak 'Vs):|
- E, lo + B¢ |log, (142 . (218
B w<5)<1<’5 u(€) [ 52 (AlNOB L:wf(s) 52 NoB ( )
NoB =7s =A1NoB s - NoB

2.1.3 Rate and PoweM-QAM Adaptation Policy

As previously stated, theariable rate and powers a transmission strategy that can
adjust the transmit power and rate of CR systems to impravefficiency in utilizing the
shared spectrum [14]. In this section, considering knogaeaf CSI and spectrum-sensing
information at the ST side, we investigate the benefits afgisoft-sensing information on
the capacity and adaptation policy of thariable rate and powetransmission strategy in
anM-QAM signal constellation, while adhering to the consttsion the average interfer-
ence at the PU and peak transmit power at the secondary usesatisfying predefined
BER requirements. In this context, the BER boundvbQAM when M > 4 for different
values of secondary CSJ,, and PU’s activity stateg, can be expressed as follows [49]:

—1.5 S(’}/S, 5) Vs
Py (v, £) <0.2 , 2.19
0 ) < 020 (57 20 219)
where) is the constellation size, and, (vs, ) denotes the instantaneous BER. Accord-
ingly, the maximum achievable capacity in bits/sec/Hz,tfeg spectrum-sharing system
operating under interference and peak transmit power @ng&t and for a given BER

requirement?,, represents the solution to the following optimization kgemn over the
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spectral efficiency of the modulation scheme:

Chp
2 - magx{E%,g [logQ (s, € ] (2.20)
subject toconstraints in (2.5) and (2.6),
-1.5 SO )~ s)
0.2ex > B 2.21
p(M(vs, -1 NB )77 &2

For achieving a target BER value, the inequality (2.21) caniged to adjust the trans-
mission powerS (vs, £), and modulation level) (vs, £). Thus, after simple manipula-
tions of (2.21), for a given BER targét,, the maximunmM-QAM constellation size can be
obtained as follows:

S (955 §) s
M (7,8 =1+ Ki(?voé) i) (2.22)
where
—-1.5
= 1 2.2
m(GP) (2.23)

is a constant parameter related to the BER target, usualacserding to the QoS require-
ments. From (2.22), the maximization problem in (2.20) camgwritten as

Cpb . S (’}/Sv 5) 75

under the interference and peak power constraints, (2dbj2a6), and giverP,. We now

state the following result, giving the power and rate adamtgoolicies that maximize the
SU’s channel capacity under adaptive rate and pdWw&€)AM transmission.

To obtain the optimal power allocation policy, the Lagrargbobjective function to
maximize the capacity expression in (2.24), can be formedlatccording to (2.25), where
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A1, A2(7s, €) andA3(7s, €) are the Lagrangian multipliers.

Jon, 18 (06, €) M2 (96, ) da (3, O] = Brve {l% (1 " K%)]
0

- )\1 (EWS,§|PU ON [S (787 5) - Q{nter])

" 0/ 0/ A (10, €) S (1, ) dyudé

- // )\3 (757 6) (S (Vsa 5) - Qpeak) dfysdg
00

(2.25)
aJ
Then, the derivativ%% = ( can be obtained as given by (2.26), and the associated
KKT conditions are as expressed in (2.11)-(2.13).

Ky
Vss 5) Vs + NoB

(0@ +a50(©) (57 ) = MA(©) £ 0

+ X2 (s, £) — A3 (9, §) = 0.
(2.26)

Now, following the same approach presented in the proof efttleorem in section
2.1.2, it is easy to show that the power adaptation strateglyrhaximizes the capacity
expression in (2.20) given a target BER value, can be fortadlaccording to:

© R Kl
Tu 5 NOB K’YV 5 1 K’Yu 5
9 = - <—< , 2.27
SW 5) A1 Ky NoB Vs M Ny B ( )
0 1 Kl
\ Vs )\1NoB7

where )\ is the Lagrangian multiplier, calculated such that the agerinterference con-
straint in (2.5) is satisfied.

Comparing the power adaptation policy pertaining to adeptite and power transmis-
sion strategy (2.27), with that presented in (2.7) whichsiders power adaptation at the
ST, we observe that in both policies, the number of decidwasholds is the same, and
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that for values of% between these thresholds the power allocation is in the tdnwvater-
filling. However, we observe that parameft€rin (2.27) imposes an effective amount of
power loss in theM-QAM adaptation technique in comparison with the policy 217§.
Note that this power degradation is independent of the St#isnel conditionsy,, and the
soft-sensing metricg, and accordingly/ is the maximum coding gain for this adaptive
rate and poweM-QAM transmission strategy.

Now, substituting the power transmission policy (2.27pi(#.22), the maximum adap-
tive M-QAM modulation level can be obtained according to the fellay allocation:

( KQpeak’Ys 1 K%(f)

H(fVOB £<<>N°B’ ©
K€ Kyw(§) _ 1 _ Kylg
M S5 = s —— < — < s 2.28
(5, &) MNoB | NoB = 7 = MNoB (2.28)
] 1 Ew©)
\ Vs AlNoB ’
whereM (vs, £) is related to the transmission rate through the followingregsion:
R(’Ys, 5) = log, (M(’Ys’ 5)) . (2.29)

From (2.28), we can conclude that the modulation level usetthéd cognitive user may be
adjusted adaptively depending on the rgijos)/ f1 (€) (cf., (2.8)) and the variations of.
Furthermore, the factdk still yields a degradation effect on the adaptive modutakevel
policy in (2.28).

Finally, for the spectrum-sharing system operating undedgfined power limitations
(2.20) and a target BER valug,, the capacity expression of the SU’s link achieved based
on the adaptive rate and powel-QAM transmission policy, is obtained by substituting
(2.28) into (2.20), thus yielding:

CPb |: (K'Vu(f) Vs )} [ ( KQpeak Vs ) :|
— = | D lo _— + E., lo 14+ ——= .
B Ko o I 52 AMNoB 1 zﬁ’f(s) 52 NoB
0

Kvu(§)
<1 87
B —~s—=A1NgB Ys NoB

(2.30)
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2.1.4 lllustrative Numerical Results and Discussion

In this section, we numerically illustrate the adaptatitmategiesyariable powerand
variable rate and powerpresented respectively in sections 2.1.2 and 2.1.3, when t
spectrum-sharing system operates under constraints cavérage received-interference
and peak transmit-power. The SU channel variations are lmdderough Rayleigh PDF
with unit mean, or Lognormal PDF with standard deviatos 6 dB. The Rayleigh fading
distribution arises from the multipath effect, and the lognal distribution arises from the
attenuation of the transmitted signal due to shadowing. ¥8erae perfect CSI of the SU
link is available at the ST, through an error-free feedbdtknnel. The position of nodes
(Fig. 2.1) is such thad; = d, = 1 andd,, = 3. The interference channel gajyy, is also
distributed according to Rayleigh PDF. Furthermore, wela&sN,B = 1.

On the other hand, the sensing detector is assumed to deltihesensing-information
metric in N = 30 observation samples. We suppose that the PU remains &éfivef the
time (o = 0.5) and we set the PU’s transmit power B = 1. Based on these settirfgs
the variation of parameter, (&) := o + afo(€)/ f1(€) is plotted in Fig. 2.3 for the sensing
PDFs,f1(£) and fo(&), shown in the same figure. As shown in the figure, three regians
be recognized for parametgf(&), namely,y, (&) > 1, 7. (§) = 1 andv,(§) < 1.

2.1.4.1 Ergodic Capacity in Adaptive Power Policy

In Fig. 2.4, we plot the instantaneous SU’s transmit powes@nted in (2.7), for a
system operating under limited average interference aakl pansmit power values given
by Qinter = —6 dB and@Q,ec = 0 dB, respectively. We illustrate the variation of the
optimum power adaptation policy in three regions(§) > 1, v (§) = 1 and~,(§) < 1.

The scenario without soft-sensing is identifiedfy¢) = 1 whereas the case where the
probability that the PU is OFF is higher than being ON will lepresented by, () > 1
and, otherwise, by, (§) < 1. As shown in Figs. 2.4(a) and 2.4(b), the power transmission
policy adapts to the SU’s channel variation and soft-sengiformation about the PU
activity, by transmitting at higher levels when the SU’s GSktrong and the PU being
OFF is more probable (higher values@f¢)). It is noted that the average interference and

SHerein, the values of the means and variances pertainitgtsensing distributions are considered such
that we can show two regions for the PU activity states, floe. some values of the sensing metrjg(¢) can
be higher thary, (&) or vice-versa.
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Figure 2.3: Sensing PDFs and(&) variations forN = 30, P, = 1, « = 0.5 andd,,, = 3.

peak transmit power constraints are still maintained attmsidered values fap;,., and
Qpeak-

lllustration of the ergodic capacity of the SU fading chdnaed the corresponding
optimal Lagrangian multiplier);, are carried out in Figs. 2.5-2.8.

Figs. 2.5 and 2.6 plot the ergodic capacity of Rayleigh ang-hormal ¢ = 6 dB)
fading channels in bits/s/Hz, respectively, vers)s.. and for different values op =
%. For comparison purpose, we also illustrate the resulapeny to the case when
only the interference limit at the PW)X,..) is considered. The figures show that for a
fixed value ofQi,tr, aSp increases (0€),..x iNncreases), the channel capacity increases and
converges towards that of the system with no peak transowepconstraint. In fact, this
means that a highe&p,.... can be considered as an advantage for the system performance
and increases the channel capacity, but after a certaie dle for instance wheid) ,cax
is much higher tha);,... (p > 2), the capacity is only limited by the average interference
constraint and does not increasegs.x increases.

The variation of the Lagrangian multipliex;, at which the interference constraint in
(2.17) is satisfied, is plotted in Figs. 2.7 and 2.8 for the|Bigyh and Log-normal fading
cases respectively, as a function@f.. and for various values gf. As observed, for
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Figure 2.4: Instantaneous transmit power Withi.; = —6 dB andQcax = 0 dB versus (a)
secondary channel variatiofy, and (b) sensing metri¢,

a given value ofQ;...., A1 increases as the transmit power constraint gets less aiiting
and converges towards the case with no peak transmit-pawstraint. It is worth noting

that considering the thresholds involved in (2.7), the wéling area,jgo(g < Vi < %,

becomes tighter for higher values @f...

2.1.4.2 Capacity with Adaptive Rate and Power MQAM Policy

Considering adaptive rate and pow&QAM policy, the SU’s transmission rat&, s, &),
is plotted in Fig. 2.9 as a function of the SU’s channel vaigty,, and soft-sensing metric,
¢, for predefined constraint values given I6¥;,c.: = —6 dB, Qpeax = 0 dB andP, = 1072.
For clarity, the PDFsf;(¢) and fy(¢) obtained under the above system assumptions are
shown in Fig. 2.9. As observed, the ST adapts to the PU’sigchiy transmitting at higher
rates when the ratigy(¢)/ f1(£) increases and vice versa. At the other dimension of Fig.
2.9, the effect of channel gain variation is shown. Itis cteat in strong CSI, the ST is able
to transmit at higher rate, whereas in weak CSI conditiangansmission rate decreases.
The SU’s capacity expression presented in (2.30) for thiesyasing adaptive rate and
power policy, is illustrated in Figs. 2.10 and 2.11, as a fiomcof );..«., for Rayleigh and
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Figure 2.5: Ergodic capacity under adaptive power trarsiorisin Rayleigh fading.
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Figure 2.6: Ergodic capacity under adaptive power trarsionsin Log-normal fading witler = 6
dB.
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Figure 2.9: Instantaneous transmission rate uMIRQAM, versusy, and€, with Qe = —6 dB,

Lognormal ¢ = 6 dB) fading distributions, respectively. We assume BER remoents

Ypeat t5 1.7 and, for comparison

given by: B, = 10~ and10~°. Moreover, we sep = 5=

purpose, we plot the ergodic capacity for the adaptive pstrategy (2.18) as well. In
these figures, we observe that there is a gap between thatgapaalts corresponding to
(2.30) and (2.18), as discussed in section 2.1.3. The pltsshow that this gap increases

as the value of);,., increases and converges to a constant value.

2.1.5 Summary

We considered a CR-based spectrum-sharing system whesedbedary user’s trans-
mit power and rate can be adjusted based on the secondargetheamiations and soft-
sensing information about the activity of the PU. The speutsharing system was as-
sumed to operate under constraints on average interfeemt@eak transmit power. In
this context, we first obtained the capacity gain offeredhmy $U’s opportunistic access
to the spectrum under variable power transmission strat€ggn, we investigated adap-
tive rate and power transmission approach such that theadblie capacity is maximized
under said constraints and predefined BER requirementsllyinumerical results and
comparisons were provided and illustrated the throughpuaebts of using soft-sensing
information and CSI at the SU in CR systems. In particular,slwvewed that by using
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Figure 2.10: Achievable capacity under adaptive rate ameepstrategy usindg/1-QAM in
Rayleigh fading channel fgr = 1.7.
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soft-sensing technique, the SU may opportunistically mdnts transmission parameters
such as rate and power, according to different PU’s actleitgls observed by the sensing
detector. Moreover, it has been shown that there is a gapeleetihe capacities achieved
based on the above adaptive transmission policies.

In the next section, we consider imperfect soft-sensingraeism at the secondary sys-
tem and obtain the optimal power transmission policy in geafifalse-alarm and detection
probabilities and under constraint on the average intemfge power at the PR. Further-
more, we present a quantized sensing mechanism that coneiug some restricted levels
of sensing observations.

2.2 Impact of Detection Uncertainties on the Performance
of Spectrum Sharing CR Systems

The reason for using sensing information in CR spectrumistpaystems is to better
adapt the transmission resources of the secondary userwoications and of course, con-
trol the amount of interference caused to the primary systahe spectrum band. Through
sensing, CR detects the portions of the spectrum that arkalabeafor the cognitive user
(SU) at a specific location or time. Using a sensing detedttteasecondary transmitter,
the SU gets the ability to optimize its transmission poweasdo maximize the channel
capacity, while adhering to the interference limitatioaestsy the PU.

It is important to note that if the SU fails to detect the PUisiaty in the spectrum,
harmful interference might occur. To prevent this, two esmust be considered: (i) the
SU must control its transmit power such that a relatively &omount of interference affects
the primary’s communication [22,53]. This can be addressednplementing a power
transmission policy which changes the transmission paemhadaptively based on the
soft-sensing information about the PU’s activity in thergldaspectrum band as studied in
Section 2.1. (ii) the detection mechanism must be able teraete the activity of the PU
with sufficient certitude. In this regard, appropriate paeters need to be set, such as the
number of sensing samples. In general, the performancetectian techniques is inves-
tigated in terms of the probability of detection and prohigbof false alarm [46]. Please
note that the details about the performance of differereaitn techniques are available
in the open literature (see, e.g., [7, 54] and referenceeitije Hence, in this section, we
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consider that said estimation about the PU’s activity, Whéccalculated at the sensing de-
tector, is available to the SU with a predetermined falseraland detection probabilities.

Specifically, we herein investigate the impact of imperfgctrum sensing on the perfor-
mance of CR spectrum-sharing systems in terms of falseaadad detection probabilities,

which can further affect the transmission parameters as¢ksendary transmitter and also
the amount of interference caused to the primary receiver.

In this context, in [55], assuming a state transition modelua the PU’s channel ac-
tivity, the effective capacity of CR spectrum-sharing systhas been studied in order to
assess the effect of false-alarm and detection probaiilin the throughput performance
of the CR system under the statistical quality-of-serviQe$) constraints. In [56], the
problem of designing the sensing-slot duration to maxirtheehroughput performance of
the SU in a CR network was investigated under constrainte@fatse-alarm and detection
probabilities. On the other hand, considering availabditsoft-sensing information about
the PU’s activity state, the optimal power and rate transiorspolicies that maximize er-
godic capacity of SUs’ channels in fading environmentsjm@restigated in Section 2.1. It
is worth to note that in the latter section, we consideretttit@sensing information about
the PU’s activity is known a priori to the SU (perfect sen3ing

In the following, in Section 2.2.1, we consider a CR spectgalmaring system where
the power of the SU is controlled based on soft-sensing mm&bion about the PU’s activ-
ity and CSI pertaining to the secondary link, under a comgti@n the average received-
interference power at the primary receiver. We further amsan imperfect sensing mecha-
nism at the SU, thus the uncertainty about the PU’s actigigxipressed by the false-alarm
and detection probabilities in the system model. Our cbuation, in this section, first
consists of investigating the effect of imperfect spectgansing on the performance of
CR spectrum-sharing in terms of false-alarm and detectiobgbilities while adhering to
the interference limitation of the PU. In particular, in 8eo 2.2.2, we obtain the opti-
mal power allocation policy that maximizes the ergodic céyeof the CR system under
consideration. Then, a quantized sensing mechanism igmwited in Section 2.2.3 and
the associated power allocation policy is derived. Nuna¢riesults and comparisons illus-
trating the impact of imperfect sensing information on thkiaevable capacity of the SU’s
link subject to the constraint on the average receivedfertence at the primary receiver,
are provided in Section 2.2.4. Finally, concluding remakd summary are presented in
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Section 2.2.5.

2.2.1 Spectrum-Sharing System

Consider a CR spectrum-sharing system with a pair of prirtransmitter and receiver
(PT and PR), and a pair of secondary transmitter and reggVeand SR) operating in the
same spectrum band. The SU transmits under a constraineoagevinterference inflicted
at the PR. We consider a discrete-time flat-fading channil perfect CSI at the receiver
and transmitter of the SU. We define the channel gain penigioithe SU’s link by/A, and
the one between the ST and the PR\lgy. Channel gains are assumed to be independent
and distributed according to a Rayleigh PDF with varianbes tlepend on the distances
between the associated nod%s for Vi and% for ,/g). The channel gains are assumed
to be stationary, ergodic and mutually independent of theeno

Regarding the PU transmission strategy, it is assumed thatRsmits in a stationary
block-fading channel with coherence tiffie The PT uses a Gaussian codebook and its ac-
tivity is assumed to follow a block static model with the diwa of a block equal t@’. time
epochs. Furthermore, the PU’s interference and the additnse at the SR, are assumed
to be zero-mean Gaussian random variables with variangesds?, respectively.

In the spectrum-sharing system under consideration, the &Juipped with a spectrum-
sensing detector which enables evaluating the frequenag bsed by primary transmis-
sions. In the case that the primary transmission strategmksiown, energy detection
technique is the most suitable method [46]. In this methseohgithe received signals from
the PU, the ST detector calculates a single sensing méti@sed on which the detector
has to do a hypothesis test between the noise hypothgsiBU’s activity being in OFF
state), and hypothesi$; on the joint presence of the primary signal and noise (PUis-ac
ity being in ON state). Under the two aforementioned hyps#isg¢ can mathematically be
expressed as follows:

Yonm (2[0))%, Hy,

S, (VAlledn] +20))" . 2:31)

whereN is the number of observation samplggy[n] is the channel gain between PT and
ST and modeled according to a Rayleigh distribution witht variance,z[n| denotes the
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PT’s signalz[n] indicates the white Gaussian noise with unit variance atiéttector, ana
is the time sample index. As formulated in the above expoessie consider fast channel
fading, i.e., the channel coefficients change at every saufppl We define the PDF of
given that the PT is in OFF or ON states lfiy(¢) and f; (£), respectively. We assume
that these PDFs are available at the ST and modeled as Gadsstigbution functions as
detailed in Section 2.2.2. Hence, we chogs&) ~ N (u1,61) and fo(€) ~ N (uo, &)
where (1, 6?) are given by, = N (S, + 1) andé? = 2N (S, + 1), and (0, 62) are
given by N and2N, respectively, wher¢, denotes as the primary average transmit power.
The hypotheses on the activity of the PU imply that PT remaative (H;) with prob-
ability Pr(H,), or inactive {H,) with probabilityPr(H,) = 1 — Pr(H,), in T, time periods.
On the other hand, it has been shown in Section 2.2.2 thabtheagiation of the sensing
parameter may be used by the ST to adaptively adjust itsniassn power and rate. As
shown in Section 2.2.2, the effect of sensing informatioly mareflected through the ratio
of sensing PDFs, i.ef, (€)/f1 (£)- In this case, the false alarm and detection probabilities
can be obtained as follows:

Pr(§) = Pr(n(§) <elHo), (2.32)
Pp(€§) =Pr(n(§) <elH), (2.33)

wheren (&) £ fo(€)/f1 (€) ande is the decision threshold. It is worth noting that for
the case with soft-sensing detection technique, there éxisting closed-form expressions
known for probabilitiesPr (£) and Py (£), however herein, to present numerical results, we
need to consider a specific function for these probabilitapeeters. Hence, in the numer-
ical results section, we assume tli&at(¢) and Py (€) are varied according to exponential
functions, i.e.,Pr (§) = exp (—n (£)) and Py (§) = exp (—n (£)).

In the following, we obtain the optimal power allocation jogl that maximizes the
ergodic capacity of the spectrum-sharing system underrii@giespectrum sensing.

2.2.2 Ergodic Capacity

Herein, we assume that the CSI and the soft-sensing infamgsSl) are available at
the ST and SR. The ergodic capacity of a single-user in a Wanging channel is stud-
ied in [41]. By considering average transmit power constrahe ergodic capacity of a
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fading channel with CSI at both the transmitter and the weras obtained in [40]. The
corresponding optimal power allocation is a water-fillimigagegy over the fading states.

In our case, the ST uses the CSI of the secondary linknd the SSI in order to achieve
optimum channel capacity under average interference @nshat the PR. Adopting an
approach similar to that used in [40], the channel capadity lme shown to be achieved
through optimal utilization of the transmit power over tinsech that the interference con-
straint is satisfied. Therefore, considering the aforerneatl hypotheses on the activity
of the PT, the ergodic capacity’] in this case represents the solution to the following
problem:

% =max {Ep¢ [Pr(y(§) < &, H) Cox| + Ene [Pr(n () > e, Ho) Corrl}  (2.34)

st. Eneqplm [Pr(n(§) <e,Hi)S(h, &) gl <W, (2.35)
whereCon andCorr are defined as

S (h, &) h S(h, &) h
Con £ log (1 + %) , Corr = log (1 + %) : (2.36)
n P n

Please note that in (2.34)r (1 (£) < e, H;) denotes the probability of PT being active and
also detected as ON by the sensing detectorfarg (¢) > ¢, Hy) is the probability of PT
being inactive and detected as OFF. Now, from the Bayes'rédmd57], we can express
Pr(n(§) < e, Hy) in terms of the detection probability as

Pr(n(€) < &, Hy) = Pr (5 (€) < e |Hy) Pr (Hy)
— Py (€) Pr (). (2.37)

Then, for the probabilityr (n (£) > €, Hy), considering the fact that
Pr(n(§) >¢e|Ho) =1—Pr(n(§) <e|Ho), (2.38)
we can present this probability in terms of the false-alarabpbility as follows:

Pr(n(§) > €, Hy) = Pr(n (§) > |Ho) Pr (Hy)
= (1= Pr(§)) Pr(Ho). (2.39)
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Thus, the capacity problem in (2.34) can be rewritten as

= Q

S (h, &) h
= H}lféx { Pr (Hl) Ehé [PD (5) log <1 + (%’f%)}

52

n

and the constraint in (2.35) becomes
Engm, [Pr(Hy) Po () S (h, §)] < W', (2.41)

wherelV’ = Wdf).

To find the optimal power allocatior§; (h, &), we adopt the Lagrangian optimization
technique [52]. First, we form the Lagrangian objectivedtion, J(S (h, &), ), for the
optimization problem defined in (2.40) subject to constr&in(2.41), whose derivative
with respect taS (h, &) can be obtained as

0J(S (h, ), A) _ _Pr(H) P (9)h Pr(Hy) (1 — Pr () h
o5 wre+smon Ot " arsmon °©

— \Pr(H)) Py (&) f1 (€). (2.42)

where\ denotes the Lagrangian multiplier. For the optimizatioohpem defined in (2.40),
the first order KKT conditions are necessary and sufficienpfaimality as explained in
[52]. Thus, the optimal power allocation policy should sBtb.J (S (h, &), ) /IS (h, &) =
0 with the constraint(h, £) > 0, which yields:

+ 262 + 42 !
S(h, €§) = (%;Q ! “22 ;) + 2ih (620)° + 2820~ (€) h+ (¢ (€) h)2> :
(2.43)
where(-)™ denotesnax{-, 0} andy* (¢) is defined as
77b:l: (f)élj:Pr(HO) (1_PF (5))77(5) (244)

Pr (Hy) Pp (§)

Finally, substituting the power allocation policy (2.48)a (2.40) yields the ergodic capac-
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ity formula pertaining to the SU’s link. It is worth to notedtthe parametex is determined
such that the average received interference constrai@t4i ) is set to equality.

2.2.3 Quantized Sensing Information

It has been shown that the variation of the sensing parangetesin be utilized at the
ST to adaptively adjust the transmission resources torlratiaage the transmission power
budget and control the interference generated at the PUelAmwit is difficult in practice
to continuously change the transmission power accorditigganstantaneous variation of
calculated sensing information. Moreover, in collabm@atsensing techniques between
the secondary nodes [58], significant overhead is needethéimformation exchange
feedback between the SUs. Thus, in the following, we propes®y the discrete sensing
technique where only discrete levels of the sensing inftionare considered.

As shown in (2.43), the effect of SSl is reflected through peateery (£). We will show
that such quantization may be applied to paramet&) which is simply the ratio of the
sensing PDFs provided at the sensing detector. Itis eadytothat)(¢) = 1is athreshold
value that indicates the transition between higher andi®ueactivity levels determined
by the detection mechanism (See Section 2.1.4). This tbléstan be considered as a
decision criterion for the PU’s activity between ON and OFd&ies.

So, we may restrict the parametgf¢) to L discrete levelsj[l] with [ = 1,2,--- | L,
when it falls into the intervaf), defined by

[—1 l
ng{Tnmax<n(§)Sznmaxa\VZ:la"'7L}7 (245)

wheren,,.x denotes the maximum value ¢f(¢). Now, without loss of generality, con-
sidering theL-ary uniform quantization level of(§) [59], it can be shown that theth
discrete levelj[l] can be calculated according#dl] = (21 — 1/2L)nax, VI=1,--- | L;

if n(€) € Q¢. In this context, the false-alarm and detection probaédimay be redefined
asPr[l] = Pr(q[l] < e|Hy)and Py [l] = Pr (7j[l] < ¢|H,), respectively.

By substitutings[!] into (2.43), we obtain the power allocation policy undercdite
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sensing information as,

7 2 2 +
Sill] = (1/’;[” _ (25122 %) . s\ (B3)7 + 2080 1+ (4 h)2> ,
(2.46)
wherey* [1] is given by
Emas (Ho) (1 — P [1) 7lll. (2.47)

Pr (H,) P[]

In the power allocation policy shown in (2.46), the lagramgparametek must satisfy the
average interference constraint at equality, as follows:

W' = Pr(H;) x By,

> B1Po 1) Sk m] : (2.48)
=)
where® = {l|7[l] <1,1=1,2,---,L}, andg[l] is the discrete PDF corresponding to

thel-th level of the discrete sensing information which musiséat >~ 3[]] = 1.
1<I<L
Finally, the achievable capacity under the discrete sgrassumption can be obtained

by rewriting (2.40) as

S Q

= Pr(H,) th[Z

1<I<L

+Pr(Hy) x E, [ Z Bl (1— Ppll])log (1 + i [] h)] . (2.49)

2.2.4 Numerical Results

We now present numerical results for the ergodic capacith@SU’s channel and the
corresponding power allocation policy under the consti@irthe average received interfer-
ence at the PR. In our simulations, we assume that the priaratygecondary transmitters
and receivers are located such thiat= d, = 1. We further assume that the probability of
the PU remaining active iBr(H;) = 0.5. As shown in Fig. 2.12, we consider the sensing
PDFs to be Gaussian with mean and variances presented inr82@.1 in terms of the
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PU’s transmit powerS,,, and the number of sensing samplas, In Fig. 2.12, by setting

S, = land N = 30, we also plot the variation of the parametgg¢) which is defined as
the ratio of the sensing PDFs. In this regard, in Fig. 2.13nwveelel the variation of the
false-alarm probabilityPr(¢), and investigate the effect of the parametgyand N on the
false-alarm probability. From Fig. 2.13-a, we observe thiaén S, has unit value, the
false-alarm probability decreases as long as the numbemnsirsg samplesy, increases
and that for different values @f On the other hand, in Fig. 2.13-b, we observe that when
we setN = 30, higher values of,, provide a better resolution at the SU about the activity
of the PU in the same spectrum band. Please note that in a#shés presented hereatfter,
we assumé; = 1 andd; = 0.5.

In Fig. 2.14, we illustrate the variations of the instantaungereceived-SNR at the SR
and received-interference at the PR, r= —2 dB, N = 30 andS,, = 1. We observe that
using CSl and SSI at the ST, the SU’s transmit power can betadjadaptively according
to the variation of)(¢) andh, such that the average received-interference at the PRmema
under a specific limit. As observed from Fig. 2.14, the intaaous SNR and interference
at the SR and PR, respectively, increase as the param@tehas ascensional behavior
and vice-versa. At the other dimension of Fig. 2.14, thecetté channel gain variation is
shown. It is clear that in weak CSI the secondary transnyitefers to be silent, whereas
in strong CSI conditions its power increases, unless therference constraint is more
stringent than the transmit power.

Fig. 2.15 plots the achievable capacity in bits/s/Hz unider 8 levels of quantization,
versus the number of sensing sampleand for different values ofi” and.S,,. We observe
that the achievable capacity increases as the number ahgesamnples increases. Also,
for a fixed number ofV, the capacity has an increasing behavior as the interferémd
(W) and the transmit powe§,, increase.

Fig. 2.16 investigates the achievable capacity of the sp@esharing system under
consideration as a function of the average interferencstaaint, V. Specifically, we set
N = 30 andS, = 1 and plot the achievable capacity in bits/sec/Hz for diff¢devels of
guantization,L. As observed, the achievable capacity increases as thiemtece limit at
the PR increases. Moreover, for a fixed valuéiofwe observe that the quantized sensing
approach reduces the achievable capacity of the SU as thieenwhlevelsl decreases.
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Sensing PDFs

Figure 2.12: Sensing PDFs and variations)@) for S, = 1 and N = 30.
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Figure 2.13: False-alarm probability variations for diéfet levels of N and.S,.
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(a)

Received-SNR at SR

G
Received-Interference at PR

Figure 2.14: (a) Instantaneous received-SNR at the SR andsflantaneous received-interference
at the PR, foilV = —2 dB.

2.2.5 Summary

In this section, we considered a spectrum-sharing systesrenthe SU’s transmit
power can be adjusted based on the soft-sensing informafidtime PU’s activity. We
characterized the uncertainty of the sensing informataloutated at the sensing detector
by taking into account predetermined false-alarm and tieteprobabilities in the system
model. The CR system was limited by appropriate constrainthe average received-
interference at the primary receiver. In this context, etbform expression for the optimal
power transmission has been derived in terms of false-atardhdetection probabilities
such that the achievable capacity of the SU channel is maguiFurthermore, in order
to reduce the overall system complexity at the SU, we rasttithe soft-sensing informa-
tion about the PU’s activity to limited activity levels. Numcal results and comparisons
illustrated the performance of the CR system under impeskesing information. The in-
vestigated results have shown an improvement in the SUfserpeance as the uncertainty
about the sensing information increases.

In the next chapter, we investigate different capacityoriin CR systems where the



CHAPTER 2. ADAPTIVE RATE AND POWER TRANSMISSION IN SPECTRUAHARING
SYSTEMS 43

22

1.8

161

141

1.2}

Ergodic Capacity (bits/sec/Hz)

081

0.6 } . } } ;
0 10 20 30 40 50 60
Number of Sensing Samples (N)

Figure 2.15: Achievable capacity of spectrum-sharingesyswith . = 8 quantization levels
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transmission parameters of the cognitive users are aé@ptihanged based on the avail-
ability of CSI pertaining to the SU link, and soft-sensindoimation about the activity
of the licensed-band PU. Assuming the above consideratioasCR system operating
under average received-interference and peak transmigpconstraints, we study three
capacity notions of spectrum-sharing fading channels -ehgergodic delay-limitedand
service-ratewith/withoutoutage— and obtain the corresponding power allocation policies.



Chapter 3

Service-Oriented Capacity of Spectrum
Sharing CR Systems

3.1 Introduction

Reusing the licensed spectrum by unlicensed users is theidesa in CR technology
to make use of the under-utilized spectrum bands in wireessmunication systems [60].
A typical CR scenario includes several cognitive usersqséary users) that communicate
over the same spectrum band originally assigned to exiBtiegsed users (primary users).
In this scenario, two important issues must be consideraddml performance degradation
for the PUs and maximize the throughput performance of Slysh€ aggregate interfer-
ence at the primary receivers (PRs) [14], andl the activity level of PUs in the shared
spectrum band [9, 14].

As mentioned earlier in Chapter 1.1.3, using the apprapdapacity metric for perfor-
mance analysis and design of CR systems is of great impertafsually, ergodic capacity
is used as a long-term throughput measure in these syst@slfi2e ergodic capacity is
the maximum average achievable rate over all fading stateswt any constraint on delay.
Hence, the achievable transmission rate under an ergogacity transmission strategy
could be very low or even zero in severe fading conditionsweler, in CR systems, by
imposing constraints on the interference generated bydpgaitive users while adhering

Iparts of this chapter were accepted for publicatiodEatCommunications, Special Issue on: Cognitive
Communicationgop. 1 — 13, May 2011.
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to the PUs’ activity levels, it is obvious that some percgeataf outage is unavoidable,
whereas in many non-cognitive communication systems sexet bf outage can be tol-
erated [50]. Hence, for delay-sensitive applicationsagldimited capacity (also referred
to as zero-outage capacity) [21], is a more appropriateiendin delay-limited capacity,
usingchannel inversioechnique [40], the SU can transmit at higher power levelgaak
channel states to guarantee a constant rate at the reckitte ime. In this regard, the
delay-limited capacity of spectrum-sharing systems unliféerent types of power con-
straints, was investigated in [22] and [23], consideringilability of the CSI pertaining to
the SU link and the one corresponding to the interferencaratidbetween the secondary
transmitter (ST) and PR, both at the ST. Numerical resuksgnmted in the latter work,
have shown that the delay-limited throughput does not gueeareliable communication.

On the other hand, in many real-time applications, the reguiate is not necessarily
constant. For example, in wireless systems where a speaifids needed for voice com-
munication, any excess rate can be used for other appisatMotivated by this fact, the
service-rate based capacity notion was proposed in [24,|8F)articular, in CR systems
where the transmission is limited by the PUs’ activity, itissirable for the SUs to fully
utilize the radio resources while they have access to theedhgpectrum band. In this
regard, in [22], the service-rate capacity is investigatea spectrum-sharing system con-
sidering availability of the secondary CSI and informatadout the interference channel
(between ST and PR), at the ST. It is noteworthy that saidadisity of the CSI pertaining
to the interference channel may not always be a practicahgsison for CR systems. For
instance, in the CR WRAN standard, namely IEEE 802.22 [&,TiK broadcast channels
provide the transmission medium for CR applications [43nEk, in this standard, knowl-
edge about the interference channel between the ST and tHeeRRV receivers, is hard
to obtain by the secondary party.

Furthermore, CR has the ability of sensing the environmenthich it operates and
consequently adapts the transmission parameters sucheagpoaver, etc., according to
the radio resource variations in time and space [14]. Spadifj this capability can be
utilized in CR networks such as wireless regional area ne&t\WRAN) [3]. The sensing
ability is provided by the sensing detector, mounted at th&s 8quipment, which scans
the spectrum band for a specific time. Then, the activityisttes of the PU’s signal in
the shared spectrum band is calculated [8]. According ®gbft-sensing information, if
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the presence of PU is not probable, this will imply a safe oppuoty for SUs to occupy
the licensed spectrum band. Indeed, the sensing metricecarda by the ST to adjust its
transmission parameters for a better management of itsrpeseurces and the generated
interference, as described in this wérkn this context, soft-sensing information about the
PU activity has been utilized in Chapter 2 and [8] to adaptieentrol the transmission
power at the SU transmitter. Specifically, using soft-segsénformation about the PU’s
activity states and also CSI of the secondary link, the autagpacity lower-bound of the
SU in Rayleigh fading channels, is investigated in [8], urtdeeived-interference and peak
transmit-power constraints. Note that, in order to faaiétthe investigation of the effects
of sensing information on the CR power transmission pottoy,interference caused at the
secondary receiver due to the PU transmission, was assuniednegligible in Chapter 2
and [8].

In this chapter, we consider a CR wireless communicatiotesysvhere the power of
the ST is controlled based @oft-sensing informatio(SSI) about the PU'’s activity states,
and CSI pertaining to the secondary link. It is worth notihgtta specific distribution to
model the primary link interference at the SU receiver isstd@red in this chapter. The
considered system is subject to constraints on the avenégygarence at the PR (hereafter
referred to as interference constraint) and on the peagrraipower of the ST. Considering
these two constraints, we first study the ergodic capacith®fSU’s link in fading envi-
ronments and derive the associated optimal power allatg@tndicy. Then, we obtain the
power allocation policy under outage probability constraand investigate the achievable
capacity with such transmission policy in fading enviromtse Finally, we propose the
service-rate capacity as a service-based capacity natrd@®R networks that not only pro-
vides a minimum constant rate for cognitive users, but alsteases the average long-term
achievable rate of the secondary communication link thinouigjization of the available
excess power. Note that in this chapter, the service-rataaiiy with and without outage
constraint, are both addressed.

In the following, the spectrum-sharing system and chanrmiliets are described in
section 3.2. Then, the ergodic capacity of the SU’s fadiranolel is presented in section
3.3. In section 3.4, we investigate the delay-limited c#gaxf fading channels under the
above-mentioned system considerations and resourceraimtst The service-rate based

2More details about the soft spectrum sensing techniquebeifirovided later in the manuscript.
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capacity of fading channels for the system under study is firevided in section 3.5.
Numerical results followed by concluding remarks and sumyrage presented in sections
3.6 and 3.7, respectively.

3.2 Spectrum-Sharing System and Channel Models

We consider a spectrum-sharing system with a pair of prireacpndary transceivers,
namely, (PT, PR) and (ST, SR), as shown in Fig. 3.1. The SUowadl to use the spectrum
occupied by the PU as long as it adheres to the predefinedergece limit at the PR.
The link between ST and SR is assumed to be a discrete-timéadletg channel with
instantaneous gaig/7,. Herein, we assume that perfect knowledge, 6f; is available
at the SR and provided to the ST through a no-delay errorfredback channel. The
channel gain between ST and PR is defined, by, and the one between PT and ST
by /7m. Channel power gainsy, 7, andv,, are independent. We assumghas unit-
mean distributiof, and consider exponential distributions fgrand~,, with means that
depend on the distances between the associated nﬁdes (s andé for ~,,). Moreover,
the PU’s interference and the additive noise at thepSR, aneidered as two zero-mean
Gaussian random variables with different varianégsndo?, respectively.

As for the PU's link, we consider a stationary block-fadimgonel with coherence time
T,. Itis also assumed that the PT uses a Gaussian codebookweitige transmit power
P,, and that the PU’s activity follows a block-static model hif, block period. This
implies that the PT remains inactive (OFF state) with prdiigtbor or active (ON state)
with probabilitya = 1 — «, in T, time periods.

A spectrum sensing detector (Fig. 3.1) is mounted on the $§4ess the PU'’s activity
state in the shared spectrum band. The sensing detectartbesinequency band originally
assigned to the PU, and calculates a single sensing mgtridle consider that the statistics
of ¢ conditioned on the PU's activity being in ON or OFF state, lavewn a priori to the
SU’s transmitter. We define the PDF ©fgiven that the PT is ON or OFF bj; (£) and

3The expressions derived hereafter can be applied for angdatistribution. In the numerical results
section, however, we will assumgy; to be distributed according to Rayleigh, Nakagami and Logad
functions.

4As detailed in Chapter 2.1.1.1, the importance of the PUKossativity period is for the sensing mecha-
nism.

5See Appendix A.1.
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Primary
Transmitter Range

\ Secondary
{ransmitter Range

Figure 3.1: Spectrum-sharing system model.

fo (£), respectively.

Notice that conditioned on the PT being ON or OF5 a sum of i.i.d. random variables
and distributed according to Chi-square PDF wildegrees of freedom, where is the
number of observation samples in each sensing interval [AB¢ordingly, under “PU is
ON” condition, ¢ follows a noncentral Chi-square distribution with variadé = 1 and
non-centrality parameter ® [61]:

A(6) = % (é) R S (\/;75) (3.1)

I

wherel, (-) is thevth-order modified Bessel function of the first kind [51]. Sianfy, under
the “PU is OFF” condition¢ will be distributed according to central Chi-square PDFegiv
by:

fo(§) = mﬁjv/2_1€_%, (3.2)

whereI'(-) is the Gamma function [51]. These sensing statistics carsbed by the ST to
optimally adjust its transmit power while satisfying thédrference constraint at the PR.
Given that transmission pertaining to the SU should not hlsecommunication process

5Note thatu can be obtained in terms of the ratio of PT’s signal energyisaspectral density, as detailed
in [45].
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of the PU, we impose constraints o the average interference-power inflicted at the PU’s
receiver when the PU is ON, and)(the peak transmit-power of the SU. These constraints
are defined as

PUis ON S Qintera (33)

E’Ya &7 [S<VS7 §>’Yp

S(V&&) S Qpcak7 {v ’757’Yp7£}7 (34)

whereS(vs, §) is the transmit power of the SU, a@l;.;, Qpex denote the interference
and peak power limit values, respectively. Furthermalg, . [-] defines the expectation
over the joint PDF of random variables, £ and-y,,.

Hereafter, we investigate the ergodic capacity,), delay-limited capacity,.;) and
service-rate capacity{.,) of the SU’s fading channel taking into account the above pre
sented resource constraints.

3.3 Ergodic Capacity

The ergodic capacity of single-user time-varying chansstudied in [41]. Consider-
ing the average transmit power to be constrained, the exgaghiacity of a fading channel
with CSI at both the transmitter and the receiver is obtaingd0]. The corresponding op-
timal power allocation is a water-filling strategy over tadihg states. Using water-filling,
the capacity of fading channels subject to peak and averagemit power constraints
is derived in [42], which shows that a multiplexed Gaussiadebook with optimally al-
located power in time, such that both constraints are sadisian achieve the ergodic
capacity.

The capacity of fading channels in a spectrum-sharing sysdimited by the inter-
ference and transmit power constraints in a dedicated @hdrandwidth. In our case,
the secondary transmitter uses the CSI of the secondargtidlisoft-sensing information
in order to achieve optimum channel capacity under interfee (3.3) and peak transmit-
power (3.4) constraints. Considering availability of S8bat the PU’s activity and CSI
pertaining to the secondary link at the ST, the ergodic dapa€the SU’s link in fading
environment under interference and peak transmit powestcaints represents the solution
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to the following problem:

Cor _ S (787 g) s — S (787 5) s
B = SI(I}{i)ﬁ() {E%é {a log (1 + T + E-ys7§ alog 1+ W )

s.t. (3.3) and (3.4), )

(3.5)

Whel’esr(nax {-} denotes maximization over the secondary transmit paiet, ¢).
Vs, &

To find the optimal power allocation under the constraint&if) and (3.4), we adopt
the Lagrangian optimization approach presented in [52JusTlthe Lagrangian objective
function, L¢, of the maximization problem in (3.5) can be expressed aiegrto (3.6),
where\(", XS (s, §) andA§ (s, €) are the Lagrangian parameters.

S Sy S
Lo 5 () A (008) A 006 = ¢ [alog (14 T0587)

— S(’Ys, 5) Vs
+ E7575 |:Oé log (1 + W

B )\(ir (E'stg‘PU is ON |:S (rysu g) - Qintcrd?)})

+ 77A2 (755 §) 5 (95 &) dysd§

70 70 XS (1. €) (S (3, €) — Qpeats) dé.
0 0

(3.6)

It is easy to show thak( is a concave function of(vs, &) and that the interference
constraint (3.3) is convex. Taking the derivativelaf with respect toS(vs, ) and setting
it to zero yields (3.7) under the necessary KKT conditiorsr@sponding to the resource
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constraints (3.3) and (3.4)) given by (3.8)-(3.10).

fVSfO (g) - fVSfl (5) er
(O‘az E RS N FEac] S P (f)) Fa O0)

A5 (6 O = A (36, ) = 0. (3.7)

AT (B gipuis on [S (%, &) = Qunterdy]) = 0. (3.8)
A58 (715:6) = 0. (3.9)

A5 (S (76, €) — Qpear) = 0. (3.10)

The optimal transmit powes (75, ) can take value$, (.., Or the open interval

(07 Qpcak)-

1) S(vs, &) = 0: Let the transmit power bé for somey, and{. In this case, equation
(3.10) requires thaxs" = 0 and (3.9) implies\§" > 0. Substituting these conditions
into (3.7) yields

which, after further manipulation, simplifies to
7 < AN ), (3.11)

where the functiom (\, £, §2) defined as

A62 (0% 4 02) f1(€)

. 3.12
ab? fy (€) + o (62 + 62) fo (€) 812

A(NE %) &

2) S(7s,€) = Qpeax: In this case, (3.9) requires thaf" = 0 and (3.10) implies that
A§" > 0, which when substituted into (3.7) yield

Ysfo () B Yo f1 (€) )
(51% + Qpcak’Ys + a(sg —+ 512) + Qpcak’}/s - )\1 fl (5) >0

which can further be simplified according to

% > B (Qpears AT, €, 03) 4 (3.13)
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where the functiorB (Q, A, £, %) defined as

o (QA(20° +8) —ad) fi(§) —a (8 +8) fo &)
2Q (f1 () (@ —QN) +afo(§))
V(@ (624 82) fo (€) + (302 — QAGR) £1 (€))” + 4aQA5232 (£ (€))°
2Q (f1 (&) (@—QN) +afy(§)) '

B(Q,\,¢,6%)

_'_
(3.14)

3) 0 < S(7s,€) < Qpeax: FOr such intervalS(~, €), from the conditions in (3.9) and
(3.10), it follows that\s" = A" = 0. Substituting these conditions into (3.7) yields

Wh(©) L wh(©

_ )\er = 0.

Then after simple manipulation, the optimal power adaptgpiolicy for0 < S(vs, &) <
Qpeax CaN be expressed as,

S(V&é) = 7) (75757)‘(1%7531) I (315)
where the power functio® (v, &, ), %) defined as

) o
P (16,0, 67) 2200 ) AN (E) (262 + 62)

2)‘f1 (5) 275
. V(320 = av) £ (©) + ao () + dadfo (€) /1 (€) 12

(3.16)

According to the results in (3.11), (3.13) and (3.15), th&rogl allocation policy for
the SU’s transmit power, i.e., the one which maximizes thgachy expression in (3.5),
can be expressed according to (3.17), where the valdg of such that both constraints in
(3.5) are satisfied.

Qpeak7 Vs > B (Qpeakv )‘(irv £, 61%)
S ) = P XL02), AN ED) <7 < B (Qpea N6 (B17)
0. Y < AN, E,07)
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Figure 3.2: Schematic illustration of the optimal powergtian policies in ergodic capacity.

As observed, the optimal power allocation, in (3.17), igipaned into three regions de-
pending on the variation of the SU channel state. In the fagibn, we do not use the chan-
nel as long as; is below the threshold? = A (A, £, 62). In other words, transmission is
suspended when the secondary channel is weak compareegsbald?. The second re-
gion is defined by the rangé (\S", £, 62) < v < B (Qpeak, AT, €, 02), Where the power al-
location is related to the water-filing approach [62]. Fiyal constant power equal @,c.x
is considered for the third region which correspondsgto> 75 = B (Qpeak; AT, €, 62).
The threshold values of the power allocation polity,and s, are determined such that
the interference constraint (3.3) is satisfied. Fig. 3.25lbe schematic location of these
thresholds. Indeed, in the above transmission policy, theér&smits with higher power
levels in strong CSI, whereas it remains silent in weak CSirédver, the SSI about the
activity of the PU is reflected in the power transmissPfry, &, A, 62) defined in (3.16),
through the sensing metric distributions, i.8.(<$) and f(§).

According to the power allocation in (3.17), the ergodic a@fy expression of the
secondary link under interference and peak transmit-poaestraints can be expressed as
follows:

er 52 er §2
Cer — E’st& |:OélOg (1 + P(’}/S7€7 )\1 ’611) 75) —i—alog (1 -+ ,P(fysvga)‘l 76n) Vs):|

2 2 1 52
B recrilry oz 02 + 02

Q cak Vs — Q cak Vs
+ E¢ {a log <1 + p&g +alog ( 1+ 5121p+ 2 )| (3.18)

¥ >T§
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3.4 Delay-Limited Capacity

The ergodic capacity is the maximum long-term achievalie ozer all possible rate
and power allocation policies, with no delay constraintscdntrast to the ergodic capac-
ity concept, in delay-sensitive applications, a constearidmission rate is needed in all
channel states. For such applications, delay-limitedaapp63], also referred to as zero-
outage capacity [40], is a more appropriate capacity notiomelay-limited capacity, the
transmission rate is kept constant in all channel statesimgwchannel inversion [40], [63].
The latter technique inverts the channel fading to mairdaianstant received power at the
SU receiver.

Using channel inversion, the delay of the transmissionikrikdependent of the chan-
nel variations. However, in some fading channels, e.g.|dgly, the delay-limited capacity
is zero because of the severe fading conditions. Accorgiyl allowing some percent-
age of outage in deep fading states, called outage protyabile can achieve nonzero
constant rate at the receiver. This nonzero outage capacgyerred to as truncated chan-
nel inversion with fixed-ratetifr) capacity [8]. Thetifr technique maintains a constant
received-power for channel fades above a given cutoff dédtireover, the constant-rate
that can be achieved with an outage probability less thantaioehreshold is called outage
capacity [41].

In CR spectrum-sharing systems, the activity state of thecB also yield outage
onto the SU. Indeed, while the spectrum is occupied by thetftsecondary transmission
must be suspended and, consequently, outage is experigrtbedSU communication link.
Hence, the available information about the PU’s activity ba used at the ST to control
its transmit power such that a constant-rate with an outageability less than a given
threshold is provided at the SU receiver. In this contexhgSSI about the PU activity and
CSI of the secondary link in an independent manner, the eutagacity lower-bound of
Rayleigh fading channel in spectrum-sharing system wasetemn [8]. Herein, the delay-
limited capacity of the SU when using available CSI and S$haiST is investigated. We
consider &ifr policy that only suspends transmission whens less than a certain cutoff
threshold: v, < A (X’“t,g, 5ﬁ) Accordingly, we express the power allocation policy as
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24
7,

Figure 3.3: Schematic illustration of the optimal powerm policies in delay-limited capacity.

follows:

< A5

ez AR 819

0
S, 8 =94 7

where\°"* ando must satisfy the interference and peak transmit power cainss, (3.3)
and (3.4), at equality:

Qs = ﬂ’ %y (09 11 (€ drude, (3.20)
’Ys>A )\out £, 52
< Qe Vet 0z AGE) (3.21)

whereQi... = Qinter d5, With d;, denoting the distance between the ST and the PR. More-
over, from (3.21), the inequality < Qe A (A", €, 62) must hold true.

In (3.19), the ST is allowed to transmit as longrasexceeds a cutoff thresholl =
A (Meut £.52). The schematic illustration @f? is shown in Fig. 3.3. As observed in (3.19),
the SU uses a higher power level in weak channel conditiohsr&as in (3.17), the higher
power strength is used in strong channel conditions.

The capacity undetifr transmission policy can be obtained by solving the follayin
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maximization problem over all possibM"* and¢:

Ctifr min {07 Qpcaleo} — min {O’, onaleo}
= 1 1 1 1
B igﬁfé{(aog( * 52 M R T

x Pr {3, > T7}}. (3.22)

In (3.22),Pr{~s > T7} is defined ag1 — F,), where P, denotes the percentage of time
that the transmission remains in outage condition and Isat@utage probability. Using
(3.19), the outage probability expression can be obtaisddlbws:

Py=1—Pr{y >17}

. / £ (1) 1 () drude. (3.23)

Y5217

On the other hand, to find the achievable capacity for a fikgdhe cutoff value\°"*
must be determined so as to satisfy (3.23) and, consequtrglgapacity in the case with
P, probability of outage can be obtained by maximizing ovepalisibles and \°"*:

C'out min {O’, onaleo} _ min {07 Qpcaleo}
B :f\{)l&?é{(alog(lJr 52 +alog [ 1+ 52 1 o2

% (1— PO)}. (3.24)

3.5 Service-Rate Capacity

In CR systems where the transmission is constrained by tls &itlvity, any excess
rate would be desirable for cognitive users while they oppustically access the shared
spectrum band. Accordingly, besides the fact that a basistaat rate is needed to guaran-
tee the minimume-rate requirement (cf. delay-limited cayacvariable-rate transmission
is also used (cf. ergodic capacity) to provide differenvser-rate levels. The capacity
under such a transmission strategy is called service-ggtacity or minimum-rate capac-
ity [25]. Specifically, service-rate capacitg'(,) is the maximum long-term average mu-
tual information, subject to guaranteeing a minimum sexreter, all the time. Thus, in
service-rate capacity, some power is used to provide themam required rate;,, and the
excess power is used to increase the average achievabteeatall fading states.
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Herein, the service-rate capacity of the SU link is investiigl subject to joint con-
straints on the average interference at the PR and peakatigpower at the ST. Moreover,
the problem of service-rate capacity with outage is alsoesibd. Indeed, in pure service-
rate capacity (without outage), the ergodic capacity isimeed subject to guaranteeing
the minimum-rate constraint all the time. In contrast, wiransmission is allowed during
outage, the minimume-rate constraint is loosened slightty satisfied only for a tolerable
percentage of time [24]. Accordingly, the service-rateatdy without outage can be con-
sidered as the combination of ergodic and zero-outage itegsagvhereas the service-rate
capacity with outage is the combination of ergodic and celtzapacities. In this section,
we first investigate the service-rate capacity of spectshiaring systems without outage
under the considered resource constraints. Then, we fingetivéice-rate capacity of the
secondary link subject to an allowable outage probability.

3.5.1 Service-Rate Capacity without Outage

Using SSI about the PU activity and secondary CSI at the STsénvice-rate capac-
ity, Cser, Under the constraints on received interference and peakrit-power can be
formulated as follows:

Coer S (Vsy €) s _ S (Y55 §) s
5 = Sr&izc) {E%,g {a log <1 + — 5 +E, ¢ |alog |1+ W

n

(3.25a)

s.t. (3.3) and (3.4), (3.25b)
S8\ L, = S (95 §) ¥

alog <1 + 57121 +alog 1+ W >re.  (3.25¢)

As previously mentioned, we have two strategies in sertate-capacity. At first, we
have to provide the minimum service-rate. Then using wilterg approach, we employ
the excess power to increase the average achievable ratalbfeding and PU activity
states. In this context, the minimum achievable capacitafminimum service-rate, is
obtained by using zero-outage capacity transmissionyolidsing this policy subject to
the constraints (3.3) and (3.4), the minimum transmit-poeguired to guaranteg all the

Omin

time, can be obtained &5,;, (15, &) = , Whereo,,;, may be calculated using (3.25c)

S

"This capacity was investigated in section 3.4.
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at equality as follows:

Omin — Omin
alog (1 + 52 ) +alog (1 + 5T+ 512)) = 7. (3.26)

n

Now, using (3.3) and (3.4), the minimum values of the averageived-power and peak
transmit-power limitationsp™®, and@™ , can be calculated according to the following

inter peak?

expressions:

i Omin
Qﬁrelrdi =E, ¢puison { 5 ] ) (3.27)

s

. O i
min — min 2
peak A ()\(mt, 5’ 51%) ’ (3 8)
where\°"* must satisfy the outage probability expression in (3.23).

It is worth noting that if either of the average interferemcgeak transmit-power val-
ues, is less than the minimum requirég;i?, or Q™ , respectively, the SU’s transmission

is suspended and no feasible power allocation exists.

Now, denoteS...(7s, £) as the excess power allocated to maximize the average achiev
able rate. Then, the service-rate capacity, (3.25a), caxpessed as

Cor g [a log (1 g B 00 &) % Bexe (30 &) %)

B 52 52
— Smin (757 g) Vs Scxc (/787 g) Vs
1 1 ) 2
+a og( + 521 02 + 52 1 02 (3.29)

By splitting the capacity expression in (3.29and after some manipulation, the above

expression simplifies to
Cser

B
whereC.,. is the capacity achieved with the excess po#gr(~s, &), and can be expressed

=70 + Cexc, (3.30)

as

Cexc = E’st |ia log (1 + Scxc (rysu g) Vs Scxc (’}/S, g) Vs ):| .

al 1
5§+Smin (Vsa 5) 75) o o8 ( * 6§+5I2)+Smin (7575) Vs
(3.31)
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After substitution ofS,.i, (75, £) = Imin the excess capacity may be simplified further as

S

. Scxc (757 g) Vs — Scxc (757 g) Vs
Coxe = Eq ¢ {oz log (1 + 52 + oo +alog | 1+ P (3.32)

under the excess average received-interference Kpit,, = Qiner — Q™ , and excess

inter?

. .. Omin . .
peak transmit-power limiQ7ss, = Qe — ——, Whereby the constraints are given by
Vs

.. ¢/puison [Sexc (75, €)] < Qe (3.33)
and
Sexc (%» 5) S Ie))é;ka (334)

respectively.

To find the optimal excess power allocation under the comssran (3.33) and (3.34),
we adopt the Lagrangian optimization approach presentsekiion 3.3. Following the La-
grangian approach, to obtain the optimal power adaptatipA£.(vs, £), we can consider
the following three cases:

1) Sexc(7s, &) = 0: Letting Sexc (75, £) be0 for somey; and¢, we have:
%< A (X6 8) (3.35)
whereciz1 £ 62 4 omin.

2) Sexc(7s,§) = Qpeai- In this case, we obtain:

%> B Qe 7. 6.57). (3.36)

3) 0 < Sexc(75,§) < Qpesy- Finally, in this case, after simple manipulation, the ozt

power adaptation policy fdF < Se..(7s,€) < Qpeay Can be expressed as,

Sexe (10 6) = P (1, €475, 62) (3.37)

where the functiorP (-, -, -, -) is defined in (3.16).
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Figure 3.4: Schematic illustration of the optimal power@da policies in service-rate (without
outage) capacity.

According to the results in (3.35), (3.36) and (3.37), thiéiopl excess power allocation
policy to maximize the excess capacity under the consgam(3.32) and (3.33), can be

expressed as shown in (3.38), where the valua(8f is such that these constraints are
satisfied.

Quewc = 22 5> B Qe X7.6.8)
S (00 ©) = 1 P (16 A7,82) , A(XP6.57) <7 < B Qe W76, 8)
0 < A (N, 6,52)

(3.38)

It has been shown that the service-rate based transmissimy 5 a combination of
two power transmission strategies. At first, the channednision technique was adopted to
achieve basic service-rate (Fig. 3.4 — the region shownag)grThen using water-filling
approach, the excess power was spent to increase the aaetageable rate over all SU
channel states (Fig. 3.4 — regionsandb). In Fig. 3.4,77 and7; are the transmission
thresholds defined &8 = A </\‘f‘°, £, 6?%) and7s = B ( X AT E, 6?%) respectively.

peak?

Now, substituting (3.38) into (3.32) yields the formula for,. when Q.. > QM2

inter
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andQ, ek > Q™ | as follows:
P peak

P (757 £, AT, 5;21) s P (757 &, AT, 5;21) Vs

Cexe = B4, alog | 1+ — +alog | 1+ —
ngzséTg 02 02 + 02
62 eak /s 5121 _'_ 52 _'_ eak /s
B |alog [ 2 Qs ) | oy, p F et ) | (3.39)
6 >T5 92 02 + 62

Finally, the service-rate capacity expression of fadingetels under average received-
interference and peak transmit-power constraints witldedicated service-rate, can be
expressed as

: : min min
Not Feasible if Qinter < Qintor OF @peak < Cpenics
ser _ : _ min _ min
— To lf Qintor = inter or onak = pealk > (340)

To + chc 1f Qinter > Qﬁ‘trclr and onak > leelgk-

In (3.40), it is worth noting that i), > QM1 and Qpear > Q™1 this implies that

inter peak
Qinter ANAQpeax. are high enough to guarantee the required servicersataver all fading
and PU activity states. It is easy to show that in this cagesénvice-rate capacity is equal
to the ergodic capacity and can be obtained from (3.18).

3.5.2 Service-Rate Capacity with Outage

In this part, we investigate the service-rate capacity witkage,C°", subject to the

ser !

constraints on received-interference and peak transowiep In this regardC"* can be

ser

obtained according to the following maximization problem:

oo S (75, &) % _ S (s )%
ser  __ 1
B St {E%’ﬁ {a o8 (1 TR e U Ty v

n

(3.41a)
Subject to (3.3) and (3.4), (3.41b)
S (Y5, §) s — S (s, ) s
Pr{alog(l—i—T +OélOg 1+W < T SPO

(3.41c)
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To find the service-rate outage capacity, we apply the sampeoaph used for the
service-rate capacity (without outage) in section 3.5.1e fist provide the minimum
service-rate with outage probability less thadn— F,), and then use the excess power
based on water-filling approach to increase the average\attie rate over all fading and
PU activity states.

Using (3.24), the minimum achievable capacity for a minimservice-rate of, and

out

an outage probability oF, is obtained as% =19 (1 — Fy). Accordingly, using (3.20)
and (3.21), the minimum values of the average received-pawe peak transmit-power
limitations, Q™ andQ™= , can be calculated according to the following expressions

inter peak?

Umln
Quin g2 — / / S (00) 1 (€) dude, (3.42)
ye>A(Aen £,62)
min —Um“‘ (3.43)

peak — ( A ()\out )

min?’

whereo i, is calculated using (3.26), angd*' must satisfy the minimum allowable outage
probability expression in (3.23) according to:

/ / £ () f1 (€) drude = 1 — P, (3.44)

’Ys>A()\°“° £ 52)

min’

Considering (3.19), the minimum power required at each iwbkstate to provide, for
1 — P, percentage of time can be obtained as

0, ve < A (NI €, 62)

min’

out _ .
Sin (V5 §) = Tmin s A € 52) (3.45)

Vs
Now, let S (vs, &) be the excess power allocated to maximize the average atidenate.

exc

Then, the service-outage based capacity, (3.41a), canpressed as

Cout
= = (1- Py) + (3.46)

91t is worth noting that ifQyter < Q™2 Of Qpeax < Q™I | then the SU’s transmission is suspended and

inter peak

no feasible power allocation policy exists.
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whereC" is the capacity achieved with the excess power and can bessext as

exc

S e (75 5 ) Vs — SOUt (f}/s 5) s
Cout _ E 1 1 exc Y 1 1 exC Y i
o %4“%(+ﬁ+$mm@ws+“% T+ S (e O
(3.47)

After substituting (3.45) into (3.47), the excess capacip be obtained by considering

two conditions:

( é;out
E.¢lalog (14— 2222 (gsz’ §) %

L n

out
+alog (1 + %)} , < A& 5)
_ Sout (,1; +§)pry
E.. ¢ |alog (1 + —Og; +S;' _ S)
) S (75, €) 7
_1 1 exc Sy s > A Oqt 2
+a Og < + 61% _|_ 5}2) + O_mln ) ,)/S iy ()\mlrﬂ g? 611)

(70ut —

exc

(3.48)

\

under the excess average received-interference lipfjf;,., and excess peak transmit-

power limit, Q7% -

Using the Lagrangian optimization technique, we can oltaénoptimal power adap-
tation policy for S2¥ (s, ) that maximizes the excess capacity,t, by following the

approach in section 3.3. Considering the conditions foretteess capacity expression in
(3.48) and under the appropriate KKT conditions, the follmy\cases are considered:

1) S (44, &) = 0: In this case, we obtain

exc

s < AN E,02) i g < AN £52),

min»

g 3.49
%< ADFOER) i > A &8 349

2) S, €) = Q- The conditiory, > A (X3, €, 67) is always valid in this case,
thus yielding
% = B Qe A7,6,52) (3.50)

peak>

3) 0 < S9% (s, &) < Q¢ : Finally, considering the thresholds in (3.48), we obtain t

exc peak*
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possible power levels as follows

P (s, &, N5 62) iy < A (NS € 62)

min»

P (70 €79 02) . if: 7 > A€ 5)

min’

Sow (s, &) = (3.51)

According to the resultsin (3.49), (3.50) and (3.51), thiéropl excess power allocation
policy to maximize the excess capacity under the const&ini3.41b) and (3.41c), can be
expressed as shown in (3.52), where the valua(sf is such that these constraints are

satisfied.
Omin exc exc >
( onak - ) Vs > B( peak?Al 757&%)
T R R
P (1€, 52) AN ER) <7 < B (Qpe X 6 8)
Sewe (16 = 4 0, A €.02) <7 < A (X< ,32)
P (757 57 )\?XC7 5121) ? A ()\?XC7 57 5121) S fys < A ()\IOI?IE’N 57 51’21)
L 0, Vs < A()\?xc’&aﬁ)

(3.52)
whereP (-, -, -, -) is previously defined in (3.16).

By comparing the service-rate based transmission politly @atage in (3.52) and the
one without outage in (3.38), it has been shown that the iaddit outage constraint re-
stricts the set of feasible SU transmission policies maghtly than in the case without
outage constraint (Fig. 3.5). In Fig. 3.5, the threshol@sdefined according t@37° =
AOP<6,02), T = A G, €82, T3 = A (AP, €,82) andTie = B Q5 A7, €,52).

Furthermore, in (3.52), it is worth noting thatdf° < T3°, then S (~, ) > 0 for all
vs > T5°. This implies that);,.. is high enough to guarantee the required service-rate,
for 1 — P, percentage of time. In this case, the service-rate outgggeity can be obtained

from (3.18).

Now, substituting (3.52) and (3.48) into the excess capasipression in (3.47) yields
the formula forC2% whenT3° < T5° < T5°, as follows:

exc

C«out — C«out + Cout (353)

exc excl exc2)
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24
VS

Figure 3.5: Schematic illustration of the optimal powerg@dm policies in service-rate (with
outage) capacity.

where
P Sy 7 ACXC? 62 S 73 Sy ) ACXC? 62 S
Cor = Eog [alog (1 + Sl 521 ) ) + alog <1 + b §2 152 ki )} )
T < <T50 n a T 0p
(3.54)
and
P (1.6 2082) 7 P (90,6275, 82) ¥
CM, = E.¢ |alog|1l+ — +alog | 1+ —
T30 <y <T5° 02 02 + 02
0 4 Qpeak Vs 0 + 0 + Qpeak Vs
+ E.¢ |alog M +alog 2 Crpeaicy (3.55)
e>Tie o 02 + 62

Finally, the service-rate outage capacity expression dihfachannels under average
received-interference and peak transmit-power conssraiith o service-rate and, prob-
ability of outage, can be expressed as shown in (3.56), wkigras computed by substi-
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tuting (3.52) into the interference constraint in (3.4%b},different values of°%

min*

p

Not Feasible if Qinter < Qnter O Qpeak < Qi
ro (1 — Fp) otherwise if Qinter = QM or Qpeax = gﬁ;lk,
Cieurt ={ ro(l— P+ CM™, otherwise if T7° > T5°,
B ro (1 — Py) + C2%, + C2%,  otherwise if T5° < T5° & T5° > T5°,
%r otherwise if T5° < T5°.
(3.56)

3.6 Numerical Results

In this section, we provide numerical results for the ddéfgrcapacity notions investi-
gated in this chapter, namely, ergodifr,, outage and service-rate with/without outage, un-
der constraints on the average received-interference eakl tpansmit-power for different
fading channel distributions. The SU channel variatioresrandeled through Nakagami
(nak) with unit-mean and fading parameter= 2, Rayleigh (ray) with unit-mean, and
Log-normal (log) with several values for the standard diewna £ = 4, 6, 8 dB. We as-
sume the CSI of the secondary link to be available at the $dutih an error-free feedback
channel. The interference channel ggify, is also distributed according to Rayleigh PDF
with unit varianced, = 1. Furthermore, the sensing detector is assumed to caldhiate
sensing information metric in an observation tilie= 30, and the non-centrality param-
eter in f1(§) is set to unity ¢t = 1). About the PU’s activity, we consider that the PU
remains activé0% of the time (¢ = 0.5), and set the PU’s transmit power £ = 1. In
the following, we assumé& = 0.5 andd? = 1.

In Figs. 3.6-3.8, we plot the ergoditfr and outage capacities (formulae (3.18), (3.22)
and (3.24), respectively) as a function of the averageference limit,Q;,;.., with p = 1.5,
wherep = Gpeak | Fig. 3.8, the outage probability is given 5% = 0.2. By comparing

Qintcr
the capacity plots in Figs. 3.6-3.8, we provide the follogwiemarks and observations.

Considering Rayleigh and Nakagami = 2) fading channels, the capacity difference
between these fading channels grows more irtithend outage capacities in comparison
with the ergodic capacity. This implies that as the fadingesgéy decreases (goes from
Rayleigh to Nakagami), the capacity of the channel showsermaprovement compared



68 CHAPTER 3. SERVICE-ORIENTED CAPACITY OF SPECTRUM SHARINGRGYSTEMS

2.5

——Cl°9 k=8B
——Cl°9 k=dB
5| e-C°9K=4dB

7Cnal,< m=2
o Cray

(bits/sec/Hz)

C

(dB)

inter

Figure 3.6: Ergodic capacity in different fading channalinments forp = 1.5.

to adaptive channel transmission policies, ité:,and outage. On the other hand, for the
Log-normal fading case, as the standard deviation incsedbe probability of being in
deep fading states also increases, and consequentlysrasaltiarge amount of capacity
penalty for Log-normal fading channels with highundertifr and outage transmission
strategies.

The service-rate capacity of fading channels: Rayleighkagami withm = 2 and
Log-normal with standard deviation values/of= 6, 8 dB, are shown in Figs. 3.9-3.10, as
a function of the average interference lirit.., for several values of,. In these figures,
we fix p = 1.3 and investigate the service-rate capacity with and witloitsige constraint.
For the service-rate capacity with outage, weRix= 0.2, and for comparison purposes,
we also plot the associated ergodic, outage and zero-outggeities. As investigated in
Section 3.5, the service-rate capacity varies betweenutage and ergodic capacity results
for different values of-,. Furthermore, we observe that this capacity graduallyeases
from ro (1 — P) in the outage capacity curve and converges to the ergodicitgpas
Qinter INCreases.
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Figure 3.7: Truncated channel inversion with fixed-raife)(capacity in different fading channel
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Figure 3.8: Outage capacity in different fading channelr@mments forp = 1.5 and Py = 0.2.
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Figure 3.9: Service-rate capacity with/without outage ayleigh and Nakagamh{ = 2) channel
environments fop = 1.3, Py = 0.2, andry = 0.5, 0.8 or 1.1 bits/sec/Hz.
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Figure 3.10: Service-rate capacity with/without outagéag-normal channel environment with
K =6, 8B for p = 1.3, Py = 0.2, andry = 0.5, 0.8 or 1.1 bits/sec/Hz.
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3.7 Summary

In this chapter, we studied three capacity notions, naneegyedic, delay-limited and
service-rate (with and without outage), for CR spectrumrsiy systems operating under
constraints on the average received-interference and fp@agmit-power. We assumed
that the transmission power of the SUs can be adapted basadhdability of the SU’s
channel state information, and soft-sensing informatiooua the PU’s activity provided
by the energy-based sensing detector at the SU transntipercifically, we investigated
the benefits of using different transmission policies pentg to the three aforementioned
capacity notions in CR communication systems.

Theoretical analysis besides numerical results and casgpes for different fading en-
vironments, have shown that each capacity notion has soaberés that can be used ac-
cording to different system requirements. In particularthis chapter, the service-rate
capacity has been proposed as an appropriate capacity ime@R networks which com-
bines the advantages of the short- and long-term transnissiategies. In other words, we
showed that the service-rate capacity not only guaranteemtnimum required service-
rate, but also allows using the excess power to increasetigeterm achievable rate of CR
users.

In the next chapter, we consider a primary/secondary gpeesharing system and
study adaptive resource management in CR fading broadeashels (BC). Specifically,
we propose utilizing spectrum sensing information aboetthmary’s activity at the sec-
ondary base station for an efficient allocation of the resesirnamely, transmission time
and power, to the SUs.






Chapter 4

Resource Management in CR Broadcast
Channels

4.1 Introduction

As mentioned earlier in Chapter 1.1.1, CR technology offessmiendous potential to
improve the radio spectrum usage by efficiently reusing dratisg licensed spectrum
bands while adhering to the interference limitations ofrthemary users. In this context,
two main tasks in CR systems are consideregipgstrum sensingndspectrum access

Spectrum sensing consists of observing the radio spectamd bnd processing ob-
servations in order to acquire information about the lieglkBansmission in the shared
spectrum band. Various spectrum sensing problems havedizemved in the literature
as presented in Chapters 2 and 3, and references [5—8].sInethard, it has been shown
in [6], that a conventional energy detector cannot guaeaateurate detection of primary
signals because of tHedden-terminaproblem. To alleviate this problem, a cooperative
spectrum-sensing approach was proposed in [6] and [7] basegpectrum-aware sensor
networking. In this technique, the CR network is designezhdhat the spectrum sensing
devices are separated from the secondary tisers

Spectrum access, on the other hand, consists of providilegeet allocation and man-

Parts of this chapter were presented atlfBEE Transactions on Communicatign®l. 59, no. 5, pp.
1446 — 1457, May 2011, and in ProtEEE International Conference on CommunicatighdC’10), Cape
Town, South Africa, May. 2010, pp. 1 —5.

2More details about this technique will be provided laterhis thapter.
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agement of the available resources among the secondasy @eef among the challenges
in opportunistic CR networks is spectrum access [9]. Indbed to efficiently and fairly
allocate the radio resources between secondary users inreef@Rrk, is a fundamental
problem (see e.g. [10-13]). This issue is similar to the thcaat channel (BC) problem in
current wireless communication systems. In BC systemscallp and traditionally, CSI
has been utilized to adaptively allocate the transmissésources such as time, power,
bandwidth and rate, among users [26]. In particular, carsid perfect CSI at the base
station and receivers, the optimal time and power alloogtigicies that maximize the er-
godic capacity of fading BCs was investigated in [26] und®etdivision multiple access
(TDMA). In spectrum-sharing CR networks, the problem of fasource allocation among
secondary users was investigated in [12, 13] subject tatyudlservice constraints at the
secondary users and interference constraints at the primeegivers. In [64] and [65], the
authors proposed resource adaptation schemes for usetSRreetwork equipped with
multiple antennas under given interference constraintiseaprimary receivers. In the lat-
ter works, CSI is the only information based on which the bsts¢ion decides how to
distribute the resources between users.

In the cognitive radio broadcast channel (CR-BC) scenamssgnted in the WRAN
standard [3], rather than channel information, the seagn@@R) base station may employ
its observations about the surrounding environment tovagdty allocate its resources, such
as transmission time and power, between secondary useltss Iichapter, while focusing
on the capability of CR systems to sense the environment ichithey operate, our objec-
tive is to obtain an optimal resource-sharing policy for BR-systems, based on local ob-
servations about the primary system activity around eacbrstary receiver. Our approach
is novel relative to utilizing local soft-sensing inforraat in order to determine which sec-
ondary user should have access to the shared spectrum baadhasensing state. The
CR-BC network is limited by appropriate constraints on therage received-interference
at the primary receiver and on the peak transmit-power asétendary transmitter. We
also implement a discrete sensing mechanism in order ta threi overall system com-
plexity, without compromising the system performance sigantly. In this scheme, we
consider only restricted levels of primary activity for thensing observations.

In detailing these contributions, the remainder of thisptBais organized as follows.
In the next section, we present the CR-BC system under stiohyg avith the channel
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model used. In Section 4.3, using soft-sensing informadlwout the primary user activity,
we obtain the optimal time-sharing and transmit power allimn policies for the CR-BC
network. The discrete sensing mechanism is proposed ino&et#. Finally, numerical
results followed by concluding remarks and a summary arsegmted in Sections 4.5 and
4.6, respectively. Throughout the chapter, boldfacernetiee used for vector notation, and
E.[-] denotes the expectation of random variahle

4.2 System and Channel Models

A classical broadcast channel (BC) scenario is considered gpectrum-sharing CR
network with one secondary transmitter (ST) as base stéB&) and K secondary re-
ceivers (SRs), as shown in Fig. 4.1. It is considered thasdoendary BS is allowed to
use the spectrum band originally assigned to a pair of pyittansmitter and receiver (PT
and PR), as long as it adheres to the PU activity level andfiatipredefined constraint on
the average received-interference at the PR. In prachiedransmit power of the BS needs
to be limited according to the operation range of power afepdi. Thus, in addition to the
aforementioned constraint, we limit the BS transmissiolicpdoy a peak transmit power
constraint as well.

We assume a discrete-time flat-fading channel with perf&ita@ the secondary BS
and receivers. Indeed, we assume that each SR is equippea witannel estimator, as
shown in Fig. 4.2, whose output is an estimate of the chanmeépgain associated with
the corresponding BS-SR link. Furthermore, the CSl is assuim be fed back to the BS
for adaptive allocation purposes of the resources, nanraigsmission time and power,
among the SUs in the CR-BC network. We define the channel gdimden the BS and
the k-th SR by/h.[i], wherek = 1,---, K andi denotes the time index. In the CR-
BC network, mathematically, the received signal for thth user,y[i], depends on the
transmitted signat|:] as follows:

vili] = V/ha[ix[i] + ngli], Vk=1,2,-- K,

wheren,[i] denotes the additive Gaussian noise at &A@ SR. Channel knowledge is
needed by the SRs for coherent detection of the transmiify@als We consider that the
variations ofy/h[i] follow Rayleigh fading distribution with meaki[hy].
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Figure 4.1: Spectrum-sharing system configuration.

We define the channel gain between the secondary BS and thg I@W which we
also use to refer to the interference channel. We consideaththe channel power gains,
i.e.,h = [hy, hy, -, hi]® andgq, are independent. We also consider tha modeled by
a Rayleigh fading distributidhwith a variance that depends on the distance between the
secondary BS and the PR, i.€L/d, ). Channel gains are assumed to be stationary, ergodic
and mutually independent from the noise. We further asshatdhie additive noise at each
SR (including interference from the PU link) is modeled asozmean Gaussian random
variable with equal variance a¥, B, where N, and B denote the noise power spectral
density and the signal bandwidth, respectively.

The PU’s link is modeled as a stationary block-fading chamvith coherence time
T.. As such, the channel power gain (square of the channel gpawmle value) remains
constant ovefl, time epochs, after which it takes a new independent valuead¥ame a
block-static model for the activity of the PT, with a coherernterval off.. In other words,
for a period ofl, channel uses (one block), the activity state of the PT resnaiichanged.
Based on this model, it is assumed the PT remains active (@) stith probabilityx, or
inactive (OFF state) with probability = 1 — «, in T, time periods.

3Hereafter, we omit the time index as it is clear from the cete
“Note that we just select a fading PDF and this does not meamthhave perfect knowledge gfat the
ST.
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Figure 4.2: System model: elements and building blocks.

It is assumed that statistical information about the PTt&/ayg is available at the sec-
ondary BS and SRs. As shown in Fig. 4.2, each SR communicéties\spectrum-aware
sensor network (SASN) whose function is to determine thiwiscof the PT in its neigh-
boring area. The SASN acts as a dedicated sensor network wehgeparated from the
SUs and built by the secondary service provider to perforenseimsing about the PT ac-
tivity [6]. More specifically, each SASN is composed of a sesensors distributed in the
desired area, with the ability to sense the PT’s activityait sirea, and to report the sens-
ing information to a sink node [58]. The latter can furthevgess the information received
from all sensors to calculate a single sensing megri@nd then pass it to the SR\Ve
consider that the statistics §f conditioned on the PT’s activity being in ON or OFF states,
which is calledsensing informatiopare known a priori to the SRs. We define the probabil-
ity density functions (PDF) of, k = 1, - - - , K, given that the PT is ON or OFF, b{¢"(¢)
and f2(¢) respectively. The sensing information provided at eachs3®8$umed to be fed
back to the B& This information can be utilized for adaptive time and poagaptation

SDetails about the detection mechanism adopted by the SASsare beyond the scope of this thesis.
However, the readers are referred to [6] and [7] for furthetads. The impact of spectrum sensing errors on
the performance of CR systems can be studied in terms of dimpilities ofmis-detectiorandfalse alarm
which can further affect the estimation of the PT status, e ON or OFF states, as considered in [55].

5This information may be sent back to the BS through the avigilieedback channel for the CSI knowl-
edge.
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purposes at the secondary BS in order to improve the perfaenaf the CR-BC network,
which is the main contribution of this work.

At the sensors, we adopt the conventional energy-detetgmmique which was pre-
viously proven to be more energy-efficient and practicalenser networking applica-
tions [7]. LetF denote the vector of sensing observations pertaining tastleRs, i.e.,
§ = [&1,&, -+ ,&x]. Now, conditioned on the PT being ON or OFF, the components of
§ are calculated based on the sum of i.i.d. Gaussian randaables and, consequently,
are distributed according to Chi-square PDFs, each witegrees of freedom, where
is the number of observation samples in each sensing ihtgfyh Accordingly, under
“PT is ON” condition,¢; has a noncentral Chi-square distribution with variange= 1
and non-centrality parametgy,’ [61]. Similarly, under “PT is OFF" conditiorg;, will be
distributed according to central Chi-square PDF. Thus, efand

( M—2

PH(E) = ! (g—’“)— e‘wlg_l (\/ukgk), PUis ON

F-1 4.1
Sk % PU is OFF 1)

where [,(-) is the vth-order modified Bessel function of the first kind, ah@) is the
Gamma function [51]. We consider the above PDFs as the softhsg information (SSI)
about the PT activity, which is periodically updated dureagh sensing period.

4.3 Ergodic Capacity of Cognitive Radio Broadcast Chan-
nels

In this section, considering that the secondary BS andvershave perfect CSI and
SSI pertaining to the PT’s activity, the ergodic capacit&f fading BC and the associated
optimal power and time allocation policies are investigaagsuming time division (TD)
multiple access. At a given time slot, the network state findd by a pairh, §), where
h and § denote the channel gain and sensing observation vectomssponding to the

"The non-centrality parameter,,, can be obtained in terms of the ratio of PT’s signal enerdlggémoise
spectral density, as detailed in [45].
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K secondary users, respectively. Under a TD strategy and inea gpetwork state, a
fraction of time,r,f’g, is assigned for transmission to theh SR subject to the constraint
S et = 1with 0 < 7" < 1. As mentioned before, the secondary transmission is
constrained by limitations on the average-interferendd@PR and peak transmit-power
at the secondary BS, formulated by

A ) Enggprison [Zszng’gsg’gq] < Q.
SPE< QP VE=1,2,--- K,

F (4.2)

WhereS,?’5 is the transmit power allocated to usefk = 1,2, --- , K) for channel state,

h, and sensing informatiorg, andQ', Q' denote the interference and peak power limit
values, respectively. Now, lé&t be the set of all possible power and time allocation policies
satisfyingF. Then, the ergodic capacity of the CR-BC network under the/eldefined
resource constraints can be expressed as follows (sef26Jj.,

CBC = max {C (S)}, (4.3)

SelF

where

C(S) = {R Rk SEh,S

hép,
7',?’£Blog2 (1 + S]’if Bk>
0

ngkSK}. (4.4)

It is easy to show that the capacity expression in (4.4) isrwveo functiod. Thus,
for optimal transmission, we decompose the above maximiz@roblem with respect to
the capacity expression in (4.4) and the constrainffseWWe first assume that the total
transmit powerS™¢ at the BS which is assigned to th€ users, is distributed between
these users according to the time allocatibhé = [r{“ﬁ,@h’g, - ,T]?’&], i.e., Sh¢ =
S eS¢ for a given power vectoB™¢ = [S:’f’g,Sg’f, o ,Sﬁf]. Then, due to the
convexity of the capacity region, we determine the optimunetsharing coefficient set
T"¢ that maximizes the total rate in a given network state defimedhe channel and
sensing vectoréh, §)°. For this purpose, we define the following optimization peoiin

8Convexity of the capacity region can be easily proved fos tdase by following the approach in [26,
Appendix-Sec. B].

°Note that whereas in [26] the fading variation was investigan broadcast channels, in this chapter we
investigate the variation of the sensing metric while tharatel state is fixed. In addition, our results also
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~1 S’%ﬁ - h, & on 1 Sthk _ roff 1 Sg’ghk
JBC( ):Tg}fﬂ}?ZTk aff*(€)logy [ 1+ NoB +afit(€)log, [ 1+ NoB .
3
3

k=1
K _htoh
h=1Tk Sk;’g = 5h¢

s.t n

: K _hé_q
=17k =

(4.5)

In the next step, we apply the Lagrangian optimization temto maximizey s (S“)
over all channel states and sensing values, subject to tistramts inF. For this purpose,
we adopt the Lagrangian decomposition method proposedsin Motice that the maxi-
mization problem in (4.3) has decoupled constraints. Tihesgewe separate the problem
into two parts. At first, we arrange the Lagrangian objediivestion considering the inter-
ference constraint as shown in (4.6), whargenotes the Lagrangian multiplier.

K
Jbc (8"5,N) = Bn 5 [Jpe (S™°)] — A (Eh,q,SPTisON [Z TS
k=1

— QI> . (4.6)

Then, applying the decomposition method, we perform theimiaation subject to the
peak transmit-power constraint, according to:

— ~2 h, &
A = maxJge (S5 )

Sh7§ < P (47)
s.t.{SZ&;égv Vhk=1-- K
k - Y

Finally, the optimal power allocation policy that maximszéhe total transmission rate in
TD cognitive radio broadcast channels can be obtained blyiagpthe necessary KKT
conditions.

Next, we apply the above procedure to obtain the optimal p@md time allocation
policies in the scenario with two SRs. Then, we generalizeresults for the case with
K > 2 SRs.

deal with the joint variations of the fading channel and thiesing metric.
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4.3.1 System withK = 2 SRs

Consider a two-user CR-BC system with a total transmit poser. We assume that
the optimal time-sharing policy between cognitive usergiven by S/-¢ 4 ¢ ghé —
Sh€ wherer]"t = 7€, 7t = 1— 7M€ andS™M¢ andS. ¢ are the powers used for transmis-
sion touser-landuser-2 respectively. In order to obtain the optimal time-sharpadjcy
in (4.5) which maximizes the total achievable rate, we agsassignment of more time
resources to the user that can yield a higher transmissieruraler the available transmit
power budget. Indeed, for given valuesgfandé,, k = 1,2, - - - , K, the user that yields a
higher rate has priority to be serviced in these channel anslisg states. Mathematically,
define the instantaneous achievable rate function fok itheuser a¥’

()2 20 (©)logy (14 302). 48

where~, (§) = af™(€) + afef(€) and0 < . (€) < 1. Furthermore, letA (S) =
r1(S) — r2 (S), whose derivative with respect tcan be obtained as,

OA(S)  0ri(S) 0Ora(S)
s ~  as  as
__n (&) M e (€) ha
NoB + h1S  NoB + hyS
(71 (&) b1 =72 (§) ha) NoB + (71 (§) — 72 (§)) hihoS

) (NoB + 11 S) (NoB + hyS) : (4.9)

Now, supposing that, > h; and based on the variation of sensing parametef$) and
72 (£), the following conditions are distinguished.

1) Wheny; (§) hy > 2 (€) hy for some values ofhy, &) and(hs, &), then considering
thath, > hq, it is easy to show that; (§) > 7, (£). As such, substituting these
conditions into (4.9), we obtain

OA(S) _ Ori(S)  0Ora(S)

35— 89S 99 > 0, (4.10)

€. 8%;5) > 8rgé5). Sincer; (S) andr, (S) are both increasing functions 6f

it follows thatr, (S) > o (S) for S > 0. Accordingly, user-1is selected for the

OHereafter and for simplicity, we omit the random variableand¢ whenever it is clear from the context.
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2)

transmission and (4.5) reduces to
Jbc (8) =7r1(5). (4.11)

It is worth nothing that, in this case, despite the fact thas stronger than,, user-1
is selected for the transmission because of the lower PTiigtstén its adjacent area,
i.e., 71 (&) > 1 (§). Finally, the optimal time and power allocation policy irish
case can be expressed as

3 23
=1 =0
nooo o T (4.12)
SPE = ghé ShE =0,
When~y, (&) hy < 79 (§) hy for some values ofhy, &) and (hs, &), substituting
this condition into (4.9), the solution to the maximizatiproblem in (4.5) can be
characterized by the following cases:
Case a: Assume thaty; (£§) > . (§) for some values of; and&,. Using (4.9),
A(S) > 0 ie ory (9S) > Ory (S)

_ ) _ oS oS 28
and sincer; (S) andr, (S) are increasing functions df, we haver; (S) > r (5).

Accordingly,user-1is selected for the transmission afgl, (S) = r; (S). Then, the

it is easy to show that fof high enough,(9

optimal time and power allocation policy can be illustrabgd

=1 =0 (4.13)
St = ght  ght — . '

Case b: When~y, (§) < 72 (§) for some values of; andé&,, similar to Case:, sub-
stituting this condition into (4.9), we obta'g% <0, ie., or2 (5) > 8%;5)'
Accordingly, 7, (S) > 7 (S) and, thususer-2is selected for the transmission at
the BS. Finally, it is easy to show thg} (S) = r» (9), and the optimal allocation

policy can be expressed as

hg _ he _
{7‘1 =0, n,~=1,

SPt =0, Spt =g @19

Case c. Other than the above cases, assume that at some power,vakiémve
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87’1 (Sb) o 87’2 (Sa)
2s  0S
(4.9), we have

= Ul whereS,, S, > 0. By appropriate substitution into

o ory (Sb) MmN (5) hy

9 NoB + hi Sy’

B Ora (S,) e (&) o (4.15)
~0S  NyB+heS,’

which, after simple manipulation, yields

Y

Y

g _ &) NoB
a — U - hg )

o (O NB (4.16)
b W, hl )

whereV is the slope of the straight line between the péifg.S,) , S,) and(rs (S,) , Sa),
ie.,

T (Sa) —-—n (Sb)
Sa— S '

It is worth noting thatV is calculated by substituting (4.16) into (4.17). Furthere)

U= (4.17)

it is easy to show that for power values satisfyifig< S < S;, the maximum total
transmission rate increases linearlyJas (S) = ¥ (S — S,)+7» (S,). Accordingly,
in this case, making use of the time-sharing approach, sghsiare selected in the
transmission process with the power levels obtained ir6j4iZ.,7S,+(1 — 7) S, =

S, wherer is given byr = —%—
policy can be expressed as:

. Finally, the optimal time and power allocation
— ~b

h7
he ShE_ghe o ghE_ g §

T = —FF5—<, T = —FFF—
1 Sg/vg _ S{:vé_’ 2 Sg/vg _ Sglvé" (4.18)
S{lvf _ Sgl,ﬁ’ Sgé _ Sg,g‘

Now, using the results obtained in Cased andc, we can express the solution to
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the maximization problem in (4.5) when (&) hy < 7, (£) he, as follows:

ro (S74), 0 < §hé < ghe,
Iho (SME) =3 W (ShE = ShE) 4y (SPE), SPE < ShE <SP (4.19)
ry (Sh€), She > S,

As shown in this case, if, < S < S, using time-sharing, both users will have
contribution in the transmission process ayg. (S"¢) can achieve the values be-
tweenr, (S™¢) andry (S™¢) on the straight line. But, fob < S < S, or S > S,
Ibc (S¥%) is simplyr, (S™¢) orry (S™€), respectively.

In the following, we solve the maximization problem in (4i@)order to obtain the
optimal power allocation policy pertaining teser-landuser-2at the secondary BS, un-
der average received-interference and peak transmit{povstraints (4.2). Specifically,
using the previously explained decomposition method, wainlihe optimal power allo-
cation policy for each of the solutions in (4.11) and (4.ERich that the achievable rate of
the CR-BC network is maximized.

1) v (€) hy > v (€) he: In this caseJic (S’“f) = 7y (5™¢). In order to solve the
maximization problem in (4.7), the dual objective functiari)) for any h and ¢
states can be rewritten as

A\ = max {E}Lg [71 (€)log, (1 + %)}

S e
— A (Eh,spTisON [S{L’g <i)1 - QI) }7 (4.20)

st S < QF,
Si¢ > 0.

To solve the maximization problem in (4.20), adopting thgiamgian optimization
technique presented in [52], the necessary KKT conditi@msesponding to the in-
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terference and power constraintgfiitan be obtained as follows:

i (5) hl ( 1 )2 ! "
s N = I P IS VA U ) 4.21a
NOB + S{L’ghl dq 1 (5) 1 1 ( )
N Sie =0, (4.21b)
N (S{“ﬁ _ QP> —0, (4.21¢)

where)\] and\| are the Lagrangian multipliers.

The optimal secondary transmit power can take values gigisf < S:’f’g < QF.
First, assume thﬂ{“5 = 0. Then, equations (4.21b) and (4.21c) require tat-
0 and \{ = 0, respectively. Substituting these conditions into (4)2fgplies the

following condition:
NoB

h
wherey; (£),i=1,2,---, K, is defined as

> x1(§), (4.22)

42,
xi () = A‘}vnig (4.23a)
_ ng (a N a;ﬂg) (4.23b)

Assume thab!"¢ = QF. In this case, the conditions presented in (4.21b) and ¢}.21
imply A} = 0 and\] > 0, respectively. Further, substitution into (4.21a) yields

NoB

= < (9 - @ (4.24)
1

Finally, suppose that < Sf’f < QF. Then, (4.21b) and (4.21c) imply that =
A] = 0, which according to (4.21a) and after simple manipulatihdythe optimal

transmit power given by:
NoB

S{l’g = Xl (5) - hl °

(4.25)

Hence, according to the results presented in (4.22), (484d)(4.25), the optimal
power allocation policy pertaining to the secondary BSgiveaty, (£) 1 > 72 (§) ha,
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is expressed as:

o, 22 <) - Q"
NoB NoB
Sif=9 a@ =52 x©-Q 5= <o), (4.26)
0 2Z s (6),
\ 1

where parametey; (£) must satisfy the interference constraint at equality, etiog

1\ ?
Q' =En gprison [S{L’g <d_> ]
q

to:

NoB Q°
= Eh,SIPTisON [de(f) - dzoh ] Eh,SIPTiSON {ﬁ] . (4-27)
x(©-Qr<ipEax(g - T @t NP oy g)-qr LT

2) 71 (&) h1 < 2 (&) ho: To determine the optimal power allocation policy in thisea
we recall our previous resultin (4.19). Accordingly, we id@erize the transmission
policy while~; (£) hy < 7, (£) he by the following cases:

Casea: Jhc (S"¢) = 1y (S™%). In this case, to solve the maximization problem in
(4.7), the dual objective functiof (\) for anyh and¢ states is rewritten as

Sy *hs
A()\):r?h;gc En 5 [72(€)1ogy | 1+ NoB

2
- A (Eh,SPTisON [53’5 <di> ] - QI> }7 (4.28)

s.tb. St < QP
ShE > .

Again, we apply the Lagrangian optimization technique f& &bove problem. The
corresponding KKT conditions for the maximization problem(4.28) can be ex-
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pressed as:
2 (5) h2 ( 1 )2 / "
— = | = SN E) + A, — Ay =0, 4.29a
NOB+ Sg’§h2 dq 2 (5) 2 2 ( )
A, Sie = 0, (4.29b)
A (53’5 _ QP> —0, (4.29¢)

where)\, and\] are the Lagrangian multipliers.

Then, following the approach used for the case whet) 1 > 2 (€) ho, it is easy
to show that the optimal power allocation policy pertainioghe secondary BS when
71 (€) hy < 75 (€) hy, given that) < S"¢ <S¢ can be formulated as:

( NoB

QP7 hy < X2 (5) - Qpa
=3 @ -2 @< ), @430)
2 NoB 2
07 h > X2 (5)
\ 2

Note that parametey, (£) must be such that it satisfies the interference constraint at
equality, according to:

1\?
Q' = En gprison [Sé”g (d_) ]
q

§) NoB QF
=  Engprison [ iz _dghg + Engprison 2z (4.31)

X2()—QP < TEE <xa(€) ToZ <xa(6)-QF -4

Caseb: Jhe (S™¢) = ri (S™¢). Here, using the results obtained for the case with
7 (&) by > 2 () ho, it is easy to show that the optimal transmit power pertajnom
the secondary BS foy, (&) hy < 72 (€) hy, given thatSh¢ > Slff, is expressed by
the allocation policy shown in (4.26).

Case C Jhe () = W (S7€ — ShE) 41y (SI€) for SM¢ < S™E <S¢ In
this case, both users are selected for the transmissioncetHasing the allocation
policy obtained in (4.18), the total transmit powg'¢ is allocated between these
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users using
Sh& = 7hESPt 4 (1 — 7€) 8pe, (4.32)

where0 < 7/»¢ < 1, and the transmission policies pertaininggp¢ and S2"¢ are
illustrated in (4.30) and (4.26), respectively. Note tlhat total transmit powes™ ¢
must always satisfy the interference constraint at equalit

ThESHE 4 (1 — 7hE) S0
Q' = Bugrron | o U Z TS (4.33)

q

Finally, two cases remain to be consideréd:> h, andh,; = h,. Whenh, > h,, the
optimum power and time allocation policy can be obtainedyyng the approach used
whenh, > h;. For the case wheh; = h,, sinceuser-landuser-2are both in the same
channel state, the decision will be made based only on th&rsemformation available
at the BS. Accordingly, the optimal power and time allocatmolicy is given by:i) for
Y1 (&) > 72 (€): 7€ = SI"¢ anduser-2is silent,ii) for v, (&) < 7, (€): S¢ = S2¢ and
user-1is silent. Note thas]* andS.¢ are defined in (4.30) and (4.26), respectively.

4.3.2 System withK > 2 SRs

Consider a CR-BC system withi > 2 users, operating under average interference and
peak-transmit power constraints as giveffirt is supposed that the SU with better channel
and primary activity conditions obtains higher priorityaocess the shared spectrum. Note
that the aforementioned required information (CSI and &&)provided by each SU and
are available to the BS through the feedback channel. Hesgirgeneralize the approach
considered for two users in part A, in order to investigat dptimal power and time-
sharing allocation policies for multiple SUs. In this redawithout loss of generality, we
first assume that (-) defines the permutation df SRs such thaty) < hyo) < --- <
hy(xy- Then, we can consider the following cases:

Case a: vy (§) hoiy > i) (§) hogy, Vi < j foranyi,j = 1,2,--- K. Us-
ing the results in part A for the two-user case, we can showstha (5™¢) >
{ra¢) (S™) }jiz and, consequently, the solution to (4.5) is givendy. (S*¢) =
T9(1) (Sh’ﬁ). Thus, in this case, the optimal power allocation policy barexpressed



CHAPTER 4. RESOURCE MANAGEMENT IN CR BROADCAST CHANNELS 89

as
( NoyB
Qpa ho < Xv 1) (é)_qu
NoB o NoB
0 0
Syt =9 Xo (§) = Ty X0 (6 -Q" < ho, = 0 (€, (434
NoB
07 ho > X9(1) (5) :
\ 9(1)

Case b: vyi) (&) hoey < ) (§) hog), Vi < j foranyd,j = 1,2,--- K. In this
case, based on the results provided in partfy, (S™¢) andry;) (S™¢) will inter-
sect at some value ¢f*>¢. Accordingly, we can defind} (S’“ﬁ) by

T () = { Mo (57 S5 S SME< Sy
> Uy (S™€ = S5%) + ro (Sa;) - St < M6 < 5t
(4.35)

whereW ), S™¢ andS; ¢ are given by?:

h7
Tﬂ(wi) (S(}ll;g) o Tﬂ(wiJrl) <sz §>
]’L7 h7

Uiy = : (4.36)

and
Gghi€ — Y (wi) (5) NoB

Up) Do)

L Z 4.37

Sh,f _ VI (wit1) (5) . N()B ( )
e —

: W) Po(wisn)

It is worth noting thaty; 2 K + 1 — 4, wherei is given byi = arg max{ ¥y,
J

‘j = 1,2,---, K} for different values ofS™¢. This implies that for any value of
Sh:¢ the user with a higher value of will have a contribution in the functional
Jie (S™9).

The optimal power and time-sharing allocation policy irstbase, can be illustrated
as:

12Note thatS;"* = 0.
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1) Jie (8"€) = roc (™€) for §i, < M€ < Sire:

N,B
o)

2) Jhe (SV8) = Wy (S = SBE) + ryq,) (SIE) for Sh& < e < Ge:

Ghié _ Tg(j Sh 5 |+ Tﬁ gh:€ (4.39)

(w +1)7 9 (wit1)”
which, after further manipulation and sinefg’  + 7;:5 | = 1, yields:

h, € Sg.’g — Sh7£
Toloy = 7%,
I (4.40)
he
T9(wis) = 1- T9(wi)-
In the power allocation policies shown in (4.34) and (4.3Bg water-filling levely (&)
must satisfy the aggregate interference constraint (4 &jwality, as follows:

g[S S
— Lh FPTisON ZT

k=1

(4.41)

It has been shown that the soft variation of the sensing patiernrmay be used by the
secondary BS to adaptively adjust its resources for a beeagement of the transmission
time and power among the CR users and, consequently, theajetenterference at the
primary user of the spectrum band. However, in a collabegagensing mechanism be-
tween the BS and SRs, significant overhead is required td&sddobservations between
each SR and the BS. Moreover, it is difficult in practice totommously adapt the transmis-
sion time and power to the soft-sensing parameters given.by), £ = 1,2,--- , K. In
contrast, the conventional hard decision scheme requitgsone bit of overhead, but has
worse performance because of information loss caused bBiHacd decisions. Thus, in the
following section, we propose using discrete sensing teclenwhere only discrete levels
of the sensing information are considered, which achieygsoa tradeoff between perfor-



CHAPTER 4. RESOURCE MANAGEMENT IN CR BROADCAST CHANNELS 91

mance and complexity. Note that this yields a suboptimattspkefficiency. However, as
we will show in Section 4.5, this cost is not significant.

4.4 Transmission Policy under Discrete Sensing Informa-
tion

In this part, we restrict ourselves to quantized levels of &ficulated at the SASN
nodes, and present the power allocation policy and the eallie rate of the CR-BC sys-
tem operating under the constraints given in (4.2). As shiovi#.23b), the effect of SSlI is
reflected through parameteys(¢) := o + af(€)/fo(€). We will show that such quan-
tization may be applied to parametgr(¢) which is directly related to the sensing PDFs
provided at each SR. It has been shown in Chapter 2.1.4 tHahgsas the probability
that the PT is ON increases, ({) has a descending behavior. This behavior is illustrated
in Fig. 4.3 for K = 3 users operating in the same channel conditions, but witkrdift
SSI knowledge given by the parameters< ps < u3. Based on the results presented in
Chapter 2.1.4y,(¢) = 1 is a threshold value that indicates the transition betweghen
and lower PU activity levels determined by the detectionmaecsm. This threshold can
be considered as a decision criterion for the PT activitwbeth ON and OFF states.

In this contexty, (€) is restricted taV discrete levelg, [n]; n = 1,2,--- , N, ifit falls
into the intervaky, given by

n—1 max T max
S { Nk <me(§) < Nl }a (4.42)
wheren** denotes the maximum value gf () for £ = 1,2,--- , K. Herein, without

loss of generality, we use uniform quantization, one of tresincommon quantization
techniques [59]. Assuming/-ary uniform quantization ofy. (), it can be shown that the
n-th discrete levelj,[n] can be calculated according to

_ 2n —1
nin] =

o Tk E=1,2,--- K. (4.43)

Hence, considering the decision intervals in (4.42) andjtlentization levels presented in
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Figure 4.3: Variation of parametey,(¢) := a + @f,gff(g)/f,gn(g), as a function of for users
k=1,23.

(4.43), the quantization rule can be illustrated as
_ 2n—1 .. .
Mi[n] = N it (§) € S (4.44)

By substitutingj, [n] into (4.34) and (4.38), we obtain the power allocation polinder
discrete sensing information as,

( NoB -
QP7 : <X (wk) [n] - QP7
NB e NoB
_ 0 — 0 _
Shwn Ml =8 Xowy 1] — T Xo(wp) 1] — QF < T = Xowy) (] (4.45)
07 NoB > Yﬂ(wk) [n]u
\ P

wherek € {1,2,---, K}, n € {1,2,---, N}, andyy,,) ] is given by

Xo(wp) (1] = - (4.46)

Considering the power allocation policy given in (4.45k thterference constraint in this
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case can be expressed as

QI > Ey [ZK: Zﬁk [n] <7-1;L(‘Uk) [n]dfg(wk) [n]>] : (4.47)

k=1 ne¢ q

where¢ = {n |7yl <1, n=1,2,--- N}, and3[n] is the discrete PDF corre-
sponding to the-th level of the discrete sensing information which mustfyer >~ gy [n] =
1,fork=1,2,--- K. et

Finally, the capacity of CR-BC with perfect CSI and discreémsing information at
the secondary BS and SRs, under the constraints on the avimagference and peak
transmit-power, can be obtained by rewriting (4.4) as fefio

C(S) = {R:Rk < > Biln]Ey {Tg [n] Blog, (HW” V1<k gK}.

(4.48)

4.5 Numerical Results

In this section, we numerically illustrate the performané¢éhe proposed CR-BC sys-
tem in terms of the ergodic capacity under predefined cansiran the average inter-
ference generated by the secondary network at the PR andtizeenit-power at the
secondary BS. Moreover, we investigate the capacity pewoélthe proposed quantized
sensing approach for the system under consideration. Irsiourlations, we assume a
secondary BS and two SRs communicating in a TD multiple actashion while sharing
the spectrum band with the primary user fitk To provide SSI about the PU’s activity,
it is assumed that the number of observation samples at ttengedetectors is 30, i.e.,
M = 30in (4.1). We also assume perfect knowledge at the BS of therngha between
the secondary transmitter and receivers and also of thet®®8Lgh no-delay error-free
feedback. In our simulations, the fading channels pengito the SUs are modeled ac-
cording to Rayleigh PDFs, witk[h;] = 0 dB andE[h,] = 2 dB for user-landuser-2
respectively. As for the PT’s activity model, we supposé tha PT remains active0% of
the time (v = 0.5). Furthermore, we assume thd§B = 1.

BFor simplicity of presentation, herein, we focus on CR-B6tegn with two users, but we recall that our
theoretical analysis applies to higher numbers of SUs.
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Figure 4.4: Variation of paramete; (£) as a function of for user-landuser-2and different
values of non-centrality parameter andu, = 0 dB (Q' = —5 dB, Q¥ = —2 dB).
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Figure 4.5: Variation of parametar (¢) versust for user-1and different values of, (Q' = —5
dB, Q" = —2dB).
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We start by analyzing the parametgk) as a function of the sensing metgic\We set
the interference and peak power limits@ = —5 dB andQ¥ = —2 dB. The variation
of xx(&) Vk = 1,2, is illustrated in Figs. 4.4 and 4.5, for certain non-cdityraalues of
the sensing distributiong,; and ., and different values for the distance between the BS
and the PRd,, respectively. From Fig. 4.4, we observe that wien= 0 dB andd, has
unit value,x:(£) > x2(£) as long agy; > p9, and that for different values @f It is worth
noting that for higher values @f, in which case “PT being ON” is more probable,(¢)
andy, (&) have descensional behaviors. On the other hand, settirg0 dB in Fig. 4.5,
we observe that, (£) increases ag, increases, while it still has a decreasing behavior as
a function of¢ (Q' = —5dB, QY = —2 dB).

Referring to Fig. 4.6, the achievable capacity regionslierRayleigh fading CR-BC
pertaining touser-land user-2is shown for different values ofy, p2). In these plots,
the average interference limi)! = 5 dB and we consideBB = 100kHz. In Fig. 4.6,
the variation ofi; andyu, are investigated when the peak transmit-power limit is fiaed
Q" = 5.5 dB. We observe that the SU which senses a lower PU’s activgl] i.e., lower
values ofu, will have more contribution in the transmission rate, armewersa. On the
other hand, in Fig. 4.7, we sg{ = 7 dB andu, = —3 dB, and illustrate the effect of the
peak power limit on the transmission rate achieved by the $tUis observed that higher
QF yields an increase in the transmission rate achieved bylise S

In the broadcast channels under study, it is customary teidenthe maximum sum-
capacity of SUs as a figure-of-merit. This metric can be ddfiag max {Zle Rk}
subject to satisfying the resource constraintg.ifn this regard, the sum-capacity of two

users in CR-BC versus the average interference kiphits investigated in Figs. 4.8 and
P

4.9, forp = 2, wherep = —-. In Fig. 4.8, we set/, = 1 andu, = 0 dB. As observed,

the sum-capacity increases as paramegteitecreases. These results are reasonable since
according to the sensing PDFs given in (4.1)pagncreases, the probability of “PT being
ON” also increases and, consequently, this diminisheshihaae ofuser-1to be selected

by the BS. In Fig. 4.9, setting; = 0 dB andu, = 2 dB, the sum-capacity of two-user
CR-BC is plotted for different values df. The plots show how when the distance between
the secondary BS and the PR increasesdj.ghe capacity of CR-BC increases. Itis worth
noting that for higher values af,, the capacity converges towards that of a system where
no Q' constraint is considered. Furthermore, regarding the @figures, we observe that
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Figure 4.6: Two-SU ergodic capacity region: comparisonsm@' = 5 dB and@Q® = 5.5 dB.
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Figure 4.7: Two-SU ergodic capacity region: comparisonsm@' = 5 dB, ;1 = 7 dB and
Mo = -3 dB.
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Figure 4.8: Sum-capacity of CR Rayleigh fading BC ver@igor various values of non-centrality
parametey; (p = 2).
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Figure 4.9: Sum-capacity of CR Rayleigh fading BC ver@idor various values ofl, (p =2).
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Figure 4.10: Sum-capacity with quantized sensing scheme%).

as the limit on the average received-interfere@téncreases, the sum-capacity of the BC
channels increases as well.

The performance analysis of the proposed discrete sendegre in terms of the max-
imum sum-capacity of a two-user Rayleigh fading broaddasnoel, is investigated in Fig.
4.10 versug)!, for several numbers of discrete sensing levels. In thigdigwe assume

that 5 [n| is distributed according to a Poisson PDF with megni.e., > [[n] =
1<n<N

PO (Ek?ne‘fk = 1, for different numbers of discrete levels. Furthermore, to illustrate
the effegf of the discrete sensing approach on the achieealplacity of the system, we fix
w1 = 0dB, puy = 2 dB andd, = 1. As shown in Fig. 4.10, the discrete sensing approach
pulls down the achievable capacity of the SUs as the numblevefs N decreasé$. In
this figure, the performance with soft-decisiavi ¢ 16) and hard-decision’\ = 2 levels)
schemes is illustrated. As observed, performances witkraliscrete levels are laid within
the soft-decision and hard-decision results. Furthermaseexpected, the sum-capacity

plots have ascensional behavior wighincreases.

14Note that for comparison purposes in our numerical resgltis considered such that thig [n]'s distri-
bution follows the same curve as its equivalent continuastsidution function using sensing PDFs given in
4.1).



CHAPTER 4. RESOURCE MANAGEMENT IN CR BROADCAST CHANNELS 99

4.6 Summary

In this chapter, we investigated adaptive resource shari@gr fading broadcast chan-
nels when spectrum-sensing information is utilized at tsetstation of the secondary net-
work to more effectively and efficiently use the shared-sp@e resources. In particular,
considering TD multiple access, we proposed using sofisgrinformation about the pri-
mary system activity at the secondary base station to fallbcate the resources, namely,
transmission time and power, among users, under apprepaatstraints on the average
interference at the primary receiver and peak transmitgp@tthe secondary transmitter.
The sensing was performed by assuming a spectrum-awarer sete/orking approach in
the secondary network. Based on the sensing informatiamatt, an optimal time-sharing
and transmit power allocation policy was investigated silngt the achievable capacity
of fading CR broadcast channels is maximized. Furthermeeeconsidered a quantized
spectrum sensing mechanism in order to reduce the ovestfirsycomplexity, where only
limited activity levels are used for the sensing observetio

Theoretical analysis besides numerical results and casgrer have shown that soft-
sensing information about the primary system activityvatidor an efficient management
of the time and power resources between the SUs and, comgBgtige resulting interfer-
ence onto the primary system. Specifically, in the scenaitiotwo SUs, it has been shown
that as the primary system activity decreases in an area trarsmission time and power
can be allocated to a SU located in that area and vice-versa.

Next, as mentioned in Chapter 1, we propose to adopt relayisgectrum-sharing CR
networks to more efficiently utilize the available resograethe secondary communication
and decrease the interference at the PRs. In the next clzaquters an initial step, we con-
sider a source/destination transmission link and invattithe performance evaluation of
single- and multi-hop relaying communication systems bggithe MGF-based approach.
In particular, at first, considering a generalized fadingnsgio in a classical communica-
tion system, we investigate the performance analysis ot&ygommunication system in
terms of the average symbol error probability (SEP) of abjtM-ary QAM constella-
tions in maximal-ratio combining (MRC) schemes over nosniical correlated channels.
Thereafter, we investigate the performance analysis op@eadive relaying networks in
terms of the average SEP, ergodic capacity and outage plibppbrformance subject to
independent and non-identically distributed Nakagamfia&ding.






Chapter 5

Performance Analysis of Cooperative
Communicationst

5.1 Symbol Error Probability of MRC Systems with Cor-
related n-u Fading Channels

In wireless communications, accurate modeling of the pyapan channel is of ex-
treme importance for a successful system design. Due toaves the years a great num-
ber of channel models (e.g., Rayleigh, Nakagamiand Hoyt) were proposed with the
aim to provide a good statistical characterization of thdkrfg signal. In addition, efforts
have also been made to extend the existing fading modelglar ¢m obtain more flexible
and generalized models [67]. Recently, a new fading digiioh, namelyn-.. distribution,
which includes as special cases Nakagamaind Hoyt was proposed in [68]. Its flexibility
renders it more adaptable to situations in which neithehesé two distributions yields
a good fit [68], particularly at the tail portion, where seledistributions fail to follow
the true statistics. However, because of the fact thagthedistribution has one degree
of freedom more than the Hoyt and Nakagamdhstributions, analytical studies regarding
system performance subjectie. fading are even more intricate given that the analytical
complexity is substantially increased during the calculliserefore, although the investi-

Parts of this chapter were presented at HBEE Transactions on Vehicular Technologil. 59, no.
3, pp. 1497 — 1503, Mar. 2010, and in PrdEEE Wireless Communications and Networking Conference
(WCNC'10), Sydney, Australia, April, 2010, pp. 1 — 6, and suitbed tolEEE Transactions on Communica-
tions Jan. 2011.
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gation of generalized fading scenarios is important to mecumore realistic behavior of
wireless systems, there are very few works in the open titezaeporting the performance
of wireless communication systems over fading channels.

As mentioned in Chapter 1.1.5, among the performance rsaigaally employed to
describe wireless diversity systems, symbol error prdbglfSEP) of M-ary modulations
has been considered of major importance [69]. This metisdien investigated for some
fading scenarios under different assumptions (see [7Q], [72], and references therein).
In [70], a useful integral representing the average overdigly fading of the product of
two Gaussian Q-functions is derived and the average SEPdioigée reception scheme is
calculated. For multichannel diversity reception, therage SEP of rectangular quadrature
amplitude modulation (QAM) over independent but not-neaéaty identically distributed
Nakagamim fading channels, is investigated in [71]. Regardipg fading channels,
in [73], accurate closed-form approximations for the epuobability of several diversity
schemes were provided assuming independent and ideptlisiiibuted (i.i.d.) channels.
More recently, considering single channel reception se&hem exact closed-form expres-
sion for the SEP of rectangular QAM constellations was @efivn [72]. In this section, we
generalize the latter work by focusing on the derivatiorhefaverage SEP ™M-ary rectan-
gular QAM over correlated channels with non-identical fegdparameters and employing
multichannel receptidi First, a general closed-form expression for the momeneigen
ing function (MGF) of the signal-to-noise ratio (SNR) at tembiner output is derived by
rearranging the Gaussian components used to model théatmmebetween the diversity
branches [74]. Second, adopting the MGF-based approaelsER of rectangular QAM
with maximal-ratio combining (MRC) at the receiver is dexivn closed-form in terms of
multivariate Lauricella hypergeometric functions [75].

The remainder of Section 5.1 is organized as follows. IniBed.1.1, they-u fad-
ing model is revisited. Section 5.1.2 derives a generaledasxpression for the MGF of
multichannel diversity schemes over arbitrary correlajed fading channels. Based on
this result, the average SEP of rectangular QAM constetiatis derived in Section 5.1.3,
in which some special cases are also presented and discidgexdrical results are pro-
vided in Section 5.1.4 along with insightful discussiongafly, concluding remarks and

°Note that whereas in [72] a single reception scheme was @eresl, in this section we consider a mul-
tichannel reception subject to arbitrary correlated fading channels. In addition, our results allow for
different fading parameters among the input diversity bhas.
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summary are drawn in Section 5.1.5.

5.1.1 Then-u Fading Model - A Brief Overview

The n-p distribution [68] is a general model that describes the tstewsm variation of
the fading signal and embraces as special cases other ampdistributions, such as Hoyt
(Nakagamig) and Nakagamin. Such distribution may appear in two different formats,
namely Format. and Forma®, for which two fading models are associate@egarding
the former, its fading model considers that the in-phaseqaradirature components within
each multipath cluster are independent from each other avel different powers. In this
case, the ratio between these powers is given by the panametbereas the parameter
is related to the number of multipath clusters.

By considering a diversity scenario, |8t be then-u envelope of thé-th branch; =
1,..., L. From the respective-; fading model,R; can be written in terms of the in-phase
and quadrature components of each one oftl®usters of the fading signal as

n;

R} =) (X +Y72), (5.1)
j=1

whereX; ; andY; ; are mutually independent Gaussian random variables withnean,
i.e, E[X;;] = E[Y;;] = 0, and non-identical variances given By[X?,] = 6%, and
E[Y?%] = 6% (E[] denotes statistical average). By expressing the instaotenSNR
per symbol over each branch @s = R?E,/N,, whereE;/ N, stands for the ratio of the
average symbol energy and noise power spectral densiofiais that the PDF ofy; can
be written as

NN 2pih; 2p;H;
foi (@, iy iy Vi) = ﬁl—xf <,u_) exp <— 'u, x) I, 1 < M, x) , Yo >0,
[ (u) H 2 AT i AL
(5.2)

wherebyy; = E[R?|E,/Ny = 4 E,/ Ny, 1,|-] is the modified Bessel function of the first
kind and arbitrary order [51, Eq. 9.6.20]I'(-) is the Gamma function [51, Eq. 6.1.1],
hi = 240" +m)/4 Hy = (n7' —mi) /4, n; = 6%, /6%, andy; is the real extension of

3In this section, only Format is considered. However, as shown in [68], one format can beerted
into the other by means of a simple bilinear transformatidance, the results provided in this section can
also be used to investigate Fornaif such a fading model.
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n;/2. From [68], it can be shown that, = 7;Q;/(2p:(1+mn;)) anddy, = Q;/(2p:(1+m;)).
Analyzing briefly the particular cases of theu distribution, we can mention that the

Hoyt distribution can be obtained in an exact manner fronyisétting.; = 0.5 with the

Hoyt parameteb; = (1, — 1)/(n; + 1). In addition, fory; = m;/2 ands; — 1, then-

w1 distribution reduces to the Nakagamiene. For further details, the readers may refer

to [68].

5.1.2 Moment Generating Function of the Output SNR

Consider a digital communication system implementing MR diversity correlated
branches. Accordingly, the effective SNR at the output efMRC schemey "), is given
by the summation of the instantaneous SNRs of the input bemmg.e.,

L
=3 % (5.3)
i=1

Based on (5.3), in the sequel we derive a new, elegant, cliasedexpression for the
MGF of v(&), denoted as\l ) (s) £ E [e“(”] Such expression will be useful for the
calculation of the average SEP of rectangular QAM condtefia, performed posteriorly
in Section 5.1.3. We will follow several steps as describeldw.

Firstly, since we are concerned with multichannel receptexhniques, the input en-
velopes at the branches can be structured in the followingera

Y

Xl = [Xl,l X1,2 te X1,2u1]
R1 —

Vi=[Y1i1Yi2 - Yigu]
Ry — Xy = [Xz,l X2,2 o 'X2,2,u2] ’

Yo = [Yo1 Yo Yool (5.4)

)

Xy =[Xpa Xpo- X
RL —
Yo =[Ye.Yro Yool

so that the envelope at the combiner output can be obtainedART = X X' +YYT,
whereR = [Ry,- - -, R;] is written in terms of the component £ [X, X,,---, X;] and
Y £ [Y1,Ys,---,Yz]. Without loss of generality, we assume that the elements;and
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Y; are such that; < ps < --- < ur. Also, note thatX; andY; correspond, respectively, to
the in-phase and quadrature components of the fading sagtfai-th branch and, in turn,
they can be decomposed into the in-phase and quadratureocems of each multipath
cluster. Such decomposition is illustrated below:

Ry — X1,17 Y1,1 X1,27 Y1,2 T X1,2u17 Yl,zm

Ry — X2,1, Y2,1 X2,2, Y2,2 s X2,2u2, Y2,2u2

Ry — XL—1,1, YL—1,1 XL—1727 YL—1,2 T T XL-1,2;¢L,1,YL—172;¢L,1

Ry —  Xp1,Yoa X2, YL2 e o Xpopp o Ye2ur o Xioous Yiou

(5.5)

Under these considerations, we can now relate the statisiépendency among the
correlated branches;, to the statistical dependency betweenthelementgX; ;,Y; ;),
jg=1,--,2u;, with T = Zle 2u,;. Considering that there is only second-order depen-
dency, three cases can be distinguished for the covariaetiotents between the elements
X;,; andY; ;, denoted by co\X; ;, X;,) and cov\Y;, Y;.) respectively, and are given by
the following:

case afori=j,k=t,

COV( Xk, Xji) = 0%, COM(Yiy, Yjy) = 07, (5.6a)
casebfori# jandk =¢t=1,---,2min{u,;, pu;},
COV( X, Xj1) = 0x,0x,pij, COMYik,Yje) = v, 0y, pi;, (5.6b)
case c Otherwise of the above constraints,
coV( Xk, Xj¢) =0, cov(Y, Y;:) =0, (5.6¢)

wherep; ; stands for the correlation coefficients between the assatisignal elements
(Xik, X;1) and(Y; x, Y;,) [76, Sec. Il].

Our next step is to define the covariance matrices ahdY given by K x = cov(X™T, X) =
E[X"X] andKy = cov(YT,Y) = E [YTY], respectively. Considex} and\! (v =
1,2,---,V) as two sets of/ distinct eigenvalues ok y and Ky with algebraic multiplic-
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ities £X and &), respectively, such thaée Z:/:l (& +¢) = Y [77]. Then, using the
Karhunen-Léve (KL) orthogonal series expansion &fandY as in [77, 78}, we obtain
that the envelope at the combiner output can be written mdesf1” orthogonal virtual
branch components g8, (X, X[ + YiY,") =31, (AXUX + AYWY), where =" de-
notes ‘equal in their respective distributiohsand {U;X, WY }Zzl are the virtual branch
variables pertaining to the in-phase and quadrature coengsnlefined as

& 3

UXEY (U)Wl A () (5.7)

i=1 i=1
Finally, the total received-SNR at the MRC output can be esged according to

1%
YOEIC(ASUS + AW, (5.8)

v=1

Note that{Ujf;}i1 and {Wjﬁ}il are two sets of independent zero-mean unity-variance
Gaussian random variables. Consequenffy,andV} are distributed according to Chi-
square PDF with degrees of freedgfhand¢), respectively. The associated characteristic
functions pertaining t&/.X andV)', are calculated according to [57]

X

X7rX _&u
Ppx (s) & E[es)‘v U; J=(1-2X5s) 7, (5.9)
Y .

Yy _&u
Oy (s) 2 EfesM W) = (1-20Y5) 7 7.

Using expression (5.8), the MGF of") can be written as

1%
L AXUX YWY
M. (s)éE[e‘w( )] —E eszv=1( o U5 AWy . (5.10)

Y

Now, knowing that the in-phase and quadrature componeilksna@ach multipath cluster
are independent, (5.10) can be rewritten as

\% \%4
M (s) = [[E {QSAUX UYX sAw) ] — H(qw (s) Dy () ) (5.11)
v=1

v=1

4For further details about the KL series expansion, we réfer¢aders to [79, Sections Il and VI.B.2].
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Substituting (5.9) into (5.11), the MGF expression in (5.4hy then be expressed as

14 X 51})/
2

M, (s)=JJ(1- 2A§<s)‘% (1—=2X\)s) *, Vs=>0. (5.12)

y
v=1

Now, it remains to calculate the eigenvalug$,and)\!’, and their respective algebraic
multiplicities, £¥ and¢Y’, which are required in (5.12). This will be performed in thext
section for the general case, i.e., for non-identical datee channels, as well as for some
particular cases obtained from our formulations. To cotelilnis section, we would like to
emphasize that (5.12) allows for arbitrajyand~; parameters, assuming not necessarily
the same values among the diversity branches. Concerrengatbes of;, although they
may be different among the branches, they are multiple @mgegf(0.5, in order to comply
with the analytical derivations. To the best of the auth&rgdwledge, (5.12) has not been
reported yet in the literature.

5.1.3 Average Symbol Error Probability

In order to derive the average SEP of rectangMa@AM constellations undergoing
n-p fading, we resort to the well-known MGF-based approach,[@8]ch has proved over
the years to be a simple and efficient method for error prdibabnalysis.

For M-ary rectangular QAM with coherent MRC multichannel recapt according
to the statistical independence between the in-phase amfapure parts of the additive
Gaussian noise at the receiver [71], M1eQAM (M = I x J) constellation is treated as
two independent square pulse amplitude modulation (PA§Haiconstellationsrary and
J-ary, with square quadrature to in-phase distance ratiengby 3 £ d2/d?. Hence, the
instantaneous SEP conditionedgf for the I x J rectangular QAM, can be expressed
as

PR (e [y1)) = 201Q (/290 (1, T D)7 ) +20,Q (V290 (1. 7:5) 57
—4qrq;Q (\/29(;2 (1,J;0) v(”) Q (\/29(;2 (1,J;0) 6%”) :
(5.13)
whereg, £ 1-1/z,Q (z) £ —= [ exp(—t?/2) dt andgq (I, J; ) £ 3/[(I* = 1) + (J* = 1) .

2

Averaging (5.13) over the SNR distributiofi,z (), @ general expression for the cal-
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culation of the average SEP of arbitrary rectangular QAMveg by

PMRC () = /O PMRC (e [y = v) fow () dy

= 2q111 (9q (I, J;8)) +2qs11 (9q (L, J; ) B)

—4qrq51 (9o (1, J;8) ,9q (I, 5 B) ) , (5.14)
where .
no = [ (Vo) fuw ()i (5.15)
and

Bone) 2 [ "o (vam) @ (V) fo ) (5.16)

Now, using the alternative form of the Gaussian Q-functés Eq. 4.2], we can rearrange
(5.15) as

Py g\~ 2 g\~ F
g\ ° g\ °
M df = — 1 z 1 z do.
/ 7<)<i ) W/H( +sin29) ( Jr811129>
0

(5.17)
Then making the change of variables: cos?(6), (5.17) can be simplified to:

M,w (=9) [* u Coy T ey T
I :L/t—ll—tﬂz‘% - - ———— ) dt
1(9) ) U 1:[1 T 1+20%g 1+ 2\ g ’
(5.18)
14
whereps, = Z‘_l (& +¢). Finally, after some algebraic manipulations, (5.18) can b
expressed as

- LeX v X vy
Li(g) = —B (5’257:_ ME) Mz (—g) x ng) 2 . 161 W fvl . 1 )
14209 1420 g 1+ 2)g
(5.19)
whereB (a,b) 2 T (a) T (b)/T (a + b) represents the Beta function aﬁg) (a,by,-- by
;c;x1, -+, xy) denotes the integral representation of the multivariatgricalla hyperge-

ometric function ofl” variables¢ > {b;}}_, > 0[75, eq. (2.3.6)].

In order to solve the integral in (5.16), making use of thedpici of two Gaussian
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functions as provided in [72, eq. (9)], (5.16) can be exmédss

9k2

I (91, 92) Z/ gkl 7(\/)( gzkfg) do

T hro)
V ]Kl) X Yy
2)\XgK2 =& 2)\Y9K —&
(3 1 v 2 d@
T or Z / H ( sin? 6 ) ( * sin? 0 ) ’

(K1,K2)
(5.20)
where the summation is over the two permutati¢(is 2), (2,1)}. Then using the same

approach applied for the derivation &f(g), I5(g1, g2) can be expressed in terms of the
multivariate Lauricella hypergeometric function as:

Mym ( (91 + g2))

Iy (91,92)

3 1+ 2)‘1 9K 1+ 2)‘1 9K,
17 ; y T ; 1) + =
V4 &6 & S (g1 +92) A\ 1 +2(g1 +g2) AV
X Z D 1+2)\V9K2 1+2)‘V9K2 1

(K1) 7‘“’1+2(91+92))\€/@1+2(91+92))\\Y/’1+%
2

(5.21)
It is noteworthy that the necessary requirements for thiglaabn of the Lauricella func-
tions in (5.19) and (5.21) are easily satisfied, igeg,, g2, { \i, 115, 7}/, > 0.

Finally, substituting (5.19) and (5.21) into (5.14), yield closed-form expression for
the average SEP of general rectangular QAM with MRC divesier correlated general-
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izedn-u fading channels as shown in (5.22).

_ QIM—Y(L) (—QSAM (1, J; ﬁ))
T{B (55 +ns)}

1 X ¢Y . X Y'l . 1
2751 7517 7£V7£V7 +,u27 1+2)‘{(95AM(LJ§6)7

1 1 1
1+2}‘¥98AM(I7‘];6) ’ ! 1+2)‘€/<95AM(‘[7J;6) ’ 1+2>‘595AM(17J§6)

QJM7<L) (—ﬁQSAM (1, J; ﬁ))
T {B (5 +m)}

1 X ¢Y . X ¢Y. . 1 1
2 &0 &0 G Gy L 14200 98 an(1,758) 7 14280 g an(1,736)”
1 1
’ 1+26>\\)/(95'AM(17J§6)7 1+26)\§\;95AM(LJ§6)

g Mw (= (1 +8) g8am (I, J; 5)) y Z
™ (3 + px) (\/B + ﬁ) (K1,K2)

1 gX gY £X gY 1: +§_ 1+25K2719(13AM(17J§,B))‘{( 1+25K27195AM(1,J;5))\¥
PS1 S TSV SV L U T 95 TR R (TTBAY ) TH2(14B) g8 pp (1 T8N
C142pRe 1B ((LIBAT 142852 gl (1 J6)AY 1

D 12(148)95 am (LT8G 7 14+2(148)gG an (1, T38) Ay 7 148812

PSMRC ( 6)

2V
X F'p

2V
X F'p

2V +1
x Fp

(5.22)

In particular, when the in-phase and quadrature decisistamces/; andd; are equal
(6 = 1), (5.22) specializes to the following expression

(ar +q5) M) (—QSAM (1, J))
m{B (53 +ns)} "

1 ¢X ¢Y X ¢Y. .
5751 751 ) " 75\/75\/)1 + s
X F2V X rlt Y rlt
D 14227 gQAM(I,J)’ 142X gQAM(I,J)’
1 1
P 1228 98 an (L) T 1223 98 A0 (1)

B a9 M) (=298 a0 (1, 7))

PIRC (¢) =

1
m (3 + )
14298 (1L I)AE
X ¢Y . X ¢Y . 3. QaM\tsJ)AY
X Z FV+ L& &0 &0 &y Lo + 5 1+4gGan (L)AL
D 14295 (LDAY 14205, (LOAF 142084 (LAY 1 ] 7
(K1,K2) 1498 a g (LAY P 1+4g8 o (LAY 7 14498 5 (1, D)AY 7 2

(5.23)

Whereg(%AM (Iv ']) = g(%AM (Iv ']7 1)
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To finalize, the eigenvalues;* and)\!’, and their respective algebraic multipliciti€s,
and&Y, which are required in the above formulations will be dedlivés the L diversity
branches may assume different fading parameters){) and arbitrary correlation coef-
ficients p; ;, the covariance matrix pertaining to the in-phase and guack components
X andY can be obtained by calculatingy and K. Now, substitutingk'x and Ky in
\KZ — )\ZI\ = 0(Z = X or Z = Y') and solving the required determinant, the eigenvalues
and their respective multiplicities are obtained.

5.1.3.1 Special Cases

Here, we study some special cases of the above results. Elorcaae, we determine
the eigenvalues and their corresponding multiplicitidsicl are used in (5.22) in order to
evaluate the average SEP of rectangular QAM schemes undgrge fading.

5.1.3.2 Single Reception
For single-branch receptioi. (= 1), each covariance coefficient pertaining to the com-
ponentsX andY has only one eigenvalu&’ (= 1) given, respectively, by

Q
7)\Y:E Y2' :717v.:17“'72 )
1 [ l,j:| 2N1<1+7]1) J H1
(5.24)

with the same multiplicity:&X = & = 2u,. Substituting these values into the MGF

Q
M=E[X3] =
' %) 2p1 (1 +m)

expression (5.12), we have

7}191 —H1 ( Ql )—Hl
M.y (s)=[1——11 - ——* , 5.25
v (5) ( pa (1 +m)8> m(+m)” (5:29)

which after simple manipulation can be expressed as

12 (1+m)?

Moo (9) = ((Nl (L+m) —m&s) (1 (L+m) — le)) 7

v

(5.26)

thus yielding in the same formula reported in [72, EQ. 5].
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5.1.3.3 Independent Multi-Channel Diversity

Here, it is considered that the diversity branches are mutually independent. In this
case, the covariance matricks; and Ky havelL distinct eigenvalues{ = L) given by

Q,
2p10(1 + 1)’
Vj:].,"',2/iv,'l}:]_,"',‘/, (527)

Unee

W N E[Y2] =
241,(1 + 1) Y]

(2

MY =E [ng} =

with multiplicities given by¢X = ¢¥ = 2u,. Then, the MGF (5.12) can be expressed as

L —Hv QU —Hv
V(L) H ( o ( 1 + 771)) S) (1 - fro (1 + 1) S) ‘ (5.28)

v=1

5.1.3.4 Dual-Branch Correlated Diversity

Consider now a dual-branch correlated MRC system with tagiarametersi(, n:)
and (u2,72), and correlation coefficient; .. The correspondin andY vectors are de-
fined according to (5.4), from which the covariance matriggs and Ky can be easily

calculated. Then, substitutingy andKy into |K; — A?I| = 0(Z = X or Z = Y), the
eigenvalues can be derived as

19 Q Q O\  Qy0
)\{("225 X1+ X2i\/< X1_|_ Xz) .S X2(1_pi2) ’

2 2p 2 2p9 i fh2
1|0 0 9 0 \2 O Q 5.29
)\{2 i Y1 + Y2 :l: ( Yl + Yg) o Y1 Y2 (1 - p% 2) 7 ( )
’ 221 2p 2p 0 2p M2 ’
L Ox
)\X — )\Y — 27
3 Tl2Ag s

whereQx, = n;:Qy, = 1;,Q; /(1 + n;), and their respective multiplicities are given&:@ =
&y = 2 and&y’ = & = 2(ue — ). Finally, substituting these values in (5.12), a
general MGF expression for dual-branch correlated schésvegtained.
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Figure 5.1: Average SEP for&ax 4 QAM constellation over independenty fading channels
(n; = 0.5, p; = 1.5 and 3 = 21/5).

5.1.4 Numerical Results and Discussions

In this Section, we illustrate with some representativergdas the analytical expres-
sions derived previously. Simulations results are alswigeal and, as will be seen, an
excellent agreement is attested between the analyticasiamdated curves. In our plots,
the effect of the fading parameters as well as the variatidhan the system performance
is investigated, and insightful discussions are providédte that since)-.. fading model
is flexible and comprises Hoyt{ = 0.5), Nakagamim (n; = 1), and Rayleighg; = 0.5,

n; = 1) as special cases, a myriad of interesting cases can bezaddlpm our proposed
expressions. For example, assuming- 2, a possible fading-setting that can be analyzed
in future works is: first branch- Hoyt fading; second branch- Nakagamim fading.

Figs. 5.1, 5.2 and 5.3 plot the average SEP as a function aef#rage SNR per branch,
~;, for independent-;. fading channels. All the input branches are assumed to Heve t
same average SNR. In Fig. 5.1, the influence. an the SEP performance is shown for
a8 x 4 QAM constellation and assuming the following parametegs= 0.5, u; = 1.5
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Figure 5.2: Average SEP férx 4 and4 x 4 QAM constellations over two independepju fading
channels 1 = po = 1.5 andg = 21/5).
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Figure 5.3: Average SEP férx 4 and4 x 4 QAM constellations over two independepju fading
channels#; = n, = 0.5 andg = 21/5).
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andj = 21/5. As expected, whetl increases the system performance improves. Fig.
5.2 investigates the effect of the power imbalance, definethé parameten;, between
the in-phase and quadrature components of the fading signad QAM constellations
are considered and we assume the following parametgrs: u, = 1.5, 5 = 21/5 and

L = 2. For the same type of modulation, the SEP performance inggrag the channel
model approaches the Nakagamimodel (i.e.,n; — 1). This leads us to conclude that
the power imbalance is harmful for the system performangegially at high SNRs. In
addition, when the constellation enlarges (i.e., goes ##toxrd QAM to 8 x 4 QAM), the
performance degrades. Such behavior has been reportesltiectimical literature [69] and
is confirmed here as well. Finally, Fig. 5.3 examines thectftd the parameter; on
the SEP performance by considering two independemntfading channelsf{ = 2) and
employing8 x 4 and4 x 4 QAM constellations withs = 21/5. For both input branches,
we consider the same value for, i.e,7; = 7, = 0.5. Since higher values qf; imply a
higher number of multipath clusters at the receiver, théoperance is improved given that
the received signals tend to be more deterministic thanriee composed by few multipath
clusters.

Figs. 5.4 and 5.5 analyze the average SEP as a functignforf correlated)-.. fading
channels over & x 4 QAM constellation. In order to make the figures clearer, $atioin
data have been omitted. Actually, they are practically cidient with the analytical curves.
In Fig. 5.4, two input branches are considered and we assoen®iiowing parameters:
m =1 = 0.5, uy = 0.5 anduy = 1.5. Note that in the high SNR range, increasing the
parametep degrades the average SEP reasonably. This can be justified3t13) which
shows that the instantaneous SEP increases for high vaiye<m the other hand, in the
low SNR region5 does not play a crucial role in the system performance given(b.13)
is practically the same regardless of the value. These Veets also attested in [70] for
the independent case and they are confirmed here for thdatedescenario as well. The
effect of L on the SEP performance is illustrated in Fig. 5.5 by setfing 0.5, 11, = 0.5,
ur =1, 8 =1, andp; ; = p. Finally, as observed, in both figures, when the correlation
coefficientp; ; = p increases, the system performance decreases, consgquent|
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Figure 5.4: Average SEP for&ax 4 QAM constellation over two correlateg ., fading channels
(7’}1 =12 = 0.5, uy = 0.5, ug = 1.5 andpm = p).
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5.1.5 Summary

In this section, a general closed-form expression for tieesgge SEP iM-ary rectangu-
lar QAM constellations was derived assuming multichanaeéption over)-u correlated
fading channels. For such, we reorganized appropriatelynbut diversity branch compo-
nents in order to obtain the MGF of the instantaneous SNReatdimbiner output. Based
on this result and applying the MGF-based method, the aeeB&d was then attained in
terms of the distinct eigenvalues of the Gaussian comperaartt their associated algebraic
multiplicities. The approach has been applied for someiapeases, such as the dual-
branch correlated and the independent multichannel cadeagreements with previously
reported results were verified. Furthermore, although tfayais focused on rectangular
QAM constellations, the proposed approach can be easigndet to otheM-ary modu-
lation schemes.

In the next section, we consider a multi-hop relaying syssem derive closed-form
expressions for the average SEP of arbitidrary rectangular QAM constellations, when
the links between th&” successive nodes forming the multi-hop cooperation cladiovi
Nakagamim fading distributions.

5.2 Symbol Error Probability Analysis for Multihop Re-

laying Channels

In the context of cooperative communications, as mentie@aetier in Chapter 1.1.5,
cooperative relaying transmission has emerged as a pdveoluto increase the spectral
efficiency and coverage of wireless networks. In partigutarltihop transmissions enable
two nodes, one source and one destination, to reach oneeautlotbugh a set of cooperat-
ing relays, the aim of which is to propagate the signal frommgburce to the destination in
order to enhance coverage and increase the achievablghpoibetween the end nodes.
This communication paradigm, also known as multihop relgyhas received much at-
tention of late [27—31]. Roughly speaking, there are twomtgpes of signal processing
at the relay in multihop transmissions: Amplify-and-forddAF) relaying whereby the
relay simply amplifies the received signal without any sdri@coding and forwards the
amplified version to the next hop, which is the most stramyfwtbrd and practical option,
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and decode-and-forward (DF) relaying whereby the relapdes the received signal and
then re-encodes it before forwarding it to the next hop. Diiswn to outperform AF in
small to medium signal-to-noise ratios (SNRs) whereasleschemes vyield relatively
the same performance in the high SNR regime. Owing to itsdomyplexity and straight-
forward implementation, AF probably remains the most papuwiption, at least from a
practicality standpoint.

The performance of the DF scheme over fading channels wastigated in [80, 81].
Moreover, the work in [30] has studied the end-to-end pertorce of a dual-hop semi-
blind nonregenerative relaying system with partial relalestion. Nonetheless, and de-
spite the recent appearance in the literature of exact dawgght approximate results for
the SEP ofl x J-ary QAM constellations over fading channels as obtainesidation 5.1
and [71, 82] for systems with or without spatial diversitye tSEP performance of rectan-
gular QAM is yet to be investigated for multihop relaying t®ras with either DF or AF
transmission schemes. The aim of this section is to deroged-form expressions for the
SEP of arbitrary rectangular QAM for multihop AF relayingségms over independent but
not-necessarily identically distributed (i.n.i.d.) Ngkani+n fading channels characterized
by an arbitrary sefmy,, 7 } =, of real-valued Nakagami indexes and average power levels,
whereK is the number of multihop linksy,, is the Nakagami index any, is the average
SNR associated with thieth multihop link, respectively. Our results can be seen aata
ural extension of the dual-hop results provided in [30] te tase of a multihop relaying
system.

The remainder of Section 5.2 is organized as follows. F8sttion 5.2.1 briefly in-
troduces the system model and formulates the problem. $extjon 5.2.2 presents the
end-to-end performance analysis for rectangular QAM over.d. Nakagamin fading
channels in multihop AF relaying systems along with the yeddrived rectangular QAM
average SEP closed-from expression. Numerical and siionlegsults are presented in
Section 5.2.3, and a conclusion summarizing the contobstof this work is provided in
Section 5.2.4.

5.2.1 System and Channel Models

We consider the system model illustrated in Fig. 5.6, whesetaf X' — 1 intermediate
(nonregenerative) relaysk, }—,' amplify and forward the signal to be transmitted from a
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Figure 5.6: Multi-hop cooperative relaying system.

sourceS to a destinatiorD, thereby cooperating to creatdsahop AF transmission system
with no direct line-of-sight between the source and theidason nodes. The received
signal at the:-th terminal can be expressed in baseband notation as

Yk = QpT—1 + Nk, szlu 7K7 (530)

whereq;, is the channel gain associated with the¢h hop,z,_; is the signal forwarded
from the previous nodex(, being the signal at the source) amgdis the additive white noise
at nodek, independent from the signatg, and modeled as a zero-mean complex circularly
symmetric Gaussian random variable with variangg.. For convenience, lefx andng
denote the received signal and noise at the destinatiqrectgely. Furthermore, one could
also writey,, = axx,. Then, we have

K-1K-1

K—1
Yk = Qi H V; 04X + Z H Vi N + Nk, (5.31)
i=1

i=1 j=i

where{v; }X;! denote the amplification factors associated with&he- 1 relay terminals.
Usually, the amplification factar, atrelayk, k = 1,..., K —1is settov, = , /%
whereF, is the average energy per symbol, in order to satisfy an gegrawer constraint
as in [83]. However, for the sake of simplicity and mathegwalttractability, we set, =
i, i.e. the relay inverts the channel of the previous hop gas of the fading state of
that hop, which leads to the following expression for the-esénd SNR as given by [33]

Yeq = [ZK iy : (5.32)

F=1
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wherey, := FE,a2/Ny. Since we are concerned with independent fading between the
different hops, then the moment generating function (MGF)yegl, le., M%fql(s) =

E [e‘s%ﬂ whereE|:| stands for mathematical expectation, can be expressed psattiuct

of the individual MGFs pertaining to th& hops, thus implying

+o0o
M,i(s) = /0 Pyt (7) e dy

K
= 1] M, 1 (s), (5.33)

k=1

wherep, () denotes the probability distribution function (PDF) of dam variabler. For
Nakagamim fading, the MGF ofy, ' can be expressed as [28]

m

2 mgS Tk mgS
Mo (s) = 5 (my) (?) B <2\/ W) ’ (634

wherel'(-) denotes the Gamma function [51, (-) is the modified Bessel function of the

second kind with order and?;, := E.E [a}] /Ny . Accordingly,

K 2 mi Tk myy K miS
M, (S)IHr(mk) <%) s [ K, (2 —) (5.35)

k=1
K
wheremy, == >, my.

In order to evaluaté/,

theorem 1] along with an appropriate change of variablelifepup to the following MGF

(s), we consider the MGF inversion formula provided in [28,

expression:

M, (s)=1-2y3 / Ty (26+/5) M, (5) dB, (5.36)
0
whereJ (-) represents the first-order Bessel function of the first kid.[

Upon substitution of (5.35) into (5.36), one obtains

o K
ms, My,
x /0 J1 (28Vs) B kl:[le (26 %)dﬁ.

(5.37)
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Hereafter, using the above MGF expression, we investigeteverage SEP perfor-
mance of rectangular QAM for the multihop relaying systerdenconsideration.

5.2.2 End-to-End Average Symbol Error Probability

The average SEP of rectangular QAM for multi-hop relayindif®) is given by

PMIR () — /O PMER (B ) p. () d, (5.38)

where PMER (E |+ is the instantaneous SEP conditioned on the received-EMRcord-
ing to the statistical independency between the constitp@ris of the additive Gaussian
noise at the receiver, in-phase and quadratureMP@AM (M = I x J) constellation is
treated as two independent square pulse amplitude maolu(&@AM) signal constellations,
I-ary andJ-ary, with square quadrature to in-phase distances ratfofd> /d%. Hence,
the instantaneous SEP conditionedhofor the I x .J rectangular QAM, can be expressed
as

PR (B |y) = 2k (1) Q (/208 (1. 1:€)7) + 20 (1) Q (/2080 (U, J:) €9)
~4h (D1 (1)Q (/20801 (1. 7:6)7) % Q (/208 (1, 1:6) €7

(5.39)
whereh(z) £ 1 — 27!, andgf,y, (1, J;€) andQ (z) are defined as
goan (1, J;€) £3/[(I7 = 1) + (J* = 1) €], (5.40)
a L 7
Q) e o= /0 exp(—£2/2) dt. (5.41)

The average SEP can then be obtained by substituting tlee tathditional SEP ex-
pression into (5.38), as

PMR(E) =20 (1) I (98am (1, 73 €))
+2h (J) IL QSAM(LJ;O&)
—4h (1) h(J) I (QSAM (LJ;O’ggAM(LJ;E)Q, (5.42)

—~
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where

hw2 [ (VER) pa )i Va0 (5.43)

and

B > [ o (vam) @ (Vam) b (). Yonm >0 (5.4)

We now have to solve for both integrals in 5.43 and 5.44 in otdelerive the average
SEP expression of rectangular QAM for the multihop coopezaklaying system under
consideration.

Starting with;(g), and using the alternate form of the Gaussian Q-function ¢69
4.2], we have

1 (g) =%/Mm (Sm 9>d9—% 27{ (ﬁr <?:)_>

k=1

/2

/
K
X /0 3 kl:[lek <2ﬁ %) 0/ — le(sm H)dedﬁ (5.45)

Then, employing the change of variable- sin~* 6 in 5.45, we obtain

o2 s (2))

/ = i 2ﬂ\ft) (5.46)
s H Koy (%, = ) ANV drdg.
Using [84, Eq.s 6.552.6, 8.464.1, 8.469.1], we have
/ " (28vat) / VE — 1dt = sin (28/9)/26+/3- (5.47)
1
Accordingly,
1 K < )”;k> o0 sin 2ﬁ\/_ ( )
I - gms Ko, (2 d
)= - (gr | kHl 8, /2% ) dp.

(5.48)
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Now, recognizing that the Bessel function can be repredeinteéerms of the confluent
Hypergeometric functionF; (a; b, c) [75, Eqg. 1.1.2.2], as [85]

1
Koy (2) =2°7'T (v) e 27" F) <§ —v;1 — 20, 2z>
X (5.49)
+ 2770 (—v) e V2 Fy (5 +v; 1+ 2v, Qz) :

Note that (5.49) is valid only for non-integer valuesvofHowever, this representation can
easily be extended to encompass integer valuesgfinducing a small perturbation to the
actual integer values of, i.e.,v = Pi%(v + €). Simulation results provided in Sec. 5.2.3
prove that this has no actual bearing on the final SEP resuikswise, the functiorsin ()
can be expressed in termsdf; (a; b, ¢) [51, EqQ. (13.6.13)]

sin (z) = xe " F (1;2,2iz), (5.50)

wherei? = —1. As aresult/,(g) can be expressed as

me

w3 (s () )

K
X / BTV By (152, 4i8,/9) H (X + Y3)d
k=1

0

(5.51)

where

—my 1
Ve 2 V e

and

E1
Y = T (—my) e™ <2@’ 1tk ) B <— + g 1+ 2my, 4, /%,@’) . (5.53)
V. 2 V.

Next, we make use of the following alternate expressionfertroduct involved in (5.51):

K K
[T Xe+ve)=> [ Xy, (5.54)
k=1

KEPK k=1
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wherePx := {k = (K1, k2, ..., rx) : & € {0,1}£}. Upon substituting (5.54) into (5.51),
the latter becomes

hio ==Y (H o (5) ) [ e i ainya)

m Yk 0

K
< > J[xeyds, (5.55)

KEPK k=1
which after some manipulations, simplifies into
1 49 S 1 m =2
nw =5 (o (%)
(L et (M) \ T
K g N —mas (5.56)

X H(—k) ™™ (my)™ T (—=my,)' ™™ | I,

KEPK k=1 fyk‘

where
o0 s 1 m "
If = / B2V Fy (12,4189 | [1F1 (— — my; 1 — 2my, 4, /—kﬂ)}
0 el 2 Tk

1 m 1=r
x [1F1 <§ + g 14 2my, 4, /7:5)} g, (5.57)

andQ (k) = 2my — 22,[5:1 mirr. Now, using a slightly modified version of [75, Eq.
(6.4.1)] given by

L
> —vtia— F(CL) L L1 IL
/O e Vi IE1F1(bi;Ci§$it)dt: 7}7{& ) (a;b1,"' ey, ,CL§77"‘ ’7)
(5.58)

where F}f’ (a;b1,-- ,br;c1,- -+ ez, -+ ,xp) denotes the first Lauricella hypergeo-
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metric function ofL variables, 5.57 can be expressed as

1 1
1+Q(“)§17§—51m1,"'75—5Km1<§
If:F(1+—Q(/<52 FAKH 2,1 —=261mq, - ,1—20xmg;

. Q(k)+ )
21
(2iv9) 2,~2i | ML . i, [T
gn 97K
(5.59)
whered, = sgn(k, —1/2),Vk = 1,..., K andsgn denotes the standard sign function.
The multivariable Lauricella functloﬂ( )(-;+;;-) is usually defined via its series repre-

sentation given by [75, eq. (2.1.1)], and its convergenesssired wheneri:1 |z;| < 1.
Note that one can always modify the arguments 5.59 in order for this convergence con-
dition be satisfied, by making use of the following Euler gred transformation [75, EQ.
(4.2.2)]:

Fng)(a;bl’-.- 7bL;Cly"' ,CL T, ,xL):A_a
F <a;c1—b1,... ep—bpicy - ,CL;_%... 7_%> (5.60)

whereA = 1 — ZZ.LZI x;. Accordingly, substituting (5.59) into (5.56);(g) can be ex-
pressed as

m

=32 ({T s ()

K —MgKg _mkr(mk)—nkl—‘( )l—lik
ZPI (H( ) (2iy/g) " T (14 Q(x >>>

1 1
1+Q(/~c);1,§—51m1,--- ,5_5KmK§
% FIE‘K'H) 2, 1-— 261m1, s ,1 — 26KmK; . (561)

2, -2 [L L 9, | K
9N 9K

As for solving the second integral form (5.44), we resort#® &ccurate approximation
for the product of two Gaussiap-functions presented in [82, Eq. 14], thus yielding

0(va7) @ (VET) = 3 a0 62
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where (a1, as) = (1/9,1/3), (b1,bs) = (1,4/3) and(c1,c2) = (4/3,1). The accuracy
of the above tight upper bound was discussed in [82], whezeatithors mentioned its
good agreement with the error complementary function défmeerfc(x) for z > 0.5.
Therefore, by using (5.62), we can approximatey; , g») as

2 (91, 92) M, (2 (bigr + ¢ig2))- (5.63)

||Mw

Substituting (5.37) into (5.63), and after some manipalaj we have

K

I (g1, 92) ~ g -2 <H T (72nk) <%) 2) Zai\/ 2 (big1 + cigo)

k=1

< [T (20720 e HKmk (292 )as. (5.6

Now, considering the approach presented to obigin) and using the equivalent expres-
sion for the Bessel functio# (z) in terms of the confluent hypergeometric function as [51,
Eqg. (9.1.69)]

xre

i 3

I5(g1, 92) in (5.64) can be reexpressed as

Iy (g1, 92) ~ g - <H (72nk) (@) 2) ;2% (bigr + €igo)

Tk

r
K —mpk
4 KKk
X (H (—ink) e (my)™ T (—mk)l_”k> 17,
KEPK k=1 Tk

(5.66)

where

= / B+ =in/Bbigiteis)8, by <3/2; 3, +i\/32 (bigy + cigg)ﬁ)
0

8 ([ CR ) o Y SN v R

(5.67)
Then, by recognizing the integral representation of thelfmsricella hypergeometric func-
tion 5.58 and following the same approach used to evalljate, we find out that (5.67)
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can be expressed as shown in (5.68).

I (g1,92) = = —2 ﬁ 2 (1)) 0,0, +eig) Y dme)
2\91,92) = 9 k:lr(mk;) ’7]6 a; (0 g1 Cig2 L '7143

=1 HEPK

2™ (my,) ™ T (—mk)l_mc

X Q(r)+2
<\/8i (bigr + 02‘92)) -1 (24 Q(k))
D 2+ Q(k); %, % —omy, -, % —dgmpg; 3,1 —201my,
A . 2m . 2m .
1= 20kmi 2 =\ fagtagr T Gt

(5.68)

Again, the necessary convergence requirements for thadeflarfunction in (5.68) can
be met by making use of the Euler integral transformatiofQp. Finally, incorporating
(5.61) and (5.68) into (5.42) yields a closed-form expr@s$or the average SEP of general
rectangular QAM with multihop relaying transmission.

5.2.3 Numerical and Simulation Results

In this section, we show illustrative numerical results tioe average SEP expression
derived in the previous section. In our plots, the impactarying the Nakagami fading
parameters as well as the number of cooperating relay nad#dsecssystem performance
are investigated, and insightful discussions are provitiedll the numerical calculations,
we consider a rectangular QAM system wgth- 1.

Figs. 5.7 and 5.8 plot the average SEP as a function of theg®e8NR per hop,
Yk, for i.n.i.d. Nakagamin fading channels. All the transmission hops are assumed to
have the same average received SNR, {.Tek}kK:l = 7. In Fig. 5.7, assuming dual-hop
transmission, the influence ot, on the SEP performance is shown K 4 and4 x 4
QAM constellations. As expected, for a given modulatiomfat, the SEP performance
improves with increasing values of,. On the other hand, Fig. 5.8 investigates the effects
of the number of transmission hops, between the source and destination nodes. In this
figure, ams x 4 QAM constellation is considered and we assume identicabiyaki fading
channels:{m;}r_, = m. Itis clear from this figure that the average SEP deterisrate
whenever the number of hopk,, increases.
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Figure 5.7: Average SEP of dual-hop transmission systemastimg AF relaying over
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5.2.4 Summary

In the above part, we considered a multi-hop cooperativayial system with AF
transmission and no direct line-of-sight between the soara destination nodes, operat-
ing over i.n.i.d. Nakagami fading channels with arbitraagihg parameters, and derived
a closed-form expression for the average symbol error fuibtyaof A/-ary rectangular
QAM. In particular, the SEP result was expressed in closedifas a linear combination
of multivariate Lauricella hypergeometric functions wiizan be easily implemented using
standard numerical softwares. Numerical and simulatisulte corroborating our analysis
were provided and the impact of several parameters sucteasithber of relaying nodes
and Nakagami fading indexes were investigated for varieasngular QAM modulations.
Although the analysis considered herein focused on QAMadgyrhe proposed approach
can be easily extended to othef-ary modulation schemes.

Next, we investigate the ergodic capacity and outage pibtygierformance of multi-
hop cooperative relaying networks subject to independamidentically distributed Nakagami-
mfading. Particularly, we exploit an AF relaying system watharbitrary number of coop-
erative relays and investigate the performance of the haptrelaying system by making
use of MGF-based approach.

5.3 Performance Analysis for Multihop Relaying Chan-
nels

As mentioned in Chapter 1.1.5, multihop transmissions I&en another outstanding
topic of research in the recent years due to their abilityrofing broader coverage with-
out the need of high transmitting powers. In this case, comoation between a source
and destination nodes is performed through several iniateerelay nodes. Depending
on the nature and complexity of the relaying techniqueyretades can be broadly catego-
rized as either non-regenerative or regenerative. In thradqg the relays simply amplify
and forward the received signal, while in the latter theyeldecode, encode, and then for-
ward the received signal to the destination. The amplifg-torward (AF) mode puts less
processing burden on the relays and, hence, is often pbédendnen complexity and/or
latency are of importance.
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In the open literature, several works investigating coafreés relaying communications
are available, which are briefly discussed next. The perdioca evaluation of multi-branch
multihop cooperative wireless systems has been investiga{32] by proposing a unified
framework which relies on the MGF-based approach. In [38]analytical framework
for the evaluation of the outage probability (OP) in mulpheireless channels with AF
relays and subject to Nakagamifading was proposed. Boyet al. in [86] presented an
analysis for the physical layer of multihop networks, anldduced the concept of multi-
hop diversity where each terminal receives signals fronthallprevious terminals along a
single primary route. In [87-91], assuming AF relaying t@ge in different cooperative
relaying transmissions scenarios such as multihop, nhelltipalhop and dualhop, closed-
form upper bounds were derived for the OP and average bit prabability (ABEP) of
binary modulation schemes in identical and non-identicak&gamim fading channels.
For instance in [87], by using the well-known inequalityween harmonic and geometric
means of positive random variables, the performance boendiping to the end-to-end
SNR in multihop relayed communications was studied. Kaagidis in [92] investigated
the performance of multihop systems with non-regenerdiivel relays undergoing Rice,
Nakagamim and Hoyt fading, where the OP and the ABEP for coherent andoterent
modulation schemes were studied using the moment-basedambp In [93], the symbol
error rate of multihop DF scheme over Rayleigh channels wa$yaed by modeling the
transmission line as a Markov chain. Recently, capacityoofperative diversity systems
with multiple parallel relays has been studied for both AH Bx+ protocols in [94], where
an approximated expression for the ergodic capacity waseatkbased on the Taylor’s ex-
pansion ofln(1 + x) function, and the fading was assumed to be Rayleigh. In [9&],
authors examined the ergodic capacity of multihop transiemssystems employing either
AF or DF relays under Rayleigh fading channels. Two uppenidswere proposed based
on the Jensen’s inequality and the harmonic-geometric sie@aquality, however, the ana-
lysis was restricted to Rayleigh fading. In [32], by makirsgwf the MGF-based approach,
a simple lower bound for the outage capacity of multihop @vafive systems was obtained
under different fading environments.

In this section, relying on the Jensen’s inequality formiola and assuming AF re-
lays, we provide a closed-form upper bound expression ®retigodic capacity of mul-
tihop cooperative relaying channels over independentidentically distributed (i.n.i.d.)
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Nakagamimfading characterized by an arbitrary $et;, ¥, } X, of real-valued Nakagami
indexes and average SNR levels, wharés the number of multihop linksy,, is the Nak-
agami index andy, is the average SNR associated with & multihop link, respec-
tively. For this purpose, firstly the MGF of the inverse of #ral-to-end SNR is obtained in
closed-form. Then, making use of this expression, an uppend for the ergodic capacity
is attained. We also investigate the end-to-end outageapifity performance of the mul-
tihop AF relaying channels in Nakagamifading by making use of the above-mentioned
MGF expression. Monte Carlo simulation results are pravitteverify the accuracy of
our mathematical formulations and to show the tightnes$efgroposed bounds. It is
worthwhile to mention that closed-form upper bound expogssfor the ergodic capacity
of multihop AF relaying channels in Nakagami fading haveardeen reported in the open
literature.

Briefly speaking, the remainder of this section is organiaedollows. Section 5.3.1
details the system and channel models. In Section 5.3.seaiform upper bound ex-
pression for the the ergodic capacity of multihop coopeeasiystems subject to i.n.i.d.
Nakagamim fading is derived. This general closed-form expressiornss specialized to
the dual-hop case, in which a very elegant and simple express achieved. The end-
to-end outage probability performance is investigated exti®n 5.3.4. Numerical and
simulation results are provided in Section 5.3.5 and a vepddightness between them is
observed. Finally, some concluding remarks and a summargrasented in Section 5.3.6.

5.3.1 System and Channel Models

We consider ak-hop wireless cooperative system composed by one soura$iod
one destination nod®, and K — 1 non-regenerative half-duplex nodéys, ..., Rx_1,
which act as intermediate relays from one hop to the nextlusdrated in Fig. 5.9. These
intermediate nodes amplify and forward the received sifyoal the previous node without
any sort of decoding. It is assumed that there is no direktdetweenS and D, and that
each terminal communicates only with the closer node. Alkannel state information is
assumed to be available only at the receiving terminals knddes are synchronized, i.e.,
no delay is incurred in the whole chain of transmission. Tha& tommunication time from
nodeS to nodeD is divided intoK time slots, where each transmitting terminal uses only
one time slot to communicate with the next node. The cooperéinks undergo i.n.i.d
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1% hop 2"hop K" hop
()~ ()

Rl Rz RK—I

Source Destination
Figure 5.9: Multihop cooperative relaying system.
Nakagamim fading with arbitrary fading parameters and arbitrary ager SNR levels.

Following the same procedure as presented in Section 5tz Teceived signalx at the
destination node can be written as

K-1 K-1K-1
Yk = Qi H Vg + Z H Vj1Ng + N, (5.69)
k=1 k=1 j=k

where o, and n;, denote the channel amplitude and the additive white Gaussiése
(AWGN) of the k-th hop, respectively. Equivalently,, andny represent the channel
amplitude and the AWGN of the link ending at nodle respectively, and:, stands for
the signal transmitted by the source. The AWGN componemrtsrandeled as zero-mean
complex circularly symmetric Gaussian random variabléb warianceV, ;.. Furthermore,
{ve }2-;' denote the amplification gains associated withihe 1 relay terminals. In order
to limit the output power at the relays, an average powertcaims can be employed [96],
in which vy, is given byv, = %, with P, representing the transmit power from
thek-th terminaf. However, for the sake of simplicity and mathematical @adity, herein
we sety;, = i which yields an extremely tight upper bound for the eneio-SNR [35].
As mentioned in [35], this assumption serves as a benchnoarthé design of practical
relay systems. In this case, a relay just amplifies the inngreignal with the inverse of
the channel of the previous hop, regardless of the noisé ¢éwbat hop, leading to the

following expression for the end-to-end SNR [33]

iy Jk

K -1
e = [Z_] , (5.70)

5P, denotes the power transmitted by the source.
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where~, £ ﬁai represents the instantaneous SNR of i@ hop?, with P being
the total available transmit power. As, is Nakagamim distributed, the corresponding

instantaneous SNR, follows a Gamma distribution with PDF given by

m;:nk my—1 mgy
= —" 4™ exp | —— |, 5.71
wherel'(-) is the Gamma function [84, Eq. 8.310.1}, > 1/2 denotes the Nakagami-
parameter, which describes the fading severity ofitite hop, andy, is the average SNR
of the k-th hop, i.e.; . = E[vx], with E[-] denoting mathematical expectation.

5.3.2 Ergodic Capacity - Upper Bounds

Capacity analysis is of extreme importance in the designicflass systems since it
determines the maximum rates that can be attained. In tti®gsetight closed-form upper
bounds for the ergodic capacity of multihop systems sultgech.i.d Nakagamm fading
are derived. Such a performance measure corresponds tintipédrm average achievable
rate over all states of the time-varying fading channel.[4ih K-hop cooperative relaying
system, the end-to-end ergodic capacity can be expressed as

1
Cor = ?E [logs (1 + Yea)] (5.72)

in which the factorl / K concerns the total number of time slots used in the transonissid
is directly associated with the rate loss due to the haltelupode of operation. Know-
ing thatlog,(z) is a concave function and making use of the Jensen’s ingguall, eq.
(3.1.8)], an upper-bound for (5.72) can be written as

1
Co < ?10g2 (14 E [Yed]) , (5.73)

SHerein, it is assumed that the transmitted signals by theceare selected from an independent identi-
cally distributed Gaussian codebook with covariance mﬁrf Kk, Wherel i stands for the identity matrix of
sizeK.
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whereE [v.] is the average end-to-end SNR, definedids.,] = [;° 7 /.., ()dy. An
alternative definition foE [.,] can be attained using the MGF of the inverse.gfas [95]

E [Veq) = /000 Mx (s)ds, (5.74)

whereX = 1/v.. Since the cooperative links are statistically indepethdbe MGF of X
can be expressed by the product of the corresponding maigiBRs pertaining to thes
hops so that

. K
s) = / fx()e ¥ dy = H My, (s), (5.75)
0 k=1

where fx () denotes the PDF oK and Z,, = 1/~,. Performing the standard statistical
procedure of transformation of variants, the PDEZgfcan be easily obtained from (5.71)
and, consequently, the corresponding MGF is achievedghleipressed by [33]

2 mgs 2 mys
My, (s) = m <W) Ko, (2 ?) , (5.76)

inwhichK, (-) represents the modified Bessel function of the second kitidawder [51,
Eq. 9.6.22]. By substituting (5.76) in (5.75), it followsath

o flets (2) #fie (), e

wheremsy, £ Z,f:l my. From (5.74) and (5.77), the average end-to-end SNR, asreequ
into (5.73), can be mathematically formulated as

E [ ﬁ ’ /OO 57 ﬁ K Amys ds (5.78)
eq F mp '7]<; )
k=1 0 k=1

in which the integral™® can be expressed as

mh < my dmys s 4dmy.s
= [ 52K, — ) [[Xm. — ) ds. (5.79)
0 k=2

i Vi
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Next, a closed-form expression for (5.79) will be derivedith/this aim, making use of
[97], we start by representing the Bessel function in terfMB@confluent Hypergeometric
functiongF; (; b, c) [75]

K (1 /4mks) _ T'(my) ( mks)_mk F (-1 my, mks)
m — - — of'r{,+ — s T —
’ Vi 2 Vi Yk

INE i
N <mk>( m) F, (;Hmk,@). (5.80)
2 Yk Yk

Relying on the properties inherent to Gamma functions, tiwde (5.80) is valid only for
non-integer values af,. However, this representation can easily be extended tonenc
pass integer values e, by inducing a small perturbation to the integer valueswpfi.e.,
my = lg%(mk + ¢). As will be seen from the simulation results provided in S£8.5, this
has no actual effect on the final capacity results.

Now, from (5.80) and (5.79), the latter can be expressed as

K
1 > my 4m15
mh
1 - 2K—1/0 52 Ky ( 7 ) Ig(Xk +Yk’)d87 (581)
where
-
X, =T (my) ( @) oF) (; 1 — my, @) , (5.82)
Yk Yk
and -
Y, =T (—my) ( m—’fs) oFy (; 1+ my, @) . (5.83)
Tk Yk
Using the following alternate expression for the produeblwed in (5.81), i.e.,
K K
[Tk +ve) =D [ xev ™ (5.84)
k=2 1ePx k=2

wherePx = {l = (Iy,1s,...,lx) : 1 € {0,1}}, (5.81) can be rewritten as

K
1 o0 m 4
| W/ 5% Kum, ( mls) > T X0y ds. (5.85)
0

N l€PK k=2

By substituting (5.82) and (5.83) into the above expressaond after some algebraic ma-
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nipulations, (5.85) simplifies to

e (T (2) ) 5 (T0(2) ™ o)

> 4m13 a ms\ 1" mps\ 1
x/sWK < )HOE( n%—ﬁ][F(HW%>} ds,
0 Vi Yk

k=2
(5.86)
whereQ (1) = my — ™ Ek , mylp. Now, representing the modified Bessel function
K, (+) in terms of Meuers G-function as [85]
4mys 1 o0 | mis|mi —my
Ko, — ==-Giy | — | —,—|, (5.87)
g 2 il 2 2
and substituting (5.87) into (5.86), we obtain
1 (& my =2 Ky T I 11
Imh - ok Tk T FT (— —l
2K (g(%) )z; (,E(%) ) E ) )
Z e \k—
% OOSQ(Z)Gz,o [mls @’ —ml}
/o Plml2r 2
K mps\ 1 mes\ ]
xHPﬂQmegg}{F<Hmmf)} ds. (5.88)
Pl Yk Yk

After a careful inspection, the modified version of the thiediricella hypergeometric func-
tion [75], which is given by

o L
O (e e BTy L[ g0 -
FC (a7 ba C1, » CL; 3707 ’ 56()) F(Q)F(b) /0 t GO,Z [xot‘au b]gOFl (7017x2t) dtu
(5.89)
can be applied to solve the integral in (5.88). Therefor¢hwie help of (5.89) and after
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some mathematical manipulations, a closed-form expregsid™" is finally obtained as

lEPK
my my M e
F(Ql 1 —)F(Qz 1——) n
<T (20 +1+ BT (20 +1- 5 (2
QD +™ +1. Q) —™ +1:1—6
x FED () +5 + L0 =5 + 51— 6m, , (5.90)
1= Sgemye; e L Tamu
mi7y2 MI1YK

whered, = sgn(ly, — 0.5),Vk = 2,..., K, andsgn(-) denotes the standard sign function.

Finally, from (5.90), (5.78) and (5.73), the proposed uppaund expression for the
ergodic capacity of multihop relaying systems undergoing.d Nakagamimfading is de-
rived in closed-form. To the best of the authors’ knowledfes result is new. In addition,
it is worthwhile to mention that, even for the Rayleigh casesh closed-form upper bound
was not presented in the technical literature before.

5.3.3 Special Case - Dual-Hop System

Our general expression can be reduced to some particules.cBgrein, we assume a
dual-hop cooperative systerk’ (= 2) with arbitrary Nakagamim fading parameters and
distinct average SNR levels. In this case, from (5.90),libfes that

mo mq

1 = BUCEVEE NS Y
Tdh — 1 <@) (@) (71 ) F(mz)F(l—i—ml)Fél) <1+m1,1;1—m2;%m2)

ma

Y2 V2 myYys
1 Mo % ’_Yl 1+m2+%
- == —— I'(— T nr 1
+4 <§2) (ml) ( m2) (m2+m1+ ) (m2+ )
x FV <m2+m1+1,m2+1;1+m2;w’?). (5.91)
mi7v2

Then, considering thalFél) (a,b;x;y) = oF (a,b;z;y), with o F} (-, -;+;+) denoting the
Gauss hypergeometric function [75], (5.91) can be furtirapkfied after some mathemat-
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ical manipulations as

—mg

pdb _ (m272) 7 (l)HQ (m271)m2 <1 B m271>_1_m1_m2
4 my my mi72

X T'(=ma) T (1 +mg) T (mg +mq +1)

+(72)" T (1 +m) T (ma) 2 1y (1, L+ my; 1 —mo; mzYl) ] :
mi7yz

(5.92)

Finally, from (5.92), (5.78) and (5.73), a closed-form uppeund expression for the
ergodic capacity of dual-hop relaying systems with i.n.ilakagamim fading links is
achieved as

"Ll 77L2

1 4 mi\ 2 (Mo 2
dh 7 1y (== -2 1 | . 5.93
Cor' = 2 082 ( * ['(my) T (ma) \ M Yo 8 ( )

5.3.4 Inverse MGF Application to the End-to-End Outage Prolability

The outage probability of the end-to-end SNR is defined apribigability that the SNR
falls below a predetermined threshojgl. For multihop relaying transmission, the outage
probability is expressed in terms Mﬁl (s) as [98]

1 1
Pout (Ytn) = P (Yeq < ) = Pr (— > —)
Veq Yth
M
—1_ g { X (S)H (5.94)
S 1/
Vth

where £71{-} denotes the inverse Laplace transform arg(s) is the MGF expression
pertaining to%‘ql. Substituting the inverse MGF expression given in (5.719 i{5.94),
we can evaluate the outage probability using a numerichhigoe for the Laplace trans-
form inversion. Herein, we employ the Euler numerical tagba illustrated in [98] for
the inverse Laplace transform. In this context, considpfin (X) = £ {Mx (s)/s}
and following the steps presented in [98], the end-to-ertdgmiprobability of multihop
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relaying communication systems using AF relaying can beutaled according to

1
Pout (’yth) =1- (I)X <_7A7 N»Q)

Yth
o me2 (@ L (=) My (2 (A + 27in))
- 2¢ ;(q )X[; B R V;“z(A—l—Qm’n)
+E(A,N,Q),
(5.95)

whereR{-} denotes real part valug, = 2, 5,,2 = 1, andE (A, N, Q) is the overall
discretization & truncation error term which can be appnaiely bounded by [98]

—A
B(AN, Q) ~ - fg_A
’VtheA/2 1 \N+1+g Q Mx (75}‘ (A"‘ 2mi (N +q+ 1)))
* 2Q g( D <q )X [%{ M (A+ 21 (N +q+1)) '

(5.96)
In our numerical results pertaining to the end-to-end caif@@bability of multihop relay-
ing system, we assume the typical parameter values use@jn f&cordingly, by con-
sideringA = 101n(10), we guarantee a discretization error less themn'®. Furthermore,
parameterg) and N are set al5 and21, respectively, to assure a resulting truncation error
less thanl0~!°. Finally, the overall resulting error is negligible comedrto the actual
outage probability value.

5.3.5 Numerical and Simulation Results

In order to show the tightness of the proposed upper boutidstrative numerical
examples are presented and compared with Monte Carlo diol@sults. In the plots,
both i.i.d. and i.n.i.d. Nakaganmfading scenarios are examined. As will be observed, the
proposed bounds are very close to the simulated curveseniegdhem very useful from
a practical point of view in the design of multihop cooperatsystems with AF relays
and subject to Nakagamifading. It is noteworthy that a myriad of other examples were
plotted and, in all of them, the good proximity between theves was also attestéed

The i.i.d. Nakagamimfading case is analyzed in Fig. 5.10 for different numberagdh

"Note that there are some computational methods presen{6@,ihi00] that can be used to obtain the
numerical results presented here involving the Laurideliaergeometric function.
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Figure 5.10: Ergodic capacity boundsi@thop cooperative systems with AF relays in i.i.d.
Nakagamim channelsi, = 1.5, § = 4).

In this case, all cooperative links have the same Nakagafading parametemg, = 1.5)
and the same average received SNR. Assuming that the taiidlale transmitter power is
P, the average individual link SNRs are obtainedyas= K°~!7,, wherej denotes the
path loss exponent arg is the average received SNR over the direct link in a singfe ho
network. We set = 4 and plot the curves as a function@f Note that when¥ increases,
the ergodic capacity decreases. This is because of theossténherent to multihop com-
munications, described by the factiofK" in (5.72). In addition, the accuracy of the bounds
becomes even tighter wheii increases, as opposed to the simulation efficiency which
decreases given that the simulation time increases as thbarwof hops increases. There-
fore, although the analytical bounds are useful for all th&es analyzed, the performance
is even better for a large number of hops.

Fig. 5.11 analyzes the i.n.i.d. Nakagamifading case where the hops are assumed
to have distinct Nakaganmifading parameters and distinct average received SNR levels
Again, assuming a total transmit powBrand using the Friis propagation formula, the av-
erage individual link SNRs are attainedas= - <K(K+1)> Yo,k =1,---, K. Similarly

2k
to Fig. 5.10, we sef = 4 and depict the curves as a function’gf Note that the same
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Figure 5.11: Ergodic capacity boundsigfthop cooperative systems with AF relays ini.n.i.d.
Nakagamim channelsiu; = 2.5, mgy = 2, m3 = my = 1.5, 6 = 4).

conclusions as those observed for the i.i.d. case can alsgtbeded for the i.n.i.d. one.

Figs. 5.12 and 5.13 illustrate the outage probability of-eménd SNR for cooperative
transmission versus the average SNR over the direct linkriard. Nakagamis: fading
channels. In Fig. 5.12, setting the path loss expoient 4, the results pertaining to
the dualhop transmission are shown for different fadingupesters and threshold values
v = 3 dB and6 dB. It is observed that for a given threshold value, the perémce
improves with increasing values of,,. On the other hand, the effect of power imbalance on
the overall cooperative system performance is investitjateig. 5.13 for a threshold value
of v, = 3 dB. In our numerical results, we consider the aforementidfrés propagation
formula. In this figure, it can be seen, as expected, that tivepimbalance between the
relaying links can be advantageous or disadvantageous.fighre also shows the effect
of increasing the number of hopk,, on the outage probability performance.
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Figure 5.12: Outage probability of dualhop cooperativaesys with AF relaying over

independent Nakagamifading channels witld = 4.
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5.3.6 Summary

The ergodic capacity and outage probability performanaawtihop cooperative AF
relaying networks over i.n.i.d. Nakagami fading channetsaninvestigated. More specifi-
cally, a tight closed-form upper bound expression for tigeéic capacity has been derived.
For such, the MGF of the inverse of the end-to-end SNR wag/fathined in closed-form.
Then, by making use of this MGF expression, we investigdteetgodic capacity and the
outage probability performance of the multihop AF relaysygtems. Simulation results
were presented in order to confirm the tightness of the pepbsunds. Besides the fact
that our results are analytically tractable and matherallyiceducible to special cases such
as the dual-hop scenario, they are of major importance &édésign of multi-hop cooper-
ative networks in practice.

In the next chapter, we propose adopting a cooperativeinglagchnique in spectrum-
sharing CR systems to more effectively and efficiently zgilthe available transmission
resources, such as power, rate and bandwidth, while adherithe QoS requirements of
the PUs of the shared spectrum band. In particular, we firstider that the SU’s commu-
nication is assisted by an intermediate relay that implastée DF technique into the SU’s
relayed signal in order to help the communication betweerctirresponding source and
destination nodes. In this context, we propose a framewaskd on the first-order statistics
approach to investigate the overall average BER, ergogiacity and outage probability
of the secondary’s communication subject to appropriatestraints on the interference
power at the PU receivers.






Chapter 6

Cooperative Relaying in CR
Communicationst

6.1 Performance of Cooperative Decode-and-Forward Re-
laying in Spectrum-Sharing Systems

Electromagnetic spectrum shortage is one of the main ciggkein wireless commu-
nication systems [60]. Based on the frontier technology Bf e concept of spectrum
sharing was proposed as a solution to the inefficient utibmeof the spectrum. Spectrum-
sharing CR offers a tremendous potential to improve thetsgeefficiency by allowing
unlicensed (secondary) users to share the spectrum bayoladisr allocated to the licensed
(primary) users, as long as the generated interferencegaigd at the primary receivers
is below acceptable levels.

Generally, in spectrum-sharing systems, the secondamsusansmission is limited
according to the maximum interference power inflicted orpttu@ary receiver, in terms of
average or peak values [48]. In this context, [101] inves#d the capacity of a spectrum-
sharing system considering either peak or average inggréer constraint at the primary
receiver. Later in [22], the ergodic capacity and optimalpoallocation policy of fad-
ing spectrum-sharing channels were studied consideringgonstraints on the peak and

Parts of this chapter were presented atlflEE Transactions on Vehicular Technologgl. 60, no. 5,
pp. 2656 — 2668, July 2011, and in Pro&EE International Conference on CommunicatidisC’10),
Cape Town, South Africa, May 2010, pp. 1 — 6, and accepted bligfuatIEEE Transactions on Wireless
Communicationgpp. 1 — 6, November 2011.
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average interference powers at the primary receiver. litiaddin spectrum-sharing sys-
tems, the primary users having privileged access to thdrgpecany transmission by the
secondary party should not affect their QoS, which necgssitproper management of the
resources at the secondary users’s transmitters. Fonaggstappropriate constraints on the
secondary transmit power need to be imposed so that the gytgmate is guaranteed to
remain higher than a target value for a given percentagendf. ti

Resource management is indeed of fundamental importarggeictrum-sharing sys-
tems, as explained in Chapter 2. However, when the avaitgd@etrum resources are not
sufficient to guarantee reliable transmission at the searynparty, the resource alloca-
tion policy may not be able to fulfill the secondary users’uiegments. In such cases,
the secondary system has to implement sophisticated tpodsito meet its performance
requirements. One notable technique is cooperative conwation which exploits the
natural spatial diversity of multi-user systems. Indeehperative transmission (commu-
nication using relay nodes) is a promising way to combatadifpding due to multipath
radio propagation, and improve the system performance avetage area [35].

A basic cooperative relay communication model consisthrefe terminals: a source, a
relay and a destination. Relaying protocols mainly inclDég35, 96], where the relay de-
codes the received signal and then re-encodes it beforafdimyg it to the destination, and
AF [102], where the relay sends a scaled version of its redesignal to the destination.
Recently, different cooperative transmission models a@dyzed in terms of outage and
error probability performance. For instance, the bit erate performance of dual-hop co-
operative transmissions was analyzed in [35] consideriagdbaying over Rayleigh fading
channels. The effects of the interference generated byethgs in cooperative networks
has also been addressed, e.g., in [103]. On the other hdndyable capacities and power
allocation for cooperative and relay channels, were ingattd in [104]. The concept of
relaying has also been applied in CR context to assist therission of secondary users
and improve spectrum efficiency [36—39]. In particular, dffective capacity of CR re-
lay channels has been investigated in [37] under a delaytreanisat the secondary user
transmission.

Using cooperative transmission in spectrum-sharing CResys can indeed vyield a
higher efficiency in utilizing the spectrum resources. Iis tontext, we herein adopt a
cooperative relaying technique for the secondary trarsonsn a spectrum-sharing sys-
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tem, to more effectively use the available spectrum ressuand decrease the generated
interference at the primary receivers. Specifically, westber a dual-hop cooperative
spectrum-sharing relaying system, and investigate itste+ehd performance when trans-
missions are limited by constraints on the tolerable ieterice by the primary user such
that its transmission is supported with a constant-rate foertain period of time. DF re-
lays are employed in the communication between the secprsdarce (transmitter) and
destination (receiver) nodes, and we obtain the averagea®idRRrgodic capacity of the co-
operative spectrum-sharing relaying system with an inéeliate relay between the source
and destination to help the secondary communication pso&#e further consider the sce-
nario when a cluster of relays is available between the skngrsource and destination
nodes. In this case, using partial relay selection [30], emegalize the results presented
here for the single-relay scenario, and obtain the averdefe 8nd the ergodic capacity
of the cooperative system with a clusterlofwvailable relays. Finally, we investigate the
outage probability performance of the cooperative spetisharing system under consid-
eration for both, the single-relay and multiple-relay soles.

In detailing these contributions, the remainder of Sec@idnis organized as follows.
Section 6.1.1 describes the system and channel modelscliosé.1.2, we determine the
power constraints that need to be satisfied by the secondarg to guarantee the QoS re-
guirement at the primary user side is always met. Sevemaal statistics corresponding
to the instantaneous SNR of the first- and second-hop trasgmi channels are derived
in Section 6.1.3. In Section 6.1.4, we obtain the average BEdRthe ergodic capacity of
the spectrum-sharing cooperative systems under the aheméioned power constraints.
Thereafter, the system with a partial relay selectionagnats considered in Section 6.1.5.
Section 6.1.6 presents numerical results and comparifaesating the performance of
the secondary communication in terms of average BER, ecgagiacity and outage prob-
ability for the cases with and without relay selection. A¢ #nd, concluding remarks and
summary are provided in Section 6.1.7.

6.1.1 System and Channel Models

Consider a spectrum-sharing CR system where DF relays goged to help in the
secondary user’s communication process. More specificalhsystem consists of a pair of
secondary source and destination nodes (SS and SD) locateel Vicinity of the primary
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PR,

SS : Secondary Source PR : Primary Receiver
SD : Secondary Destination Rg : Secondary Relay

Figure 6.1: Dual-hop cooperative spectrum-sharing system

receiver (PR), and a DF relay nodR.}?, as shown in Fig. 6.1. There is no direct link
between the source and destination nodes, and the comrianigaestablished only via
the relay in a dual-hop fashion. In this way, during the figb fthe SS communicates with
the relay nodeR,. As the primary and secondary users share the same freghandythe
cognitive (secondary) user is allowed to operate in thenBee’s spectrum as long as the
primary QoS remains satisfied. For such, based on the imtade channel state;, the
SS adjusts its transmit power under predefined resourcéraoris in order to assure the
primary QoS is unaffected. Similar to the first-hop transmais, in the second-hop one,
R4 node uses the same spectrum band originally assigned taitharp signals in order
to communicate with SD. In the second hdp, makes use of the interference channel
state,g,, to adhere to the primary requirements. It is assumed tlafitst and second
hops’ transmissions are independent. It is also conjedttivat SS and?; have perfect
knowledge of their respective interference channel gaiffsis can be obtained through
a spectrum-band manager that mediates between the licandaghlicensed users [105].
However, it is worth to note that, for certain scenariosagbhg the interference channel
power gains at the secondary network may be challenginghEse cases, our results serve
as upper bounds for the performance of the considered speatinaring relay channels and
represent efficient system design tools.

We assume that all nodes transmit over discrete-time Ryleiding channels. The

2The scheme with multiple relays and partial relay seledsaonsidered in Section 6.1.5.
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channel power gain between SS dhdis given by3 with meanr!, and the one between
R and SD by with meanr®. The interference channel gaigs.andgs, are mutually inde-
pendent and exponentially distributed with unit mean. €#r€Sl is available at terminals
SS,R, and SD. Finally, we consider that the interference genérayethe primary trans-
mitter (PT) operating in the secondary transmission asaaodeled as additive zero-mean
Gaussian noise &, and SD, with noise varianeg’ ando?, respectively.

6.1.2 Spectrum-Sharing Constraints

The aim of this section is to define the QoS requirements ipertato the the primary
users of the shared spectrum band, and present them in tém@sooirce constraints on
the secondary transmission policy which are considerenliiitout this section. As briefly
aforementioned, to control the interference power impasethe primary receivers, the
secondary transmitters must adjust their transmit powerthat the QoS requirements
associated with the primary communication is maintainea ptedefined required level.
Herein, the primary’s QoS is defined in terms of a minimum ieexvater, that should be
satisfied with a certain outage probabilfy"*, according to

Syhy
Pr<Es,, |log, ( 1+ ; )
r{ P [ g2< S (B, 91) g1 + 0%

Syha
Pr{Ea,, |log, (1+ P )
{ 9 [ 52 ( Srd (04,92) g2 + 5%

wherePr{-} stands for probabilityEx[-] denotes statistical average with respectxip
hi and h, are the channel power gains pertaining to the linksi—and PTPR,, re-

< ro} < P, (6.1a)

< ro} < P, (6.1b)

spectively, and S, (3, g1) and Sq (a, g») denote the secondary source-relay and relay-
destination transmit powetsrespectively, written as a function of,¢;) and ¢,g,). Fur-
thermore,S, denotes the average transmit power of the primary usergaaddd; desig-
nate the variances of the additive Gaussian noise at neHesandPR;, respectively. In
the following theory, we translate the primary QoS requieets into average interference
constraints that should be accounted for in the secondangrmission policy.

Svalidity of this assumption is sustained by the fact of cdesing the fow-interference reginfeas studied
in [106].

4We consider thak; andh, are independent and exponentially distributed with uniame

SSubscripts §r” and “rd” denote the source-relay and relay-destination linkyeetvely.
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Theorem 1 (Average Interference Constraints) In a primary/secondaoperative
spectrum-sharing system, where the secondary user’s caioation is performed through
dual-hop relaying (cf. Fig. 6.1) and the primary QoS is defibg (1), the secondary user
has to adhere to the following average interference canssrér the first and second hops,
respectively,

Eg.g. [Ssr (8, 91) 1] < Wh, (6.2a)

Ea,g [Srd (@, g2) ga] < W, (6.2b)

where the power limit$1; and W, are expressed in terms of the primary’s minimum re-

quired rater, and outage probabilitys™, as
In (1 — POt In (1 — Povt

le ( P)_(S%’ W2: ( p)

— 03, (6.3)
n U

1—2m

with n =
Sp

Proof 2 See Appendix A.2.

Furthermore, given that the primary receiver does not atéean interference higher
than a certain threshold, in addition to the constraint$ig)( we consider limitations on
the peak-received power at the primary receivers, as fstlow

Ssr (ﬁv gl) g1 < Qla (643)

Sea (@, 92) 92 < Q2, (6.4b)

where(@); and(), are the peak received-power limits pertaining to the finstt second-hop,
respectively.

6.1.3 Main Statistics

In this section, based on the average and peak received powstraints at the primary
receivers, we derive the PDF and CDF of the instantaneous [@Mfining to each hop
on the secondary link. As well-known, these statistics @ itnportant metrics that can
be used to study the performance of cooperative commuaitagistems in general. In
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our case, such statistics will be crucial in the analysishefproposed spectrum-sharing
cooperative relaying system (Fig. 6.1), where the reRy,is utilized by the secondary
user to enable communication between SS and SD.

From the interference constraints given in (6.2a) and j6tfha optimal power trans-
mission policy that maximizes the ergodic capacity of trmséary’s first-hop link can be

obtained as [22]

( Q1 B U%
) — > _fu
g1 g1 M
f 2 2 2
SulBg)={ 2T A B % (6.5)
b) f _— _— f?
g B % g~ K
0, — < 0—1,
\ g1

whereu ! = A — Q, and the first-hop optimization parameters, namélyand 1!, are

found by setting the power constraints in (6.2a) and (6.¢4ayaality. These optimization
(W1 — Q) 7!
e .

parameters can be obtained using (6.6) and (6.7), whes
1

£ Q1 U%
il gy - (6.6)
f @ it (6.7)

H :exp(%)—l_rf'

Details pertaining to the derivations of (6.6) and (6.7)@m@&vided in Appendix A.3.
Accordingly, the instantaneous received SNR at the secgnétay (R,) can be ex-

pressed as
(6) o Ssr(/67gl)ﬁ
Vsr - - 9
[ 01
Q (P B _a
a% an)’ 91 pt’ (6.8)
PN o? g ol '
= — | — 1, 3T <—< -
o1 \ g1 2 gy K
g
0, Z <1
\ g1 A

Now, since( andg, are independent exponential random variables, it is eashdw
f

that the PDF ofZ = (3/g; is given by f (z) = (;7)2 [107]. In addition, from Fig.
T+ z

6.2, we observe two different slopes when sketchingn terms ofZ. Hence, in order to

SHereafter, for clarity, this relay is referred to as a secopdelay.
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6, o B
A uf 01

Figure 6.2: Schematic variation of the total received SNRaisecondary destination, SD.
find the required first-order statistics (PDF and CDF)y©f we have to take into account

two rangesy < ., < % and~,, > %. For0 < vy < %, 7 increases by the order
1
and, hence, its PDF is given by

(6.9)

52
z=1F(7+1)
For the second range, i.e., whepn > %, the PDF ofy,, can be obtained according to

_oi
Jrer (v) = O, Z

(2) (6.10)

2
o
_%
2=

Thus, combining (6.9) and (6.10) and after some mathenatiaaipulations, it follows
that

N e
L) o) S
Jrer (v) = U%Qﬂ_f Af (6.11)

5 Yer > -
(@7t + 03 (v — 1))? ut

"Note that\f = pf + Q.
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,
Subsequently, using,., (v) = / [+ (z) dx, the CDF ofy,, can be expressed as
0

o2y A
F )\fo:—O'%’y’ OSVSrS_fa 612
Yer (v) = U% (y—1) . A (6.12)
@r +ot(r—1) 7w

Using the same rationale described above, the PDF of thenitasteous SNR associated
with the second-hop transmission can be obtained as

TaINSTS 0 < g < E
f ( ) — ()\STS + U%’y)z’ == :uS7 (6 13)
wa (7 7307 xe -

y hd > o

(Qa7* + 03 (v — 1))* iz

where \* and ;* denote the second-hop optimization parameters, which eawbtained
from (6.6) and (6.7) with the appropriate substitutionseifperforming the integration of
(6.13) with respect tg, the CDF ofy,q can be expressed as shown in (6.14).

0.2 S
)\STS 170_2,}/7 0 < 'Vrd < o
_ 2
F’Yrd (7) - O‘% (’Y _ 1) - )\s (614)
“Vrd s

(@27 + 03 (v — 1))

In the next section, using the derived statistics and foxxusn the secondary commu-
nication through a single relay, we investigate the endrtd-performance of the spectrum-
sharing cooperative system with DF relaying. More spedlficalosed-form expressions
for the average BER and ergodic capacity are provided uhéeesource constraints given
in (6.2) and (6.4).

6.1.4 End-to-End Performance Analysis
6.1.4.1 Average Bit Error Rate

We now investigate the average BER of the spectrum-shaoogearative system de-
scribed in section 6.1.3. Considering DF as the relayinprtegpie implemented at node
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Rs, the average end-to-end (e2e) BER of the system under stgiyan by [35],
Pe2e = P’YSr + P’Yrd - 2P’Ysr P’Yrd’ (615)

where P, and P, , correspond to the average BER of the first- and second-hepece
tively, which can be calculated according to [108]

P, \/ﬁ/ ( )exp( 52) de, (6.16)

wherer € {sr,rd} andC is a constant related to the modulation scheme, €.g= 2
for phase shift keying modulation. Substituting (6.12) 6n16), the average BER for the
first-hop transmission is given by,

/F( ) oo ()
P, = MO N ey | 61D
/F (o s ap) = (-5)

which after simple manipulations, can be rewritten as

2

P = \;% (I + L), (6.18)
where
s [V & &
L /O (m) exp (-5) de, (6.19a)
and

k= /7* (G smemey) oo (5)e @
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In the sequel, we provide closed-form expressions for ttmgrals[l andI,. For the first

integral form (6.19a), we perform the change of variabite )\fC€2’ thus leading to

1 MC ! MO\ 1 o} !
Il:(ﬁ\/ruf”“p(w Yo @

which can further be derived according to the following eld$orm expression:

1 MC 3 5 —o? -\C
11: 9 ff F (I)l _7_1;_;f—1f7—f ) (621)
3utT W 2 2" ptrttt 2p

where ®, (a, by, by; z; 1, 1o, y) is the first-kind confluent hypergeometric function [109]
defined by

(bl (aabla"' 7bL;z;x17"' 7xL7y) =
1 L

X / exp(yt)t* (L — )" ] (1 — at)™"dt, (6.22)
0 i=1

with I'(-) denoting the Gamma function [51].
f
Then, carrying out the change of varialile= ;:—052 in the integral of (6.19b), and

after further algebraic manipulations, we obtain

VAT o MO\ s A
I, = exp| -5t )t 2(1——t
2y/pf (03 — Q17F) 24 1

o2\ !
x [1— 1 t dt. 6.23
( pf (of — Qi7Y) ) (6:23)

By considering the integral complementary characteri§di@3) can be reexpressed

VAIC
2¢/pf (0F = Qi)

00 £ £ 2\ f -1
/ exp (—Qt) £ (1 - )\—ft) (1 . t) dt
0 2 H pt (of — Q17) 6.24
X 1 f f oI\ f -1 . ( . )
/ e ( A Ct) % (1 A t) (1 7iA t) dt
JE— X —_— _— —
o TP T 2 pf pf (o — Q1Y)

12:

D=
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In order to solve (6.24), first we present an integral repregmn for the second-kind
confluent hypergeometric function, given by [75]

1
(I)Q(a,bl,"',bK;Z;.Il,"',J}'K,y):F(a)
[e%) K
X / exp (—yt) t7 (1487 [ (1 + 2it) "t (6.25)
0 i=1

Then, after careful observation, one can recognize thadj@&an be expressed in terms of
confluent hypergeometric functions of the first and secondsas follows:

3 =\ —o2 )\ MO
NTe Oy (=, —1,1; 5, 1
1‘2 )\fc’ \/7 2( ) 7 727 Mf ’,Uf (O_%_Qle)a 2Mf>
f 21\ f f
2ot | ag, (L 403N e e
27 20l it (of — @uTh)T 2]

(6.26)

Finally, incorporating the expressions in (6.21) and (i@t (6.18) yields a closed-form
expression for the average BER of the first-hop link accaydin

b _OWAC (3 5 —of NC
WSr_gufo\/W 1 27 727qu7_f7 2/.Lf

v 1 3 =\ —o\ MO
+ (I)Z a0 71;_; f 0 f/-2 £ f
V (of — Qi7) 2 27 pt Tt (of = ') 2p
f 1 f 2\ f _\f

- ! AC (I)l (_7 _17 ) 3 )\ f ;71)\ £\’ A F) (627)
V2mpt (o — Q1) 2 27l pf (03 = Qi) 2p

It is worth noting that applying the same approach for thesdehop transmissioi®,
can be easily obtained by appropriate substitutions ofé¢bpeactive second-hop transmis-
sion parameters, namel§Q, A, uf, 7, 0?) — (Q2, X5, 15, 7%, 02) respectively. Finally,
by substitutingP,, and P, _, into (6.15), a closed-form expression for the average BER is
attained.

6.1.4.2 Ergodic Capacity

Ergodic capacity is an important performance index for ty&esm under study. In
theory, ergodic capacity corresponds to the maximum lengrtachievable rate over all
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channel states of the time-varying fading channel. Here@obtain a closed-form expres-
sion for the ergodic capacity of the dual-hop cooperativespm-sharing relaying system
under average and peak received-power constraints defirsetiion 6.1.2.

In dual-hop DF cooperative relaying transmission, basetie@min-cut max-flow theo-
rem presented in [110], the total system capacity cannatriget than the capacity achieved
by each individual relaying link. Mathematically speakitige overall system capacity is
the minimum of the individual capacity that can be achievedrdhe first and second
hops [111]. Therefore, the ergodic capacity of dual-hop E&ying channels is given by

€= gmin{C,,, €} (6.28)

whereC, andC, , denote the capacity of the first- and second-hop, respéctiweh
C, (v € {7ar,a}) calculated according t6’, = E, [log, (1 +v)]. By substituting the
obtained PDFs pertaining to the first- and second-hop tresssoms expressed in (6.11)
and (6.13), these terms can be expressed as

f
A o0

Cor = [ o (14 2) f )1+ [ oy (149) £, ()i (6.29)

0 A
uf

and

)\S

Cra = / " logy (1479) £y (7)dy + /A logy (1+7) frs (V)dy- (6.30)
0

s

Then, evaluating the integrals in the above expressionsisimgy some mathematical ma-
nipulation [84], the first- and second-hop capacity expoessare obtained as given in
(6.31) and (6.32),

o7t o? N7t ¢
—_ZT e, (T - AT
C’Ysr 20,% . Qle ng Ql 0_% . )\fo ng (7- )

o3t (Qi —2\) 1Og2< A ) 6.3
o ( 7= ) .
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and

Q S O'% 2SS
L) - — ] S
C('erd 20_2 Q TS Q2 O_% _ )\STS Og2 (7- )
L 0T (@ = 2X) log, (M) , (6.32)

203 — Qur*) (03 — »o7) 2 \oF — o7

respectively. Having obtained closed-form expressiongfg andC., , we can evaluate
the ergodic capacity of the system under considerationrdowpto (6.28).

6.1.5 End-to-End Performance with Partial Relay Selection

In this section, we extend our cooperative system model Imgidering a cluster of
relays between SS and SD nodes, which consistsrefays;R;,, ! = 1,--- , L (Fig. 6.3).
We assume that the relays are located close to each othenébptustering [112]), which
implies the same average received SNR at relays within dgetfusHowever, it is worth
noting that the instantaneous SNR values vary from relaglayrin a cluster. We define
the channel power gain between SS andithierelay by, and the interference channel
from the SS to the PR hy;, as shown in Fig. 6.3. We assume that the channel power gains
{B,}L_, are exponentially distributed with the same mean Furthermore, it is assumed
that the channel gains are mutually independent and thé&qveCSI is available at the
SS and the relays through appropriate feedback. Usingrtfaennation, the SS selects the
best relay that provides the maximum instantaneous SNRglthe first-hop transmission.
Hence, denoting the instantaneous SNR of each linka¥;) = S, (%)) 3;/0} where
Z; = Bi/g1, the maximum instantaneous SNR of the first-hop transnrissigiven by
Vor = lnllaX {7« (Z))}. The chosen relay detects and forwards the received sigrnhét
destination node SD. For more details about the above-itdescselection strategy, called
partial relay selection (PRS), the readers are referre@80pgnd [29].

As PRS strategy is employed in the first-hop, from the ordaisdics theory [57], the
CDF of the first-hop can be expressed as

FP™ () = [Fy,, (M]", (6.33)

8Note that an important factor for the performance of cooperaelaying systems is the selection of
appropriate relay stations out of a set of potential cartdi&ld 12], which might be either fixed relays part of
a certain network infrastructure or simply other neighbguiisers in case of cooperative communication.
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Relay Cluster

Figure 6.3: Dual-hop cooperative spectrum-sharing systémpatrtial relay selection.

where F, () is given by (6.12). Accordingly, we can obtain the PDF of thstfhop
transmission by performing the derivative of the CDF expi@sin (6.33) with respect to

’}/sra Iel

dFPe
e e 0 oL, ) £ ), (639

which, after appropriate substitutions and some mathealatianipulations, can be ex-

pressed as
LN'Tf (07)" " 0<n <
prs (,}/) — ()\fo + U%}/)L—H ’ 1 - :uf’ (635)
Lo (@) (=) X
ST f

(Qurf +oF (v = 1))

Note that the PDF and CDF of the second-hpp, (v) andF, , (), remain the same as
presented in (6.13) and (6.14), respectively. In what fedloconsidering PRS strategy, we
obtain closed-form expressions for the average BER anddhie\able ergodic capacity
of the dual-hop cooperative spectrum-sharing system uhdezonstraints on average and
peak received interference at the primary receivers.
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6.1.5.1 Average Bit Error Rate

Considering the above-mentioned relay selection strategyend-to-end average BER
of the cooperative DF relaying spectrum-sharing commuioioasystem is calculated ac-
cording to

Phe = PP+ P, —2PY°P.

e2e Yrd?

(6.36)

where PP** and P, , are the average SERs corresponding to the first- and seamd-h
respectively. Note thaP,  is calculated similar to (6.18) by making the necessarytsubs
tutions as explained in section 6.1.4. Furthermore, suwibtisty the CDF (6.33) into (6.16)
yields the expression for the average BER of the first-i}y;, according to

prs __ (U%>L prs prs
P = NG (1 +57), (6.37)
where
prs v A:_fc 62 g §2
and

prs __ §2 ) r 62
= (ear ) 0 (5)e e

To calculatel}™ and I)™, changing the variable to = pf/\/C¢? and following the
approach adopted in Section 6.1.4, we get

R R2Ye 1 —of =N
L R R L
(2L + 1) /iif 2 2T 2
and
3 -\ —o?\ AfC)
ﬂ-@ 5 7L7_; ) L ?
. _
2y/pf(of =) | _ag, 1,—L,L;§;A—, o1 : 1
2 2" pt7 (of = Qi) pt 2pf
(6.41)

Then, substituting the expressions in (6.40) and (6.4D) (®137), the average BER of the
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first-hop link, PP*, can be obtained as

L
pors _ (O’%)L (,ufrf) VC o (L4 L L4 3 —Uf -\cC
e QL+ 1) 2rpf 2’ 2yt 2u

0L AT _\f _ a2\ f f
V8t (of — Q1) 2 20 pt (o = i)t 2p
(o2 VAT 1 3 A o2\ —NC
- L(I)l _7_L7L;_;_f7 2 0, f f
V2t (6 — Qi7F) 2 2 pt (of =)t 2p

Finally, incorporatingP?® and P, , (given in Section 6.1.4) into (6.36) yields the aver-
age BER expression of the spectrum-sharing cooperativerayghen using PRS strategy.

) . (6.42)

6.1.5.2 Ergodic Capacity

Herein, we investigate the ergodic capacity of the cooperatansmission system un-
der consideration when PRS strategy is used in the firstfdamgmission, which is mathe-
matically given by

oP = % min {Cpm, C,, ) (6.43)

whereC,, , is calculated according to (6.32), a6Ue- is obtained using the expectation of
log, (1 + ~2®) given by

Ch® = E.prs [logy (1 +157)] . (6.44)

Then, considering the PDF of the received SNR for thelays participating in PRS over
the first transmission link, given in (6.35), we can expré&s44) as

Co® = ( ) ()\fjl + Q1J2) ; (6.45)
S In(2)
where
A L1
Wy in(1+ )
J = / d 6.46
' o (A7t + o2y)" ! ! ( )
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and

_ [ =D (14
= Jy ot - o4

In the following, we derive approximated closed-form exgsiens for the integralg;
and.J,. For the first integral, we use the following expansion segigen by [84, Eq. 1.11]

N
I wr 2 G (T e () Y S
TG = N = (6.48)
2 (o) () e (B) VG >
where (g) = o b 7 represents the Binomial coefficients [84] ard ) is the truncation

error. Now for the sake of accuracy in using these series in (@adAf)since the integral
I|m|t is always larger than unity, owing to the fact thdt = X\ — @, we split the
mtegratlon intervalo, F] into two intervals. Thus, considering (6.48) and after esging
the logarithm function in terms of Meijer's G-function [10%amely, usingn (1 + ) =
G (7 10) J; can be expressed as

N 2\ N aff

B 1 —07 L+n o7 Line112 1,1

=0

N n >\_f
1 it L+n W o 12 1,1
b () (M5 [ e, ea9
(Ul) n=0 1 07‘5

1

Then, knowing that the integral of a Meijer's G-functionsaiso a Meijer's G-function
[113], i.e.,

~1,~1,2 , 1,3 1, )
e ) de = 6N G ) (6.50)

%In numerical results, the parametar is considered such that the truncation error always satisfie
le(2)] <3 x 1073,
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and after some mathematical manipulations, (6.49) can peesged as [84, Eq. 9.31.2]

N n
J = b Z __U% L+n qL3 A7t 1,L+n+1,L+n+1
1= (M7t)EH N7 n 33\ ;2 |L+n+1,0,L4n

1

n=0
L1 i (—Af7f>" (L+n)
(o) iz \ ot n
3,1 Mf1+1+2 3,1 ‘7% 14n,1,n+2
X {Gsis (y ‘07n#1in+1) — Gy (W O,n-ljlzn+l):| : (6.51)

It is worth noting that the Meijer’s G-functions are implented in most popular computing
softwares such as Matlab and Mathematica.

As for the integral/,, by considering the integral complementary characterigsi.47)
can be rewritten as

¥ (=) n(l+) T (=) (14 9)
= dy— dy. (652
2 / @7 +oi(r =) / Q'+t (- 1)" (652

-~
Jg i

To solve the integral$ in (6.52), using the change of variabhle= v—1 and substituting
the logarithm function representation in terms of Meijggsunction [109] followed by
some mathematical manipulation¥, can be simplified as follows [84, Eq. 9.31.5]:

Jo = / * G <x ! ‘ﬁi_l) d (6.53)

— €T.
Pl (it o)™

Now, representing the denominator of the fraction in (6i63g¢rms of Meijer’'s G-function
as [84, Eq. 9.31.2]

1 _ (Qle)_L_l ot g
(OQirf + o22) Tt T(L+1) Gia <Q17-f lo ) (6.54)

and substituting (6.54) into (6.53), we obtain

a (Qle)_L_l > 1,1 fo L 1,2 L,L
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Then, after some further manipulations, can be derived as follows:

p H, | SFMO (1L L+ 10+ 132 - 9F)
TL@re) )" LD\ £R (LL+ 12— 28)

1

(6.56)

whereH;, := Zle 1/1 denotes thd.-th harmonic number [51]. Furthermore, in (6.56),
LF000 (0 b s 2) andy OO0 (a, b ¢; 2) represent the first-order symbolic differentia-
tion of the Gauss hypergeometric function [75] with resgieqgiarametera andc, respec-
tively, and defined as [75]

2000 (b ¢ 2) = Z (S)Z, ag;)kzk, (6.57)
k=0 \ R

L0 (g b 2) = Z (2];:?‘]‘3 gz)kzk (6.58)
k=0 ’

with (a); = Fﬁ‘z:)i) denoting the Pochammer symbpi| < 1. It is worth noting that the
symbolic differentiation of Gauss hypergeometric functissed in (6.56) can be easily
implemented in most popular numerical softwares such asiémaatica.

For the integral/? in (6.52), making the change of variable= ~ — 1, J5 can be
simplified to

o2l (2+ 1)

J? :/ dx.
? —1 (Q17f+<7%x)L+l

(6.59)

Then, making use of the expansion series given in (6.48) aimtfjuihe same approach
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applied for the derivation of, (6.59) can be rewritten as

1

n —Qrt
_ Z( QI (FY [ e ) ae

Q

f
L+ T
LHZ(Qle) < nn>/Q11f o IG%E ($+1H:é)dx

o
! —Qle ’ L+n ﬁfl —n—2 1,2 1,1
+ (o) Z o? n o1t Gy (x4 1|py) de, (6.60)
n=0 _01

which, after some mathematical manipulations [84, Eq. 2]3%ields

11, L4+n+1,L4+n+1

L3 o2+Q17
n ’ 1
b L+n — 3,3 ( 0% L+n+1,0,L+n )
v2 L+1§: f 1,3 27t 1,1 1,L 1
f , o1 1T yL+n+1,L+n+
Q 7' n (917' _(;’373

o'% L+n+1,0,L+n
(: 1) ' n=0 n 1

f

14n,1,n+2 02 14n,1,n+2
G £ G
X

A 0,140,140 qu—f 0,14n,14n

2 . . (6.61)
G (W ‘(1)45+71L1:s>
Finally, incorporating the expressions in (6.52) and (pibtb (6.45), gives the ergodic
capacity expression for the first-hop transmission when BiR&egy is used in the first-
hop transmission. Then, the overall achievable capacityh@fdual-hop DF cooperative
spectrum-sharing system is calculated according to theeegjn in (6.43).

6.1.6 Numerical Results and Discussions

Using the analysis in the previous sections, we now invastighe performance and
benefits of the proposed cooperative spectrum-sharingmsysthen using PRS strategy.
Simulation results are also provided, and as will be seemgoa ggreement is achieved
between the analytical and simulated cufedn our simulations, the fading channels
pertaining to the first- and second-hop links are modeledrdatg to Rayleigh PDFs with

ONote that, for clarity of presentation, simulation dataébeen omitted in some of the curves.
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Figure 6.4: Interference limil}/, versusPIQut for ro = 0.1, 0.3, 0.6 bits/sec/Hz and different
values forS,,.

E[3] = 7 andE[a] = 7%, respectively. We consider an exponential distribution fo
the associated interference channeglsand g,, with expected values of unity. It is also
assumed that? = 02 = 1.

At first, we start by investigating the range of interferefiogats tolerable at the PRs
for different primary QoS requirements defined in terms ohimum required rate-,
with a certain outage probabilitys"*. Fig. 6.4 depicts the upper bounds for the aver-
age interference-limitly’ = W; = W) versus the outage probability in percentage for
ro = 0.1, 0.3, 0.6 bits/sec/Hz and different values 6}, (9 dB and10 dB). In this figure,
we setd; = 05 = 1. The figure shows that after certain values R, the interference-
limit, W, decreases rapidly as the outage probabiily, decreases or as the minimum
required rater,, increases. For comparison purposes, the exact calculateds of the
interference-limit are shown for the case considetihg: 1.5, where@) = @, = Q. It
is worth noting that wheml” < 0, no feasible power allocation satisfying the constraints i
(6.2) exists. The arrows indicate the regions for wHigh> 0 holds true.
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Figure 6.5: Average BER for BPSK spectrum-sharing cooperatlaying system, witl, = 1,2
or 4 relays and balanced resource limits, i@;,= Q2 andW; = Ws.

6.1.6.1 Error Rate Performance

Figs. 6.5-6.7 plot the end-to-end average BER as a functitreqoeak transmit power
limits for each hop and considering different numbers fa tblays participating in the
selection. In Fig. 6.5, we sé€}, = ), = @ andWW; = W, = W, and vary the interference-
limitasW = 0.5Q or W = 0.95Q for the number of relayg = 1, 2, 4, considering” = 0
dB andr® = 2 dB. The figure shows that &E increases, the system performance improves,
but for higher values of), it converges towards that of the system with no peak transmi
power constraints. Analysis of the number of relays shovisstsuntial improvements in
performance a& increases.

Fig. 6.6 investigates the effect of imbalanced resourcidirdefined by the parameters
Q; andW; fori = 1, 2, corresponding to the first- and second-hop transmissiostrints.

In this figure, we observe the significant effect of the imhatabetween the resource limits
on the dual-hop spectrum-sharing system. Fig. 6.6 alsostimtfor a fixed value ap; =
(-, as the average interference limit increases, e.gl/-ascreases (oig—j increases), the
system performance increases and converges towards ttta efstem with no average
received-interference constraints. In fact, this meaas dhhigheriV; can be considered
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Figure 6.6: Average BER for BPSK spectrum-sharing cooperatlaying system, witl, = 1,2
or 3 relays and imbalanced resource limits.

as an advantage for the system performance and decreasagethge BER, but after a
certain value of¥;, for instance whem; > ()., the average BER is only limited by the
peak received-interference constraints and does notaseradV; increases.

In Fig. 6.7, we analyze the advantages of implementing PR&egly in the dual-hop
cooperative spectrum-sharing system. In this figure,rgelti; = 0.5Q; andW, = 0.70Q)-,
the variation ofr! is investigated when® = 2 dB. We observe the significant improvement
in the overall performance of the cooperative system wheriitbt transmission link is in
weak propagation conditions, i.e., with lower valuesr&f by increasing the number of
relays participating in the selection over the first-homsraission. It is worth noting that,
although we consider a system with binary phase shift kef@RSK) modulation, which
impliesC' = 2 in the derived average BER expressions, the obtained estprsscan easily
be evaluated for other modulation schemes.

6.1.6.2 Ergodic Capacity Performance

The ergodic capacity of the dual-hop cooperative specsharing system is investi-
gated in Figs. 6.8 and 6.9, for different values of the aveiatgrference-limitV = W, =
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Figure 6.7: Average BER for BPSK spectrum-sharing cooperaélaying system, witl, = 1 or
3 relays and imbalanced resource limits for differehaind~* = 2 dB.

W, and number of relay£. In Fig. 6.8, we set’ = —1 dB andr® = 2 dB. As ob-
served, the overall achievable capacity of the dual-hopewive system increases@s
or the number of relays increases. On the other hand, in Fg.we set); = 1.1/ and
@2 = 1.5W. From the plots, we observe a capacity gain achievementdrgasing the
number of relays available for the PRS strategy, espeadtign the transmission of the
first link is more restricted than the second link, i@;, < @, or 7t < 7.

6.1.6.3 Outage Probability Performance

Outage probability is one of the most commonly used perfocaaneasures in wireless
systems and defined as the probability that the received @N&Rblelow a predetermined
threshold,,. Particularly, in spectrum-sharing systems, given thatfitst and second-
hop transmissions are limited by constraints on the aveaagepeak interference at the
primary receivers, it is obvious that some percentage cdgmiis unavoidable [8]. The
outage probability may mathematically be definedPag = Pr (7s:&7ea < Y1), Where
v IS @ predefined threshold. Indeed, the received signal pawspecifically the received
SNR, has to be kept above a certain threshold at the secoretaiyers to assure the sec-
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Figure 6.8: Ergodic capacity of spectrum-sharing cooparaelaying system with DF relays
versusWW = Wy, = Wy, with L = 1,2, 3 or 6 relays and imbalanced resource limits.
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Figure 6.10: Outage probability of cooperative spectrimarisig system with, = 1 or 3 relays
andyy, = —2 dB or —5 dB, for differentr! andrs = 2 dB.

ondary QoS is guaranteed. In this regard, the outage pridgalbithe dual-hop cooperative
spectrum-sharing system in terms of channel CDFs is given by

POUt = Fﬁfsr (ryth) _'_ Fﬁfrd (fyth) - F’YSr (713}1) Fﬁfrd (fyth) . (6'62)

Accordingly, the outage probability of the system undersidaration when implementing
the PRS strategy can be obtained by

Poie = F= () + Py (vin) — 37 () Py (1m) 5 (6.63)
which, after substituting the results obtained in (6.38)) be rewritten as
PP = [Fy, (y)]” + Foy (vn) = [Faee ()" Foy () (6.64)

Note that the CDFs involved in (6.62) and (6.64) are obtainesection 6.1.3, and. in
(6.64) denotes the number of relays participating in the BiRSegy.

Numerical results corresponding to the above expressimmslzown in Fig. 6.10.
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In this figure, we plot the outage probability performancetied dual-hop cooperative
spectrum-sharing system in terms of the effective noisegpq&NP) pertaining to the
first- and second-hop defined bys? and1/02, respectively. For illustration purposes, it
is assumed that? = o3. In these figures, we keep the peak and average interferienite |
atQ, = Q, = 3dB andW, = W, = —1 dB, and vary the outage threshojd, or 7,
while considering various values for the number of relaysAs observed, fory;, = —2
dB, when the first link condition gets stronger, i.jncreases, the outage probability de-
creases, and for higher values of ENP, i.e., lower valueg @fr 3, it converges towards
that of the system with better channel condition. On therotlaed, asy,,, decreases, the
outage probability decreases as well. As expected, asalyshe number of relays shows
a significant improvement in the outage performancé axreases.

6.1.7 Summary

In this section, we studied a spectrum-sharing system tijglements cooperative re-
laying in order to more efficiently use the available trarssiun resources such as power
and rate in the shared spectrum, while adhering to predefiietference constraints to
guarantee the PU’s QoS is always satisfied. Specifically,omsidered that the secondary
source-destination communication relies on an interntededay node in the transmission
process. In this context, we obtained the first-order stegi$PDF and CDF) pertaining to
the first and second transmission channels. Then, makingfukese statistics, we inves-
tigated the end-to-end performance of the proposed cotypespectrum-sharing system
under interference power constraints satisfying the Qq8irements at the PU side. More
specifically, we obtained closed-form expressions for therage BER, ergodic capacity
and outage probability of the secondary communicationlenthie PU’s QoS requirements
are specified in terms of appropriate resource constramtseaverage and peak received
interference power at the primary receiver. We further gaieed our results for the case
when multiple relays are available between the secondamge@nd destination nodes. In
this case, considering partial relay selection techniquekfe first-hop transmission, the
performance of the cooperative spectrum-sharing systerbéen studied under the under-
lying resource constraints. Our theoretical analysis wasasned by numerical and sim-
ulation results illustrating the performance and benefithe proposed spectrum-sharing
cooperative relaying system.
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In the next section, we consider that the communication eéetvwhe secondary source
and destination nodes is assisted by an intermediate reéyuses AF strategy. In this
context, making use of the standard convolutional approaehobtain closed-form ex-
pressions for the PDF of the received SNR at the secondatindisn node for different
channel fading distributions, namely, Rayleigh and Nakagarhen, the overall perfor-
mance of the cooperative spectrum-sharing system is igagstl for different propagation
conditions.

6.2 Performance of Cooperative Amplify-and-Forward Re-
laying in Spectrum-Sharing Systems

Spectrum-sharing CR communication is a promising way tevalte the spectrum
scarcity in current wireless communication systems [1T#4]s technology offers tremen-
dous potential to improve the radio spectrum usage by atigBlUs to access the spectrum
bands licensed to PUs while adhering to the interferencigdiions of the licensed users.
On the other hand, during the last decade, cooperativeingldas shown significant po-
tential to increase the coverage area and enhance capauitseiess communication sys-
tems [30, 96, 115] and has recently been shown to be of gresiest in CR systems [105].
Applying the concept of cooperation in spectrum-sharing S§gems can even become
a necessity when the available spectrum resources are ffiotesu to guarantee reliable
transmission and satisfy the SUs’ service requirements.

A typical cooperative relaying spectrum-sharing CR systemsists of a pair of sec-
ondary source and destination nodes with an intermedidg lecated in the vicinity of
the primary users. In this context, considering DF relayBgj, the effective capacity of
the relay channel under Rayleigh fading in a spectrum-sp&R system has been studied
in [37] and [105], when the transmission of the SU is limitgdimterference constraint at
the primary receiver. In Section 6.1, on the other hand, wsicered that the SU commu-
nication is assisted by some intermediate relays that imghe the DF technique onto the
SU’s relayed signal, and investigated the end-to-end pedoce of the dual-hop cooper-
ative spectrum-sharing CR system under resource constidéfined so as to ensure the
primary’s quality-of-service is unaffected.

In this section, we investigate the end-to-end performasfcdual-hop cooperative
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AF relaying in spectrum-sharing CR systems while consmdedonstraints on the aver-
age received-interference at the primary receivers. Itiqudar, Section 6.2.1 presents the
system and channel models of the proposed cooperative GBsynd the assumed in-
terference constraints. In Section 6.2.2, we obtain the BDitRe received SNR at the

secondary destination node for different channel fadirggrithutions, namely, Rayleigh

and Nakagami. Then in Section 6.2.6, making use of thesststaf the overall achievable

capacity and outage probability of the SU’s communicatioocpss are investigated and
numerical results and comparisons are provided. Finatlgclkuding remarks and sum-
mary are presented in Section 6.2.7.

6.2.1 The System Model

We consider a spectrum-sharing CR system where AF relags@pyed to help in the
SU’s communication process. More specifically, our systensists of a pair of secondary
source and destination nodes (SS and SD) located in thatyiohthe primary receiver
(PR), and an AF relay nod&(), as shown in Fig. 6.11. There is no direct link between
the associated source and destination nodes, and the caoatiomis established only via
the relay in a dual-hop fashion. In this way, during the figb fthe SS communicates with
the relay nodeR,. As the primary and secondary users share the same freghandythe
cognitive (secondary) user is allowed to operate in thenBee’s spectrum as long as the
primary communication is unaffected. For such, the SSrsste the interference channel,
q1, and adjusts its transmit power under predefined resoumsgtreants in order to ensure
the primary’s operation is unaffected. Similar to the flisp transmission, in the second-
hop one R node uses the same spectrum band originally assigned toitharp in order
to communicate with SD.

During the second transmission hop, the relay negdbstens to the interference chan-
nel, ¢», in order to adhere to the primary requirements and ampttiieseceived signal by
again factorG. It is assumed that the first and second hops’ transmissiensdepen-
dent, e.g., through a time-division channel allocatioresaé. It is also conjectured that SS
andR; have perfect knowledge of their respective interferen@nnokl gains. This can be
obtained through a spectrum-band manager that mediateedrethe licensed and unli-
censed users [105, 116]. We further assume that the chaowek gain between SS and
R, is given byh with meanr!, and the one betwedR, and SD byg with meanr®. The
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Figure 6.11: Spectrum-sharing system with dual-hop caiperrelaying.

interference channels’ power gaing,and ¢,, are mutually independent with unit-mean
distribution functions. Perfect CSI is available at teradnSS R, and SD. Accordingly,
the received signaj at the destination node can be writtervas G(hgzs + gns) + nd,
wherez, stands for the signal transmitted by SS amgd,andn,, denote the additive noise
including the interference generated by the primary trattem(PT) operating in the sec-
ondary transmission area, of the first hop and the secondraspectively. We consider
that the interference generated by the PT is modeled as\adzi#iro-mean Gaussian noise
at R, and SD, with noise variance? and o3, respectively. Furthermore, for the sake of
simplicity and mathematical tractability, herein we set #mplification gain according to
G? = 1/h?, which yields an extremely tight upper bound for the eneto-SNR [117]. In
this case, the relay just amplifies the incoming signal withitverse of the channel of the
first-hop, regardless of the noise level of that Hpfeading to the following expression for
the end-to-end instantaneous SNR:

1 1\ !
Yoo = (— n —) | (6.65)
’Ysr ’Yrd

where~,. and~,q are the instantaneous received-SNR at the secondary nedagtestina-
tion, respectively.

In a spectrum-sharing CR system, a SU is allowed to operdkeilicensee’s spectrum
as long as the average interference power it causes to them&ns below a certain
threshold. For such, in the primary/secondary cooperafpetrum-sharing system under

1This assumption serves as a benchmark for the design ofgabelay systems.
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study, the secondary nodes (SS, SD @hjlare allowed to operate in the same spectrum
band with the primary user as long as the following averatgrfierence constraints, for
the first hop and second hop respectively, are satisfied

Enan 1S (hy @) 1] < W, (6.66a)
Eg.02 15 (9, @2) @a] < W, (6.66b)

where S (h,q1) and S (g, ¢2) represent the instantaneous transmit power at SSrand
respectively, and x || denotes statistical average with respecktoFurthermorej¥; and
W, are the average received-interference power limits pengito the first- and second-
hop, respectively.

6.2.2 Statistical Analysis under Average Power Constrairst

Based on the average received-interference constraitagedeabove, we derive the
PDF of the instantaneous SNR pertaining to each hop on trendary link. As well
known, this statistic is an important metric that can be usestudy the performance of
cooperative communication systems in general. In our dase statistic will be crucial
in the analysis of the proposed cooperative relaying speesharing system, which is
illustrated in Fig. 6.11. Note that, in this scenario, tHaygeR,, is used by the SU to enable
communication between SS and SD and, consequently, imptbeespectral efficiency of
the system.

From the interference constraint given in (6.66a) and ntpkise of the Lagrangian
optimization technique, the optimal power transmissiolicgdhat maximizes the ergodic
capacity of the secondary’s first-hop link can be obtain€ld @%]

ANoog21t o2 h
S(h == 1< = 6.67
( 7QI) [ql h:| 9 )\f = q17 ( )
where\! is the first-hop optimization parameter which should be tbsinch that the power
constraintin (6.66a) is satisfied with equality. Accordinthe instantaneous received SNR
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at the secondary relayz() can be expressed as

o = 2 SR (6.68)

2
01 oy Q1

Su(hya)h lA_f h ]

Now, considering the distribution function of the ratigg, to be fy (v), the required PDF
statistic ofy,,, can be obtained as follows:

2
07

Frw () = 5 fv (v) (6.69)

o2
v=—F(v+1)
Next, we will study the effect of the fading on the gain of oppaistic spectrum ac-
cess by evaluating the instantaneous received SNR in (668lifferent channel fading
environments.

6.2.3 Rayleigh/Rayleigh Channels

With the fading following the Rayleigh distribution, whicheans that we consider all

channel power gains to be independent exponential randoiables, it is easy to show
f

that the PDF of/ = h/q is given byfy, (v) £ (fjri)Q [107]. Thus, applying (6.69), the
T v

PDF of~,, can be obtained after some mathematical manipulations as

2)\f f
T 4 >0 (6.70)

fra (V) = m

Using the same approach described above, the PDF of thatastous SNR associ-
ated with the second-hop transmission can be obtained as

2)\5 S
T >0, (6.71)

frea (v) = (7 + U%’Y)

where \* denotes the second-hop optimization parameter, which eaobkained from
(6.66b) when set to equality.

Now, our aim is to find the PDF of., by making use of the direct convolutional ap-
proach. Thus, considering the end-to-end SNR function i65)6 we defineZ = 7;]1
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ZE2X+Y, (6.72)

whereX £ 1/, andY £ 1/v,4. Based on the PDFs in (6.70) and (6.71) and using the
latter definitions for the random variablés andY’, it is easy to obtain the PDF& ()
andfy (y) as follows:

2)\f f
fx (z) = m7 (6.73)
Fo () = — 2T (6.74)

Oory+ 03]

Since the random variablés andY” are independent, the density of their sum, ife.(z),
simply equals the convolution of their densities [57],,i.e.

fz(2) = /OZ fx (z) fy (z — x) dx. (6.75)

Accordingly, substituting (6.73) and (6.74) into (6.750after some mathematical manip-
ulations,f (z) can be simplified as follows [84, Eq. 2.173]:

M srirs ((O‘%)\fo ()\STS)2 + o2NTS ()\fo)z) z+ (Uf)\STS)Z + (Ug)\fo)z) z
B (02 + N7t2) (03 + N5752) (02375 + o\ Irf + )\f)\STfTSz)2

S S 2 S ~S
20302 ()\f)\ 7t ) In ((U% + )\foz) (02 + N7 z)) . (6.76)

3 22
(02N + o2 Nt + Msrirsz) 0105

fz (%)

Therefore, in the case that the channel gains are Raylegjtibdited, the PDF of., i.e.,
freq (7). is given by

Y112 + (22101 — 20%20311%) v
(oF7 + A'Tf) (037 + Ao7®) (S + I1)°

2?0202y In (O‘%’y + )\fo) (27 + \°7%)
(Sy +10)° P03 ’

fwcq (7) =

(6.77)

2
Y0105

where parameteis andIl are defined a& £ o2)\37° + o2 \7! andIl & As7ire,
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6.2.4 Nakagami/Nakagami Channels

With the fading following Nakagami distribution [118], bot andq, of the first-hop
transmission (alsg andq, of the second-hop) are independent random variables folpw
Gamma distribution. In this case, it can be shown that the fat= h/q, is Beta-prime
distributed [101]

mo mi1—1
fv (v) = <m0) Y e 0> 0, (6.78)
B (mo, ml) )

my mg

wheremg andm, are fading shape parameters pertaining to the charnalsd ¢;, re-
spectively, withmg, m; > 0.5, andB (a,b) £ Fr(?gig) denotes the Beta function. Then,
substituting (6.78) in (6.69), the PDF of the instantane®N® for the first-hop link, can

be obtained as follows:

mi1—1

R —
2
a1ma B (mo’ml) <’Y + )\;mo

oymy

)m0+m1, Yo > 0. (6.79)

For the second-hop transmission, we also consider thatidnenel power gaing;(@andg.)
follow Nakagami fading distribution. Thus, applying thersaapproach as explained for
the first-hop, the PDF of,4 is obtained as

2 E
ozin Lo, [41) (7 + %

o511

)\s Ho p1—1
Frea (V) = ( - 0) ] s a2 0, (6.80)
B( )

whereyy andy, are fading shape parameters pertaining to the chagreatsl ¢, respec-
tively, with o, 1 > 0.5. Subsequently, we use the convolutional approach presémte
Section 6.2.3, to obtain the PDF of the instantaneous SNBd# 8D, i.e., the PDF of,.

In this regard, considering the definition of variabfésandY in (6.72), the PDFgy ()
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and fy (y) can be written as

Mmyg Mol

mo
fX ('T) = ( 2 ) mo+m1 ? (681)
oimq B(mo,ml) (1+%{L’) ot+mi
)\SM 120 ypo—l
fv (y) = <02M°) Y (6.82)
2 Bpo, ) <1 + Ug‘;‘iy>
Then, substituting the above functions into the convoluggpression in (6.75), we get
mo s Mo
f2(2) ()™ () / P (z = o)
zZ) = ! dl’,
Z B (mg, m1) B (1o, 111) Jo (1 + )\;ﬂx>mo+m1 (1 4 X0, %x)uo—wl
agimi o311 o311
T
(6.83)

in which the integral can be simplified after applying the change of variable ~ as
z

I = zTﬂo-Hm—l 1+ )‘SNOZ ThoTH 1 tmo—l (1 o t);to—l "
= U%Ml 0 1 Amoz mo+my ] oo ot O
(L) (- )
(6.84)

Then, after some algebraic manipulations, (6.84) can beeegpd as

B (77107 ,UO) ~mo+po—1
s Ho+H1
(1  Apoz é‘“z)

o5 1

I =

—Mmgz DIy )

Fy <mo,mo+m1>ﬂo+ﬂl,mo+ﬂo; ,
oimy o3y + Mgz

(6.85)

whereF; (a, by, b, c; u, v) denotes the integral representation of the Appell hyperggoc
function of the first kind, which is given by [84, Eq. 3.211]

1 1 ta_l (1 o t)c—a—l
Fi(a,by, by, c;u,v) = Blac—a) /0 0w (o) dt, (6.86)

for Mefa] > 0 andMRe[c — a] > 0. It is worth noting that the Appell hypergeometric
functions are implemented in most popular computing safwauch as Mathematica.
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Now, incorporating (6.85) into (6.83) yields the final cldserm expression fof; (z) as

3 mo s Ho
Ao Ao
+po—1
o%m1> (cr%ul B (mo, ,UO) ZMoTHo

(14 2ae) ™™ B oo, ma) B (hos )

o511

fZ(Z)=<

Mgz Aoz
x Fy <m0,m0+m1,M0+M1,mo+Mo§ 5 » 3 .
oimy - ospr + Aoz

) . (6.87)

which, after applying the convolution theorem [57], yietts following expression for the
PDF of., in the Nakagami fading case.

)\fmo mo )\5“0 Ho
B (mo, p10) ofm o3

(mo, m1) B (o, pt1) (1 4 X )ﬂo+u1 ~moho+1

o517y
—)\fm(] )\S,u(] )

fch (7) = B

(6.88)

x Fy (mo,mo+m1,uo+u1,mo+uo; Y 5
ormiy Apo + o3pny

6.2.5 Special Cases

The PDF expression provided in (6.88) can be reduced to santieydar cases for the
fading in relation with the first and second hops. For each,cas determine the simplified
form of the received-SNR density function.

6.2.5.1 Rayleigh/Rayleigh Channels

In this case, it is assumed that the communication channelg)(and @, ¢2) un-
dergo Rayleigh fading with unit variances. Considering IBig§yn as a special case of
the Nakagami distributions considered above, the fadirgeaiparameters are unity, i.e.,
mo = o = my = pup = 1. Substituting these values into the PDF expression in J5v&&
get

Af s 0.2,}/ 2 Y \S
f“/cq (7) = 2 9 ( 2 2) 2 3F1 <17 27 27 27 o 572) . (689)
oioy (X +037) o1y N 4oy
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Then considering that; (1,2, 2, 2; u,v) can be reduced as [84, Eq. 2.173.1]

) = u?(v—1)+v*(u—1) 2uv ) v—1
f 1,22, %, )_(v—u)g(u—l)(v—1)+(u—v)31 <u—1)’ (6.90)

and after some mathematical manipulatiofis, (v) can be expressed as

NS (207 () + o3x (X)” + ((02X)° + (o30)") 7)
f eq =
O S T ) O o) (% + (B o) )
20202 ()\f)\s)z 7y . (ofy 4+ A1) (037 + N9)
(AXS + (02X + 02A1) ~)° 010372 '

(6.91)

It is worth noting that (6.91) can also be assumed as a speasal of the expression pre-
sented in (6.77) withf = 75 = 1.

6.2.5.2 Nakagami/Rayleigh Channels

In this case, itis considered that the secondary channedipgans f, ¢) are distributed
according to Nakagami PDF with fading shape parametgrand.;, and the interference
channels ¢, ¢2) experience Rayleigh fading with unit variance, in@g, = 1190 = 1. Thus,
applying the above values into the PDF expression in (6\@8)pbtain

AN (o) T
)1+M1

_)\f S
F1(1,1+m1,1+u1,2; )

f’ch (7) U%myy’ )\S + O'%I[,Llf)/

" o3 (v + o
(6.92)

Then, considering the reduced expression of the Appelltggmnetric function in (6.92),
i.e., [84]

1
Fy(1,b1,b0,2;u,v) = 1)
S —

1-b, _
X (—(1 v v o [ (1,51;2—52;w) —oF <1,b1;2—bg;g>> , (6.93)
( v v v

1—u)™
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the PDF expression for the end-to-end SNR in the NakagaryléiRga fading case can be
obtained as

AF )™ HE (03 ) 2
o1 (A + o3pay)™

mq+1

Jrea (v) =

(X+03u17)"" (o3ma) gl < —o3 X 1y
o a2 P (L1 +my 1 — s i o —
) | (Bm)™ (Arozmay) ’ T NN , (6.94)
)\f)\s—l—UQ)\fuyy
—oF (1’1+m1;1_“1;T3mw

where, F} (a, b; ¢; z) represents the Gauss hypergeometric function [84].

In the following section, making use of the derived statstnd focusing on the sec-
ondary communication, we investigate the end-to-end padaoce of the cooperative spectrum-
sharing CR system with AF relaying.

6.2.6 Performance Analysis and Discussion

The overall achievable capacity of the proposed dual-hoperative spectrum-sharing
system with AF relaying is given by

1 [t
C=5 [ Tom+) fu () (6.95)

Numerical results regarding the achievable capacity aesiigated in Figs. 6.12 and 6.13,
for the different channel fading distributions studied ecfon 6.2.2 and different average
interference limits?; andWs. In our simulations, it is assumed that = o3 = 1. In
Fig. 6.12, we consider the Rayleigh/Rayleigh scenario asrd®ed in Section 6.2.3, where
the channel gains/h and,/g are modeled according to Rayleigh PDFs witfn,] = 7
andE [¢g] = 7°, respectively. It is also assumed that the interferencarodlag, andg,,
follow Rayleigh distributions with unit variances. In tHigure, the variation of' and the
average interference limitgl/; andiV;, are investigated while® is set to2 dB. We observe
the significant improvement on the overall achievable ciypatthe proposed cooperative
spectrum-sharing system as the transmission of the fitsidinestricted, i.e.;* < 75 or
Wi < Wh.

Fig. 6.13 investigates the end-to-end capacity of the pegaooperative system in
the Nakagami/Nakagami scenario described in Section.6l2.4articular, it is consid-
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Figure 6.12: Achievable capacity of cooperative relayipgctrum-sharing system with AF relay
versusiy, with 75 = 2 dB.

1.5
J W2 =1.5 W1
125p | — =
w,="Tw,
= | |— w,=0.5w,
= 1
o
D # .
-.(L) ’/,’ /’/
5 o7s| KRR, :
= g I
o
S o5
P 5} -~ Ray/Ray ]
(@)
0.25_ ——'—_:‘_'_'_'_.-——""‘ Ray/Ray — my=m,=1, L=, =1 |
Nak/Ray — mg= H,=1, m,=H,=3
0 ‘ ‘ :
-10 -5 0 5 10

W, (dB)

Figure 6.13: Achievable capacity of cooperative relayipgcsrum-sharing system with AF relay
versusiv; .
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ered that the fading channel power gains pertaining to tee dind second transmission
hops, i.e.(Vh, /q) for the first-hop and /g, ,/3) for the second-hop, are distributed
according to Nakagami fading PDFs with fading shape parammét.,, m;) and (o, 1),
respectively. In this figure, we compare the performancéefspecial cases in this sce-
nario, i.e., Nakagami/Rayleighn, = o = 1,m; = p; = 3) and Rayleigh/Rayleigh
(mo = uo = 1,m; = uy = 1), for different values of the interference limitg; and 1.

As observed, the overall achievable capacity of the dupldumperative system increases
as the secondary transmission channeland g, have stronger fading conditions than the
interference channelg; and g, i.e., highermy > m; andug > u;, respectively. Fur-
thermore, for a fixed value di#/;, we observe a capacity gain achievement as the average
interference limitl, increases in both aforementioned cases.

On the other hand, one important performance measure ire-fioiged systems is
the outage probabilityP,.;, which is defined as the probability that the received SNR
at the destination node falls below a predetermined thidshg,. This threshold can
be considered as a protection level for the received-SNReatSU destination node to
ensure the secondary quality-of-service is satisfied. énsyistem under study, the outage
probability performance can be calculated according tddahewing integral expression:

Yth

Pout =Pr (’ch < ’Yth) = f’ycq (’Y) d’Y, (696)
0

wheref., (-) is as obtained in Section 6.2.2.

In Fig. 6.14, we analyze the outage probability performarf¢be dual-hop AF cooper-
ative spectrum-sharing systems for different averageference limits ; = Wy, = W)
and threshold values{, = 2 dB and—3 dB). As shown in this figure, we compare the out-
age probability of the proposed cooperative system forouarfading scenarios, namely,
Nakagami/Nakagam(im, = po = 2,m; = p; = 3), Nakagami/Rayleighim, = po =
1,m; = py = 3) and Rayleigh/Rayleiglim, = 1o = 1,m; = p; = 1). As observed, for
a given threshold value, the performance improves witheiasing interference limitl’.
By comparing the fading scenarios in Fig. 6.14, it is obsemmt at high threshold val-
ues such as,, = 2 dB, the Nakagami/Nakagami scenario shows a poor perforenmc
low-to-moderate interference limits and that its perfoneegradually improves as the in-
terference limit 1) increases. On the other hand, at low threshold values sugh & —3
dB, the Nakagami/Nakagami scenario shows a better perfarenthan the other scenarios.
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Outage Probability ( Pout )

Ray/Ray — my=m,=1, Lo= W, =1
H— — Nak/Ray —my=Ho=1, m = |l,=3 >
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Figure 6.14: Outage probability of cooperative relayingdpum-sharing system for equal
interference limits ¥, = W, = W) and different threshold values( = 2, —3 dB).

6.2.7 Summary

In this section, we considered a cooperative relaying sehienorder to improve the
spectrum efficiency in spectrum-sharing CR systems whifsiciering constraints on the
average received-interference at the primary receiveis.rélaying was implemented us-
ing the AF technique and we considered no direct link betwbersecondary source and
destination nodes. In this context, closed-form expressior the PDF of the received SNR
at the secondary destination node have been derived congjdifferent channel fading
distributions, namely, Rayleigh and Nakagami. Then makisg of these PDF expres-
sions, we investigated the end-to-end performance of tbpgsed dual-hop cooperative
spectrum-sharing system in different fading scenariostidedarly, the overall achievable
capacity and outage probability of the SU communicationewavestigated under aver-
age received-interference constraints at the primarywvexse Our theoretical analysis was
sustained by numerical results illustrating the perforoeaand benefits of the proposed

cooperative relaying spectrum-sharing system.



Chapter 7
Conclusions of the Dissertation

In this dissertation, we investigated different approadioe adaptive resource alloca-
tion in spectrum-sharing CR networks. At first, we considespectrum-sharing CR net-
works operating under interference constraints and wherestJs’ transmission parame-
ters can be adjusted based on the secondary channel vagiatid soft-sensing information
about the activity of the PUs. Different resource allocaschemes were developed to in-
crease the transmission opportunities and perform of trev@&tile the QoS requirements
of the PUs are satisfied. The existence and specificationabf schemes were investi-
gated for different system models and scenarios such as B@hels. Then, we proposed
adopting cooperative relaying in spectrum-sharing CR agts/to more effectively and
efficiently utilize the available transmission resourcg;h as power, rate and bandwidth,
while adhering to the QoS requirements of the PUs of the dhgpectrum band. In this
regard, while MGF-based approach is commonly utilized fenfgrmance analysis of the
relaying communications, we proposed a unified framewosdebaon first-order statis-
tics and convolutional methods to obtain the end-to-endopaance of the cooperative
relaying spectrum-sharing system. Specifically, the doumtions of the dissertation are
summarized as follows:

e We considered a CR spectrum-sharing system where the Sd'sniit power and rate
can be adjusted based on the secondary channel variatidnsoétrsensing information
about the activity of the PU. The spectrum-sharing systers assumed to operate un-
der constraints on average interference and peak transmérp Analysis and numerical
results were provided and illustrated the throughput benefiusing soft-sensing infor-
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mation and CSI at the SU in CR systems. It has been shown thagdibyg a soft-sensing
technique, the SU may opportunistically control its traission parameters such as rate
and power, according to different PU’s activity levels alvee by the sensing detector.
Moreover, we analyzed the gap between the capacities athiased on theariable rate
andvariable powertransmission policies. Furthermore, we characterizeditioertainty
of the sensing information calculated at the sensing dateict terms of the false-alarm
and detection probabilities, and investigated the efféstnperfect spectrum sensing on
the performance of spectrum-sharing CR systems. (Chapter 2

e Considering availability of soft-sensing information &etST and adopting adaptive
power transmission technique, we studied three capacttgnmsy namely, ergodic, delay-
limited and service-rate (with and without outage), for @R&rum-sharing systems oper-
ating under constraints on the average received-interéerand peak transmit-power. Nu-
merical results and comparisons for different fading emwments, have shown that each
capacity notion has some features that can be used accadaoddifferent system require-
ments. Specifically, the service-rate capacity has beqrogex as an appropriate capacity
metric in CR networks which combines the advantages of tbe-shnd long-term trans-
mission strategies. (Chapter 3)

e \We investigated adaptive resource sharing in CR fading B&hweels when spectrum
sensing information is utilized at the secondary BS so astiereffectively and efficiently
use the shared spectrum resources. We proposed usingessityg information to fairly
allocate the transmission time and power, among SUs, umeogriate constraints on the
average interference at the PR and peak transmit-powes aettondary BS. Numerical re-
sults and comparisons have shown that spectrum sensingiation allows for an efficient
allocation of the time and power resources among the SUscandequently, the resulting
interference onto the primary system. For instance, in temario with two SUs, it has
been shown that as the primary system activity decreases arem, more transmission
time and power can be allocated to a SU located in that arexiaadrersa. We further
considered quantized spectrum sensing mechanism in ardedtice the overall system
complexity, and as observed, performance with discreteldeare laid within the soft and
two levels (hard) sensing mechanism results. (Chapter 4)

e We developed a performance analysis of conventional catipercommunications in
order to have some ideas about the performance of coope@Rvspectrum-sharing sys-



CHAPTER 7. CONCLUSIONS OF THE DISSERTATION 189

tems which were then investigated in Chapter 6. First, clamgig a generalized fading
scenario in a classical communication system and using {G€ lspproach, we obtained
a general closed-form expression for the average SEP dfampM-ary QAM constel-
lations in MRC schemes over non-identieg): correlated fading channels. Thereatfter,
we analyzed the performance of multi-hop cooperative retapetworks in terms of the
overall average SEP, ergodic capacity and outage protyabilbject to independent but
non-identically distributed Nakagami-fading. Furthermore, numerical and simulation
results corroborating our analysis were provided and thmaohof several parameters such
as the number of relaying nodes and Nakagami fading indegssiwestigated. (Chapter
5)

e Finally, we considered a cooperative relaying spectruaris system where the sec-
ondary source-destination communication process relearointermediate relay node.
In this regard, we investigated the end-to-end performaridbe cooperative spectrum-
sharing system under both DF and AF transmission relayihgraes by proposing a uni-
fied framework which relies on the first-order statistics andvolutional approaches, re-
spectively. Specifically, we obtained closed-form expressfor the average BER, ergodic
capacity and outage probability of the secondary commtinicawhile the PU’s QoS re-
guirements are specified in terms of appropriate resourgsti@nts on the average and
peak received interference power at the PU receiver. Nwalenésults and comparisons
showed the benefits of the proposed spectrum-sharing catogerelaying system in dif-
ferent fading scenarios. (Chapter 6)






Appendix A

A.1 Conventional energy detection technique

It is worth noting that there is no restriction on the type ehsing technique that can
be considered at the detector. The sensing informationeabtained based on the instan-
taneous power level pertaining to the PU transmission, @tatistics of such power level.
In this paper, a conventional energy detection technigaeapted by the sensing module
to calculate the sensing metr;,[8, 119].

Pre-filter

Input \ 2 Total over ;%
. —_— . ——-
Signal (- N samples

Figure A.1: A simple spectrum sensing model.

As shown in Fig. A.1, a conventional energy detector coasita low-pass noise pre-
filter that limits the noise bandwidth and adjacent signatb@asquare-law device followed
by an integrator that evaluates the total received powear Svi@dependent signal samples.
Hence( is given by

- Zivzl (\/ Ym[n]z[n] + z[n]) , PU ?s ON, A1)
SN (2[n)? PUis OFF,

where N is the observation time,/~,[n] is the channel gain between PT and $T]
denotes the PT’s signat|[n] indicates the white Gaussian noise with unit variance at the
detector, and: is the time sample index. As formulated in the above expoessve con-
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sider fast channel fading, i.e., the channel coefficienséggk at every sample).

A.2 Proof of Theorem 1, regarding the average interfer-
ence limits

From (6.1a), due to the independencé.gf 5 andg,, and the convexity of the function
f(x) = logy(1 + +53), fora, b andz > 0, the minimum rate inequality in (6.1a) can be
simplified by using Jensen’s inequalitgs follows:

S hl S hl
Es.q |10 1+ P )] > lo (1 + P )
P { 82 ( Ser (8,91) g1 + 63 52 Eg g, [Ssr (8, 91) 91] + 63
S hy
> 1 P .

where the second inequality results from the fact that treraae received interference
power is assumed to be constraindd; ,, [Ss (5, 91) 1] < Wi. Now, substituting the
upper bound presented in (A.2) into (6.1a), we obtain

Sphy on
Pr {log2 (1 + W1p+ 5%) < 7“0} < Pj £ (A.3)

Reorganizing (A.3) according to the primary chanhgland after some manipulations, the

constraint simplifies to:

P > Pr{h <n (Wi +67)}
i(Wi+62)
-/ o () i,
0
= B, (7 (W1 +6)), (A.4)
270 — 1

S
distributed, theerh1 () = 1 —exp (—x), and the above expression can be simplified to

wheren =

. Now, since we consider that the primary channel is expaaignt

P > 1 —exp (—7 (W1 +07)) . (A.5)

Lie E[f (X)] > f(E[X]).
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For achieving a targel;™ value, the above inequality can be used to adjust the trans-
mission powerS;; (3, g1). Thus, after simple manipulations of (A.5), for a given @gta
targetPs", the constraint limitV/, is as expressed in (6.3). Furthermore, applying the same
approach in (6.1b) for the second-hop, yields the congtlianit 1/, provided in (6.3).

A.3 Details pertaining to the derivations of optimization

parameters
Substituting the optimal power allocation policy shown &5, into the average re-

ceived power constraint given by (6.2a) with equality, wéaab
(A.6)

Z_i o? >
ﬁ <)\f——1) Iz (Z)dZﬂL[rg Q1fz (2)dz =W,
3 & ot
f
5 [107]. After evaluating the integra-

whereZ £ s with PDF given byf, (z) =
g1 ™+ 2

tions in (A.6), the latter equation can be simplified accogdio
) ; (A.7)

2n %+()\f—Q1)7'f
o2 + Mrf

Wy=Q+ 21
-
which, after further manipulation, yields (6.6). Then, stitniting (6.6) intou! = A\f — Q,,

results in the expression shown in (6.7).
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Appendix B

Résumé

B.1 Introduction

B.1.1 Contexte et Motivation

A la fin de juin 2009, les Etats-Unis d’Amérique (USA) ont témén le processus de
fermeture de la radiodiffusion terrestre analogique. Lesed de la radiodiffusion et des
télécommunications canadiennes (CRTC) a également fixatéalichite pour la transition
vers la télévision numérique (DTV), & savoir au 31 aodt 2A114 cette date, des stations
de télévision canadiennes en liaison radio cesseronflesatih dans le domaine analogique
et utiliseront des signaux numériques a la place. Partg damonde, les pays les plus
développés ont commenceé l'arrét de I'analogique; un pgaegqui va s’accélérer au cours
des cing prochaines années. Le passage au numerique ea tibéressources précieux du
spectre pour d'autres services importants comme les ssrgans fil évolués, et la sécurité
publique, comme pour les applications de la police et dege En effet, la DTV utilise
moins les ressources du spectre que la TV analogique. Ea,dattransmission DTV
est moins affectée par les interférences et aussi opéredgansveaux de puissance plus
faibles que les signaux de TV analogiques.

D’autre part, conduit par I'intérét croissant des consomemna pour les services sans
fil, la demande pour le spectre radio a augmenté de faconagpdamire. Par ailleurs,
'approche classique de la gestion du spectre est treseriggehs le sens ou une licence
exclusive est accordée a chaque opérateur pour fonctialamsrune bande de fréquence
donnée. Cependant, avec la plupart du spectre radioéleetutile étant déja attribuée, il
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devient excessivement difficile de trouver des bandes vesawit pour déployer de nou-
veaux services ou pour améliorer ceuy existants. Dans cexten le but d’améliorer
I'efficacité spectrale dans les bandes TV, la Federal Concatians Commission (FCC)
aux Etats-Unis a permis les systémes sans licence (secena#&onctionner dans la bande
de fréguences attribuée aux services de DTV, tout en aggpranicune interférence préju-
diciable ne soit causée sur la diffusion DTV [2]. Compte tdewcela, le groupe de travail
de la norme IEEE 802.22 élabore la norme communément apggssau sans fil régionaux
zone (WRAN) qui fonctionnera comme un systéme secondaine s bandes de DTV
basées sur la technologie de radio cognitive.

La technologie de radio cognitive (CR) a la capacité de diéede I'environnement
dans lequel elle opére, et d’exploiter ces informations p@portuément fournir des liens
sans fil qui peuvent mieux répondre a la demande de l'uéigatt de son environnement
radio. La technologie CR offre un potentiel énorme pour &nél I'utilisation du spectre
radioélectrique par la réutilisation et le partage efficdes bandes licenciées du spectre
tout en respectant les limitations d’interférence de ledilgsateurs principaux. En con-
séquence, deux fonctions principales dans les systemes@Rasliétection du spectret
I'acces au spectre

La détection du spectre consiste a observer la bande desfriégsiradio et de traiter les
observations en vue d’acquérir d’'information sur la traission licenciée dans la bande
de fréquences partagée. La détection du spectre est uretdobrtante dans les systemes
CR, et considérée comme obligatoire dans la norme IEEE 802D&ers problemes de
détection du spectre ont été observés dans la littératumecohdition nécessaire dans la
détection du spectre est d’adopter des techniques saplésts de détection et des algo-
rithmes pratiques pour échanger les informations de déteentre les nceuds secondaires.

D’autre part, I'accés au spectre consiste a fournir I'atan et la gestion efficaces des
ressources disponibles parmi les utilisateurs secorsdaitarmi les principaux défis dans
les réseaux CR opportunistes est I'acces au spectre. Bn @ffament efficacement et
équitablement répartir les ressources radio entre lasatélrs secondaires dans un réseau
CR est un probléme fondamental.

Dans cette thése, nous nous concentrons sur plusieursonsdgtes aux systemes de
partage du spectre CR a savoir, I'allocation des ressoadagtatives, les limites de ca-
pacité, la communication multi-utilisateurs, 'analysepgerformance des communications
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coopératives relayées et les communications CR coopésatlayées.
L'allocation Adaptative des Ressources

L'allocation adaptative des ressources est une techniaumagiteuse pour améliorer la
performance des systémes de communication CR [14]. Emsariilicette technique, un

active de plusieurs facteurs dans I'environnement radimme le spectre radioélectrique,
le trafic et l'activité des utilisateurs licenciés, et lesiaons du canal a évanouissement
[9]. Dans ce contexte, généralement dans les systemestdge@du spectre, I'information
de I'état du canal secondaire (CSI) est utilisé a 'émetseondaire pour ajuster adapta-
tivement les ressources de transmission [15, 16]. A cetiégmconnaissance de la liaison
secondaire CSI et des informations sur le canal entre |#®&mesecondaire (ST) et le ré-
cepteur principal (PR), les deux a la ST, ont été utilisésdaé] pour obtenir la politique
de puissance optimale de transmission de I'utilisatewrsaaire (SU) sous des contraintes
sur la créte et la puissance moyenne recue a la PR. La mémechppat également été
utilisée dans [17] et [18] pour optimiser la politique dewseission du SU dans le cadre de
différents types de ressources et contraintes de qualgérdece (QoS). Dans [19], en plus
de I'information du canal susmentionné, la CSl relatif @mlde I'utilisateur principal (PU)

a également supposé étre disponible a la ST pour ajusterdsgmee d’émission de facon
optimale afin de maximiser la capacité passible d’'une cové&aur la perte moyenne de
capacité du lien primaire.

Limites de Capacité

Pour I'évaluation des performances et la conception désyesst CR, utiliser la métrique
de capacité adéquate est d’une importance primordiale.itir¢dlement, la capacité er-
godique est utilisée comme une mesure de deébit a long ternteads systemes [20]. La
capacité ergodique est le taux moyen maximale atteignablegs les états évanouis sans
aucune contrainte de délai. Toutefois, dans les systemesICRiposant des contraintes
sur les interférences générées par les utilisateurs cagmibut en adhérant aux niveaux
d’activité des PUs, il est évident qu’un certain pourceatdg panne est inévitable [16].
Ainsi, pour applications sensibles au délai, la capaaitédie par le délai est une métrique
plus appropriée [21]. A cet égard, la capacité limitée patdii des systémes a spectre
partagé sous différents types de contraintes de puissaréé, étudiée dans [22] et [23],
en considérant la disponibilité de la CSl relative au lienes0elui correspondant au canal
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d’interférence entre I'émetteur secondaire (ST) et leptmg principal (PR), les deux a la
ST. D’autre part, dans de nombreuses applications en tedephde taux requis n’est pas
nécessairement constant. Par exemple, dans les systamds, gal un taux spécifique est
nécessaire pour la communication vocale, un taux en exegpe utilisé pour d’'autres
applications. Motivé par ce fait, la notion de capacité bamé taux de service a été pro-
posée dans [24, 25]. En particulier, dans les systemes CR tarismission est limitée
par I'activité des PUs, il est souhaitable que les PUs stilipleinement les ressources de
radio alors qu’ils ont accés a la bande de fréquences padadécet égard, compte tenu
de la disponibilité de la CSl secondaire et de I'informatsom le canal d’interférence a la
ST, la capacité de taux de service des systémes de partageatesest étudiée dans [22].

Réseau de Communications Multi-Utilisateurs

Comme mentionné précédemment, l'accés au spectre sigaifienent repartir effi-
cacement et équitablement les ressources radio entre $idsudaéseau CR [12]. Cette
guestion est similaire au probleme du canal de diffusem d&nglais Broadcast Chan-
nels BC) dans les systémes actuels de communication sans fils [2arsystemes BC,
habituellement et traditionnellement, la CSI a été utdipéur allouer les ressources de
transmission de fagcon adaptative tels que le temps, lagnadss la bande passante et la
vitesse, parmi les utilisateurs [26]. En particulier, engsidérant une CSI parfaite a la sta-
tion de base et les récepteurs, le temps optimal et lesquadii d’'allocation de puissance
gui maximisent la capacité ergodique des BCs évanouis addé&élans [26]. Dans les
réseaux de partage du spectre CR, le probléme de la répagiuitable des ressources
parmi les SU a été étudiée dans [12] soumis a des contraiet€& dans les SUs et
des contraintes d’'interférence aux PRs. Dans ces derai@aux, la CSl est la seule in-
formation sur laquelle la station de base décide commeamirtiées ressources entre les
utilisateurs.

Analyse du Rendement des Communications Coopératives

L'analyse de performance des signaux a modulation numgdguos les environnements
évarbis est une question de longue date qui a été le centre desrchel au cours des
dernieres années [69]. Un aspect crucial de ces efforta eldrivation d’expressions de
forme fermée prétes a I'emploi, et faciles a utiliser posrrgesures clé de rendement tels
gue la probabilité moyenne d’erreur de symboles (SEP) taghar les schémas de modula-
tion M-aires sur les canaux a évanouissements, des exgmesgii fournissent souvent des
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informations précieuses sur la conception de systemedikdose fois mis en [Juvre, tels
résultats de forme fermée diminuent le besoin de simulatidonte Carlo, donc permet-
tant un étalonnage facile des paramétres du systeme sdirsdilgtimiser sa performance
globale. Cette métrique a été étudiée pour certains sodndigvanouissement sous dif-
férentes hypotheses. D’autre part, avec la nécessité pentead’un débit plus élevé et une
augmentation du débits de données dans les systemes de naratimn sans fil, le con-
cept de diversité coopérative a été récemment suscitééngéimgrandissant [27—-31]. L'idée
clé est que les terminaux situés dans différentes positiéagraphiques peuvent partager
leurs antennes afin de mimer un réseau d’antennes virteglEsxploiter les avantages de
la diversité spatiale, méme lorsque les nceuds de sourcstataten sont des dispositifs
a une seule antenne. En fait, les transmissions coopé&gtarenettant a deux noceuds, une
source et une destination, atteindre mutuellement & saweensemble de relais coopérat-
ifs, dont le but est de propager le signal de la source a landéisin en vue d’améliorer
la couverture et d’'augmenter le débit réalisables entrendesds d’extrémité. Dans ce
contexte, I'évaluation des performances des systemedisangti-branche et multi-sauts
coopératives a été étudiée dans [32] en proposant un caifigcequn repose sur I'approche
basée sur MGF. Par ailleurs, la probabilité de coupure ginsia performance de bout en
bout des systemes de relais coopératifs ont été analyse$3gai4].

Relayage Coopératifs dans les Communications CR

La gestion des ressources est en effet d’'une importancefosdtale dans le spec-
tre des systemes de partage comme expliqué precédemmertatnsection. Toutefois,
lorsque les ressources de fréquences disponibles ne soauffisantes pour garantir une
transmission fiable a la partie secondaire, la politiqudatation des ressources ne peut
pas étre en mesure de remplir les exigences des SUs. Danls dadele systeme sec-
ondaire doit mettre en 1Juvre des techniques sophistiquaé@srépondre a ses exigences
de performance. Une technique notable est la communicetiopérative qui exploite la
diversité spatiale naturelle des systémes multiutilisggteEn effet, la transmission coopéra-
tive (communication en utilisant des noeuds relais) estume prometteuse pour lutter
contre I'évanouissement du signal causé par la propagatibho multi-trajets, et améliorer
les performances du systeme et la zone de couverture [365sG@modo, il y a deux prin-
cipaux types de traitement du signal au niveau des nceuds israplifier et retransmettre
(en anglais Amplify-and-ForwardAF) par lequel le relais amplifie simplement le signal
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recu sans aucune sorte de décodage et transmet la versidifiéegu nceud de destina-
tion, qui est I'option la plus simple et pratique, décodedetretransmettreefl anglais
Decode-and-ForwardDF) par lequel le relais décode le signal recu, puis réememdnt
de le transmettre au nceud de destination. Dans ce contextentept de relais a été ap-
pliqué dans le contexte de CR pour aider la transmission deeBaméliorer I'efficacité du
spectre, par exemple, voir [36—39].

B.1.2 Objectifs de la Recherche

Dans cette thése, comme souligné plus haut, nous consgdésréseaux CR en faisant
usage de l'information de détection sur l'activité des P@aglla région voisine du CR
et fonctionnant sous des contraintes d’interférence. R@ansas, une bonne gestion des
ressources est nécessaire afin de garantir les exigences3lde3 PUs. L'existence et
spécification de telle allocation de ressources en vertulifiesents exigences de service
dans le systéme secondaire sont des questions nécessagemeétudiés dans cette these.
Nous allons également développer des techniques d’albocdynamique des ressources
et proposer des politiques d’adaptation appropriées psurdseaux CR. En particulier,
nous considérerons un scénario de partage du spectre B&atbplgerons des techniques
de pointe pour la détection du spectre et la gestion desusssoen conjonction avec les
politiques d’adaptation et les protocoles de maniere getile spectre radio de maniére ef-
ficace. Par la suite, nous allons adopter la technique dis relapérative pour la transmis-
sion secondaire dans un systéme de partage du spectre GRitifiear plus efficacement
les ressources spectrales disponibles et réduire le$éirdrces au niveau des récepteurs
primaires. Dans ce contexte, nous allons commencer pardag analyse de performance
des communications coopératives dans des environnemamsuds. Ensuite, nous allons
considérer un systéme par relais coopératif typique degartiu spectre d’enquéter sa
performance de bout en bout lorsque les transmissionsistitées par des contraintes sur
l'interférence admissible au niveau du récepteur primaire

B.1.3 Contribution de la Dissertation

La contribution de cette thése peut étre résumée a plusigards comme suit:
e On considére un systeme de partage du spectre ou la puissanaeST est contrblé
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basé sur la détection douce (soft-sensing) des informmtionl’activité du PU et CSI ap-
partenant a la liaison secondaire. Linformation de soedsgectral est obtenue par un
détecteur de sondage spectral monté sur le coté secondaireéyaluer I'état d’activité
du PU dans la bande de fréquences partagées et le systenaaes€iisé par des con-
traintes de ressources sur l'interférence moyenne a la RRcedte de puissance de trans-
mission a la ST. Compte tenu de ces limites, la capacité grgediu canal du SU dans
I'environnement evanoui est étudié, et le régime d’allmratie puissance optimale pour
obtention de capacité, a savoir politique de puissancabiariest dérivé. Cependant, alors
gue la plupart des schémas de modulation n’adaptent pasgetformances dans les con-
ditions d’évanouissements, un CR reconfigurable est ennaéguchoisir une stratégie de
modulation qui adapte la vitesse de transmission et degnasspour fournir des commu-
nications fiables a travers le canal tout le temps. Dans dexian nous examinons aussi la
stratégie de transmission de puissaitugtilevel Quadrature Amplitude ModulatiofM-
QAM) de taux et puissance variable dans un systéme de coroatiom CR ou le taux et
la puissance de la ST sont adaptativement contrélées hask@edssponibilité de la liaison
secondaire CSI et la détection douce (soft-sensing) desniiaitions sur I'activité du PU.
En outre, considérant que une information “soft-sensingjarfaite est utilisée au niveau
du systeme secondaire, nous étudions la politique de tiasigm de puissance optimale en
termes de fausses alarmes et probabilités de détectiopletexs I'impact des incertitudes
sur la performance de détection des systemes cognitifgite par partage du spectre.

¢ Les notions de capacité différentes, a savoir, les capamigpdiques, limitées par délai et
taux de service dans les systémes CR sont étudiés tandisju@rhmetres de transmission
des utilisateurs cognitives sont adaptativement changss gur la disponibilité de la CSI
appartenant au lien SU, et information “soft-sensing” &agtivité de la PU. Nous étudions
d’abord la capacité ergodique du lien SU dans les enviroenésrévanouis et dérivons la
politique d’allocation de puissance optimale associé.uesla politique d’allocation de
puissance sous la contrainte de probabilité de coupurde=te, et la capacité réalisable
avec telle politique de transmission est étudiée dansrdifté environnements évanouis.
Enfin, nous proposons la capacité de taux de service commeatiog de capacité baséee
en service pour les réseaux CR qui fournit non seulementwartanimal constant pour
les utilisateurs cognitifs, mais aussi augmente le tauisadde moyen a long terme du lien
de communication secondaire a travers l'utilisation deuiagance en exces disponible.
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e Nous considérons un systeme de partage du spectre prisegioetaire et étudions
la gestion des ressources adaptative en canaux de diffaseManouissements CR-BC.
Dans ce contexte, tout en se concentrant sur la capacit§/stesres CR pour apercevoir
I'environnement dans lequel ils opérent, nous obtenongotitique d’allocation de puis-
sance de transmission et partage du temps optimale powd&sres CR-BC, basée sur
des observations locales sur I'activité du systeme prigraitour de chaque SR. Notre ap-
proche est nouvelle par rapport a I'utilisation des infatiores locales “soft-sensing” afin
de déterminer quel SU devrait avoir accés a la bande de fnégagartagées a chaque
état de détection. Nous avons également implémenté un iséwde détection discréte
afin de limiter la complexité globale du systeme, sans compttre les performances du
systéme de maniére significative.

e Nous présentons une analyse de performances des systéwmmmenication par re-
lais coopératif. Dans ce contexte, d’abord, en considérargcénario d’évanouissement
généralisé dans un systeme de communication classiqus, étodions la performance
d'un systéme de communication typique en termes de la pilitBaimoyenne d’erreur
de symbole (SEP) des constellatidiisaires QAM arbitraires de régimes de combinai-
son par rapport maximal (MRC) sur des canaux corrélés nentigues. Ensuite, nous
considérons un systeme de sauts multiples par relais de@idp avec transmission am-
plifier et transférer (AF) par de ligne de visage directeetdgs noeuds de source et des-
tination, en fonctionnent sur des canaux a évanouissenaaddmi avec des parametres
d’évanouissement arbitraires. Dans ce contexte, nousoéith performance des réseaux
par relais coopératifs en matiere de SEP moyenne, la capagiodique et probabilité de
coupure soumise a évanouissement Nakagami-m indéperetamis identiquement dis-
tribuées.

e Nous adoptons la technique de relais coopératifs pour teitngssion secondaire dans
un systeme de partage du spectre, pour utiliser plus effivaceles ressources spectrales
disponibles, et de diminuer les interférences au nivealPtRss Dans ce contexte, nous
considérons un systéme de partage du spectre par relaigratibpelais a double saut
et étudions les performances de bout en bout de ce systemératibtout en respectant
les exigences de QoS des PUs de la bande de fréquences paffdg® précisément, en
supposant qué un régime de relayage décoder et transféepegDemployé dans la com-
munication entre les nceuds source secondaire (émettdarylestination (récepteur), les
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Figure B.1: Modéle de systéeme de partage du spectre de schéma

performances de bout en bout du systéme coopératif doulieseétudiée tout en tenant
compte un relais intermédiaire entre la source et la dagimaecondaire pour aider le pro-
cessus de communication secondaire. En outre, nous comssdé scénario ou un groupe
de relais est disponible entre les noeuds source secondalestiation. Dans ce cas,
I'utilisation schéma de sélection de relais partiel, lesuléats présentés pour le scénario
de relais simple sont généralisés. Enfin, nous considénmam$agcommunication entre les
nceuds source secondaire et destination est assistée gdatigmtermédiaire qui utilise un
régime de relayage AF. Dans ce contexte, la performancelgaln systéme coopératif de
partage du spectre est étudiée pour différentes condiiepsopagation.

B.2 Lallocation Adaptative des Ressources

Dans cette section, nous considérons un systeme de pattapectre ou la puissance
de la ST est contrdlé en se basant sur la détection douces@uding) des informations
sur l'activité de la PU et CSl relatives a la liaison secorelalLe modéle du systéme est
illustré dans la Fig. B.1, qui montre deux paires d’émetguimaires et secondaires et les
récepteurs. Le systéme est caractérisé par des contrdetessources sur l'interférence
de la puissance d’émission moyenne au niveau du PR et de dagmaie pic transmise
par le ST. Compte tenu de ces limitations, nous étudionspgadit® ergodique du canal
a évanouissement de la SU, et extrayons le schéma d’alitreentatimale pour la réal-
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isation d’allocation de capacité, soit la puissance végialCependant, alors que la plu-
part des schémas de modulation n'adaptent pas leurs penfices dans les conditions
d’évanouissements, un CR reconfigurable est en mesure @@rale stratégie de mod-
ulation qui adapte la vitesse de transmission et de puisgamar fournir des communica-
tions fiables a travers le canal a tout temps [14]. Cetteégfimtappelée a puissance et taux
variable, a été proposée dans [49]. Dans ce dernier travesiipposant que la disponibilité
de CSI a coté de I'émetteur, le taux et la stratégie de puissgni maximise la capacité
des canaux ont été étudiés sous les contraintes jointesskapae d’émission moyenne et
de taux d’erreur binaire (BER) cible. Dans ce contexte, ra@sninons aussi une stratégie
de transmission de puissance M-QAM a taux et puissanceblarians un systeme de
communication CR ou le taux et la puissance de la ST sont diguement contrélée se
basant sur la disponibilité de la liaison secondaire CSétation douce des informations
sur l'activité du PU. Enfin, les avantages de I'utilisatiangbft-détection des informations
sur I'activité du PU sur la puissance et des stratégies gtatian de taux sont évalués, et
des résultats numériques et des comparaisons illustapelormances de notre systeme
de partage de spectre dans les scénarios d’exploitatifévatits sont fournis. En partic-
ulier, nous montrons que I'utilisation de la technique st#ftection, le SU peut contrbler
ses parametres de transmission tels que le débit et la poessan fonction de différents
niveaux d’activités observés PU par le détecteur de détecti

Par ailleurs, nous caractérisons l'incertitude de l'infation de détection calculée au
niveau du détecteur de détection en prenant en compte lesefaalarmes prédéterminées
et les probabilités de détection dans le modele du systeneesysteme CR est limité
par la contrainte appropriée sur la puissance moyenne @¢ad’R. Dans ce contexte,
la transmission de puissance optimale a été dérivée engatmerobabilités de fausses
alarmes et la détection, de telle sorte que la capacité dal pzadisables SU est maximisée.
Enfin, les résultats numériques et les comparaisons #osta performance du systeme
de CR dans les informations de détection imparfaite. Ladtads étudiés ont montré une
amélioration de la performance du SU comme lincertitude’'siformation augmente la
détection.
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B.3 Limites de Capacité

Dans cette section, nous considérons un systéme de conatianisans fil CR ou la
puissance de la ST est contrdlé en se basant sur I'informdéi@étection douce (en anglais
soft-sensing information, SSI) sur les états d’activitéeRl, et CSI relatives a la liaison
secondaire. Il est a noter que linterférence sur le prizdciien vers le récepteur SU est
également considéré dans ce modele de systeme. Comme letaohig. B.2, nous con-
sidérons un systeme de partage du spectre avec une pairettiars-récepteurs primaires
/ secondaires, a savoir, (PT, PR) et (ST, SR). Le systemedgsasest soumis a des con-
traintes sur I'interférence moyenne a la PR et sur la putssdiémission maximale de la
ST. Compte tenu de ces deux contraintes, nous avons d’abmiié€la capacité ergodique
du lien entre le SU dans les environnements évanouissegtadsiver les politiques opti-
males d’allocation de puissance associée. Ensuite, ndesas la politique d’allocation
de puissance sous contrainte de probabilité de coupuregagtons sur la capacité réal-
isable avec la politique de telle transmission dans des@mvements a évanouissements.
Enfin, nous proposons la capacité de service a taux commervinesbasé sur la notion
des capacités pour les réseaux CR qui fournit non seulemeati® minimal constant pour
les utilisateurs cognitifs, mais aussi augmente la moyenioag terme a taux réalisable
de la liaison de communication secondaire a travers Iaatiion des disponibles excés de
puissance.

L'analyse théorique en plus des résultats numériques etamparaisons pour dif-
férents environnements a évanouissements, sont présenéégque chaque notion de ca-
pacité a quelques fonctionnalités qui peuvent étre uéifiselon les différentes exigences
de systeme. En particulier, la capacité de service a tauk@aréposée comme une capacité
appropriée métriques dans les réseaux de CR qui combingdatages des stratégies de
transmission a court et a long terme.

B.4 Gestion des ressources dans les CR a canaux de diffu-
sion (CR-BC)

Dans le scénario de CR-BC présenté dans la norme WRAN [3htfmjue I'information
de canal, la station de base secondaire (CR) peut employ@bservations sur le milieu
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Figure B.2: Modéle de systéeme de partage du spectre.

environnant pour allouer de maniére optimale ses resssuslies que le temps de trans-
mission et de puissance, entre les utilisateurs secosddlans cette section, tout en se
concentrant sur la capacité des systémes de CR au sensumbh@ement dans lequel ils
operent, notre objectif est d’obtenir une optimalité deq@ge des ressources pour les sys-
temes CR-BC, basée sur des observations locales sur itactivsysteme primaire autour
de chaque récepteur secondaire. Notre approche est rmpaeltapport a I'utilisation des
informations locales par détection douce afin de déterngoet SU devrait avoir acces
a la bande de fréquences partagées a chaque état de detEaimsce contexte, un sce-
nario classique de BC est considéré comme un réseau degduapectre avec un CR ST
comme station de base (BS) et un nombre K de SR, comme le miaifige B.3. Le réseau
CR-BC est limité par des contraintes appropriées sur la mwyeecus-ingérence a la PR
et sur la puissance créte émise par la ST. Nous avons égdlemesuvre un mécanisme de
détection discrete afin de limiter la complexité globale gstésme, sans compromettre les
performances du systéme de maniére significative. Danshé&ss; on ne considére que
les niveaux d’activité restreint primaire pour les obstores de télédétection.

Enfin, les résultats numériques illustrent les performamieela proposition de CR-BC
du systéme en termes de capacité ergodique sous contaiatEfinies sur l'interférence
moyen ne générée par le réseau secondaire a la PR et le pandmission de puissance
au secondaire BS. Par ailleurs, nous étudions la peine @geit@dple 'approche proposée
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Figure B.3: Spectre de partage configuration du systéme BC.
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Figure B.4: Multi-Hop systéme de relais de la coopération.

par détection quantifiée pour le systéme en cours d’examen.

B.5 Analyse du Rendement des Communications Coopéra-

tives

Dans cette section, notre objectif est d’enquéter sur lkameades performances de la
CR arelayage coopérative dans un contexte de partage duesfd@ans ce contexte, nous
commencons par enquéter sur I'analyse des performancesodesunications coopéra-
tive. En particulier, au premier abord, en considérant @mado généralisé fondu dans un
systeme de communication classique, nous enquétons safy&® des performances du
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Figure B.5: Double-Hop coopératives de partage du speatsystéme de relais avec sélection
partielle.

systéme de communication typiques en termes de la SEP megendifférentes constel-
lations M-aires QAM avec MRC sur les canaux non-identiquamerrélés.

Par la suite, nous étudions I'analyse des performancesédeaux de relais coopérat-
ifs en matiere de SEP moyenne, la capacité ergodique et ésas/e des performances
de probabilité de panne indépendante et non identiquenribdées a évanouissements
Nakagami-m. Dans ce contexte, nous considérons le modealgstieme illustré a la figure
B.4, ou un ensemble de K-1 relais intermédiaires permet jlifier et de transmettre le
signal a partir d’'une source a une destination, coopérast aicréer un systeme de trans-
mission multi-sauts AF. Enfin, les résultats numériquesmealation qui corroborent notre
analyse ont été fournis et I'impact de plusieurs paramédegjue le nombre de nceuds de
reparcage et les indices d’évanouissements Nakagami wsaié® pour différentes modu-
lations QAM rectangulaires.

B.6 Relayage Coopératifs dans les Communications CR

L'utilisation de la transmission coopérative dans leséysts CR de partage du spectre
peut donner une plus grande efficacité dans ['utilisatios r@ssources du spectre. Dans
ce contexte, nous adoptons la technique de coopérationrelayer la transmission sec-
ondaire dans un systéme de partage du spectre, et ce afisdiuplus efficacement les
ressources spectrales disponibles et de réduire lesGreaades générées ala RR. Dans cette
section, nous considérons un systeme de partage du sp&;taides relais DF sont em-
ployés pour aider a la communication de la procédure SU, awtammontre la figure B.5.
Plus précisément, nous considérons un systeme coopéfatsf & deux sauts de partage du
spectre, et d’enquéter sur sa bout a bout des performansegiéles transmissions sont
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limitées par des contraintes sur l'interférence toléralalele PU tels que sa transmission
est soutenue avec un taux constant pour une certaine péeagenps.

Les Relais DF sont employées dans la communication entoeitas secondaire (émet-
teur) et destination (récepteur) des nceuds, et nous olséa®ER moyen et la capacité
ergodigue du systéme de relais de partage du spectre avpération avec un relais in-
termédiaire entre la source et de destination pour aidepriesessus de communication
secondaire. Nous considérons par ailleurs le scénario guaupe de relais est disponible
entre la source secondaire et des noeuds de destinationc®eas, la sélection a I'aide de
relais partielle [30], nous généralisons les résultatsgmt&s ici pour le scénario de simple
relais, et d’obtenir le BER moyen et la capacité ergodiqueydiéme coopératif avec un
cluster de relais L disponibles. Enfin, nous étudions lefopmances de probabilité de
coupure de la coopérative de partage du spectre du systeomiend’examen pour les
deux, les régimes mono-relais et de multiples relais.

Nous avons en outre étudier la performance de bout en boubuldledHop AF re-
layer coopératives dans les systemes CR de partage duesfmdten tenant compte des
contraintes sur la moyenne recue-ingérence dans la RR. fioytiar, nous obtenons les
statistiques de I'recues SNR au niveau du noeud de desiinsgcondaire pour différentes
distributions de la décoloration de canal, a savoir, de &gllet Nakagami. Puis, faisant
usage de ces statistiques, la capacité globale réalisaldepeobabilité de coupure du
processus de la communication de la SU sont étudiés et ddsatesnumériques et les
comparaisons sont fournis.

B.7 Conclusions de la Dissertation

Dans cette thése, nous avons considéré de partage du spestréseaux CR soumis
a des contraintes d’interférence et de parametres de tisgsismdu SUs peut étre ajusté
sur la base des variations de canaux secondaires et detiafion soft de détection de
l'activité du PUs. Dans ce contexte, une bonne gestion dsoueces a été développé de
sorte a garantir les exigences de QoS du PUs. L'existenaepécification d’allocation des
ressources et la gestion de telle transmission pour difféigcénarios tels que les canaux
BC ont été étudiés dans ce projet. Nous avons égalementggrofadopter la technique de
coopération dans les systémes de relais CR de partage drespecnaniere plus efficace
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et utiliser efficacement les ressources de transmissigouiisles, telles que I'énergie, le
taux et la bande passante, tout en respectant les exigem€gsidu PUs de la bande de
fréquences partagées. A cet égard, nous avons étudié fesnpances de bout en bout
de la proposition de partage du spectre systeme de relasogei@tion dans le cadre des
contraintes de ressources définis de maniere a garantirSgp@maires n’est pas affectée.
Plus précisément, les contributions de la these sont cesclomme suit:

e Nous avons considéré un CR de partage du spectre du systelagouvoir a trans-
mettre le SU et le taux peut étre ajusté sur la base des wausatie canaux secondaires et
de l'information soft de détection de I'activité de la PU. &gsteme de partage du spec-
tre a été supposé pour fonctionner sous des contraintessurtérférences moyennes et
la puissance d’émission maximale. Les résultats numesigtiees comparaisons ont été
fournis et illustré les avantages de ['utilisation de dé&oift de détection de I'information
et a la secondaire de la CSl dans les systemes CR. |l a été tténgoren utilisant soft
de détection technique, le SU peut opportuniste contr@gipsrametres de transmission
tels que le débit et la puissance, en fonction de différemsanx d’activité observés PU
par le détecteur de détection. Par ailleurs, nous avonswabsa écart entre les capacités
réalisées sur la base des taux variables et variablesgqu@gide transmission de puissance.
Par ailleurs, nous avons caractérisé l'incertitude dédiimation de détection calculée au
niveau du détecteur de détection, en termes de faussesalatries probabilités de détec-
tion et étudié I'effet du spectre imparfaite de détectioniaperformance des systemes CR
de partage du spectre.

e Considérant la disponibilité du soft de détection de I'mfiation a la ST et en adoptant

la technigue de transmission de puissance adaptative,avons étudié trois notions de

capacité, a savoir, ergodique, délai limité et un serviceéatsat (avec et sans coupure), pour
le CR de partage du spectre des systemes d’exploitationcemtiaintes sur la moyenne

recus-ingérence et d’émission de créte-puissance. Lalatssnumériques et des com-
paraisons pour différents environnements de décoloratiobhmontré que chaque notion

de capacité a quelques fonctionnalités qui peuvent étisagtiselon les exigences de sys-
teme différent. Plus précisément, la capacité de servieenaa été proposée comme une
capacité appropriée métriques dans les réseaux de CR ghim®tas avantages des straté-
gies de transmission a court et a long terme.

e Nous avons enquété sur le partage des ressources adaptatngele CR-BC canaux ou
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l'information est utilisée spectre de détection au niveasecondaire BS afin de répondre
plus efficacement et d'utiliser efficacement les ressoupeetagees spectre. Nous avons
proposé l'aide de soft-détection d’informations pour répaquitablement le temps de
transmission et de puissance, entre SU, sous des congrapypeopriées sur l'interférence
moyenne a la PR et le pic de transmission de puissance-andsem® BS. Les résultats
numeriques et les comparaisons ont montré que les infaynsatielatives au spectre de
détection permet une gestion efficace du temps et des ressade pouvoir entre les SU
et, par conséquent, I'ingérence résultant sur le systeieipal. Par exemple, dans le
scénario avec deux SUs, il a été démontré que I'activité dtégye primaire diminue dans
un secteur, plus de temps de transmission et de puissancerpdéitre attribués a un SU
situé dans cette zone et vice-versa. Nous avons égalenresitiéce comme un mécanisme
de détection de spectre quantifié afin de réduire la compglgldbale du systéme, et comme
on I'observe, la performance avec des niveaux discretsdsitties dans le doux et deux
niveaux (dur) de détection des résultats mécanisme.

e Nous avons développé une analyse des performances des ogratimns traditionnelles
de coopération afin d’avoir quelques idées sur la performates coopératives relayer
CR de partage du spectre des systemes. Dans ce contexterdd’ab considérant un
scénario généralisé la décoloration dans un systeme de gnitation classique, nous
avons obtenu un général forme fermée expression pour le Siyemude constellations
QAM arbitraires M-aires dans les régimes de la MRC sur lesidentiques)-u. corrélée
canaux a évanouissement. Par la suite, nous avons étuttdéyba des performances des
réseaux multi-sauts relais en termes de coopération deelfeble septembre moyenne, la
capacité ergodique et sous réserve des performances pitébdd panne indépendante a
but non identiguement distribuées Nakagami-m a la dédidoraPar ailleurs, les résultats
numeriques de simulation et de corroborer notre analyses@nfournis et I'impact de
plusieurs parameétres tels que le nombre de nceuds reladesgtitakagami la décoloration
a éte étudiée.

e Enfin, nous avons considéré un relais coopératifs de padiagpectre du systeme dont
la source secondaire de destination de la communicati@seegur un nceud relais inter-
médiaire dans le processus de transmission. A cet égard, avxans étudié les perfor-
mances de bout en bout du projet de coopérative de partageediresdu systéme sous les
deux systemes DF et AF relayer la transmission. Plus praeisé nous avons obtenune
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forme fermée des expressions pour le BER moyenne, la cémgivdique et probabilité

de coupure de la communication secondaire, tandis que igsrees du PU de QoS sont
spécifiées en termes de contraintes de ressources apprsprile pouvoir d’interférence

regcue moyenne et de pointe a la PR. Les résultats numériglgssoemparaisons ont mon-
tré les avantages de la proposition de partage du spectéarsysle relais de coopération
dans différents scénarios de décoloration.



