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Abstract

This dissertation presents new approaches for cognitive radio networks that combat fading
effects and improve detection accuracy. We propose an advance framework for perfor-
mance analysis of cooperative spectrum sensing over non-identical Nakagami-m fading
channels. Specifically, we investigate the detection accuracy of a relay-based cognitive
radio network and derive new exact and approximated closed-form expressions for aver-
age detection probability and average false alarm probability for two diversity combining
schemes; equal gain combining and selection combining. The dissertation presents novel
approximation methods to mitigate the difficulties in modeling non-identical channel fad-
ing. We also investigate the convergence rate of infinite-series expressions and propose to
use a powerful acceleration algorithm that allows for the termination of the series with a
finite number of terms.

A detect-amplify-and-forward strategy is proposed to mitigate bandwidth require-
ments of relaying local observations to a fusion center. The end-to-end performance

of a relay-based cooperative spectrum sensing over independent identically distributed

il



Rayleigh fading channels is also investigated in this dissertation. Specifically, we aim
to incorporate sensing time, end-to-end SNR, and end-to-end channel statistic into the
performance analysis of cooperative CR networks. We also propose a cluster-based coop-
erative spectrum sensing approach to overcome the bandwidth limitations of the reporting
links. The approach reduces the number of reporting terminals to a minimal reporting set
and replaces the global fusion center by a local fusion center to mitigate the destructive
channel conditions of global relaying channels. A new approach is proposed to select the
location of the local fusion center using the general center scheme in graph theory.

We aim to show that multipath fading on relaying channels yields similar performance
degradations as multipath fading on sensing channels. With the detect-amplify-and for-
ward strategy, refraining the heavily faded relays improves the detection accuracy. A gain
of 3 dB is achieved by switching from amplify-and-forward strategy to detect-amplify-
and-forward strategy with 3 cooperative users. Compared to the non-cooperative spec-
trum sensing, a gain of up to 8 dB is achieved with 4 cooperative users and equal gain
combining receiver. Similar experimental set up but with selection combining receiver, a

gain of 5 dB is achieved.
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Chapter 1

Introduction

1.1 Background

Cognitive radio (CR) technology arises to be an attractive solution to the spectral con-
gestion problem by introducing opportunistic usage of the frequency bands that are not
heavily occupied by licensed users [1, 2]. CR concept will change the way the radio spec-
trum is shared and will require enabling technologies such as DSA, spectrum sharing,
flexible spectrum policy, and improved spectrum sensing techniques [3].

Since CR users are considered lower priority or secondary users of a spectrum allo-
cated to a primary user which the licensed entity, a fundamental requirement is to avoid
interference to the primary users in their vicinity [3]. Through CR technology, secondary
users periodically monitor the spectrum for vacant channels, and communicate among

themselves using these vacant channels even though these channels are originally owned



by the primary users. The cognitive capability of a CR enables real time interaction with
its environment to determine appropriate communication parameters and adapt to the
dynamic radio environment [4].

Spectrum sensing is considered the key step in CR systems and the most challenging
issue [5]. Spectrum sensing, in general, performs the following two functionalities [6]:
1) Locating spectrum holes so that CR users can communicate in the absence of the
primary network, 2) Monitoring the spectrum band and preparing to abandon the channel
immediately as soon as the primary network resumes its operation.

Typically, spectrum sensing performance is determined by two significant parameters
namely, probability of detection and probability of false alarm [7]. Probability of detec-
tion determines the detection accuracy; it indicates how well the primary user is protected
from harmful interference caused by the secondary users’ transmissions. On the other
hand, false alarm probability determines sensing efficiency; it refers to the probability of
white-spaces that are misclassified as occupied channels. From the secondary users point
of view, a lower probability of false alarm means more spectrum access opportunities
and higher network throughput. While from the primary network’s perspective, a higher
detection probability means more protection against interferers. Depending on which
probability is of interest, that one is fixed and the other one is optimized [§].

CR users perform spectrum sensing either individually or cooperatively. In the in-
dividual spectrum sensing, also known as non-cooperative spectrum sensing, each CR

observes its local radio environment and determines the presence of the primary user



transmission and accordingly identifies the current spectrum availability [6]. On the
other hand, cooperative spectrum sensing allows CR users to exchange their local ob-
servations or their sensing results and cooperatively infer the availability of spectrum

holes.

1.2 Spectrum Sensing Challenges

The basic assumption of the spectrum sensing is that the locations of the primary re-
ceivers are unknown due to the lack of signalling between primary users and CR users.
Therefore, CR terminals have to only rely on weak primary transmitter signals based
on local observations [9]. Accordingly, CR receiver sensitivity must be higher than the
highest primary receiver sensitivity by a large margin [4]. Moreover, the transmitter
detection model cannot prevent a hidden terminal problem. The hidden terminal prob-
lem is considered as a critical challenging issue in the spectrum sensing [4]. It arises
when the secondary user fails to detect the primary transmitter due to either deep fad-
ing/shadowing or receiver uncertainty as shown in Fig. 1.1. In this case, the CR cannot
sense the presence of the primary user signal, and thus it is allowed to access the channel
while the primary user is still in operation.

Multipath fading is a main obstacle for CR users to achieve reliable communica-
tions [10]. Under channel fading or shadowing a low received signal strength does not
necessarily imply that the primary system is not active or located out of the CR’s inter-

ference range as the signal may be experiencing a deep fade or is being heavily shadowed
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Figure 1.1: Hidden terminal and receiver uncertainty problems

by obstacles [11]. Hence, a performance analysis for both coherent or noncoherent detec-
tions over fading channels requires knowledge of the fading envelope statistics and will
be considered in detail in the following chapters.

CR users should monitor the spectrum continuously. However, in reality the receiver’s
RF front-end cannot differentiate between the primary user signals and CR user signals
[3, 12]. Thus, CR users can not transmit and sense at the same time. This necessitates
a periodic sensing scheme where sensing and transmitting are alternating in a periodic
manner with separate observation and transmission periods [13]. Fig. 1.2 illustrates the
basic structure of spectrum sensing cycles in CR networks. The periodic sensing structure
introduces another design challenge [13]. Interference avoidance depends on the sensing
accuracy which is in turn determined by the observation time. Since the transmission of
CR users is not allowed during the observation time, the transmission time is reduced

which inevitably reduces the spectrum usage efficiency.



Primary User  Idle Channel

Detected Found
T
Y Y
Che}nngl Data Transmission Ch:«:mn'el Data Transmission Ch?nn.e ! Channel Data Transmission [ XXX ]
Monitoring Monitoring Monitoring Search
Ts Tp

Twm = Channel monitoring time
Tp = Data transmission time
Ts = Sensing time

T = Sensing period (frame size)

Figure 1.2: Periodic spectrum sensing structure

Spectrum sensing is also challenged by the fact that the available spectrum holes show
different characteristics which vary over time. In order to describe the dynamic nature
of CR networks, each spectrum hole should be characterized by considering not only
the time-varying radio environment but also the primary user activity and the spectrum
band information such as operating frequency and bandwidth [4]. Most CR research
assumes that the primary user activity is modeled by exponentially distributed inter-
arrivals [9, 13-15]. In this model, the primary user traffic is modeled as a two state
birth-death process. An ON (busy) state represents the period used by primary users
and an OFF (idle) state represents the unused period [16]. Since each user’s arrival is
independent, each transition follows the Poisson arrival process and the length of the ON

and the OFF periods are exponentially distributed.



1.3 Motivation

Reliable detection of the existence of primary users is a primary requirement for the min-
imization of interference to existing primary networks [17, 18]. In a real communication
environment, the local sensing performance of individual users may severely degrade due
to deep fading/shadowing [19-21]. Therefore, individual spectrum sensing is unreliable
and prone to errors. However, spectrum sensing can be significantly improved by allow-
ing different users to share their local sensing observations and to cooperatively decide
on the licensed spectrum occupancy.

By exploiting the diversity provided by associated radios, CSS improves the overall
detection sensitivity without imposing higher sensitivity requirements on the individual
CRs [19, 22, 23]. It has been shown that a network of cooperative cognitive radios, which
experience different channel fading conditions from the target, would have a better chance
of detecting the primary radio if the individuals’ local sensing are jointly combined at a
base station [24, 25].

The merit of CSS primarily lies in the achievable space diversity brought by the
sensing channels, namely, sensing diversity gain provided by the multiple CRs. Even
though one CR may fail to detect the primary signal, there are still many chances for other
CRs to detect it. Another merit of cooperative spectrum sensing is the mutual benefit
brought forward by communicating with each other to improve sensing performance
and system agility. When a CR is far away from the primary user, the received signal

is too weak and the user takes a long time to sense its presence. However, when a



CR located nearby the primary user acts as a relay, the signal of the primary user
can be reliably detected by the far user in a very short time thereby improving system
agility [26, 27]. Moreover, by allowing multiple CRs to cooperate in spectrum sensing,
the hidden terminal problem can also be addressed [3]. While a cooperative approach
provides a more accurate sensing performance, it causes adverse effects on resource-
constrained networks due to the additional operations and overhead traffic [4, 28].

Obviously, CSS will go through two successive channels [29]: First, the sensing chan-
nels which are the links between the primary user and the CRs, and second, the relaying
channels which are the links between the CRs and the fusion center. Most results on CSS
(see [19, 23, 30-32] and references therein) have retained the typical assumptions of clas-
sical decentralized soft-fusion framework; i.e., the effect of the wireless channel is taken
into account only on the sensing channel and is overlooked on the relaying link. Most
of these studies have dealt with the CR network as a single-hop communication system,
ignoring the effect of relaying channel conditions. Therefore, the noise accumulation that
effects typical relaying protocols is neglected. Even when faded relaying channels are
considered (see e.g., [26, 27, 33, 34]), the fading model on both sensing and relaying links
are oversimplified.

Typically, the wireless propagation characteristics of the relaying channels and the
relaying mechanism play a significant role in CSS performance. Specifically, the achiev-
able detection accuracy of the cooperative spectrum sensing methods depends on the

channel fading conditions, relaying protocol, and the employed combining scheme [35].



Importantly, the relaying channels convey noise to the destination, which is why it is nec-
essary to incorporate its propagation characteristics into the performance analysis. The
difference between a conventional single-hop system and a relay-based dual-hop system
is that the noise in the single-hop system is independent of the channel statistics while
the noise in the dual-hop system is not. Motivated by these facts, this dissertation aims
to offer an accurate framework for the analysis and design of CSS using the detection
accuracy as a performance measure and taking into account realistic channel conditions
and system operations.

The relaying channels are usually bandwidth limited [3]. If every user transmits the
real value of its observation, a large relaying bandwidth is required which may not be
available. The bandwidth limitations of the relaying channel are addressed by this disser-
tation in two ways: i) only the users with reliable information are allowed to report their
local observations, ii) instead of local observations, users are allowed to report a binary
decision to the common receiver. However, for large networks, the aforementioned ap-
proaches may not be enough to overcome the bandwidth limitations since the bandwidth
of the relaying link increases with the number of relays. Hence, a clustering approach is
proposed in this study. Clustering is one of the most efficient techniques used to reduce
the bandwidth required to report data to a fusion center [36-40]. It is used widely as a
hierarchical approach of topology management in Ad-Hoc wireless networks [36, 41-43].
However in CR networks, clustering must consider the fact that the available channel sets

are changing temporally and spatially. Furthermore, the cluster sizes and cluster loca-



tions may change when CR’s neighborhood changes with each new operating frequency.
Consequently, clustering in CR networks is performed according to channels topology in-
stead of nodes topology [44, 45]. Specifically, a CR node forms a cluster on an available
channel and invites adjacent nodes to join its cluster if the same channel is available in

their channel sets.

1.4 Related Works

There has been an active research in exploring CSS performance in cognitive radio net-
works. This section discuss the up-to-date research relevant to our work.

In [13, 24, 45-48], the authors investigated CSS performance under typical assump-
tions of error-free relaying channels and ignored channel impairments due to fading and
shadowing conditions. In [30, 49], the authors investigated the performance of an energy
detector over wireless channels with composite multipath fading and shadowing effects.
In both studies, the proposed CSS models are quantified based on the detection proba-
bility as a performance measure. However, the authors overlooked the relaying channels
and dealt with the cooperative system as a single-hop network. Similarly, the relaying
links are overlooked in [50]. This work presents a performance analysis of energy detector
over multipath fading for a system with antenna diversity reception.

To the best of the author’s knowledge, very few works have considered realistic
modeling of the relaying channels in the CSS approaches proposed for CR networks,

e.g. [33, 34, 51]. In [51], the authors considered the error effect on reporting decisions to



a fusion center, investigating the problems of using CSS over independent and identically
distributed (i.i.d.) Rayleigh fading channels. A DF relaying protocol is employed and a
logic-based decision fusion policy is considered as a combining technique. The authors
in [33] considered the AF relaying protocol for a CR network with the reported channels
subjected to log-normal shadowing. However, closed form expressions for the average
detection probability and the average false alarm probability are not given in this study.
In [34], a distributed model is proposed for CSS networks assuming that channel statis-
tics follow an exponential distribution. The final expressions of the detection and false
alarm probabilities are presented by integral forms that need to be solved by numerical
integration.

To show that the cooperation of two secondary users or more increases the overall
agility, the authors in [26] and [27], proposed two cooperative schemes. A common
receiver is used in the first one to exchange the local sensing information among two users
while a totally distributed cooperative scheme is used in the second one for multiuser
networks. For the multiuser case, the authors developed a pairing protocol which ensures
asymptotic agility gain with probability 1. The AF protocol is employed in both studies
to exchange the local sensing information. The study assumes a fixed cooperation model
which may fail due to the mobility of the paired CR users.

The authors in [47], propose that secondary users with higher detection probabilities
constantly act as relays to help those with lower detection probabilities. In [46], the

authors showed that if all secondary users cooperate in the network does not necessarily

10



achieve the optimum performance. Instead, optimum performance can be achieved by
cooperating users with the highest signal to noise ratio. The number of cooperating users
to obtain the optimum detection and false alarm probabilities is computed at a secondary
base station.

A weighed-CSS scheme using clustering is proposed in [52]. In the clustering setup,
the most active user with the largest instantaneous reporting channel gain is to be se-
lected as a cluster head. The authors assumed a reporting channel that is subjected
to Rayleigh fading. In [53], a cluster-based method is proposed for CSS over imperfect
relaying channels. To decrease the reporting errors introduced by the fading channels,
user selection diversity is exploited in each cluster. The largest instantaneous reporting
channel gain is used as a selection criteria for cluster heads election. The clustering
algorithm proposed in this dissertation differs from the above previous works in two
important aspects. Firstly, we employed a fully distributed network, whereas the ap-
proaches in [52, 53] are proposed for centralized networks. Secondly, the MDS scheme is

used to reduce the number of reporting terminals to a minimal reporting set.

1.5 Contributions

This thesis investigates a number of problems challenging the cooperative spectrum sens-
ing in both centralized and distributed systems and proposes new techniques to address

these challenges. In particular:

- In a different way to the typical assumptions of i.i.d fading channels, we analyze

11



the CSS performance over a non-identical Nakagami-m fading channels.

- We present a general framework for analysis and design of dual-hop CR networks

that employs realistic system operations.

- We investigate two CSS strategies, namely, AF and DAF. The energy detection is
considered to allow soft-fusion (data-fusion) policy to be used at the receiver. Soft-
fusion is known to achieve optimal diversity and allows for keeping the complexity
of local radios at a low level since only analog forwarding is required by them.
However, the optimum performance comes at the cost of bandwidth requirements of
the relaying links. To mitigate this problem, we propose the DAF strategy to refrain
those users with unreliable information from forwarding their local measurements

to the fusion center.

- We develop a statistical approach to derive the detection probability and the false
alarm probability. To the best of our knowledge, this is the first time closed-form
expressions are derived for CSS systems with non-identical fading channels on both

sensing and relaying links.

- Based on harmonic mean of two random variables, we obtain a PDF for the end-
to-end SNR. The end-to-end statistic is then used to quantify the performance of
the CSS using the detection accuracy and the amount of fading as performance

measures.

- We investigate the convergence rate of the infinite series that appears in the derived

12



expressions and propose to use a powerful acceleration algorithm that allows the

series termination with a finite number of terms.

We present novel approximation methods to mitigate the difficulties in modeling

non-identical channel fading.

We investigate a cluster-based CSS approach for cognitive networks with a large
number of CR users. We also propose new criteria to select local fusion centers.
Instead of selecting the radio with the largest instantaneous channel gain as a local

fusion center, we propose to use the aggregate channel gain as a selection criteria.

We present a systematic way to find the optimal number of cooperative clusters. The
MDS clustering approach is used to obtain a minimal set of clusters that covers all

the users operating in the field while keeping the network connected.

The cooperative sensing is performed as follows: each CR radio carries out local

sensing within a specified sensing time period and then acts as a relay to forward the

local sensing to the fusion center. Based on the combined inputs, the fusion center decides

whether the primary network is active or not. The secondary users operate in a fixed

TDMA scheme where the sensing and transmission phases are alternating periodically.

The spectrum sensing phase consists of two time slots: In the first slot, all CRs listen to

the primary user signal over the shared spectrum band, and in the second slot, each CR

amplifies and relays its local sensing to the fusion center by a maximum transmission

power constraint. The fusion center reports the cooperative decision back to the CRs
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at the end of the second slot. The statistic of the combined signal is determined by the
amplification factor of the CR relay, the combining technique, and the fading conditions.
All findings are substantiated via analytical computations using MATHEMATICA-8

software package [54] and verified through Monte Carlo simulations.
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Chapter 2

Cognitive Radio Technologies

2.1 Cooperative Spectrum Sensing

Cooperative communications is an emerging and a powerful solution that can overcome
the limitations of wireless systems [55, 56]. The basic idea behind cooperative transmis-
sion is that the signal transmitted by a source to a destination, each employing single
antenna, is also received by other terminals which are often referred to as relays [29]. The
destination then combines the signals coming from the source and the relays, thereby cre-
ating spatial diversity by taking advantage of the multiple receptions of the same data at
the various terminals and transmissions paths. More specifically, the presence of multiple
radios helps to reduce the effects of severed multipath at a single radio since they provide
the destination with multiple independent realizations of related random variables. With

multiple realizations, the probability that all users see deep fades is very low [57].
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For cooperative decisions, reporting channels (relaying links) are used by CR radios to
report their local observations (soft-fusion) or their individual decisions (decision-fusion)
to a secondary base station (fusion center). In this dual-hop cooperative network, the
primary user stands for the source and the common receiver stands for the destination.
The basic structure of this cooperative approach is shown in Fig. 2.1. In another approach
of cooperative networks, secondary users with higher detection probabilities constantly
act as relays to help those with lower detection probabilities [26, 27]. Such cooperation
can reduce the detection time of the ”weaker” user thereby improving the agility of the
overall network. Fig. (2.2) shows a scenario of two-user cooperation. In the presence of
more than two users, CR users can be grouped into pairs, in which one user acts as a
relay for the other [27]. However, the performance of such fixed cooperation model will
become worse when considering mobility of the CR users.

CSS can be implemented either in a centralized system or in a distributed sys-
tem [5, 58]. In the centralized method, a base-station works as a fusion center to gather
all sensing information from the CR users and detect the spectrum holes. Cooperation
among CR users in a centralized manner is usually coordinated by a fusion center through
either decision-fusion or soft-fusion policies [59, 60]. The centralized network architecture
helps overcome the receiver uncertainty problem. With the transmitter detection, CR
networks cannot avoid interference at the nearby primary user since the transmitter’s
detection relies only on local observations of CR users and does not consider the location

information of the primary receiver [61]. Hence, in order to reduce the receiver’s uncer-
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Figure 2.2: Two-user cooperation in cognitive radio
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tainty, CR networks require the base-station to collect sensing information from CR users
inside its coverage area. Moreover, the centralized approach mitigates the limitation in
sensing capabilities. For example, CR networks should be synchronized to schedule the
spectrum sensing among all CR users. Thus, CR networks need to have a base-station
to synchronize the scheduling such that all users can have the same sensing cycles and
avoid interfere with sensing operations [13].

On the other hand, distributed solutions require an exchange of observations among
CR users [62]. In the fully distributed system, all signal processing is done at the CR
terminals and the results are available locally. Global results are then available at a
local fusion center [63]. Distributed solutions are mainly proposed for cases where the
construction of an infrastructure is not preferable [9, 62, 64]. Therefore, distributed
networks lack centralized support, and hence must rely on local coordination to gather
topology information [6]. A common cooperative scheme of distributed systems is forming

clusters to share the sensing information locally [65].

2.2 Relaying (reporting) Channels

CSS either centralized or distributed, assume relaying channels for spectrum sharing [59,
64]. Tt is clear that relaying channels facilitate many spectrum sharing functionalities
such as transmitter receiver handshake, communication with a fusion center, or sensing
information exchange. However, due to the fact that CR network users are regarded

as secondary users of the spectrum that they allocate, when a primary user chooses a
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channel this channel has to be vacated without interfering. This is also true for the
relaying channels. In cooperative sensing architectures, the relaying channels can be im-
plemented using different methodologies. These include a dedicated band, an unlicensed
band such as ISM band, and an UWB underlay system [3, 66]. Depending on the system
requirements, one of these methods can be selected.

The relaying links provide more flexibility for designing advanced cooperative proto-
cols. Specifically, the level of cooperation is determined by the bandwidth of the relaying

channel. To this end, we can define two regimes of interest [11]:

- Low bandwidth relaying channels for energy detection and cyclostationary detection
receivers: In this regime, it is realistic to assume that the CRs exchange decisions

or summary statistics rather than long vectors of raw data.

- High bandwidth relaying channels: in this regime, CRs can exchange entire raw
data and hence a sophisticated detection can be performed. In this scenario, it may
be possible for tightly synchronized radios to collectively overcome poor detection

scenarios.

When the relaying channel is jammed or unavailable, CR users should adapt to the
new situation and use an alternative channel. For example, CR users may use a global
control channel [67]. To facilitate the change over to the alternative relaying channel,
efficient information sharing and coordination algorithms should be developed [68]. These
algorithms must be designed to reduce overhead traffic caused by the cooperation process
and should be robust to the temporal variations of relaying channels.
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2.3 Diversity Combining Techniques

A relayed transmission is a well-known technique that has the advantage of extending
the coverage without using large power at the transmitter. Recently, it has gained a new
actuality in the context of collaborative wireless communication systems [9, 27, 69], where
relaying is used as a form of spatial diversity to overcome highly shadowed or deeply faded
links. As a result, the signal from the source (primary user) to the destination (fusion
center) propagates through two hops (links) in series [70]. Depending on the nature and
complexity of the relays, dual-hop transmission systems can be classified into two main
categories, namely, regenerative or non-regenerative systems. In regenerative systems,
the relay fully decodes the signal that went through the first hop and retransmits the
decoded version into the second hop [71]. This is also referred to as decode-and-forward
or digital relaying [69]. On the other hand, non-regenerative systems use less complex
relays that just amplify and forward the incoming signal without performing any sort
of decoding. That is why it is sometimes referred to as amplify-and-forward or analog
relays.

As a further categorization, relays in non-regenerative systems can in their turn
be classified into two categories: 1) CSl-assisted relays, and 2)”blind” relays. Non-
regenerative systems with CSl-assisted relays use instantaneous CSI of the first hop to
control the gain introduced by the relay and as a result fix the power of the retransmit-
ted signal. In contrast, systems with "blind” relays do not need instantaneous CSI of

the first hop at the relay, but rather employ at these relays amplifiers with fixed gains
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and consequently result in a signal with variable power at the relay output. Although
systems with such a type of blind relays are not expected to perform as well as systems
equipped with CSl-assisted relays, their low complexity and ease of deployment make
them attractive from a practical standpoint [71]. In cognitive radio applications, the CSI
may be available to secondary users over a control channel or over a broadcast channel
through an access point. Several such steps have recently been investigated [72, 73].

AF relaying allows a soft-fusion policy to be used by the receiver. The soft-fusion
policy had been proven to achieve optimal diversity, providing a higher diversity gain and
a better detection accuracy compared to the logic-based decision-fusion policy [32, 74, 75].
Moreover, it allows for keeping the complexity of local sensors at a low level since only
analog forwarding is required by them [26, 27, 31, 34, 74]. This is true when radios are
tightly synchronized to collectively overcome the SNRwall !. When the AF protocol is
implemented, several diversity combining techniques can be used at the receiver. The
object of diversity combining techniques is to make use of the several received signals to
improve the realized SNR and combat the effect of the multipath fading [76]. Diversity
combining relies on a simple principle. Namely, if a number of well-separated relays are
used to relay the same signal, it is unlikely that all received signals at the fusion center
fade at the same time. In general, the term ”diversity system” refers to a system in which
one has available two or more closely similar copies of some desired signal [76]. Diversity
combining offers one of the greatest potentials for radio link performance improvement

10].

LSNRwall is the weakest SNR below which a detector fails to reliably detect the signal
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Diversity schemes can be classified according to the type of combining employed at
the receiver as MRC, SC, and EGC. The MRC combiner weighs the received signals with
respect to their SNR and is known to be of high performance. However, MRC receiver’s
complexity is directly proportional to the number of diversity branches. The EGC equally
weighs the diversity branches but it has the same undesirable feature of having the
receiver complexity dependent on the number of diversity branches [77]. Conversely, the
SC scheme selects only one relay which has the maximum channel gain among all the
diversity branches. The combiner offers a simple receiver structure since it is simply
performed by measuring the SNR of all the diversity branches.

On the other hand, DF relaying allows decision-fusion policy to be implemented at
the receiver. It aims to minimize the overhead traffic and the bandwidth requirements
by allowing each user to report only a single bit which represents its own decision. When
decision-fusion policy is used; AND, OR or M-out-of-N methods can be used for com-
bining information from different cognitive radios [46]. However, in practical systems, to
reliably deliver one-bit sensing information actually involves a lot of overheads, including
reliable channel coding, packet preamble, CRC bits etc. Typically, the number of co-
operative users and the amount of information that each user should send to the fusion
center determine the required bandwidth. For a large network, the required bandwidth
may exceed the capability of the reporting channels, which may be alleviated through

DF relaying.
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2.4 Spectrum Sensing over Fading Channels

Many urban and vehicular communication systems are subjected to fading caused by
multipath propagation due to reflections, refractions and scattering by buildings and
other large structures [78]. For primary user detection, flat fading yields the worst case
performance since frequency selectivity provides multiple "looks” at the same signal [79].
Furthermore, in a composite fading/shadowing environment, apart from the multipath
fading, wireless signals may undergo shadowing. While the multipath fading can be mod-
eled as a Rayleigh, Rice or Nakagami distribution, shadowing process is typically modeled
as a Log-normal distribution [49, 79] and the reference therein. In this environment the
receiver does not average out the envelope fading due to multipath but rather reacts to
the instantaneous composite multipath/shadowed signal [10]. This is often the scenario
in congested areas with slow moving pedestrians and vehicles [80]. Therefore, some prac-
tical communication channels can be modeled as a multipath fading superimposed on
Log-normal shadowing [49]. Due to difficulty of analyzing digital wireless communica-
tion systems over composite fading models, the shadowing effect is sometimes neglected
in the literature. It is also important to keep in mind that shadowing is notoriously hard

to model accurately and its statistics can vary with the deployment’s environment [57].
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2.5 Primary Signal Detection

Spectrum sensing techniques can be classified into three principal types [3]: matched filter
detection, cyclostationary detection, and energy detection. When the noise is Gaussian
and the signal has a known form, even with unknown parameters, the appropriate pro-
cessing includes a matched filter or its correlator equivalent [81]. The matched filter is
an optimal detector in AWGN channel since it maximizes the received SNR [82]. The
main advantage of matched filter is that it needs less time to achieve high processing gain
due to coherent detection [83]. However, the matched filter requires the synchronization
between the primary user and the CRs [6]. Furthermore, CR users need to have different
multiple matched filters dedicated to each type of the primary user signal, which increase
the implementation cost and complexity [6].

Cyclosationary detection determines the presence of the primary user signals by ex-
tracting their specific features such as pilot signals, cyclic prefixes, symbol rate, spreading
codes, or modulation types from its local observation [6]. The main advantage of the fea-
ture detection is its robustness to the uncertainty in noise power. If the signal of the
primary user exhibits strong cysclostationary properties, it can be detected at very low
SNR values by exploiting the information (cyclostationary features) embedded in the
received signal [6, 84]. Furthermore this detection approach can distinguish the primary
signal from other CR users’ signals over the same frequency band provided that the cyclic
features of the primary user and the CRs’ signals differ from each other [85]. However,

cyclostationary detection is more complex to implement than the energy detection and
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requires a prior knowledge of the primary signal such as modulation format [29, 86].

Energy detector is a non-coherent detector that is simple to implement [30]. It is
considered an optimal detector in case of unknown signal if the noise power is known [3].
Thus, the energy detector is widely considered as the local spectrum sensing detection
method since the CRs have no prior knowledge about the primary signal due to the lack
of interaction with the primary user. The reliability of the energy detector depends on the
receiver’s noise characteristics, the received signal strength, and the length of time that is
used for the integration. While the energy detector is easy to implement and can be used
without any prior knowledge of the primary signal, it still has some drawbacks. The first
problem is that it has poor performance under low SNR conditions and will not be able to
detect the signal reliably if the SNR is less than SN R,,qy [3, 87]. Also, the energy detector
suffers from longer detection time compared to the matched filter detection [6]. Another
challenging issue is the ability to differentiate the interference from other secondary users
sharing the same channel and the primary user. For this reason, CR networks need to
provide a synchronization over the sensing operations of all neighbors, i.e. each CR user
should be synchronized with the same sensing and transmission schedules. Otherwise, CR
users cannot distinguish the received signals from primary and CR users, and hence the
sensing operations of the CR user will be interfered by the transmissions of its neighbors.
Furthermore, the threshold used in energy detection depends on the noise variance, and
small noise power estimation errors can result in significant performance loss [88].

The energy detector is employed in our study. We aim to investigate the problems
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of the energy detector and analyze its performance over multipath fading channels. The
cooperative sensing may alleviate the problems of the energy detector and improve its
performance. In cooperative sensing we rely on the variability of signal strength at
various locations. We expect that a number of cooperative CRs with sensing information
exchanged through a fusion center would have a better chance of detecting the primary

user compared to individual sensing.

2.6 Energy Detection

Detection of a signal in the presence of noise requires processing which depends upon
what is known of the noise characteristics and of the signal. When the signal has an
unknown form, it is sometimes appropriate to consider the signal as a sample function of
a random process [81]. When the signal statistics are known, this knowledge can often
be used to design a suitable detector. In the case of CR networks, it seems appropriate
to use an energy detector to determine the activity of the primary network due to the
absence of much knowledge concerning the primary user signals. The energy detector is a
threshold device which measures the energy of the received waveform over an observation
time window [30].

The energy detector consists of a square law device followed by a finite time integrator.
First the input signal is filtered with a band-pass filter to select the bandwidth of interest.
The filtered signal is then squared and integrated over a time interval, T'. The requirement

of T"is that it must be short in comparison to the time required for the fading amplitude
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to change up appreciably, but long in comparison to the period of the signal [76]. Fig. 2.3,
depicts the block diagram of a typical energy detector.
For an arbitrary CR user, the signal receiver over the sensing link ys at time ¢ can be

represented as
Hy : ys(t) = ng(t)
(2.1)
Hy : Ys(t) = hs.xp(t) + ns(t)
where, x, denotes the signal transmitted by the primary radio, ks denotes the channel
fading coefficient of the sensing link, and ny denotes the additive Gaussian noise. The
hypotheses Hy and H; are for the primary signal’s absence and presence, respectively.

For local detection, the power of y, denoted by Y is compared with a given threshold A

to infer the primary state following a decision rule given by [24]
H,
v, 2 A 2:2)
Hy

By definition, a false alarm occurs when the primary user activity is claimed under
Hy, while an accurate detection occurs when the primary user activity is claimed under

H,. Therefore, the detection probability, Py , and the false alarm probability, Py , are

N T Ys D;c}s;lon
Vs —m fBPF\ W;MZ - .[0 - JI_ |

BPF = Band pass filter
T = Integrating time interval
u = Number of samples

Y

Figure 2.3: Typical energy detection receiver
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given by,

P, = P{Y > \|H,} (2.3)

Py = P{Y > X\ Ho} (2.4)

2.7 Cluster-Based Spectrum Sensing

Cluster-based spectrum sensing is divided into rounds of three phases: sensing, cluster
setup, and transmission phase. During the sensing period, spectrum holes are located
and channel sets are made available for data exchange. CR users need to synchronize
their spectrum sensing phase to avoid false alarms that may be triggered by some CRs
that started their spectrum sensing earlier [89]. In the second phase, clusters are formed
and cluster heads are elected. Finally, the transmission phase starts when CR terminals
communicate and exchange data using the set of sensed channels that are originally
owned by the primary network. The available band is only utilized during this phase and
it stays idle during the sensing and clustering phases. The length of the transmission
period determines how efficiently the available spectrum band can be utilized. Thus,
even though the cluster set-up time is much shorter than the channel transmission time,
it is not preferable to perform the cluster set-up at every sensing round so as to improve
sensing efficiency. Fig. 2.4 illustrates the sensing round structure for a cluster-based
cooperative sensing.

Network traffic in cluster-based systems is generated mainly by intra-cluster and inter-
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Figure 2.4: Sensing round structure in cluster-based spectrum sensing

cluster communications. Inter-cluster communications happen between cluster heads
and traffic relay gateways. A gateway is a CR user who might be in one-hop from
two neighboring cluster heads in case of overlapping clusters or in one-hop to another
gateway in an adjacent cluster in the case of disjoint clusters. In both traffic types, the
packets generated by a source node may reach the destination node through a single-
hop or a multi-hop routing. For clustering to be effective, the number of cluster heads,
gateways, and the links that are connecting them must be minimized while preserving the
connectivity of the whole network [90]. Minimizing the number of clusters reduces the
overhead traffic and the network maintenance requirements. However, clustering must
consider the traffic load at both cluster heads and the gateways as these nodes tend to
be the bottlenecks of the entire network. Setting up an upper bound for the cluster

size is essential here as it prevents the overcrowding of nodes in the clusters and avoids
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traffic congestion at the interconnection nodes. Typical structures of the centralized and

distributed CSS systems are shown in Fig. (2.5).
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Figure 2.5: Cooperative spectrum system strategies a) centralized system b) distributed
system

In this approach, the CRs are allowed to be grouped into separate clusters then
each group elects a cluster head to forward a cluster decision or a cluster combined
observation to a common receiver. One of the elected cluster heads is selected here to act
as the common receiver i.e. a local fusion center. The common receiver decides whether
the sensed band is vacant or occupied by the primary user. The final decision is then

broadcasted back to the clusters.
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Chapter 3

Amplify-and-Forward Strategy over

Non-Identical Fading Channels

3.1 Introduction

In this chapter, we investigate the detection accuracy of an AF relay-based CSS approach
over non-identical Nakagami-m fading channels. We derive new exact and approximated
closed-form expressions for the average detection probability and the average false alarm
probability over two diversity combining techniques: EGC scheme and SC scheme. We
also investigate the convergence rate of infinite series that appears in the derived exact
closed-form expressions and propose to use a powerful acceleration algorithm that allows
for the series termination with a finite number of terms.

Performance analysis of wireless communication networks usually involves compli-
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cated and cumbersome statistical methods. Several statistical models have been intro-
duced in the literature to describe the fading envelope of the received signal [78, 91-96].
For short term fades, the Rayleigh distribution can be used to characterize the envelope
of faded signals over small propagation area while log-normal distribution is used when
much wider geographical areas are involved [78]. However, Nakagami-m distribution [91]
is the most versatile statistical model which can model a variety of fading environments.
Nakagami distribution has a relatively simple analytical form, making it attractive in
performance analysis. The fading parameter of the Nakagami-m distribution can de-
scribe both severe and weak fading. Therefore, the distribution can be employed in the
presence or absence of LOS between the user terminal and the base station [92, 97].
Furthermore, the Nakagami distribution is more flexible and more accurately fits the ex-
perimental data for many physical propagation channels than the Log-normal and Rician
distributions [78].

The early reported results on communication over Nakagami-fading channels have
been obtained based on the use of variants of the CF or the MGF of the sum of gamma
variates [98-100]. However, in [101, 102], the authors proposed general approaches re-
lated to independent nonidentical distribution of gamma RVs then derived infinite-series
expressions for the PDF of the sum of gamma variates for queuing type of problems.
Their works have been extended in [95] where the case of arbitrary correlated gamma
RVs are included in a performance study of MRC and EGC receivers.

Motivated by the above considerations, we investigate a new relay-based CSS strate-
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gies that incorporates sensing links, relaying links, diversity combining schemes, and
energy detection into a general framework for a comprehensive performance analysis of
CR networks with diversity reception. The proposed framework adopts the AF strategy
as a relaying mechanism, using an energy detection technique and applying the soft-fusion

policy to facilitate the cooperative decision.

3.2 Spectrum Sensing Model

A centralized CR network with L active secondary users is considered. The cooperative
decision is assumed to be made by a fusion center. The secondary users, {CR;}~,, stand
for the system relays and share the same spectrum band, which is originally allocated
to the primary users. The channel fading parameters of the 7th sensing link and the ith
relaying link are denoted by h,, and h,,, respectively. We also denote by n,, and n,,,
the additive Gaussian noise of the sensing and the relaying channels, respectively, which
are modeled as white Gaussian random processes that are assumed to be i.i.d with zero
mean and variance Nj.

We assume that channel state information (CSI) is available for all the relays. We
also, assume that the fusion center has a full knowledge of CSI, i.e., it can acquire global
knowledge of sensing and relaying channel gains. CSI is one of the main requisites for
successful implementation of dynamic cognitive radio protocols. In practice, it is easy to
obtain local knowledge of channel gains via a feedback mechanism by using pilot signals

transmitted periodically by the fusion center [26, 103]. In order to obtain the CSI of the
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distant link (i.e. sensing link), CR amplifies a pilot signal received from the primary base
station and forwards it to the fusion center [104].
Let z,, denotes the signal transmitted by the primary radio, then the received signal

by the ith CR user, y,,, can be expressed as
Ys; = Ohg,z, + ng, (3.1)

where, @ = 0 or 1 denotes the primary user state under two hypotheses: H, for primary
user absence and H; for primary user presence. If Y;, denotes the power of y,,, then the
mean value of Y;, can be expressed as [20]

Oy, = No Ho
E{Y;} = ’

O'ysi1 :EZ+N0 :No(]_ +75l) H1
where, E; = E{|hs,z,|*} is the mean value of the signal power as received at the RF
front-end of the ith CR receiver and 7, = E;/Ny is the average SNR associated with
the ¢th sensing link. For local spectrum sensing, Y, is compared with a given threshold
Ai to infer the primary state 6. Hence, the false alarm probability, Py,, and the detection

probability, Py, can be expressed as

my

o) . mi m;—1 —= y
Py, = P{Ys, > Ai|Ho} :/ ( . ) ' €< Y%) dy
Ai

ov,, ) T(mi)

m;\;
F(m,-, _O'Ys. ) F(TTLZ, m]\z[)\z>
— W 0 (3.3)
I'(m;) I'(m;)
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and

00 M mi—1 [ _ma

m; Yy < oy.. )y
P, = PlY, > \|H :/ e st/ d
d; { i | 1} N (UYSZ.I ) F(mz) Yy

oM M
B F(mza i, ) B F(m“ N0(1+75,L-)) (3 4)

where, the above integrals is evaluated with the help of [105, Eq. 3.381.3], m; is the
Nakagami-m fading parameter, I'(.) is the gamma function as defined in [106, Eq.(6.1.1)],
and I'(.,.) is the incomplete Gamma function defined in [106, Eq. (6.5.3)], .

As can be seen from the expression given in (3.3), the false alarm probability of the
individual local detection is not related to the SNR and mainly depends on the decision
threshold, \;. Therefore, to employ the energy detection, \;, must be properly selected
to achieve a target detection accuracy. In most research works, e.g. [13, 26, 27|, \; is
selected such that the false alarm probability is bounded by an upper target value. A

value of Py < 0.1 is recommended as an upper bound by IEEE 802.22 standard [107].

3.2.1 Single-Relay System

According to the AF relaying strategy, CR users are allowed to amplify the received signal
and directly relay to the fusion center. We assume that every CR relay has a maximum
power constraint, P;. Hence, it measures the average received signal power and scales it

appropriately so that the power constraint is satisfied. Accordingly, the signal received
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at the fusion center takes the form

Yi = b, (VA(Ohs vy + 3,)) + 1, = O/ Ay h 0y + VAihng, + (3.5)

where, A; denotes the dimensionless amplification factor of the ith CR relay. According

to the maximum power constraint, A; is selected as [69]

P
== 3.6
BN, (3.6)
The second term in equation (3.5) clearly indicates that the noise in the dual-hop
system cannot be independent of the channel statistics. Accordingly, the propagation
characteristics of the second hop must be considered when computing the false alarm

probability and the detection probability.

In order to accommodate the two hypotheses Hy and H;, we define g; = |h,,|* as the

instantaneous channel gain of the ith relaying link and g, = E{|h,.|?} as the expected

value of g;. Since h,, follows a Nakagami-m distribution, it is easy to verify that g; follows
a gamma distribution given by

fa.(g) = (Z_) i??;)e<mg’ g>0. (3.7)

Let Y; denotes the power of the the relayed signal y;, then from (3.5), the mean value
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of Y; for a given g can be expressed as

O-Yio = No(l + Azg) H()
E{Yi|g} = (3.8)
oy, = No(1+ (1 +7,,)Aig)  Hy

Therefore, the probability of the false alarm for a given g can be evaluated as

—=AF

P, = P{Yi> AHo,g}
0o mi m;—1 M
m; Yy < oy, )y
= e / d
/A (0190) I'(m;) Y
1 iA
= T(mi, ) (3.9)

where, the integral in (3.9) is evaluated with the help of [105, Eq. 3.383.5] and A denotes
the decision threshold used by the fusion center to infer the primary state 6. Now,
we remove the condition on g and compute an average false alarm probability ?fi by

integrating over the PDF of the channel gain given in (3.7) as follows

ﬁ?iF - /0 P{Y; > M Hy, g} fa,(g)dg
- /0 F(mi)r(mi’ N0(1+Aig))fci(g)dg- (3.10)

Evaluating the integral in (3.10) as described in Appendix A.1, ﬁﬁ_F can be expressed
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mathematically as

n
where, 5; = m;/q;, b, = # (’X}?) ,and U(.;.;.) is the confluent hypergeometric function

of the second kind defined in [106, Eq. 13.1.3]. Similarly, the average detection probability

P,, can be obtained as

cm;—1 00
SAF 5@ MG 1 mz)\ 1 n . . Bz

3.2.2 Multi-Relay System
3.2.2.1 Selection Combining Scheme

In the performance analysis of cooperative diversity techniques, the statistic of the chan-
nel with maximum gain is often important [10]. The selection combining technique is
often used to identify this channel among all the diversity branches. It is worth not-
ing that SC technique can be implemented in two different strategies [108]. In the first
strategy, the combiner selects the relaying branch with the highest SNR, ,., while in the
second strategy, the relay with the highest min(~s, ;) is selected. In our CSS model, we
employ the first strategy, however, instead of the SNR, the channel gain will be used to

accommodate the two hypotheses, Hy and H;. Therefore, for L inputs, the output of the
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SC receiver is expressed as: gmae = max(gy, g2, - ,91). If Y denotes the signal power
at the output of the combiner then the mean value of Y for a given g can be expressed

as
oy, = No(1 + Agcyg) Hy

E{Y|g} = (3.13)
Oy, = NOD + (1 + WSSc)ASCg] Hl

where, Agc € {A4;}2, and 7, . € {7,,}/~, denote the amplification factor and the average

SNR associated with the selected relay, respectively. The average false alarm probability,

Py, is evaluated by averaging over the PDF of g,,,, as follows

Pr. = /0 PIY > MHo,g} fer.... (6)dg

Y R L - - S
- /0 F(msc)F(mSC’ NolL Ascg))fcw(g)dg (3.14)

where, mge € {m; iL:1 denotes the Nakagami-m fading parameter of the link associ-
ated with the selected relay. With the help of Appendix A.2, Pfsc can be expressed

mathematically as follows

N L—1 _l)k ﬁm] L L mp—1 mp, —1 k fft mj;—1 1 A q
P = Z(k! 2y 22 2 L) Zf(mfij )

—_—————

ni#EneFE g FEj
F(ij) i(—l)”an(ij; v+ 1 —q —m; S5 (3.15)
Al — Asc
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|
k=0 j=1 ni=1 np=1 1;=0 1,=0 =1 q=0 EA
———
ni#ENeFE - ng£j
_F(ij) : i(—l)”an(ij; Vej +1—q—mn; Ral ). (3.16)
(1 + Vo0 )Asc)™ = (1 + %540 )Asc

As a by-product of the above result, Py, and Py, over Rayleigh channels, ?fSCRay
and Fdscmy’ respectively, can be obtained by setting m; = 1 and mge = 1 in (3.15) and

(3.16)?

k=0 j=1 n1=1 nr=1 n=0
—_——
n1#ENeF#E - ng#J
and
L—-1 L L L o0 ~
- (—1)* 1 7 [k
Py (=1)"b,U(1;2 — n; -
SCRay — k! ]Zl (1 + ’YSSC)ASng 7;:1 nkZ=1 p— (1 —+ ’}/SSC)ASC
————

n1FEngFE - npFEj

Wher67 ETL — % (Nio> and ,[ij = Ef:l (i) + (%)

2m=1 is a special case of Nakagami-m fading referred to be as a Rayleigh fading
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Over i.i.d Nakagami-m channels Py, and P, are expressed as follows

_ m— m— k m—1
. B /Bm L 1(_1)k L L L 1 1 /Blt 1 m)\ q
Pre =t 2w 22 2 2 2\ ) 2 G ()
k=0 7j=1 n1=1 nE=11,=0 lp=0 \t=1 q=0
————
n1#ENaFE g F£j
T(v) i( D"l (v v + 1 — q — n; 25 (3.19)
Avr et ’ A
and
B gm L—1 (—l)k L L L m-1 m-1/k 3 Mol AN
Pase = T3 D DD ' il Z; N,
k=0 j=1 ni=1 nE=111=0 =0 \t=1 q=0
————
n1FEN2FE g FE]
F(_Vk) i( )"0l (v v+ 1 — q — 3 —2 ), (3.20)
(L +7,)A) == (1+7,)A

In this case, it is important to mention that vy, = Zf;l ly + m and pup = (k+1)p.

3.2.2.2 Equal Gain Combining Scheme

Many performance analysis problems require determination of statistics of the sum of the
squared envelopes of the faded signals over several diversity paths which can be achieved
through EGC technique. For L inputs, the output of the EGC receiver can be expressed

as

y—z\/_h (Ohs,zp 4+ ns) + 1, = 92\/—hr2h51$p+z\/—h g, 4+ 1. (3.21)

If Y denotes the power at the output of the EGC receiver, then for given g;’s, the

41



mean value of Y can be expressed as

oy, = No(1+ X, Aigi) Hy
E{Ylg,'s} = (3.22)

Oy, = N0(1+Z¢L:1(1 +7,,)Aigi) Hy.

Therefore, the average false alarm probability for the EGC case is given by

Piooe = P{Y > \Hy} :/0 /0 P{Y > MHy, g1, g} - f(g1|Ho) - - - f(g|Ho)dgy - - - dgr

_ [T | m;A .

(3.23)
The expression of Py, in (4.16) cannot be evaluated straightforward. However, we
can rewrite this expression as the expectation over g;’s such that
— 1 m;iA
P =E, .. P{Y > A\ Hy, g1, - =E, .. —1I | m,, z .
feGe 91,7 ,9L { { = ’ 0, 91 gL}} g1, 9L {F(mj) ( J No(l T 25:1 AzQz)) }
(3.24)

To simplify the computations of the above expectation, we define the following random

variable

L
R=Y Ag. (3.25)
=1

Since each g; follows gamma distribution, the random variable, R, is a sum of mutually

independent gamma variates. Thus the expression of Py, in (3.24) can be expressed
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as

= ° 1 mj)\
PfEGc = /0 Wr<mj> m)ﬂ%(r)ﬂir (3.26)

where, fr(r) is the PDF of the random variable R. The above integral can be evaluated

as described in Appendix A.3, yielding

. L L mJ mj—l q B
PfEGC:[H( ) Z ( )Z ”vaerlanj)
j=1 j=1 v=1 q:O n=0 J
(3.27)
Similarly, the average detection probability can be expressed as
L m; L m; mj;—1
. B L miA\?
Pageeo [H <_ = ZZ(_l)vbﬁf )
o ]:1 (]' —I— /YS )A] ]:1 v=1 q:0 q' NO
i(—l)”an(v, v+1l—qg—mn; B_J ) (3.28)
— (L 4+74,)A;

where

mvl m; — vV — 1 1—4 at jl -1 : Lty J2 — 1 A
by = < i )Bmg’v —J1 ( ‘ )qul J2 ( ‘ >sz 1=j3 .. J
’ [ ]Z 2 ’ ]Z ) ]Z Ji (m; —)!

where
o B B
A = 2y Fryms 2
~—
i#£]
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and

L
Bl — (1)1 (Bi Biv—ey '
~—
i

Over Rayleigh fading channels, ?fEGCRay and ﬁdEGCRay are evaluated by setting m; = 1

in (3.27) and (3.28)

FfEGCRay = (_1)L+1

L L [e%S)
— 1 ~ ~ 1
Pd = (-1 I+l — — A —1 nan 1,2_’”77
EGCRay ( ) ]1:[1 (1 _i_,_)/s )A]gj ; J nz%( ) ( (1 _'_,ysj)Ajgj)
(3.32)
) L
where, A; = H ( Ajlgj — Ailﬁi)' If the diversity paths have i.i.d Nakagami-m fading, then
i=1
i#]
the density function of R is a gamma density given by
Lm
fr(r) S — (3.33)

~ AT (Lm)

Therefore, the average false alarm probability ?f and the average detection probability

P, can be expressed as

Lm m—1 q o
= 1 /mA N B
PfEGc = ALm EO a ( ) E (_1) an(Lm;Lm‘i‘l—q—n;Z) (3.34)
q:
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I L 0 A SR | B
Pipoe = (1 +7,)A)m ; pn (M) Z(—l) b, U(Lm; Lm +1—q — n; 1 +75)A)'

(3.35)

3.2.3 Convergence Acceleration

Theoretically, the infinite series Y>> (—1)"b,, that appears in the exact closed-form ex-
pressions converges as n — o0o. We observed that this series converges for relatively
small values of n when A is small and, therefore, the infinite-series expressions can be
accurately computed. However, when \ becomes large (A — o0), P4 as well as Ff tend
to be very small (for instance, their values can be less than 1072). Hence, to accurately
compute P, and Ff, a large number of terms need to be evaluated. Specifically, the sum
of the infinite series requires the evaluation of b, over a large value of n. This shortcom-
ing can be avoided by using a convergence acceleration technique. Series acceleration is
used to improve the rate of convergence of infinite-series through sequence transformation
algorithms [109]. The technique has the potential to reach the series limit within some
accuracy using fewer terms than are required. Sequence transformation generates a new
sequence based on a partial sum S, = > ,_,(—=1)*b for n = 0,1,--- , N. The objective
is to estimate lim,, .S, by using as few partial sums as possible.

One of the powerful algorithms suitable for this purpose is Wynn'’s e—algorithm [110]
which is a simple recursive scheme that builds a triangle array called epsilon array in

which each term of the sequence is determined by the three previous terms with the
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initial condition €"; =0, ef = 5,

1
a =t o =012 (3:36)
l l

The algorithm repeatedly applies the recursive expression in (3.36) to estimate the con-
verging point of n while constantly adding adequate terms of Y (—1)"b, to reach the
required accuracy. The sequence (¢]') is called the Ith column, and its construction can
be graphically represented as shown in Fig 3.1. The even columns converge faster to the
limit. In particular, the upsweeping diagonals converge very quickly to the limit. This
diagonal sequence (circled on Fig. 3.1) is the result of the e—algorithm and is called the

accelerated sequence.

3.2.4 Approximated Analysis

Further to the acceleration algorithm, we propose new computational approach to derive
the average false alarm and the average detection probabilities. If A; is assumed to
be high enough, an approximated expansion of the incomplete gamma function can be

used as follows: for a large A;, we have (1 +7,,)A;g; > 1 and I'(m;, Mot

m;

is approximated to I'(m;, ot e , which can be expanded as (m; — 1)le™Not+7s) 40

To show how this approximation alleviates the complexity of using the PDF-approach

in deriving P; and P4, we first derive an approximated close-form expression for Py,
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Figure 3.1: Computation structure of Wynn’s € -algorithm

Since the average detection probability is evaluated by averaging over the PDF of ¢,,4.,

for (1 +7%go)Ascg >> 1, we then get

— 1 o msc)\
P = — r ) (g)dg. 3.37
dsc F(msc) A (mSC NO(l +750)Ascg)meaz (g) g < )

Substituting (A.5) for fg,..(g) and using the series summation I'(m,z) = (m —

Dle= 3™ M2 (3.37) becomes

n1F#neFE - np#j

0 _ms—c*_ﬂk.g
g — ~ J
/ g e MU Fsg)Ascs TR g
0
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[S1ISS

Using [;° 2P lem 50y = 2 (é)

v

K,(2v/37) [105, Eq. 3.471.9], to evaluate the inte-

gral in (3.38), yields

ni#ENQFE g F£J

Vijtd VEj—4
1 ( ms(;/\ > 2 ( 1 ) 2 K 9 mSC)‘/vaj
— — - Vij—q —
q' \ No(1 +7,,.)Asc Hoej No(1+7,4.)Asc

where, K,(.) is the v-order modified Bessel function of the second kind defined in [106, Eq.
9.6.22]. It is easily shown that the above expression does not have the infinite-series
term, and therefore, it provides a simple computational method to compute the average
detection provability.

For independent not identically distributed Rayleigh paths, we obtain

. —1 (_1)k L 1 L L )\ )\,[L]g
P = 2 i N — — K |2 ]
dSCRay ; kj' ]Zl gj nlzzl nkzzl \/N()(]. —|— /ySsc)ASC/ij 1 \/NO(]' + /YSSC)ASC>

|

n1FEneFEnp#j
(3.40)
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and for, i.i.d. Nakagami-m paths

o 2ﬁm L—l k L L L m-—1 m—1 k Blt
T S 3 3 S S| 1
k=0 7j=1 n1=1 nE=11,=0 =0 \t=1
——
n1#neFE - np#j

vEt+q vE—4

Sa(woe) ()
g g \ No(1+7,)A i

The approximation can be used in a similar way to derive the average detection

mAL,

probability of the EGC scheme. Therefore, under independent not identically distributed

Nakagami-m paths we have

e 1)

(= 1)y, e 1 <mjA)“¥q ((1 +78j)Aj>U2q
=1 F('U) 0 q’ No ﬁj

m; ;A
Ko, (2\/N0(1 +79j>Aj> . (3.42)

and

- A1 +7,,)4;9;
Zbﬂ N,
j=1 = 0

A
o (2\/ No(T wsj)Ajaj) | (3:43)

also, for i.i.d. Nakagami-m paths, we have

L
— 1
_ _1\L+1 I I -
PdEGCR‘“"‘ = 2D [ < (1+ 753-)14]?]')

Lm+q Lm—q

_ 93km = 1 (m) (1+73)A) 2 mBA
Fizoe = (5 7)) T (Iom) Zq'( (5 KL’”“]<2 No<1+m>A>3'44)
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The same approximation approach can also be used to derive the approximated Ffsc
and Py, under the assumption A;g; > 1.

To validate the accuracy of the approximation, we define

21 fma\? [ P G
L= S (MY 04 (1) gy gt s g, (3.45)
=0 q' N() 0

For (1 +7,)Ag >> 1, I} in (3.45) can be approximated as

m—1
1 mA\ 1 & . mXA
I, ~ - V=4l T N As ¢ M g, 3.46
P <N0<1+75>A>/0 gn e Tormometdg. - (346)

Using [105, Eq. 3.471.9], the above integral is evaluated as follows

v+gq v—q

mA 2 1Y\ 2
L ~ 2| ———m— —

It can be seen from the closed-form expressions derived for P; and Py in (3.15),

mAL
K, (2 m) (3.47)

(3.16), (3.27), and (3.27) that all the finite sums can be calculated exactly and I} is
the only approximated term in these expressions. Therefore, validating the computation
accuracy of Iy, inevitably validates the accuracy of the expressions given in (3.39)-(4.26).
In fact, validating I offers a simple mean to avoid performing multiple simulation tests
to validate each of the derived approximated expressions individually. In section III, the
accuracy of this approximation is numerically verified by simulation results generated

through the Monte Carlo test.
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3.3 Performance Evaluation

To validate the accuracy of the derived closed-form expressions, we assume that L sec-
ondary users are deployed in a centralized CR network. The sensing and the relay-
ing channels are assumed to be subjected to independent not identically distributed
Nakagami-m fading. An upper bound of ?f < 0.1 is considered for the selection of
decision threshold. This upper bound is recommended in the literature as well as IEEE
802.22 standard [107]. The noise variance Ny is set to a unity (0 dB).

To determine the number of terms N required to evaluate the infinite-series expres-
sions derived for P, in (3.16) and (3.28), we list in table 3.1 the minimum number of
terms required to evaluate these expressions for the given values of the threshold deci-
sion, A. As can be seen, the infinite series converges with fewer number of terms for
small A\ and an accuracy up to four decimal points is obtained. However, as A increases,
the infinite series diverges and unbounded values of the average detection probability are
observed. Clearly, for large A a large number of sum up terms is required to evaluate
P, using the exact expressions in (3.16) and (3.28) and it is more appropriate to use the
approximated expressions in (3.39) and (3.42) due to their computational simplicity.

Table 3.1: Converging point required to evaluate Py for SC and EGC schemes. L = 3,
m=3

Converging Point (n)
A=20[ A=40 [ A=60 [ A=80 ] A= 100
SC Scheme, Equation(3.16) 9 23 42 69 102
EGC Scheme, Equation(3.28) 5 16 32 50 69
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Using a large number of terms to evaluate the infinite series, Y >° (—1)"b,, signifi-
cantly slows down the convergence rate. Therefore, when A becomes large, it is necessary
to use the e-algorithm to improve the convergence rate. Table 3.2 illustrates the number
of terms required to evaluate Py with an accuracy of up to four decimal points using the
e—algorithm to accelerate (3.16) and (3.28). We observed that the use of e— algorithm
dramatically reduces the points of convergence N and highly improves the convergence

rate.

To validate the accuracy of the approximated expression, we plot in Fig. 3.2, I versus
A for P =0, 5, 10, and 20 dB. In this figure, the analytical results obtained from the I}
definition given in (3.47) are compared to Monte Carlo simulations generated over 100,000
iterations to evaluate the integral-form expression given in (3.45). Obviously, for large
A the analytical results match well with the simulation results and an accuracy of four

decimal points is achieved for A > 15 with all the power constraint scenarios. For small

[e.9]

- o(—1)"b, makes the infinite-series

A the few number of terms required to evaluate »
expressions more appropriate to compute ?f and P, due to their high accuracy. It is also

observed that the analytical and the the simulation curves become closer to each other as

the power constraint increases which comes from the fact that the errors resulting from

Table 3.2: Converging point required to evaluate (3.16) and (3.28) with & -algorithm.
L=3 m=3

Converging Point (n)
A=20[A=40[A=60] A=80] A=100
SC Scheme, Equation(3.16) 8 12 16 19 22
EGC Scheme, Equation(3.28) 3 7 10 13 16
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approximating No(1 + (1 +7,,)A;) into No(1 +7,,)A; decrease as P increases.

In Fig. 3.3 we compare the analytical results obtained for P, using the exact expres-
sions in (3.16) and (3.28) and the approximated expressions in (3.39) and (3.42) to Monte
Carlo simulation results obtained over 100,000 iterations. Generally, the analytical re-
sults match well with the simulated ones for both schemes. However,as X\ increases, the
infinite sum requires the evaluation of ) (—1)"b, over large n. Having an insufficient
number of terms to evaluate Y 2 (—1)"b, results in larger convergence errors which
explains the slight divergence of the exact curve of the SC scheme from the simulation
curve as A increases. Compared with the EGC scheme, the approximated curve of the
SC scheme shows a wider mismatch with the simulated one specifically, at small A\ This
mismatch is expected as the approximation errors in the case of EGC scheme are less
than that of the SC scheme.

In Fig. 3.4, we describe the receiver’s performance through its complementary receiver
operating characteristic (ROC) curves. The performance of the proposed AF approach
is evaluated using the expression given in (3.28) and compared with a DF approach

for different channel conditions. For the DF approach, a false alarm probability and a

detection probability are computed at each CR user by P; = I'(m,, mj\l,o)‘l) /T'(m;) and

Py, =T (my, #%)) /T'(m;), respectively. Where, J; is the local decision threshold. The
cooperative decision is then computed at the fusion center using a logic-based OR-rule.

A similar approach is introduced in [29]. The figure illustrates that the AF approach

outperforms the DF approach for the selected values of the fading parameter m. The
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Figure 3.2: Comparison of analytical results of expression (3.47) with Monte Carlo sim-
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AWGN case is also plotted for comparison purposes. AWGN channels are frequently
assumed in literature to investigate the energy detection performance [24, 46, 48, 111].
Clearly, such an assumption overestimates the detection accuracy as can be seen from
the plotted curves.

In Fig. 3.5, we plot the detection probability of the SC scheme (dot-line curves) and
the EGC scheme (solid-line curves) for deferent values of the sensing channel average
SNR, 7,. The average detection probability of the SC and EGC schemes are computed
using the exact expressions given in (3.16) and (3.28), respectively. There is an obvious
improvement in the performance of both combining schemes with each step of 5 dB
increase in 7, from -10 dB to 10 dB. The figure shows that the EGC scheme outperforms
the SC scheme for all the selected values of 7,. For low SNR applications, it is more
appropriate to the EGC schemes due to the significant difference in its performance
compared to the SC scheme as can be seen from the plotted curves.

Fig. 3.6 shows that the detection accuracy is significantly improved by increasing the
power constraint, P. The average detection probability is plotted for three Nakagami-m
fading scenarios with the case m = 1 corresponding to Rayleigh fading. For m = 6, a
value of Py > 0.9 is achieved when P increases to 8 dB. This matches the target value
of Py = 0.9 which is frequently used in literature as a lower bound to the detection
probability [107]. This target value is also achieved for other m scenarios but with higher
power constraints. The high performance achieved with higher values of the fading

parameter, m, refers to the fading severity inversely proportional with m. Furthermore,
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the EGC scheme shows a better performance compared to the SC scheme, specifically at
the low power region. Roughly, a gain of 3 dB is achieved within the range 3 to 10 dB
of the power constraint for m = 3 when the combiner is switched from the SC scheme to
the EGC scheme, yet the SC performance becomes very close to the EGC performance
at higher values of m. Beyond the target value, the curves slow down as Py approaches
unity. Thus, there is no need to increase the transmission power to push Py beyond this
target value, since the higher transmission power leads to a higher interference level that
may affect the operation of the primary network.

To demonstrate the importance of the diversity reception, we plot Py versus P in
Fig. 3.7 for a different number of cooperative users. The expressions of P, given in (3.16)
and (3.28) are used with the number of diversity branches varies from 1 to 4. The case
of L = 1 corresponds to the no-diversity scenario. Observe, that for the no-diversity
case, the curve of the EGC scheme coincides with that of the SC schemes. The plotted
curves indicate that a higher diversity gain is achieved when the number of cooperative
users increases. For instance, with L = 4 users, the EGC receiver achieves Py > 0.9 with
8 dB less than the no-diversity case while the SC scheme achieves 3 dB gain with the
same number of cooperative users. For the dual branch case, a gain of 4 dB is achieved
with the EGC scheme and 2 dB with the SC scheme. Furthermore, the EGC scheme

outperforms the SC scheme for all the investigated scenarios.
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Chapter 4

Detect-Amplify-and-Forward
Strategy over Non-Identical Fading

Channels

4.1 Introduction

This chapter presents a DAF strategy for relay-based CR networks and investigates its
performance over independent non-identically distributed Nakagami-m fading. We aim
to mitigate the problem of bandwidth requirements which arises due to reporting real
measurements to the fusion center. New exact and approximated closed-form expressions
for average detection probability and average false alarm probability are derived for the

proposed DAF-based CSS models. The study quantifies the performance of the energy
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detector using detection probability as the main performance measure.

4.2 Spectrum Sensing Model

A centralized CR network with L active secondary users is considered. The cooperative
decision is assumed to be made by a fusion center. The spectrum sensing phase consists
of two time slots. In the first slot, all the C'R;s listen to the primary user signal over
the shared spectrum band, and in the second slot, each CR performs a local detection
based on the signal received in the first slot. If the decision is that no primary’s signal
is detected, the CR keeps quiet during the second slot [111]. Otherwise, If the primary’s
signal is detected, the CR amplifies the received signal and relays to the fusion center by
the maximum transmission power constraint. We assume that CSI is available for all the
relays. Also, the fusion center has a full knowledge of CSI, i.e., it can acquire the global

knowledge of sensing and relaying channel gains.

4.2.1 Single-Relay System

According to the DAF strategy, each CR user performs a local detection and makes its
own decision 6, regarding the primary user status. Then, if QAZ =1, the CR user amplifies
and relays its local sensing to the fusion center. Otherwise, it keeps quiet if 6, = 0.

Accordingly, the signal received at the fusion center over the ith relaying link takes the
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form [21]

and

O'YZ,O = N()(l + ézAzg) HO
E{Yilg} = (42)

oy, = No(1+0;(1+7,)Aig)  Hi.

51

Now, the false alarm probability for a given g can be expressed as

PPAF = P{Y; > N Hy, g} = P{Y; > \0; = 1, Hy} - P{0; = 1|H,}

ilg
+P{Y; > A0, = 0, Hy} - P{0; = 0|H,}

= szP{Y; = )‘|él = 17H0}+(1 _sz)P{Y; 2 Mél = OaHO}' (43)

Similarly, the detection probability can be expressed as

PPAT = P{Y;> A[Hy,g} = P{Y; > M0; = 1, H,} - P{0; = 1|H\}
+P{Y; > \6; = 0,H,} - P{0; = 0|H}

= Py -P{Y;> M =1,H}+(1—Py)-P{Y; > N0, = 0,H,}. (4.4)

From (4.1) and (4.3), the PDF of Y; under hypothesis Hy denoted by fy;m,(y) for a
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given g is given by

in\Ho(y) = fy-|H0 é:o(y) ) P{éz = 0|Ho} + meo,éi:1(y) ) P{éz = 1|Ho}

. A " 1 _Umi Y
P9 1 — P )0 mi—1 < Y¢o> > 0. (4.5
Z f (UY ) F( )y € ) Y=z ( )

o m;

Similarly, From (4.1) and (4.4), the PDF of Y; under hypothesis H; denoted by

fyv,jm, (y) for a given g is given by

fram(y) = fy-|H1 é:o(y) : P{éz =0[H.} + fyi|H179”1:1(y) : P{éz = 1|H,}

' “ " ]. <_Um.i >y
- ZP9 (1= Fa) '<ay> e Tz 0 e

i m;)

Then the average false alarm probability FzAF can be evaluated using the channel

statistic given in (3.7) as follows

—=DAF

Py = / P{Y; > X Hy, g} fc,(9)dg
0

h=l i [ 1 miA
= P‘)%(l—Pi)l—ei/ I'(m;, —) fe,(g)dyg
5o fi d 0 F(mi>

1 > 1 m)\
— ZPQ — Py) 9/0 F(mi)r(mz,m)ﬁ:() . (4

Note that, a false alarm means a relaying state under Hy hypothesis. In the case,

0; = 1 and Oy, |Hodi=1 = No(1 + A;g) as can be seen in the expression given in (4.7).

For computational simplicity, let Py, = Pfj(l - Pfi)l_éi, then in a similar way to derive
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A .
Py P? ' can be mathematically expressed as

DAF ‘ Bi\™ R~ (midi 1 o n . B
ZPZ|H0 (—Z> 0 ( No > aZ(—l) an(mZ,ml—i-l—q—n,E). (4.8)

q= " n=0

Similarly, the average detection probability ?ZAF can be expressed as

i cm;—1 [e’e)
DAF L mz)\z a 1 /Bz
Pim | 7=+ - =1)"b, U (myi; mi+1—q—n; —————+
Z 'H (H%)A) Z(M) q!z( V"o (ms; i1 = n(1+%i)Az~)

6;=0 q=0

where, Py, = Pfj(l — Py )0

4.2.2 Multi-Relay System

In this section, we consider the DAF strategy in a multi-relay system. Each CR inde-
pendently makes its own decision then amplifies and forwards to the fusion center only

when it claims the activity of the primary user. The fused signal can be expressed as

L L L
Yy = Z éz \/Zzhn (‘ghsil’p + nsi) + Ny, = 01 Z éz \/thn hs,-xP + Z éz \/Eihrinsi + Ny, .
i=1 =1 =1
(4.10)

From (4.10), for given g;’s, the mean value of Y can be expressed as

oy, = No(1 + ZiLzl 0;Aig;) Hy
E{Y|g;’s} = (4.11)

= No(1+ 30, (1+7,)0:Ai:)  H.

Using (4.11), the PDF of Y under the hypothesis H, denoted by fyu,(y) for given
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g;’s can be written as

fY|Ho(y) = fy|HO,é1:07...7éL:0(y) : P{él =0,--- ;éL = 0|Ho} +

ity 611, 0,21 W) - P{OL =1, -+ 0 = 1|Ho}

61=1  6.=1 L m (_mi)y
CE Sl n (2 g e

m,
b=0  6,—0i=1 !

Oy,

(4.12)

and the PDF of Y under H; denoted by fy|u,(y) can be written as

fyim(y) = fY|H1,é1:0,---,éL:o<Z/) : P{él =0,--- 7éL =0[H} +---

+fy|H1,é1:1,...,éL:1(y) ) P{él =1, 7éL = 1‘Hl}

6=1 6.=1 L 9 m (_mi>y
oo (2) gt e

m.
b1=0  6y—0i=1 !

(4.13)

Obviously, each of fy |, (y) and fyu, (y) consists of 2F cases that relate to the decisions
0’s as can be seen from (4.12) and (4.13), respectively. We define 6/ = [67,---  67] to
denote the decision vector of the jth case, j € [1,2%]. Tt is clear that fyu,(y) and fy|m, (y)
can be written as a combination of Nakagami-m distributions, which is composed of 2F

sub-populations in proportions Hle Pg(Hle P} —|—HiL:1 P2 —|—HiL:1 P34 ~+HiL:1 P2 = 1)
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as follows

g J mi "o m;—1 (*:Ll)y
i (y) = ZHRHO( ) Tomy? e W)Uy >0  (4.14)

S j my "ol (_mi)y
Frim(y) = ZHme( ) mymﬂe ™M)y >0 (4.15)

o
j=1 i=1 Y

where, P/ = P (1= P )% and P, = [T, P% (1= P,)"% denote th
s Py = by, 0 im = 1Lz Py, 0 enote the occurrence
probability of the jth case under Hy and Hy, respectively. Therefore, the average detec-

tion probability ﬁ?AF, can be evaluated by averaging over all the possible relaying links

using fe(g) given in (3.7)

—DAF o >

PP = Py =} = [ [P 2 g an) - Sl Ho) - ol Hodg - dgy
0 0
=1, L0770

2L

= > [.H ngJ [ mgton T )/ (orHo) -+ F(ge| Ho)

L
Jj=1 —_— No(l + Zk:l,éi;éo Akgk)
i=1,-,L,040

.. A . . . .
In a similar way to P fF derivation, we define the following random variable,

L
R= Y A (4.17)

k=1,0]#0
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. —DAF
Therefore, the expression of PJ? in (4.16) can be expressed as,

ARy [H Pg%] [ Tt e 19

j=1 Li=1

Using the same steps as in Appendix A.3, fr(r), can be expressed as

frlr)= H (—%)mz Z Z ;’T_le Q’AZ. (4.19)

—DAF 2 L j L 51 my 1 OO mz)\
1=

g=1 Li=l =1,6/#0 i=1,0)#0 v=1

Following the same steps in Appendix B.1 to evaluate the above integral, (4.20)

becomes,

P Z[HRHO] ﬁ (—%)mz Z Zl 1| (%:)q

e q:
1=1,6]#0 i=1,67#0 v=1 q=0

Z ”vaval—q—nj) (4.21)

n=0
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Similarly, the average detection probability can be expressed as

L m;—1
SDAF By my 1 (mA\?
P = e | T | 3 Sseun S 4 (%)
‘ 1=1,6]#0 i=1,67 70 v=1 =0
= Bi
D (1)"bU(viv+ 1 —q—n; ————). (4.22)
n—=0 (1_'_/751)142

For Rayleigh fading channels, ﬁ?;:j and ?5;5 are evaluated by setting m; = 1,7 =

1,---,Lin (4.21) and (4.22)

—DAF >r L 1 - 1)1 1
Phay = (1)t Z[HRHJ Il 55 Z 2 DMBU2 = )
i 1=1,6]#0 i=1,67#0  n=0
(4.23)
and
DAF »E L 1 L >
P = =14 - - A _1\n+l7
Py, = (=1)7F L6l 40" Z HPZHll H 157947 Z A’Z( 1) b,
i 1=1,69#0 5l ' iz16i20 n=0
U(L;2—n ). (4.24)

4.2.3 Approximated Analysis

Similar to AF strategy, we propose new computational approach to avoid seeing the
infinite series in the closed-form expressions derived for the average false alarm probability
and the average detection probability. If the value of A; is assumed to be high enough,

then we have A;g > 1 and (1 +7,,)A;g > 1. In the following equations, we present the
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approximated closed-form expressions derived for the average false alarm probability and

the average detection probability.

oL 1L L L m; m;—1 v—gq
_ j B ()b R T fmad A
P = 2 H%HOI II =™ > X (o) a(nj\fo> <F>
=1 Li=1 0

1=1,6]#0 i=1,60#0 v=1

miﬁz‘)\
Kv,q 2“ N0A1'> . (4.25)

DAF = [ = B b8 (1) S 1 (mah 3

-5 o J 1 m - v i

P 2y H] I Camm] ¥ X5 (%)
j=1 Li=1 1=1,67#0 # i=1,67#0 v=1 ¢=0

Jj=1 Li=1 1=1,]#0 i=1,67#0
(4.27)
oL L L L _ _
HAF C1 g0 b H y 1 i [ AMA+7)AG
Pip, = 2(—1) T k=r0i#0 Z HPiIHo H 157 )45 Z A; Ny
j=1 Li=1 1=1,67 #0 5 ! i=1,67#0

A
= (2\/N0(1 +75i>Ai§i> (4.28)

Proof: See Appendix B.2.
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4.3 Performance Evaluation

To validate the accuracy of the derived closed-form expressions and to quantify the
performance of the proposed CR network approach, several analytical and numerical
simulations are performed with variety of diversity combinations. The noise variance N
as well as E; is set to be unity (0 dB) and an upper bound of P, < 0.1 and a lower
bound of P, > 0.9 are considered. In Fig. 4.1, analytical results of the exact and the ap-
proximated closed-form expressions of F?AF given in (4.22) and (4.26), respectively, are
verified by Monte Carlo simulations generated over 100,000 iterations. The Monte Carlo
simulations are set to calculate numerically the expression given in (B.1). As can be seen,
the analytical results of the exact closed-form expression match well with the simulation
results and an accuracy of four decimal points is achieved for A < 15. Therefore, for
small \’s, the exact infinite-series closed-form expressions can be used to compute the
average detection probability. The small number of terms required to evaluate the infinite
series at small A’s makes those expressions more appropriate in this case. However, when
A becomes large, more terms are required to be summed to evaluate the infinite series
> o(=1)"b,. Therefore, for large A’s, it is more appropriate to use the approximated
expressions for computing FdDAF due to their computational simplicity. In Fig. 4.2, the
ROC curves of the energy detector are plotted for variety of diversity paths. The curves
are plotted for probability of missed detection (1 — P,) versus probability of false alarm.
Equations (4.21) and (4.22) are used to compute the average false alarm probability and

the average detection probability, respectively. A close observation of Fig. 4.2 shows that
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Figure 4.1: Comparison of analytical results of expressions (4.22) and (4.26) with Monte
Carlo simulations for L =3, m =2, P =5 dB, and 7, = 0 dB.

m

Probability of missed detection, P

4

10 -3 ‘—2 ‘—1 0
10 10 10 10
Probability of false alarm, P,

Figure 4.2: ROC curves of the energy detector with m =2, P =5 dB, and 7, = 0 dB.
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the performance of the energy detector significantly improved when the the number of
cooperative users increases. The case with L = 1 corresponds to the no-diversity sce-
nario (single-relay system). The AWGN case is plotted for comparison purposes. AWGN
channels are frequently assumed in the literature to investigate the energy detection per-
formance. Clearly, such assumption over estimates the detection accuracy as can be seen
from the plotted curves. To compare the performance of the diversity system between
AF and DAF strategies, we plot in Fig. 4.3, F?F and ]_DC?AF for different number of
cooperative users. It is obviously seen that the detection accuracy is greatly improved
when the number of cooperative users increases for both strategies. Moreover, the DAF
strategy performs better than the AF strategy for all the diversity scenarios. This can be
explained by considering that only cooperative users with reliable detection probability
are allowed to forward their local measurements to the fusion center. The difference
in the performance of the DAF and AF strategies becomes more distinguishable as the
number of cooperative users increases. Obviously, the system performance, deteriorates
if the number of the heavily faded users becomes large enough to induce a missed de-
tection in the final decision. In Fig. 4.4, the average detection probability is plotted for
three Nakagami-m fading scenarios with the case m = 1 corresponds to Rayleigh fading.
The high performance achieved with higher values of m refers to the fact that the fading
severity is inversely proportional with the fading parameter, m. Furthermore, the DAF
strategy shows a better performance compared to the AF strategy, specifically at sever

fading environments. Fig. 4.5 shows that the detection accuracy is significantly improved
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Figure 4.3: Detection performance of AF and DAF strategies for different diversity sce-
narios with m =2, P =5 dB, and 7, = 0 dB.

Probability of detection, Pd

Figure 4.4: Detection performance of AF and DAF strategies for different fading scenarios
with L =3, P =5 dB, and 7, = 0 dB.
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Figure 4.5: Detection performance of AF and DAF strategies for different power con-
straints with A = 5, m=2, and 7, = 0 dB.

by increasing the relay power constraint, P. The DAF strategy shows a better perfor-
mance compared to the AF strategy for all the selected values of the power constraint.
Clearly, refraining the heavily faded relays improves the detection accuracy and explains
the reason why DAF strategy outperforms the AF strategy in the all suggested scenarios.
Yet, the AF performance becomes very close to the DAF performance at higher values
of P. A target value of P; > 0.9 is achieved with P = 10 dB for L = 3 and with P = 13
dB for L = 1. This indicates, a gain of 3 dB can be achieved by switching from the a
non-cooperative case to a cooperative case with L = 3 users. Beyond the target value,
the curves slow down as P, approaches unity. Thus, there is no need to increase the
transmission power to push P, beyond this target value, since the higher transmission
power leads to a higher interference level that may affect the operation of the primary

network.
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Chapter 5

End-to-End Performance over

Rayleigh Fading Channels

5.1 Introduction

In this chapter, we incorporate sensing time and end-to-end channel statistics into the
performance analysis of cooperative CR networks. First, a closed form expression for the
PDF of the end-to-end SNR is obtained then, a closed-form expression for the average

detection probability for high SNR applications is derived.

5.2 Spectrum Sensing Model

We assume that the sensing links as well as the reporting links are to be subjected to

ii.d Rayleigh fading and having identical average SNRs, which we denote as 7, and
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75,, respectively. The additive Gaussian noise of the sensing and relaying channels are
are assumed to be i.i.d white Gaussian random processes with zero means and unit
variances. Each CR acts as CSl-assisted relay and the fusion center is assumed to have a
full knowledge of the CSI, i.e., it can acquire the global knowledge of sensing and relaying
channel gains.

It is known that a sample function, of duration T, of a process which has a bandwidth
W is described by a set of sample values 2T'W in number which is assumed to be an
integer for simplicity [81]. By means of a sampling plan, the energy of the signal sensed by
the 7th CR denoted by Y; can be viewed as a sum of squares of statistically independent
Gaussian random variables having zero means and unity variances [81]. It is then Y;
follows a chi-square distribution with 27'W degrees of freedom [30]. Therefore, over the

oth link, P, can be expressed as

Py, = P{Y, > \|Hi} = Qu(v/ave, V) (5.1)

where, 7., is the instantaneous end-to-end SNR, u = 2T'W is the degree of freedom

assumed to be an integer number for simplicity, and @Q,(.,.) denotes the generalized

2 2

Marqum-Q function defined in [112, Eq.12] as Q.(«, ) = f;o x“e_%fu_l(ozx) dx,

where I,,_1(.) denotes the modified Bessel function of (v — 1)th order.
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5.2.1 End-to-End Cooperative Spectrum Sensing Model

A selection combining technique which selects the branch that has the maximum SNR
among all the diversity branches using a simple receiver structure is implemented for the
end-to-end performance. The average detection probability, Py, is evaluated over the
distribution of the end-to-end SNR, ~.. From (3.5), the end-to-end SNR of the ith link,

Ve;» under H; hypothesis can be expressed as

Yes = oy AL E: (5.2)

(P, v/ A)? + 1u

where, the noise variance in (3.5), Np, is assumed unity. Substituting Equation (3.6) in

Equation (5.2), leads to ., given by

Vi Vry

Jsi i 5.3
Vs; + e +1 ( )

Ve, =

where, 7,, = E;/u and +,, = h2 P;/u are the per-hop SNR of the ith sensing channel
and the ith reporting channel, respectively. The expression given in (5.3) is not easily

tractable. Fortunately, it is found to be tightly bounded by [70]

Vi Vri

5.4
Vsi + Vry ( )

Ve, =

which is mathematically tractable. Under fading conditions, the average detection proba-

bility, Py, is evaluated by averaging equation (5.1) over the distribution of the end-to-end
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SNRa fFe (7)

Fd = fooo Qu(\/a_, \/X)fre (V)d% (5'5)

Deriving the average detection probability is the most crucial part in this analysis
for two reasons [113]: i) it requires one to obtain the end-to-end statistics of the dual-
hop relay-based cooperative system, and ii) it depends on the general methods used to
evaluate integrals involving the generalized Marcum-Q function [114]. Over Rayleigh

fading, the instantaneous SNR, v;, j = s, r follows an exponential PDF given by

fr,()==e ", ~42>0 (5.6)

where, 7, denotes the per-hop average SNR. It is obvious from (5.4) that ., expression
is related to a harmonic mean®of two exponential random variables [70]. For a general
case, we define the random variable X; ~ ¢(f3;), (j = s, ), where the parameter 3; = %
J

The PDF of Xj is already derived in [70]

fx(a) = B.Buae T {%_g”m (+V/BE,) + 2K (x\/ﬁsﬁr)]U(w) (5.7)

and the CDF is given by

Fx(x) =1 — Bsfraxe 20+ K, (x\/ﬁs@n) (5.8)
3The harmonic mean of two variables X7 and Xs, is given by X = mpg (X1, Xa) = )Q(i(jr))((";
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where, U(.) is the unit step function, Ky(.) is the zeroth-order modified Bessel function of
the second kind defined in [106, Eq. 9.6.21], and K/ (.) is the first-order modified Bessel
function of the second kind defined in [106, Eq. 9.6.22]. For L independent inputs, the
output of the selection combining receiver is expressed as: X4, = max(Xq, Xo, -+, X1).
Using the ordered statistics given in [115, Sec. 7.1], the PDF of the combined output can

be written as

Fran(®) = L%ﬁr Hl — /BB T Ky (x\/an_lxe_mfm

{/B&;_sg:m (:MW) 12K, @W)H (5.9)

Applying the Binomial theorem, equation (5.9) can be written as

Fromels) = 22 ” ("} v mimat /A (x (W@))’“]

o~ T [5; § K, (/BB ) + 26 @m)” |

(5.10)

Equation (5.10) is not easily tractable when it is required to evaluate integrals in-
volving the generalized Marcum-Q function. Fortunately, the Bessel function K (z+/f)
appearing in fx, () can be approximated to a single polynomial term as the scale
factor 8 = 3,3, — 0" which is the case when the value of the average SNR is high. It

has been shown that at high SNR applications, the system performance is determined
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by the behavior of fx,. . (8) close to § = 0 [116]. In the following, we will employ this
approximation to derive the PDF of the end-to-end SNR as well as the average detection
probability of the proposed relay-based cooperative approach.

Theorem: For a high SNR system, the PDF of the combined signal is given by

L—1
L — 1 _ (DT _ _
fo(y) = & ( )(—1)’% S22 (5. 49,) + dyEKo(r—e) [5.11)

;‘M
D
3

Proof: See Appendix C.1.

Corollary 1: Based on equation (5.11), the average detection probability, Py, is given

by,
L—1 u—1 u—2 n
P, _ L (L—l)( 1) 27, +7) -3 (p+a) e _Zl( Aa )
YV i\ k p a “—n! \2(p+a)

(i@ ) ) 612

Proof: See Appendix C.2.

An efficient performance metric used to quantify the impact of fading is the Amount
of Fading (AoF). AoF is useful in capturing the variations of the received SNR caused by
the poor fading conditions. Since the diversity combining techniques are introduced to
combat the SNR fluctuations, AoF is the appropriate performance measure to accurately

reflect the behavior of the these techniques and quantify their detection reliability. AoF
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can be expressed in terms of the first and second moments of the end-to-end SNR, 7., as
follows

AoF = (5.13)

where, F(.) denotes the expected value and the term E(v2)—[E(7.)]* denotes the variance
of 7.
Corollary 2: Based on equation (5.11), MGF of the end-to-end SNR, Mrp(s) =

Er{e*"}, is given by

L—-1
L-1 1 k+14wvs
— L? —1)* 1
Mrls) = e ,;( K )( P tvos T (r ey ot
k+14(E+1+vs)?—d?+os) d*v? (5.14)
dv (k+1+wvs)? —d?*v? '

where, v = L1 and d = —2

sir YsVr

Proof: The integral involved in the derivation of the MGF can be evaluated with the
help of [105, Eq. 6.624.1], which once used with some algebra leads to the desired result
in (5.14).

The nth moment of 7, is given by

E(y) = %M(s)ls:o (5.15)

therefore, the first and second moments of 7. are obtained by evaluating the first and
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second derivatives of (5.14) at s = 0 as follow

_ L1\ | 3k+1)  @Rk+1)?+d%?)
E(v) = L ;( L )( 1) (k+ 1) — d20? <<k+1)2_d21}2)% In (
SRR RS S I 5.1
0 _ g ~(L-1\, x| 2 3d°(2(k + 1)° + 3d%0%(k + 1))
Foo =0 ,;( k >( ) (k+1)° ((k+1)2 — d20?)3 n
k4 1+ (k+1)2—d?? d?>(11(k + 1) + 4d*v?)
dv ) a (k+1)2 —d?*v? ] ' (5.17)

From (5.16) and (5.17), we can obtain the AoF for the proposed cooperative diversity

approach.

5.3 Performance Evaluation

For evaluation purposes, the modulation parameter a is set to a value of 2, the sampling
rate of the local sensing is set to a value of 1 MSa/s, and E; is set to a unity (0
dB). To validate the accuracy of the derived equation, the closed-form expression of the
average detection probability derived in (5.12) has been numerically evaluated through
comparison with Monte Carlo simulation results obtained over 100,000 iterations as
shown in Fig. 5.1. It is obvious from this figure that the analytical results extremely

match the simulated ones as A increases. A detection accuracy up to 4 decimal points
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Figure 5.1: Comparison of average detection probability in equation (5.12) with Monte
Carlo simulation for L=1, 2, and 3. 7, =7, = 5dB, u = 6.

is achieved with A > 5. However, as A\ — 07, the theoretical results diverge more from
the simulated ones and the derived closed-form expression given in (5.12) underestimates
the average detection probability. For such extremely low values of A, the numerical
integration techniques can be used to directly evaluate the expression given in equation
(C.4). The curves mismatch at very low values of the decision threshold can be explained
by considering the Gaussian-Laguerre integration used for the generalized Marcum-Q
function approximation. In Fig. 5.2 we plot the generalized Marcum-Q function directly
computed using a MATHMETICA-8 function with the approximated expression form
given in (C.6). From this figure, one can easily recognize how the two curves diverge
as A — 07. Recall that \’s value is not related to the SNR but associated to the
targeted Py which may vary from one application to another. In Fig. 5.3, we plot the
average detection probability versus the number of energy samples collected during the
sensing time window. The number of collected samples is varied from 1 to 10 samples.

For a sampling rate of 1 MSa/s, this corresponds to a sensing window of 1 to 10 us.
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Figure 5.2: Comparison of approximated and exact Marcum_Q function. u = 6.

=
(=)

10

Average detection probability, Pd

!
N

4 5 6 7 8 9 10
Sensing time, (us)

=
o
=
N
w

Figure 5.3: Average detection probability P, vs. sensing Time for L=1, 3, and 5. 7, =
5, =5dB.
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The plotted curves demonstrate that the cooperative diversity gain is achieved over all
the selected sensing windows. The most interesting observation is that the detection
probability slightly increases after a certain sensing time window. Therefore, there is
no need to prolong the sensing time which would affect the spectrum sensing efficiency.
Recall that a high sensing efficiency means efficient bandwidth usage and more spectrum
access opportunities for secondary users and a higher CR network throughput. The
plotted results indicate that a targeted detection probability of 0.9 is achieved with a
time window of 8 us for the diversity case with L = 5 and 9 us for the diversity case
with L = 3.

To demonstrate the importance of including the reporting channel conditions for
spectrum sensing system evaluations, we plot in Fig. 5.4 the average detection probability
versus the reporting channel average SNR. The sensing time window is set to a value
of 8 pus. As shown, P; = 0.9 is achieved for a diversity system with 5 cooperative
users at 7y, = 5dB. The average detection probability starts to slow down beyond
this value of 7, as it slowly increases close to Py = 1. Clearly, there is no need to
increase the transmission power to higher than this targeted value since the detection
probability increases a little even when 7, becomes 10 dB and 15 dB. Remember that,
higher transmission power increases the the average false alarm probability and leads to
a higher interference level that may affect the primary network operation. In Fig. 5.5,
we plot the AoF versus the number of cooperative users, L, for three different values

of the reporting channel average SNR. For comparison purposes, the AoF is normalized
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with respect to its maximum obtained value. Clearly, the cooperative selection diversity
effectively enhances the receiver performance by reducing the AoF associated to the
end-to-end SNR. A remarkable reduction in AoF can be seen once we move from the
no diversity case with L=1 to the first diversity case with L=2. The AoF reduction
rate then starts to slow down as L increases. The figure also shines some light on the
power balance between the sensing and the reporting channels. For the best detection
reliability, the reporting channel average SNR should be made greater than that of the

sensing channel to minimize the fluctuations of the end-to-end SNR.
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Chapter 6

Cluster-Based Cooperative

Spectrum Sensing

6.1 Introduction

In this chapter, we propose a cluster-based spectrum sensing approach that reduces the
bandwidth requirements for reporting data to the fusion center by reducing the number
of reporting terminals to a minimal reporting set. The approach replaces the secondary
base station by a local fusion center to mitigate the destructive channel conditions of
global relaying channels. We also propose a new approach to select the location of the
fusion center based on the general center scheme in graph theory. We assume one of
the elected cluster heads acts as a center entity and serves as a master fusion center

to finalize the cooperative decision and broadcasts it back to other cluster heads and
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from there to cluster members.The minimal dominating set (MDS) clustering approach
is used to obtain the minimal set of clusters that keep the network connected. The
influence of cluster size, number of clusters, and relaying channels probability of error on
the cognitive radio network performance is investigated. The results obtained reveal that
cluster-based CSS systems outperform conventional CSS systems in terms of throughput

capacity especially when the relaying channels are subjected to high probability of error.

6.2 Network Model

We assume that L cognitive radio terminals are distributed in a square field of area A as
a two-dimensional Poisson point process with a density p. A node v (CR user) is said to
be in a neighborhood of a node u, if v is within a distance at most r, from u, where .. is
the cluster radius. Each CR terminal is identified by a unique ID and the CR users are
assumed static or moving slowly during the algorithm execution.

The topology of the CR network is presented by an undirected graph G(V,Z), where
V' is a set of vertices in this graph that stands for CR terminals and = is a set of links
between those terminals. A link (u,v) € Z means that terminals u and v share at least
one common channel and in 1-hop distance from each other. The neighborhood set of a
given node v € V, represents all the nodes in a 1-hop away from v that share at least
one channel with v.

Transmission power determines the cluster radius and largely affects the number of

clusters, cluster size, and network performance. Higher transmission power means, fewer
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hops resulting in higher network throughput. However, the higher interference resulting
from higher transmission power tends to limit the network throughput. This is true in
the other way as well.

This study investigates the impact of transmission power on the network topology.
Precisely, we investigate how the number of isolated nodes (N;s,) is changing with cluster
radius. Isolated nodes refer to those nodes that can’t find any neighboring terminal within
a radius of r. in any channel within their channel sets. These, nodes declare themselves
as cluster heads and form their own clusters (single-node clusters).

Since CR users are distributed as a point Poisson process with a density u, then,
the probability that a node is unable to find any neighboring node within a radius 7, is
e e If we consider a two dimensional polar coordinate (r,0), where the node is in the

origin, then the average of isolated node E{N;,} can be calculated as follows,

2T poO
E{Nis»} = MA/ / e~k (hpr)? wrdrdd
0 hpTre

= pAe rmlhwre)? (6.1)

where, h, denotes the number of transmission hops. Since our approach is to establish
a connected minimal dominating set of connected clusters that covers all the deployed
CR terminals, then the fraction of single-node clusters, E{N;4}, must be very small. If
K, (k > 0), is an arbitrarily small number that represents a target percentage of single-

node clusters such that,
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E(Niso) < KA. (6.2)

then by equating (6.1) and (6.2) we obtain the following lower bound of cluster radius

at this specified target,

[—logk
> . .

Increasing the cluster radius will clearly increase the probability to find a neighboring
terminal for each node and increase the cluster size. However, as the cluster size increases,
the probability to have network bottlenecks at the inter-cluster communication gateways
increases. Also, the inter-cluster and intra-cluster interferences tend to increase with
larger cluster communication range. Hence, to avoid congestion at those nodes, we
introduce an upper bound for the cluster size such that the traffic load at those gateways
will be upper bounded and adhere with the QoS requirements.

With low cross correlation CDMA codes, inter-cluster interference can be eliminated.
We assume each cluster is assigned a unique transmitting code that is different from those
codes used in neighbor clusters. Since the receiver nodes must be set to the same code as
the designated transmitter, interference with other clusters is avoided. If no two nodes
in a cluster are transmitting simultaneously, there will be no intra-cluster interference.
Following [117], we assume that within each cluster, an appropriate scheduling scheme is

available to facilitate the transmission of cluster members.
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6.3 The Clustering Algorithm

In graph theory [90], the minimal dominating set problem is to find a subset, C(|C| = M)
called the dominating set such that each node belongs to one member of C. We refer to
the dominating set members as cluster heads and the nodes that belong to one of the
cluster heads as cluster members.

The algorithm requires a preliminary node discovery and a master channel configu-
ration phase. The master channel is used by the cluster heads and cluster members to
exchange the control data necessary for the cluster formation. During the preliminary
node discovery each node exchanges neighbor information with the detected neighbor.
We assume that at the completion of the node discovery, any node say v; knows the chan-
nel availability set of node v; € v} and the set of 1-hop neighbors of the node v;, Vv; € v;.
Where v} denotes the 1-hop neighborhood of node v;. The preliminary node discovery
is followed by initial cluster setup phase. In this phase, each node orders its channels
with frequency and starts from the lowest one to listen for beacons from other nodes.
If no message comes in the listening interval, the node forms a cluster on the listening
channel and becomes the cluster head. if a beacon comes on the listening interval, the
node requests to join the cluster through the initial cluster setup phase. A cluster head
discovers its k-hop neighbor clusters from the collected neighbor information and makes
interconnection by choosing gateway nodes. The initial cluster setup stops when all nodes
join clusters and clusters form interconnection.

The MDS cluster setup scheme is performed after the initial setup phase. Since, the
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network topology needs to be optimized from time to time as the network conditions
changes, the MDS scheme is required to be performed periodically. Typically network
topology changes when a primary user appears at a certain channel, a new terminal
joins/leaves the network, or a cluster head reporting channel comes under a deep shad-
owing/fading.

In MDS scheme, every node ¢ € V is required to be covered by one member of the
dominating set C C V. The dominating set contains M subsets Cy,Co, -+ ,Cys of the
base set V' = {1,2,---, L} such that U} ,C; = V. We define a binary variable z; for the
subsets Cj,j = 1,2,...., M as follows,

1 lfCJGC

xTr; =

0 otherwise.

By defining a;; to be 1 when a node 7 € C; and 0 otherwise, we can write the problem as,

min x; =12 ..., M
CjGC

subject to,

Zaijzl, VieV

jec

Zaijdi]’ S h,pTC, YieV

jec

ZCLUSA, VJGC
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where, A is an upper bound of cluster size.

We extend the single-hop CogMesh algorithm presented in [44] to a d-hop clustering
scheme and generalized this algorithm for the above described system model. The MDS
algorithm is performed at the node level to minimize the number of clusters in the
neighborhood of a selected node and reconfigure the whole cluster topology when a new
cluster set smaller than the original one can be found. Instead of selecting a node in a
random way as in [44], our approach selects a node with the highest residual energy from
a set of neighboring nodes that share a channel with a maximum degree to be a cluster
head. The algorithm starts forming a cluster from this cluster head and all nodes within
d-hop, d = 1,2, ..., h,, that shares the same channel. The new cluster head and all the
assigned cluster members will be eliminated from the node neighborhood set. Then, a
node with a maximum degree on another channel will be selected as a cluster head and
its assigned cluster members eliminated too from the remaining node set and so on until
all the nodes are configured in the new cluster topology. The algorithm then starts the
gateway nodes selection to construct the inter-cluster communications. A priority case is
used in gateways selection. A node in the shortest path between any two cluster heads is
given the highest priority. Once a cluster is formed, the cluster head communicates with
the neighbors to select the CDMA codes. Only when the code assignment is completed
data can be transmitted in the network.

Lemma 1: In a d-hop cluster, the distance between any two nodes is at most 2dr,

Proof: Let v be any node belongs to cluster C;,j = 1,2, ....., M whose cluster head
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is m;. If v(ID) # m;(ID) then there must be another node u € C; at most in a d-hop
away from v where u(ID) = m;(ID). Hence, u is the cluster head of the cluster C; and
| v — u |< dr.. For any other node say w € C;, whose w(ID) # m;(ID), | w —u |< dr..
Therefore, the distance between v and w is at most 2dr,

Lemma 2: 1f C is a connected dominating set, then any cluster head is at most
(2d + 1)r. away from the nearest cluster head

Proof: Let assume the contrary, and assume that the closest routing path between
cluster heads m; € C; and my € Cs is (2d + 2)r.. Let this closest path passes through
the two gateways, = and y, see Fig. 6.1. Since, x € C; and y € Co, then |m; — z| < dr.
and |mg — y| < dr. and |x —y| > (2d + 2)r. — 2dr. = 2r.. This implies that each of
and g is not in a 1-hop transmission range of each other and the two clusters are not
connected. Since the dominating set is a connected dominating set, then, there must
be another gateway v € C; which is in 1-hop to another cluster head say, ms € C3 or
adjacent node say z € C3 which is at most d-hop from mg, i.e., |mg — z| < dr.. Therefore,
|my —mg| = |my —v| + |v—z| + |z — mg| < dr.+r.+ dr. = (2d + 1)1, and mg is the
nearest cluster head to m;.

The master fusion center is then elected from the minimal cluster head set. The
placement of the fusion center also needs to be optimized. The fusion center placement
problem is concerned with selecting the best location in a specified region for the network
center entity. Mainly, there are two options to solve this location problem, the center

problem and the general center [118]. In graph theory, the graph center is any vertex
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Figure 6.1: Maximum distance to the nearest cluster head

v whose furthest vertex is as close as possible while the general center is any vertex v

where the aggregated distance from all other vertices is as minimum as possible. Let,

Muvv(i) = max d;;
ji

denotes the maximum distance of any vertex from vertex (i), where d,;, is the vertex-to-

vertex distance, and,

denotes the aggregated distance of all vertices from vertex 1.
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Then the graph center is any vertex x such that,

Movv(zx) = mZm{Mvv(z)} (6.4)

while the general center is any vertex x with the smallest possible Svv (i), i.e., the smallest

aggregated distances from all other vertices or,

Svv(zx) = miin{va(i)}. (6.5)

Practically, the reporting paths are subjected to different channel conditions. There-
fore, the shortest reporting channels may not always be the best choice especially if they
come under a deep fading/shadowing. In this work, we proposed a modified general cen-
ter scheme that considers the channel gain of the M — 1 signal paths between the fusion
center and the M — 1 cluster heads. In the proposed scheme, the fusion center is the
cluster head whose aggregated channel gain has the maximum possible value. Since, the
cooperative decision is made by combined received signals from different cluster heads,
we believe that using the channel gain model in finding the best location of the fusion
center is more accurate than considering merely the topological distances. Moreover, the
channel gain is affected directly by both the transmitter-receiver distance and the ran-
dom influence of fading and shadowing conditions. 6.2 shows a cluster-based cooperative
spectrum sensing where one cluster head acts as a local fusion center.

Let G;; denotes the channel gain between a transmitter, ¢, and a receiver, j, then the
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Figure 6.2: Cluster-based cooperative spectrum sensing
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master fusion center is the cluster head m that has the maximum aggregate channel gain

or,

Ghh(m) = max {Ghh(1)} 1=1,2,...,. M (6.6)

where,

6.4 Cluster-Based Cooperative Spectrum Sensing

The propose network scheme has two levels of data fusion. The first data fusion is
performed at the cluster level by each cluster head and the second one is performed at
the master fusion center. The channels are assumed to be subjected to i.i.d Rayleigh
fading. The sensing information is shared only at the local scale within each cluster
and there is no need for each CR terminal to send its own decision to the master fusion
center. After receiving the local observations from all CR users within its cluster, the
cluster head employs a selection combining scheme to make the cluster decisions.

Since the clusters are formed by a neighboring CR users, we assume the relaying
links between cluster members and the cluster head as error-free channels. Accordingly,
the probability of false alarm computed at the cluster level, P]fc, will be independent of
channel statistics. On the other hand, the probability of detection, ch, will be deter-

mined by the fading conditions and the combining scheme employed by the cluster head.
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Therefore, PJZC and PJ, are given by [30]

M-1 ; _
; 1) /M-1 .
R = O I o5
where,

u—2 n — u—1 u—2 —
A 1 /A 147, __Ao A 1 A7
PdRay (752) =e 20 n! (_C> + ( ol 781) [6 2(1+75i> - G_TC ——Cr}/sl

with each 7, is replaced by -

Equation (6.8), clearly illustrates that the spectrum sensing performance of each
cluster is largely effected by the number of cluster size, the threshold A., and the number
of samples u. Under the bandwidth constraints of the reporting channel, we allow each
cluster head to send only 1-bit decision {0} for Hy and {1} for H; to the master fusion
center rather than their decision statistics. The fusion center then makes the final decision
according to the fusion rule implemented. The OR-rule is implemented in the proposed
scheme. For the OR-rule, a decision of {0} for Hy is only made when all the M cluster
decisions demonstrate the absence of the primary user. Such kind of rule is perfect for
interference avoidance to the primary user since the secondary user will only be allowed

to access the spectrum if all the cluster heads reported the binary decision {0} to the
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fusion center.
The decision rule at the master fusion center can be defined as:
1 2{1 Bj=>1
D= = (6.9)

0 otherwise

where, Bj,7 = 1,---, M is the decision of the jth cluster head. Therefore, under the

OR-rule, the false alarm probability and the detection probability can be defined as:

v
I
:j:

(1— Pj) (6.10)
Ill—R% (6.11)

Over faded channels, a reported decision of {0} for primary network absence may
be received at the fusion center as {1}, or a reported decision of {1} for active primary
network may be received at the fusion center as {0}. In the first case, a false alarm will
be triggered, and a missed detection risk may be encountered in the second case. If ﬁ;c
denotes the probability of receiving {1} at the master fusion center when the jth cluster
head reports {0} and P ) o denotes the probability of receiving {0} at the master fusion

center when the jth cluster head reports {1}, then under OR-rule, the probabilities of
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false alarm, Py, and missed detection, P,,, become [53],

Pr=1-I0 = Pio)(1 = Ple) + Ple Py (6.12)
H )+ (1— P )P ). (6.13)

Let P/ = ﬁ;c = ﬁ%c, where P? denotes the probability of the reporting errors for

cluster head m;, then equations (6.12) and (6.13), can be rewritten as,

M
= [(1— Pl)(1— P?) + Pl P/ (6.14)
]:1
M . .
P = [[1Pre(1 = P)) + (1= Ple)Pl]. (6.15)

1

J

6.5 Throughput Performance

To meet the throughput requirements, the secondary users network needs to increase the
sensing efficiency by decreasing the false alarm probability and increasing spectrum access
opportunities. Since CR users can not transmit and sense at the same time, periodic
sensing rounds are required where sensing and transmitting processes are alternating
in a periodic manner in successive frames. The frame time, 7', consists mainly of the
sensing time T, and the transmission time 7. We will ignore the clustering time as it

is very small compared to the sensing and transmission time [38, 119]. For interference
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avoidance, the observation time needs to be long enough to achieve sufficient detection
accuracy. But, for a fixed frame size T" = T, + Tp, increasing sensing time inevitably
decreases the transmission time and consequently decreases sensing efficiency. On the
other hand, a longer transmission time enhances the sensing efficiency but causes higher
interferences to primary user as the detection accuracy decreases due to the lack of
sufficient sensing information [13]. Let 7 denotes the spectrum sensing efficiency, then:

Tp Tp

n= -

=~ 1
T TIp+T1s (6.16)

The throughput of the secondary network comes as a result of the following two
network operation cases [48]: (1) CR terminals communications and exchange data in
the absence of the primary user with probability of (1 — Pf)P(Hy), (2) CR terminals
communications when the primary user is mis detected by the secondary network with a
probability of (1 — P;)P(H;) where, P(Hy) and P(H;), are the probabilities of primary
user absence and presence respectively. The second case of throughput is less likely to
happen since the detection probability has to be high to avoid the harmful interference
to the primary user. It is highly likely to have P; > 0.9 in conservative systems where
the priority is given to primary user protection. In addition, the interference generated
by the primary signal significantly limits the secondary network throughput.

To determine the probability of the primary user absence P(Hy), the licensed channel
usage (primary user activity) needs to be modeled. The ON/OFF model will be consid-

ered in our approach. In this model, the primary user activity is modeled as independent
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and identical distributed random processes where the ON and OFF states represents
the busy and idle periods of the licensed channel [13, 19]. The duration of the idle and
busy periods are assumed to be exponentially distributed with a mean 7opr and Ton

respectively. Therefore, the probability of primary user absence can be defined as:

TOFF
P(Hy) = ————. 6.17
(Ho) TorrF + ToNn ( )

As a performance measure, we will use the per node throughput capacity to show how
the per-node throughput varies with the cluster parameters such as number of clusters,
cluster size, and sensing time. The per node throughput represents the average number
of bits per second that can be transmitted from the source node to the destination node.
In [120], the per node throughput capacity for a cluster-based wireless sensor network, 7,
is obtained as ©(MR /L) for a single-hop clustering and ©(R+/ W) for multi-
hop clustering. However, in the CR networks, the sensing parameters such as sensing
efficiency and primary user activity must be considered for throughput calculations. In
this work, we extend the per-node throughput given by [120] to include the spectrum
sensing parameters that largely effect the network performance. Accordingly, the per-
node throughput is defined by:

T TOFF

=nT,——— (1 — Py). 6.18
W —(1- ) (6.18)

It can be shown that the per node throughput capacity depends on the sensing effi-

103



ciency, the number of clusters, the probability of false alarm, and the total nodes in the

network.

6.6 Performance Evaluation

We assumed a cognitive radio network of a 100 terminals deployed in an area of 100 m x
100 m. The sensing frame, T', is assumed to be fixed and assigned a value of 20 ms. The
same power is assumed to be adopted by each terminal for intra-cluster communications
with the power control capability which is required for the communication between cluster
heads and fusion center.

We conducted several trials with random deployment of CR terminals. In each trial,
the cluster radius varied and the percentage of the disconnected node is recorded. An
average number of disconnected node over these trial is illustrated in Fig. 6.3 for 1, 2,
and 3-hop clustering scheme. As it can be shown, a fraction of x < 0.001 can be achieved
with a cluster radius of 15 m, 11 m, and 9 m for 1-hop, 2-hop, and 3-hop clustering
scheme respectively. In Fig. 6.4, the percentage of the disconnected nodes is plotted vs
the cluster radius with different node densities for a single-hop clustering scheme.

To demonstrate the effect of the cluster size N¢, on the detection accuracy, the ROC
curves are plotted in Fig. 6.5 for a cluster size of 5, 10, and 15 nodes. The reporting
channel conditions is realized with probability of error, P. equals to 0.0001. Clearly, the
detection accuracy improves by increasing the number of nodes in each cluster. However,

the cluster size must be upper bounded to prevent network bottlenecks resulting from
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Figure 6.3: fraction of single-node clusters vs cluster radius for 1, 2, 3-hop clusters
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Figure 6.4: Fraction of single-node clusters vs cluster radius under different node densities
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overcrowded clusters.
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Figure 6.5: Cluster-based cooperative sensing performance with various cluster size, u =
12, 7,=10 dB

Fig. 6.6 shows that probability of false alarm, Py, initially decreases rapidly when the
number of cooperative clusters increases. However, it increases later with more cluster
heads involved in the cooperative process. In fact, after the initial drop, Pj increases
with a rate that greatly depends on the probability of error. When the probability of
false alarm, PJZC, becomes very small compared to the probability of errors, P,, equation
(6.14) can be reduced to Py = 1— Hj‘il (1—P?) and that explains why P becomes mainly
dependent on P.. An optimal number of cluster heads that gives a minimum probability
of false alarm is obtained which varies according to the reporting channel probability of
error.

To investigate the throughput performance of the proposed system, a target detec-
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Figure 6.7: The normalized per-node throughput vs number of cooperative clusters,
u=12 7,=10 dB

tion probability of 0.9 is used with a mean value of 0.7 and 0.3 for the idle and the
active periods respectively. In Fig. 6.7 the normalized per-node throughput is plotted
vs the number of clusters for reporting channel probability of error, P, equals 0.1, 0.01,
0.001, and 0.0001. The error-free reporting channel P, = 0 is also plotted for compari-

son. The figure reveals that at a higher probability of error the throughput performance
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deteriorates with more users added to the cooperative decision. This can be easily under-
stood from Fig. 6.6 where the probability of false alarm increases more rapidly at higher
probability of error.

To compare the cluster-based system with the conventional system, the per-node
throughput performance is plotted in Fig. 6.8 for P, = 0.1. Clearly, the cluster-based
system outperforms the non-cluster system especially when more users are engaged in
the cooperative process. However, the throughput performance for the cluster-based
approach is close to that of the non-cluster approach at the optimal value. This can
be explained by the fact the number of cooperative users where the optimal throughput
happened is 6 users only. When such small number is deployed in a field, most of the
clusters are expected to be single-node clusters and consequently the obtained results
come close to that of the non-clustered one. However, we must consider the fact that
the number of the deployed secondary users is not necessary be at the optimal value
all the times. Therefore, when the number of cooperative users increases, a significant
improvement is obtained compared to the non-cluster approach as can be seen from
Fig. 6.8. It is worth noting that by adjusting the cluster radius, the number of clusters in
the minimal cluster set can be adjusted to match the requirement of both the reporting
channel bandwidth and the optimal achievable per-node throughput. Fig. 6.9 shows that
a minimal dominating set of 6 clusters is achieved with cluster radius of 20 m and 12 m

for 1-hop and 2-hop clustering scheme respectively.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

This dissertation investigates some challenges of CSS over fading channels and proposes
new approaches to improve detection accuracy. Our comprehensive evaluations show
the importance of including the relaying links and the combining techniques into the
performance analysis of CR networks. Closed-form expressions are derived for the average
detection probability and the average false alarm probability. The derived expressions can
be used to determine the energy threshold value, the minimum number of collected energy
samples, and the maximum transmission power that meet a given detection accuracy over
non-identical fading channels. The dissertation points out the inconsistency of several
assumptions that are typically used for performance analysis of CR networks and show

that multipath fading heavily contributes to the unreliability of primary user detection,
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causing fairly large deviations from the primary user detection based on AWGN and path
loss models.

The presented results provide a preliminary basis upon which more comprehensive
models of cooperative sensing, as needed for spectrum sharing in dynamic spectrum access
systems, may be built. Moreover, the derived closed-form expressions for the average false
alarm probability and the average detection probability could lead to intuitive system
design guidelines. The study also reveals that: i) cooperation allows independently
faded radios to collectively achieve robustness to severe fades, ii) multipath fading on
relaying channels yields similar performance degradations as multipath fading on sensing
channels, iii) a small number of radios are enough to achieve practical detection levels,
and iv) practical performance measures for dealing with fading strongly depend on the
target probability of detection.

Through extensive analytical and simulation results, we validate the accuracy of the
derived closed-form expressions. Moreover, we analyzed the way the detection accuracy
varies with the number of diversity branches, the fading severity, and the relay power
constraint. In chapter 3, we analyzed the performance of an AF strategy for CSS system
with diversity reception and channels impaired with Nakagami-m fading. Compared to
the non-cooperative spectrum sensing, a gain of up to 8 dB is achieved with 4 cooperative
users and EGC receiver. Similar set up achieved a gain of 5 dB with SC receiver. The
most interesting observation is that there is no need to increase the relaying power if a

target detection probability is achieved since the improvements gained beyond that are
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not significant.

In chapter 4, we investigate a DAF relaying strategy and compare its performance
with an AF relaying strategy. We observed that the DAF strategy outperforms the
AF strategy in the all suggested scenarios. The study shows that with DAF strategy,
refraining the heavily faded relays improves the detection accuracy while reducing the
bandwidth requirement of the relaying links. A gain of 3 dB is achieved by switching
from AF strategy to DAF strategy with 3 cooperative users. The difference in the
performance of the DAF and AF strategies becomes more distinguishable as the number
of cooperative users increases. Obviously, the system performance, deteriorates if the
number of the heavily faded users becomes large enough to induce a missed detection in
the final decision.

In chapter 5, we analyze a CSS approach where dual-hop channel statistics, AF re-
laying, and a selection combining technique are considered. The sensing and the relaying
channels are assumed to be subjected to Rayleigh fading. Through extensive analytical
and simulation results, the detection accuracy of the proposed CSS is investigated for
different levels of the relaying channel SNR and for a different number of cooperative sec-
ondary users. Our results show that at a poor reporting channel SNR (less than 5 dB),
more diversity (L=5) helps achieve a better detection probability. Moreover, the AoF is
reduced by 5 folds when 7, = 274 compared to the case when 7, = 0.57,, indicating the
importance of having the relaying channel power greater than the sensed power. Small

AoF means less SNR fluctuations and better detection accuracy.
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In chapter 6, we investigate a distributed spectrum sensing scheme that eliminates
the need for a base station and replace it with a local master fusion center. A lower
bound of the cluster radius that keeps the number of isolated nodes under an upper limit
is determined in this work. The influence of the cluster size, number of cluster, sensing
time, and the probability of reporting channel errors on the per-node throughput capacity
is investigated. The results obtained reveal that under bad channel conditions, it is not
necessary to include all the cooperative user for the best performance. Instead, an optimal
number of clusters that gives a minimum probability of false alarm and consequently a
maximum per-node throughput is obtained . When this optimal number matches the

minimal dominating set, the reporting channel bandwidth requirements is also achieved.

7.2 Suggestions for Future Works

This dissertation addressed some challenges of CSS in CR networks. At this is a very
active research area, there are many other challenges and unsolved problems. The non-
identical Nakagami-m fading channels are considered in this dissertation. However, the
performance of CSS needs to be investigated over composite fading/shadowing channels.
The analysis may include effects of Nakagami-m fading, gamma shadowing, identical,
and non-identical. While we mainly discussed the detection accuracy using closed-form
expressions for the probability of detection and the probability of false alarm as perfor-
mance measures, closed-form expressions can also be derived for the outage probability,

co-channel interference, and channel capacity to investigate how these metrics are affected
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by the fading/shadowing environment.

It will be important to consider all possible operating conditions such as correlated
fading/shadowing channels. For example, the performance of CSS can be analyzed over
sensing/relaying channels subjected to correlated Log-Normal shadow-fading in all wire-
less links of the cooperative network. The independent fading channels are assumed in
this dissertation and in the majority of proposed studies in open literature. However,
when CR users are deployed in very small areas, the sensing data detected by different
users may be highly correlated because neighboring users are likely to be located within
almost the same transmission range of the primary transmitter.

The ON/OFF approach is considered in our study to model the activity of the pri-
mary user. However, the occupancy history of the spectrum bands by the primary users
may vary with time of the day and location. Therefore, it desirable to design algorithms
that learn the characteristic of the primary user activity and accordingly alerts its spec-
trum selection and data transmission strategy. Obviously, the problem of constructing
detailed channel occupancy needs further research, so that different times of the day and
different locations traversed by the mobile CR user can be incorporated. The proba-
bilistic spectrum selection algorithm that uses this history may be designed to guarantee

performance bounds during long-term operation.
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Appendix A

A.1 Derivation of Ffi for a single-relay system

Substituting fg,(¢) from (3.7) into (3.10) yields

— m "1 ®© 1 mi\ (my
P, === - — T (my, ——————— ) g™t <§i)gd ) Al
Z (a) r<mi>/o () (m No<1+Aig>>g e idg (AL

Using the series summation I'(m,z) = (m — 1)le=* 3.7 1 22 [105, Eq. 8.352.2], with

n=0 n!

the fact that (m — 1)! = I'(m), (A.1) becomes

; m;—1
— i i 1 . 1 2)\ K o _md
Py = (T—) — (m ) /0 (1+ Asg) 9g™ e Mt+iig e (ﬁi)gdg. (A.2)

) . |
7 I'(m;) pur 'L No
Usi —a oo (=1)ka*
sing e btz = Zk:O EILE we have

; m;—1 0o
— m;\"" 1 —~ 1 (m\\? (=)™ ([ A\" [ (i
P = _ -~ 7 () 1 AZ —(g+n) ,m;—1 (E‘ )gd )
g (—) F(mi)z'(%)z 7 (No)/o“g) g g

9i
(A.3)
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LD (g;q +

The above integral is evaluated with the aid of fooo e P14 ax) Vdr =

1 —wv;2) [105, Eq. 3.383.5] to yield the result shown in (3.11).

A.2 Derivation of Ffsc

Under non-identical fading, the general form for the PDF fg _ (g) is given by [93, 121]

foma(9) = fa,(9) T] Fe.lo) (A.4)
=1 %

where, F'(.) denotes the CDF. The above PDF is evaluated for integer values of m in [122]

as follows
L—1 (_1)k L 5771] L L mn]_—l mnk*]- Blt
— J ne | gVki— Lo HEsg
ol = LY Sy (H M>gk -
k=0 7j=1 ni=1 ng=1 11=0 1=0 t=1
—————
n1FEneFE np#Ej
(A.5)
Using (A.5), (3.14) can be expressed as follows
L— 1 k’ ij L L mnlfl m"k_l k /Blt
D J ne
P = XSS e S (1T
k=0 j=1 n1=1 nr=1 11=0 lx=0 t=1
—_————
n1#neF# - ng#j
©° 1 mgc)\ ) 1 — s
U mse, ——————— | g™ e " 9dg. A6
/0 [(msc) ( O No(1+ Ascg) )’ I (4.6)
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Using the series summation I'(m,z) = (m — 1)le™* 37" ' 2 - and the fact that e~ =

Yoo 2 ;ikxz in a way similar to Appendix A.1, we have

B L-1 (—l)k L ;nj L L Mny— mn, =L /& Mmse\
P = X5 z P IH NN Z(M IR

Using [;° e 297 (1 + ax) "dx = Y@ (g;q+1 —wv;2) [105, Eq. 3.383.5], to evaluate

the integral in (A.7), the desired result is obtained as in (3.15).

A.3 Derivation of FfEGc

Since g;’s are independently distributed and each follows the gamma distribution given

in (3.7), the moment generating function of Zf g;, is given by

HMG H 1—Bit)y™ (A.8)

where Mg, (t), i =1,2,---, L is the moment generating function of the channel gain g;.
To derive a PDF for the random variable R, we define a new random variable w; = A;g;.
Obviously, 8, = % = ﬁ— and the moment generating function of R = ZZL w; can be

expressed as
L

0= [TMwt = TTa- o (A.9)

i=1
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Using a general partial fraction technique to compute the inverse of Mg(t) and following

the same steps as in [101], the PDF of R for integer values of m; is obtained as follows

L ﬁz m; m; -1 vijrv—le_%r
fr(r) = [];[1 (_Z) ;; =) 0T (A.10)

The PDF given in (A.10) requires all the f;’s to be distinct and not necessary to be
integers. If some of the §;’s are equal then the corresponding factors can be combined.

Substituting (A.10) into (3.26) yields

L m;j "y /
_ 17 (-2)" (=1)"bs, /“’ ! M) ot
frae L:1 ( A, ; ; (v=1"Jy T(m,) (m;, No(1+ 7“))7“ e i dr

(A.11)
Following the same steps in Appendices A.1 and A.2, to evaluate the above integral,

(A.11) becomes

L m L my m;—1 q o° n
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Appendix B

B.1 Derivation of P?AF

Using the series summation T'(m, ) = (m — 1)le=* 37" ' £ (105, Eq. 8.352.2], with the

fact that (m — 1)! = I'(m), (4.20) becomes

L my L m;—1 q pinfty
—DAF By Bi \m L [mA _
PTL(-) | I | S S S (5) [
Al o Al q’ NO 0
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Using e 5 = 32 W, we have
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The above integral is evaluated with the aid of fooo e P14 ax) Vdr = Fafl’)

U(g;q+

1 — ;) [105, Eq. 3.383.5 to yield

L L m; mi—1
HPAF 5l m - v - 1 mz)\ q
P = 3 (e | 1T ] 3 S S0 (%)
1=1,6]#0 i=1,00#0 v=1 q=0
N B;
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B.2 Derivation of the approximated F?AF

Using the approximated series summation I'(m;, 515) = (m; — 1)!eNTiT, (A.11) can be

1+7r)

rewritten as

L m L L my mi—l
ﬁl) : Bl my (_1)1}[)“} 1 m1>\ 4 oo v—g—1 7]\]"%7%7”
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(B.4)
Using [~ gV le= e dy = 2 ( )E +(2v/B7) [105, Eq. 3.471.9], to evaluate the integral

in (B.4) with some algebra, yields the result shown in (4.25).
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Appendix C

C.1 Derivation of fr__ ()

With the help of the asymptotic form of the first order modified Bessel function of the

second order as defined in [123, Eq. 11.124], equation (5.10) can be written as,

oo (1) = Lﬁsﬁr [:: (L;l)( 1)k 2*(v/BoB,)Fe 2 (x\/ﬁ)k] o T
{ﬁ;ﬁﬁ (x\//15)_5> +2K0(x\/M)H _ )

With some simple algebra, (C.1) is evaluated as follows,

Lﬂs

Mh

( ) e 2t {% 420 Ko(z/BoB) | (C.2)

SHMT

SXpna (T) =

k=0

Since, the harmonic mean is defined as X = mpy(X;, Xs) = )2()1(}3(22, the end-to-end SNR

of the dual-hop system can be written as 7. = mg (X1, X2)/2. Therefore, the following

122



transformation of variable is required,

Sonae (V) = 2 X mae (27). (C.3)

If we set s = 1/7, and B, = 1/7, and apply the transformation given in (C.3) to (C.2)

, the desired result is obtained as in (5.11).

C.2 Derivation of P, over i.i.d Rayleigh channels

Substituting equation (5.11) of theorem 1 in equation (5.5) yields,

I o (L‘ 1)(—1>’f [(mw | U@

7571” k=0 k

(k)T 2
[ R oy ,mdv]. (C.4)
0

Vv 7877’
The first integral in (C.4) is evaluated with help of [124, Eq. 12] and change of variable

y = /7 which yields,

(DT, 2 2 Al({p+ta u—l M Y2 < Aa
2ye” T Y Qu(Vay, VNdy = Ze73 R D
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()]
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_ o (k+1)7:7,

E] T

where, p . For the second integration, we employed the same technique used

in [49] to approximate the generalized Marcum-Q function as follows:

Qusa(y/ay, V) ~ = qu T, 1 (Var(t + V) (C.6)

(ti+v)?
wieli (ti+vV ) e 2
T

where, U; = , and w; and t; are weight factors and abscissas (1 =

a 2

1,..., N) of the Gaussian Laguerre integration, respectively [106, Table 25.9]. With this

approximation, the second integration becomes:

N
t+ * _u _ 2(k+1)7sVr+a(Fs+7r) 2
Z\I}z ( \/_)) / 7%3 2(7s 1) VKO(V —— )T, 4 /Cw(ti—i—\/X))dy
0

With the help of the asymptotic form of the modified bessel function given in [123, Eq.

11.124), I,(z) ~ F(Ul—I—l) (£)", the second integration can be expressed as,

e 1 Vva(t; +\/—) /°° 2k DV Y a (T 4y 2
Yy = =—> U, ye© R T Ko (y—==)dy
[om = oy ((22) ) o7
(

=1
C.8)

The above integral can be evaluated with the help of [105, Eq. 6.624.1] to yield,

[om = g (8 5 (5o )
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where, ¢ = 28HIY 00470 4 ¢ = —2—. Substituting (C.5) and (C.9) in (C.4), Py

2(75—"_77) A/ Vs Vr

can be expressed as shown in (5.12).
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