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Abstract

Massive innovation in all aspects of the wireless communication network
has been witnessed over the last few decades. The demand for data
throughput is continuously growing, as such, the current regulations for
allocating frequency spectrum are not able to respond to this exponen-
tial growth. Cognitive radio (CR), has been proposed as a solution to
this problem. One of the possible scenarios of the implementation of CR
is underlay cognitive radio. In this thesis the performance of an under-
lay cognitive radio network (UCRN) in the presence of the co-channel

interference (CCI) is assessed.

Firstly, the impact of CCI on the dual-hop cooperative UCRN is investi-
gated over Rayleigh fading channels. In order to do this, the exact outage
probability (OP), average error probability (AEP) and the ergodic ca-
pacity (EC) are studied. In addition, simple and asymptotic expressions
for the OP and AEP are derived. Furthermore, the optimal power al-
location is investigated to enhance the network performance. Moreover,
the performance of a multi-user scenario is studied by considering the

opportunistic SNR-based selection technique.

Secondly, the effect of both primary network interference and CCI on
the dual-hop UCRN over Rayleigh fading channels are studied. The
equivalent signal-to-interference-plus-noise ratio (SINR) for this network
scenario is obtained by considering multi-antenna schemes at all receiver
nodes. The different signal combinations at the receiver nodes are inves-
tigated and compared, such as selection combining (SC) and maximum
ratio combining (MRC) techniques. Then, the equivalent probability
density function (PDF) and cumulative distribution function (CDF) of
the network’s equivalent SINR are derived and discussed. Furthermore,

expressions for the exact OP, AEP, and EC are derived and reviewed.



In addition, asymptotic OP expressions are obtained for different case

scenarios to gain an insight into the network parameters.

Thirdly, multiple-input multiple-output (MIMO) UCRN is investigated
under the influence of primary transmitter interference and CCI over
Rayleigh fading channels. The transmit antenna selection and maximum
ratio combining (TAS/MRC) techniques are considered for examining
the performance of the secondary network. At first the equivalent SINR
for the system is derived, then the exact and approximate expressions

for the OP are derived and discussed.

Fourthly, considering Nakagami-m fading channels, the performance of
the UCRN is thoroughly studied with the consideration of the impact
of primary network interference and CCI. The equivalent SINR for the
secondary system is derived. Then, the system equivalent PDF and CDF
are derived and discussed. Furthermore, the OP and AEP performances

are investigated.

Finally, for the cases mentioned above, numerical examples in conjunc-
tion with MatLab Monte Carlo simulations are provided to validate the
derived results. The results show that CCI is one of the factors that
severely reduces the UCRN performance. This can be more observable
when the CCI power increases linearly with the transmission power of
the secondary transmitter nodes. Furthermore, it was found that in
a multi-user scenario the opportunistic SNR-based selection technique
consideration can improve the performance of the network. Moreover,
adaptive power allocation is found to give better results than equal power
allocation. In addition, cooperative communication can be considered to
be an effective way to combat the impact of transmission power limita-
tion of the secondary network and interference power constraint. The
multi-antenna schemes are another important consideration for enhanc-
ing the overall performance. In fact, despite the interference from the
CCI and primary user sources, the multi-antennas scheme does not lose

its advantage in the UCRN performance improvement.
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Chapter 1

Introduction

The frequency spectrum is the only precious [1] fixed resource that is available to all
wireless users for all communications purposes. There are some authorities, such as
Office of Communications (Ofcom) in the UK and Federal Communications Com-
mission (FCC) in the United States, that are responsible for publishing regulations
and allocating a particular frequency band, i.e., giving a licence, to an intended
user. Over time, the allocation of frequency spectrums has been modified based on
the requirements of the state of the art technologies. Cognitive radio (CR), as a
promising technology has been proposed to utilise the existing frequency spectrum
more efficiently. In fact, the idea of CR goes back to 1999, when Joseph Mitola [2]
published research on the software defined radio (SDR). This idea has become more
compelling and attracted many researchers after 2003 when the FCC issued its re-
port [3] about the status of the frequency spectrum. From that time, CR became
an interesting research topic for study and investigation [1,4-6]. Moreover, the FCC
has accepted the usage of unoccupied television frequency bands by mobile users [7].
This has motivated many researchers to investigate practically the optimal usage of
the radio spectrum. As a proposed network, it is necessary and important to study
the performance behaviour of the CR network (CRN) and understand its benefits
and capability for the improvement of future wireless communication network.
According to [7], the term CR is defined as a radio system that is aware of the
surrounding environment and capable of changing and adapting its transmission
parameters based on necessities. In general, in the CR network, the frequency
spectrum is not used by the licensed users only. However, the second kind of user,

the unlicensed user, can benefit from it. The licensed users, who are also known



as primary users (PUs), have permission to use a particular frequency spectrum at
any time without any constraints. The unlicensed users, who are also known as
secondary users (SUs), do not have a licence but can share the frequency spectrum
with the PU preserving some strict regulations and conditions.

The CRN has been divided into three main categories based on the network
topology, the co-existence of the users, and the rules and conditions for assigning
different users in the system. These are underlay, overlay and interweave [8]. In the
mentioned proposed paradigms, the protection of the quality of service (QoS) of the
primary user should have the top priority.

In an underlay CRN paradigm, both PUs and SUs are allowed to use the same
frequency spectrum with the condition that the QoS of PUs is maintained. For this
purpose an interference power temperature [7], that is known as the interference
power constraint (IPC), is imposed on the secondary network transmission nodes.
IPC is the maximum acceptable interference that the existence of the secondary
network can inflict on the primary network [4]. As a result, SUs should keep the
resulting interference to the PUs below the IPC. The quantity of the interference that
the SUs produce to the primary network is a crucial matter that the CRN designer
should keep in mind. This interference mainly depends on the SUs’ transmission
power, besides the status of the channel that the SUs transmit on it [7].

In an interweave CR paradigm, the secondary users can use a particular fre-
quency spectrum when it is empty, i.e., not occupied by the primary user. As soon
as a primary user requests to use that frequency band, the secondary user should
vacate it and search for another empty frequency band. In fact, the CR idea was first
originated from this paradigm [7]. The unoccupied frequency band in this paradigm
is referred to as a spectrum hole or a white space [8].

Finally, in an overlay CRN paradigm, the SU requires knowledge of all available
channels between all the nodes in the network. This knowledge of the channels allows
the SUs to select the appropriate transmission strategy that guarantees the protec-
tion of the QoS of the PUs. This paradigm requires sophisticated radio architecture
by an advanced network operation [7].

From the above description for different CRN paradigms, it can be observed
that the underlay scheme can exploit the frequency spectrum more efficiently than
an interweave paradigm. This is due to the fact that both PUs and SUs can simul-

taneously use the spectrum. Furthermore, in terms of simplicity of implementation,



1.1 Performance Analysis

the underlay paradigm is more feasible than the overlay paradigm. Therefore, in
this thesis, the focus is on the performance evaluation of an underlay cognitive radio

network (UCRN) paradigm.

1.1 Performance Analysis

For assessing the performance characteristics of any communication network, there
are some criteria that can help in understanding the behaviour of the system when it
is subjected to particular circumstances. Mathematical analyses and investigations
are key to understanding most of the potential benefits of any proposed system
before it is implemented in real life. For wireless communication networks, there
are some important and common performance measures that can give insights into
the system [9, p. 5]. For instance, the outage probability (OP), the average error
probability (AEP) and the ergodic capacity (EC). Moreover, these performance cri-
teria can be investigated based on the statistical behaviour of the primary random
variable (RV) of interest for the network which is the signal-to-noise ratio (SNR) or
in an interference environment system it will be the signal-to-interference-plus-noise
ratio (SINR). Furthermore, the average SNR, which is a more suitable performance
measure [9, p. 4], is determined by taking the mathematical expectation of the
instantaneous SNR over the probability distribution of the fading. Several statisti-
cal metrics can be employed to represent the intended RV. For example, probability
density function (PDF), cumulative distribution function (CDF) and moment gener-
ating function (MGF). In fact, these can provide several insights into the behaviour
of the RV. In the next chapter, details about these mentioned statistical metrics are

given.

1.2 Co-Channel Interference

Modern communication systems consist of complex and congested network connec-
tions. The broadcast nature of wireless communication has the advantage of signal
propagation. However, this feature results in the possibility of receiving unwanted
signals that will affect the network performance. In addition, the nature of an under-
lay CRN is based on the co-existence of different users in the same area of operation

and the same frequency band. These all lead to a phenomenon which is known as
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co-channel interference (CCI). In almost all wireless communication networks, CCI
exists over a wide range of the frequency spectrum. It could be from the same fre-
quency bands or other frequency bands that inject energy signals into the desired
channel [10]. In fact, the phenomenon of CCI is unavoidable and should be consid-
ered to better understand the performance behaviour of the network. Furthermore,
in all system models in this thesis, the CCI is mainly considered from the surround-
ing secondary transmitters that can cause a harmful impact on the performance of

the considered CR network.

1.3 Literature Review

The area of cognitive radio performance analysis has been widely researched to
examine the potential benefits of this proposed paradigm. In this section, a tabulated
summary review of the research papers in the field of a performance study of an
underlay CR is presented. More precisely, Table 1.3 is structured so that it will
be easy to follow the desired research based on what has been investigated. For
instance, in Table 1.3, it is easy to find which paper studied the outage performance
of an underlay cognitive radio network considering the primary system transmitter,
multi-antenna scheme, and multi-hop network. In fact, this summary is necessary
for the purpose of comparison and to ascertain the state of knowledge in this research
field. Later on, in chapters 3,4,5, and 6 a more detailed literature review is provided

based on the works that are closer to the work in that particular chapter.



Table 1.1: Summary of literature review papers on the performance study of an underlay cognitive radio network

Considering the Following Network Conditions in Calculations

Performance Investigation Metrics?

Paper Primary User|Secondary Transmission Multi User? Multi Fading Outage Error Ergodic
Number AWGN Multi Hop? Multi Relay

Transmitter Power Constraint Nodes Antenna Channel? | Probability | Probability | Capacity
[11] v v v X v X X Ray. v X X
[12] v v v X v X v Ray. v X X
[13] v v v X v v X Ray. v X X
[14] v v v X X v X Ray. v X X
[15] v v X v v X X Ray. v X X
[16] v v X X v X v Ray. v X X
[17] v v X X v v X Ray. v X X
[18] v X X X v X X Ray. v X X
[19] v X v X v X v Ray. v X X
[20] v X X X v X v Ray. v X X
[21] X X v X v X X Ray. v X X
[22-24] X X v X v X v Ray. v X X
[25] X X v v v X X Ray. v X X
[26,27] X v v v v X v Ray. v X X
[28-30] X v v X v X v Ray. v X X

MITAIY 9JaNnjeaad)iy ¢'1
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[65] X v v v v X X Nak.
(66, 67] X X v X v X X Nak.
[68] X X v X v X X Nak.

I'Multi user at the secondary source and destination nodes have been considered.
2Papers dealing with dual-hop have been considered as a multi-hop study.
3For Rayleigh fading channels ”Ray.” has been used, and for Nakagami-m fading channels ”Nak.” has been used.

4The approximate performance metrics investigation are also considered.

MITAIY 9JaNnjeaad)iy ¢'1



1.4 Motivation of this Work

1.4 Motivation of this Work

Cognitive radio aims to better utilise the current frequency spectrum and increasing
the spectral efficiency of the network which results in an increase of the user’s data
throughput. The motivation behind the research in this thesis is to comprehensively
investigate the performance behaviour of a more practical scenario of a UCRN. This
will lead to a better understanding of the potential advantages of this proposed
paradigm. For this purpose, the following network parameters have been considered
during performance study: CCI, PU interference, interference power constraint, and
SU transmit power constraint. Moreover, the following network conditions have
been considered: Multi-hop network, Multi-user, and Multi-antenna. In addition,

different statistical channel model have been investigated.

1.5 Contribution of this Work

The aim of this research is to investigate and understand the performance behaviour
of a UCRN is subjected to CCI. Different network topology scenarios and parameters
are considered and studied. The contribution of this thesis can be summarised as

follows:

e An investigation of the performance of an underlay CR network has been
carried out when the CCI exists at the secondary receivers. Independent non-
identically distributed Rayleigh fading channels between different nodes have
been considered in the analysis. For this scenario, the closed-form expres-
sions for the OP, AEP, and EC have been derived. Furthermore, the power
optimisation has been investigated to improve the performance behaviour of
the intended network. The effect of a multi-user destination has also been

considered and analysed.

e The impact of both primary network interference and the CCI have been
considered to assess the performance characteristics of a secondary network.
Again, the most important performance metrics have been obtained. Fur-
thermore, various network structures have been considered, such as multi-hop
network and consideration of multi-antenna schemes. Moreover, at the multi-
antenna receiver nodes, different signal combination techniques have been con-

sidered and the results have been compared.

8



1.6 Publications

e The advantage of the multiple-input multiple-output (MIMO) scheme has been
investigated for the UCRN. The effects of primary network interference and
CCI are taken into account in the performance study. The exact and approx-
imate expressions for the OP have been obtained. Different antenna selection

techniques are considered for the source and destination nodes.

e A more practical fading channel has been considered, which is the Nakagami-m
fading channel. For this scenario, the exact and approximate OP performances

have been studied. Furthermore, approximate AEP has been investigated.

Finally, the derived expressions in Chapters 3, 4, 5, and 6 have been verified with
Monte Carlo simulations, in numerical and simulation results section. It is worth
mentioning that the obtained formulas in this thesis are valid for any possible net-
work parameters. Therefore, different case scenarios have been considered to il-
lustrate the performance of UCRN. For example, for the value of the CCI power,
fixed value and the aggressive interference case scenario, when the CCI power lin-
early increases with the transmission power of the UCRN, have been investigated.
Furthermore, for the multi-hop UCRN, the channel variances have been calculated
based on the two-dimensional topology of the nodes in the network. This is to show
the impact of distance between nodes in a multi-hop UCRN and to investigate the
advantage of employing multi-hop for performance improvement in the secondary

network.

1.6 Publications

The outcome of this thesis has resulted in the following publications [10,69-74]:

1. J. Hussein, S. Ikki, S. Boussakta, C. Tsimenidis, and J. Chambers, “Perfor-
mance analysis of a multi-hop UCRN with co-channel interference”, IEFEFE

Trans. Commun., vol. 64, no. 10, pp. 4346-4364, Oct. 2016.

2. J. Hussein, S. Ikki, S. Boussakta, and C. Tsimenidis, “Performance analysis
of opportunistic scheduling in dual-hop multi-user underlay cognitive network
in the presence of cochannel interference”, IEEE Trans. Veh. Technol., vol.

65, no. 10, pp. 8163-8176, Oct. 2016.
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3. J. Hussein, S. Ikki, S. Boussakta, and C. Tsimenidis, “Performance study of
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1.7 Thesis Organisation

The organisation of this thesis is as follows:

e Chapter Two presents a basic and essential mathematical background for
the performance study in the wireless communication network. For example,
channel modelling, statistical representations of a random variable, standard
performance metrics, and mathematical modelling of the cognitive radio sys-

tem.
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Chapter Three is devoted to illustrating the impact of CCI on an underlay
cognitive radio network. In addition to the derived expressions for system
performances, the optimal power allocation is investigated in order to improve

the performance behaviour of the underlay cognitive radio network.

Chapter Four The performance characteristics of an underlay cognitive radio
network are investigated under both of the primary network interference and
the co-channel interference. The advantages of a multi-hop network and using

multi-antenna schemes at the receiver nodes are also examined.

Chapter Five MIMO cognitive radio network is considered. The performance
of the network is examined considering transmit antenna selection (TAS) tech-
nique for the antennas at the source node and maximum ratio combining

(MRC) technique at the receiver side.

Chapter Six The Nakagami-m fading channel is considered for all the chan-
nels in the primary and secondary network. For this scenario, and under pri-
mary network interference and CCI, the performance of the secondary network

is investigated.

Chapter Seven gives the overall conclusions of the research in this thesis
and discusses the results. Also, it suggests future research extension work

that could be carried out.
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Chapter 2

Background Theory

A wireless communication network is a system for connecting the intended nodes
to enable communication between them through the exchange of messages. It is
necessary to consider the fundamental and essential theoretical background of wire-
less communication networks in order to study and understand their performance
behaviour. Therefore, this chapter presents some key knowledge about general wire-
less communication network performance analysis, specifically for cognitive radio
networks.

The system configuration or the node topology plays a crucial role in how the per-
formance of that particular network behaves. Moreover, using diversity techniques
for a wireless communication network have a significant advantage of enhancing the
system performance. A relay scheme network or cooperative communication system
is one of the diversity schemes in which the source node communicates with the
destination node through a ‘helping’ node called a relay.

Furthermore, the multi-antenna scheme, another diversity technique, has been a
revolution in wireless communication networks in the last decade, providing enor-
mous benefits to the overall system performance. The mathematical modelling of
channels for wireless communication networks play a great role in the performance
analysis of the whole system. Depending on the node position in the network, the
appropriate fading channel can be chosen. The mathematical representation of the
channels depends on the type of fading channels considered.

In cognitive radio networks, the system consists of a more complicated structure
than the traditional network architecture. Therefore, more robust configurations

and analyses are required to ensure sufficient reliability of the proposed systems.

12



2.1 Signal Transmission in Wireless Network

Finally, after gaining knowledge of the considered topology of the network and the
detailed information about the physical characteristics of the nodes, and addition-
ally, the recognised channels’ statistics and information, some performance metrics
can be obtained to predict the behaviour of the network and assess the capability
of the proposed system. More details about cooperative communication, channel

consideration, and performance metrics will be provided below.

2.1 Signal Transmission in Wireless Network

Generally speaking, the communication between two intended nodes will be either
direct communication transmission, or cooperative communication transmission. Di-
rect transmission refers to the communication between the transmitter and receiver
nodes directly. On the other hand, in cooperative communication, all available nodes
in the network can assist each other in a relay manner to establish the transmission
between the intended source and destination nodes. The operation mechanism of
this paradigm is based on the broadcast nature of wireless communication signals.
Due to this feature of wireless networks, all the nodes in the network can hear
each other in some manner. In fact, when the number of nodes is more than two,
cooperation communication is possible [75, p. 30]. There are several advantages of
employing this paradigm [76, p. 3]. First, the system can achieve similar benefits
as the MIMO system; it results in an enhancement of the communication capacity,
speed and overall performance. In addition, cooperative communication reduces
the battery consumption, which results in an extension of the network’s lifetime.
Furthermore, it can extend the coverage area of the transmission [76, p. 3].
However, there are some disadvantages of employing the cooperative communi-
cation scheme; for example, it will increase the complexity of the overall system,
increase the cost, and require more overhead signalling compared to the use of di-
rect transmission. It is worth mentioning that in the standardisations of the 3GPP
LTE-A, cooperative relay communication has been considered, and it is expected to
play a vital role in the next generation of mobile communication [77, p. 332].
There are several protocols that can be used at the relay node to process the
received signal from the source node and forward it to the destination node. For
example, amplify-and-forward (AF), decode-and-forward (DF), and compress-and-

forward [76, p. 128]. The transmission in the cooperative network performs within
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two orthogonal time slots, i.e., phases. To avoid interference between the transmis-
sion signals, Time Division Multiple Access (TDMA) or Frequency Division Multiple
Access (FDMA) can be used [76, p. 121]. It is worth noting that both AF and DF
are the most two common relay protocol schemes that are used to implement the

cooperative communication between the source and destination nodes [78, p. 119].

2.1.1 Amplify-and-Forward (AF)

In AF relay protocol, the relay node receives the signal from the source node, then,
amplifies it and forwards it to the destination node. In terms of simplicity, this
technique is considered the simplest relay method to implement as it does not require

complex signal manipulation at the relay node [77, p. 331].

2.1.2 Decode-and-Forward (DF)

In DF or regenerative relay protocol, the relay node decodes the received signal from
the source node, then, encodes and forwards it to the destination node. This relay
protocol can achieve close to the optimal performance when the channel between
the source and the relay is excellent [75, p. 37]. In terms of complexity, this protocol
is more complex than the AF protocol as the received signal requires manipulation

before it is forwarded to the destination node.

2.2 Statistical Analysis of Random Variable

Since the wireless communication network is the intended system to deal with its
performance behaviour, and includes different entities and variables, it is necessary
to have some basic knowledge of the statistical and mathematical representations of
these possible random variables in the network. There are two kinds of a random
variable (RV); continuous and discrete. In this thesis, the focus is on the continuous
RV and hereafter whenever RV is mentioned, it refers to the continuous random
variable. The continuous random variable is a variable that can have infinite values
at reasonable intervals [79)].

Any random variable can be defined statistically by two parameters known as
mean and variance of that RV. The mean or the “expected value” represent the

average of a random variable. For a RV X, the mathematical representation of
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the expected value of X is E [X] or u, where E [-] is the expectation operator. The
variance of a random variable is a positive number; it represents how the distribution
is spread around the mean value [79]. The mathematical representation of a variance
of RV X is Var (X) = 0> = E[(X - E[X])’] = E[X?] — (E[X])*.

There are three popular distribution representations of a continuous random
variable, which are: PDF, CDF, and MGF. If X represents the intended RV under
investigation, then its PDF is represented by fx(z), and the corresponding CDF
and MGF by Fx(z) and Mx(x), respectively. The PDF, CDF, and MGF can be
obtained interchangeably from each other. These different representations for the
RV are important because they give various options to assess the performance of

the intended network based on the suitability of using them.

e Cumulative distribution function (CDF):
The CDF of RV X is defined as the probability that X is less or equal to a

particular predefined value. This can be represented by:
Fy(z) = Pr(X <) = / Fe(t)dt, 2.1)

where Pr (+) is the probability operator.

e Probability density function (PDF):
The PDF is considered the preferred function for representing the distribution
of a random variable. For a continuous RV X that has a density of fx, the

following mathematical relation can be written [80, p. 927]:

B8
/ fx(@)dz=Pr(a < X <), (2.2)

where o and 3 are the intervals at which the probability of X exists. Moreover,
the PDF of the RV X can be obtained by taking the first derivative of the
corresponding CDF"

e Moment generating function (MGF):
The MGF is another representation of the probability distribution of a random
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variable. The MGF of RV X can be defined as:
Mx(s) =E [e**], (2.4)

where E [-] represents the expectation operator. In addition, it can be repre-
sented in terms of the PDF as:

o0

Mx(s) = /e”fx(x)dx. (2.5)

—00

2.3 Wireless Fading Channel and its Statistical
Modelling

The radio signal in a wireless communication is a complex phenomenon that suffers
from different effects (multipath and shadowing) due to the fluctuation of amplitude
and phase of the signal until arriving at the intended destination [9, p. 17]. The
statistical measurements of the wireless fading channels are necessary to understand
the behaviour of the system [81, p. 34]. In fact, without a simplified modelling of the
wireless system under consideration, the investigation and comparison of different
systems becomes impossible [81, p. 35].

Therefore, a statistical, probabilistic modelling approach for the wireless com-
munication channels is essential to provide insights about the intended or proposed
wireless system [81, p. 35]. Depending on the conditions and suitability of the net-
work under investigation, different models for the channels can be considered or
adopted. In this section, some information about wireless communication channels
and relevant statistical models is presented that can be used to represent wireless
communication channels.

The wireless channels can be classified into two categories based on the spatial
scale variations of the signal between the transmitter and the receiver nodes; large-
scale variation and small-scale variation [81, p. 10]. The large-scale variation is due
to the path loss that the signal suffers, which is mainly a function of distance, and
shadowing, which is due to large objects in the signal propagation path. On the
other hand, a small-scale variation is due to the combination of multiple signals

from multiple paths between the transmitter and receiver nodes that result in con-
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structive and destructive phenomena in the final version of the received signal. This
phenomenon is known as ‘multipath fading’. Due to the multipath fading channel,
the transmitted signal suffers from variation in the time-domain and power delay
spread [82, p. 11]. The multipath fading is divided into ‘slow fading’ and ‘fast fading’,
depending on the change in the time domain of the transmitted signal. Furthermore,
according to the severity in the power delay spread of the transmitted signal, it is
classified as ‘frequency flat fading’ and ‘frequency selective fading’ [82, p. 11].

The wireless channel is said to be slow fading if its coherence time is much larger
than the symbol period of the transmitted signal. Conversely, the channel is called
fast fading [81, p. 34]. The coherence time is the period that the response of the
channel stays highly correlated. In fact, slow and fast fading characteristics are
mainly dependent on the Doppler shift phenomenon of signal propagation, which is
due to the relative motion of the intended transmitter and receiver nodes [82, p. 15].

In real world applications, most of the recent and arising wireless systems are
working in a slow fading channel environment. This is to ensure the provision of a
relatively high data rate [82, p. 16]. The wireless channel is said to be frequency-flat
when the delay spread is much smaller than the symbol period of the transmitted
signal, or the coherence bandwidth is much larger than the signal bandwidth. In-
versely, when the delay spread is larger than the symbol period, the channel is called
frequency-selective [81, p. 34]. The delay spread is dependent on the power delay
profile, which is the distribution of the average signal power on the delay axis, and
the coherence bandwidth is the bandwidth to which the frequency response of the
channel remains highly correlated [82, p. 12].

The frequency-flat model is used in the design of most of the current wireless
technology; for instance, multi-user nodes scheduling, multi-antenna systems, and
diversity combining techniques. This is due to the fact that, with the advantages
of new technology such as orthogonal frequency-division multiplexing (OFDM), a
wideband frequency-selective fading channel is converting to a finite number of par-
allel frequency-flat fading channels [82, p. 12]. Throughout this thesis, the focus will

be on the frequency-flat fading channel model in the performance investigation.
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2.3.1 Rayleigh Fading Channels

Rayleigh fading is the simplest and most common statistical model representation
of the wireless multipath fading channel. In this model, the envelope of the sig-
nal is assumed to be changing randomly due to the scattering phenomenon of the
transmitted signal. When a large number of scattered signals arrive at the receiver
side, using the Central Limit Theorem [76, p. 17|, [82, p. 13], the fading channel
coefficients can be modelled as a circularly symmetric complex Gaussian random
variable, which has mean zero and variance o2.

It is worth mentioning that the random variable consists of two uncorrelated
components, named as ‘in-phase’ and ‘quadrature’ components. They both have
zero mean and equal variance of o?. The desired random variable for performance
investigation is the envelope of the channel coefficient, which follows the Rayleigh
distribution [76, p. 18]. Let X represent the fading channel coefficient, therefore, its

PDF can be represented as:

T _ a2
Ifx(z) = ¢ 22, 1 >0. (2.6)
In performance analysis, channel power gain is an important random variable that is
related directly to the fading channel coefficient. The channel power gain is defined
as the square of the magnitude of the channel coefficient. For the above scenario the

channel power gain will be |X|? = Y that follows an exponential distribution [76,

p. 18].

frly)=55e%%, y=0 (2.7)

Furthermore, in the case of existence of multiple independent and identical dis-
tributed (i.i.d.) channel gains, the sum of them is the Chi-square random variable
with 2L degrees of freedom, where L represents the available number of i.i.d. channel
gains in the resulting sum, i.e., 25:1 | X;|* = Z. The resulting PDF is [76, p. 18]:
zZ\L z _z
fz(Z) = <§> m€ 02, z Z 0. (28)
By observing the above PDF, it can be seen that it follows the gamma distribution.

Moreover, in the scenario where channel gains are independent and non-identically
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distributed (i.n.d.), it will be more convenient to deal with MGF instead of PDF.

Therefore, the resulting MGF expression is expressed as [82, p. 29]:

L
- H (1- 80'22')71 , (2.9)
where My, (s) is the corresponding MGF of fx,(x).

2.3.2 Rician Fading Channels

The existence of the line of sight (LOS) plays a big role in reshaping the Gaussian

random variable. For instance, the envelope of the resulting in-phase and quadrature

phase components has a mean which is not zero. Therefore, the PDF of the instan-

taneous channel amplitude follows the Rician distribution and can be represented

as [76, p. 21]:

T 2P4s® s
o

fx(a) = e " §> . >0, (2.10)

where [j (+) is the zeroth order modified Bessel function of the first kind [83, eq.
(10.32.1)]. 20?% and s? represent the channel power gains of the non-LOS and LOS
components, respectively. Furthermore, the total channel power gain from both non-
LOS and LOS components is represented as 0 = s? + 202, and the Rician fading

s
202"

parameter is defined by K =

By observing the PDF of the Rician distribution, it can be seen that when s = 0,
the PDF reduces to the Rayleigh scenario, since I (0) = 1. In the Rician distribution
scenario, the channel power gain, i.e., | X|*> =Y, has a non-central x? distribution,

where the PDF can be represented by [82, p. 14]:

Frly) = K(—zi— 1€7<K+%)]0 (2 @) ., y>0. (2.11)

2.3.3 Nakagami-m Fading Channels

A more generalized fading channel model is the Nakagami-m. Similar to the Rician

model, in this statistical model the LOS component is also counted in the PDF of the
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channel distribution representation. The PDF of the envelope of the Nakagami-m

distribution is represented as [76, p. 21]:

Omma?ml 2

fx(x) = T e o, x>0 (2.12)

where m is the Nakagami severity fading parameter, which has a value of m > 0.5.
I (-) represents the gamma function which is defined as T' (z) = [~ e™"t*~!dt, in [83,
eq. (5.2.1)].

Note that, when m = 1 and s = 0, the PDF of the Nakagami distribution reduces
to the Rayleigh distribution. Furthermore, when the parameter m is less than one,
the channel is much more severe than the Rayleigh case. On the other hand, when
m > 1.0 the channel is considered less severe than the Rayleigh, and when the value
of m approaches oo, the distribution reduces to the no fading scenario.

A tight relation can be established between Nakagami and Rician distribution

(K+1)?
2K+1 °

tion | X |* =Y, is written as [82, p. 14]:

through m = The channel power gain for the Nakagami-m fading distribu-

fr(y) = (%)m v e, y>0. (2.13)

2.4 Mathematical Modelling of Cognitive Radio
Networks

The general and straightforward UCRN can be considered as the existence of the
primary and secondary transceiver nodes, as shown in Fig 2.1. In UCRN, the
QoS of the primary network should be protected and cannot be compromised. To
realise the protection to the primary system, the secondary transmitter should adjust
its transmission power based on two factors; a) the maximum level of interference
acceptable at the primary receiver node, and b) the channel condition between the
secondary transmitter and the primary receiver.

Furthermore, the secondary transmitter has a limit to its capability of power
transmission, due to battery size and capacity. The above statement can be trans-
lated mathematically, and the allowable transmission power at the secondary trans-

mitter node can be represented as:
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Figure 2.1: Typical CRN showing the primary and secondary transceivers; solid lines
represent the desired data links, and the dashed lines represent the interference links.
T, and R, represent the transmitter and receiver nodes, respectively.

Imax
Es = min <W, PS>, (214)
sp

where FE is the power that is allowed to be transmitted from the secondary trans-
mitter node. I, represents the maximum acceptable interference at the primary
receiver node, this is known as the interference power constraint. |hgp|? is the chan-
nel power gain of the fading channel between the secondary transmitter and the
primary receiver nodes. P represents the maximum power constraint that the sec-
ondary transmitter can use.

The received signal at the secondary receiver node can be expressed as!:

Yr =\ Es hgp ©+ I, + 1y, (2.15)

where hg, is the fading channel coefficient between the secondary transmitter and
the secondary receiver nodes, x is the intended transmitted signal message to the
secondary receiver. I, represents the interference term from the primary network,
and n, is the additive white Gaussian noise (AWGN), which is added to the received
signal at the secondary receiver node.

From the above equation, SINR can be obtained, which is an essential and desired

random variable that can be used to investigate the network performance. For the

IThe time notation has not been written in the equation for the purpose of simplicity.
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scenario above, the SINR for the secondary system! is defined as:

signal power

P}/eq = 7 .
interference power 4 noise power

mlIl < Imax P

- Pl > |y |? (2.16)
Y1, + No T '

where 74 is the equivalent SINR for the secondary UCRN. In addition, vy, is the
instantaneous interference power from the primary network. Depending on the
distributions considered for the fading channels in the network, the mathematical
expressions such as PDF, CDF, and MGF for the SINR can be derived. Finally, one
of the obtained expressions can be used, according to mathematical suitability, for

investigating the network performance.

2.5 Mathematical Representation of the CCI

In general, CCI signals are from neighbouring clusters. Therefore, the distance from
the CCI sources to the affected receiver node is relatively long. As a result, it can
be considered that the CCI signals have the same average power at a particularly
affected node [10,84]. Thus, the CCI signals can be considered as independent
and identically distributed (i.i.d.), in terms of their average values, at the intended
receiver node.

In the case where the Rayleigh fading is considered, the channel power gain of
each individual CCI signal is modelled as an exponential distribution. The sum of
these i.i.d. random variables is a chi-square, which follows the gamma distribution
[76, p. 18], Z = Zle Ve, Z ~ X%, where L is the number of CCI signals at the
o
(INR), E. represents the energy of the CCI signal, Vg is the power spectral density
of the AWGN, and |f,,|? is the channel gain for the CCI fading channel f..

2 is the instantaneous interference-to-noise ratio

intended receiver node, 7., = ]]f,—o

Therefore, the PDF of Z can be mathematically represented as:

falz) = %exp (-3) : (2.17)

IThroughout this thesis, the focus is on the secondary network performance, since the primary
network performance is similar to the ordinary systems that have been well investigated in the
literature.
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where 7. is the average INR of each of the CCI signal. Furthermore, for the sce-
nario where Nakagami-m fading channels have been considered, the PDF of random

variable Z can be written as:

f2(z) = (?)M 157(12;) exp (—7@2) . (2.18)

In the scenario of the independent non-identical Rayleigh fading channels considered

for the individual CCI signals, i.e., where the average CCI powers are assumed
to be non-identical, the mathematical representation becomes more complicated,
especially for generalized L. number of CCI signals. However, if the number is
known, it is possible to obtain the mathematical expression for the equivalent PDF
of the sum of these independent and non-identically distributed exponential RVs.
For example, if the number of CCI signals is two, the resulting PDF at the desired

receiver node can be represented as:

1 ( _z ,7>
z) = e 1 —e 72 , 219

f2(2) =7 (2.19)
where 4, and 7, represent average power gains for the first and second CCI signals,

respectively. Moreover, when the number of CCI signals is three, the resulting PDF

at the desired receiver node can be represented as:

fz(2) = = 1 — [_ 71_ (e_% —6_%) + - %_ (e_% —e_%>] , (2.20)
Y172 L7 — 8 33

where 73 represents the average power gain for the third CCI signal. It can be ob-

served that as the number of non-identical CCI signals increase the resulting equiva-

lent PDF becomes more complicated mathematically. Therefore, for the purpose of

mathematical convenience, throughout this thesis, the identical channel power gains

for the CCI have been considered.

2.6 Common Performance Criteria

In the sections below, the most important performance metrics for evaluating any
wireless communication network are discussed. In addition, mathematical formulas

for determining these metrics are provided.
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2.6.1 Outage Probability (OP):

The OP is the most common performance criteria for any wireless communication
system. It is the probability that the intended RV is less than or equal to a predefined
threshold value [9, p. 5. In the case of considering the SNR! as an intended RV, then
i Will represent the threshold value, i.e., SNR-threshold. In addition, this threshold

value can be represented in terms of the rate of the transmission R [85, p. 183].

OP =Pr(log, (1+ SNR) < R),
=Pr(SNR < ). (2.21)

where log, (+) represents the logarithm to the base 2, and vy, = 2% — 1.

It can be observed that the outage probability can be directly obtained from the
corresponding CDF by substituting variable  with ~,. Furthermore, the OP can
be represented in terms of the PDF of the equivalent SNR [82, p. 20]:

Vth

OP = ; frea) dv = o (yn)- (2.22)

2.6.2 Average Error Probability (AEP):

The second important performance metric is the AEP. It is especially vital when
the calculation of the number of bit or symbol errors is required to be known for the
system under consideration. It depends on two factors; i) characteristics of the SNR,
and i) the modulation scheme that has been employed for the data transmission.
The AEP over a slow flat fading channels can be found by averaging the error
probability in AWGN over the fading distribution [85, p. 184]. Mathematically, this

can be represented as [82, p. 21]:

B - / Po) fr(7) d, (2.23)

where P, represents the AEP, and P, is the error probability in AWGN system,
where the considered SNR is 7 [82, p. 21]. 7.q represents the equivalent SNR for the
intended network. f,. (v) is the PDF of the equivalent SNR.

'Here, SNR is used as a general representation, it can be replaced with SINR according to the
required situation.

24



2.6 Common Performance Criteria

Note that for several Gray bit-mapped constellations employed in practical sys-
tems, P, is in the form of a (\/m) (85, p. 180], where a and b are constants
depending on the constellation used [85, Table 6.1, p. 180], and Q(+) is the Gaussian
@-function. For example, a = 2 and b = 0.5 for the quadrature phase shift keying
(QPSK). Hence, the average error probability conditioned on a specific output SNR

can be written as:

l\DI@

/ erfc f’yeq< ) d, (2.24)
0

where erfc(-) is the complementary error function defined in [83, eq.(7.2.2)]. The
AEP can be studied using either the PDF or the CDF of the equivalent SNR, veq.

However, it is not always possible to get a closed-form solution using the above
formula. Especially in the scenario where interference is considered in the system.

In addition, the AEP can be represented in terms of the CDF as [84]:

_a [b ooe_b”
=—-\/— | —F d 2.25
2\/;/ﬁ ) (2.25)
0

where F, (7) is the CDF of the equivalent SNR. Furthermore, the AEP can be
measured in terms of the MGF of the equivalent SNR. For example, the AEP can
be expressed in terms of the MGF as follows [85, p. 189]:

_ q b
Py=— [ M ——— | df 2.2
b 7T/ Yeq ( Sin2(6)> ) ( 6)
0

where M, (-) is the MGF of the equivalent SNR. Moreover, the exact AEP for
different M-ary phase shift keying (MPSK) coherent modulation schemes, can be
obtained using [85, p. 189]:

pt (Y -

Table 2.1 provides the calculation of modulation constants

am

where b = sin®*(%).
a and b, for different constellations in a coherent detection system [85, Table 6.1,

p. 180], [86, Table 1, p. 7]. In Table 2.1, (BFSP) is the Binary Frequency Shift
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Table 2.1: Instantaneous symbol error probability (Pg) and bit error probability
(Pper) for coherent detection modulations and their modulation constant values

Modulation a b k Peer Pyer
BFSK 1 0.5

BPSK 1 1 aQ(V2b7) 2Q((V2bky)
MPSK 2 sin® () log, (M) Or Or
MPAM 2V A ¢ erfe (Vb ys) 2 erfe (vOE )
MQAM 4 Ty

Keying, (BPSK) is the Binary Phase Shift Keying, (MPSK) M-ary Phase Shift
Keying, (MPAM) is the M-ary Pulse Amplitude Modulation, and (MQAM) is the M-

Ly

ary Quadrature Amplitude Modulation. Furthermore, 7, = £& = 2= and ~, = N

No ko
where Fj is the energy per bit, and F; is the energy per symbol. In addition, N is

the noise variance.

2.6.3 Ergodic Capacity (EC):

The EC, or Shannon capacity [85, p. 98], is an essential performance criterion for
any communication system [49]. It is a measure of the achievable data rate for the
considered network, and it gives a basic theoretical understanding of the benefits
of the system in terms of the data rate, which is an important measurement for
any communication network. The ergodic capacity of flat fading channels can be
mathematically obtained by averaging the Shannon capacity for an AWGN channel
over the distribution of the equivalent fading SNR [85, p. 101]. It is measured in
bits/sec/Hertz.

Therefore, the ergodic capacity can be determined using the PDF of the equiv-
alent SNR [49], [85, p. 101]:

o)

EC = /ln(l +2) [y (x) do. (2.28)

0

The above equation can also be represented using the CDF of the equivalent SNR

of the network as:

EC = / Pl 4 (2.29)
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where F, (z)=1—F.

Jeq () is the complementary equivalent CDF.

Besides the above mentioned, other performance metrics can indicate some spe-
cific details about the wireless network status. For example, diversity gain, coding
gain, and array gain [87, p. 112]. The diversity gain is related to the diversity scheme
that is employed in the system to understand to what extent the network has been
enhanced. One of the most common and beneficial diversity schemes is the multi-
antenna scheme. In fact, it is measured through the slope of the error probability
plot versus the transmission SNR.

The coding gain is related to the designed code for the transmitted signal of a
specific network; it increases the effectiveness of the network’s SNR. The coding gain
is measured based on the improvement that the system performance has achieved
when specific coding is used for the signal transmission. The array gain is related
to the power advantage of the signal combination in the multi-antenna scheme, at
the transmitter and/or receiver nodes. Similar to the coding gain, the array gain

has the advantage of increasing the effective SNR.

2.7 Chapter Summary:

In this chapter, some basic theoretical background on wireless communication net-
works was presented which is crucial for understanding the performance study topic
in general, and specifically the research that has been done throughout this the-
sis. First, the cooperative communication network strategy was discussed. Then,
the random variable was defined, and its statistical representation was presented.
Furthermore, mathematical representations for common wireless channel modelling
were provided. In addition, mathematical representations for the general under-
lay cognitive radio network and CCI signals were provided. Finally, formulas for

evaluating some important performance criteria were presented.
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Chapter 3

Impact of CCI On the

Performance of an Underlay

Cognitive Network

3.1 Introduction

The basic principle of a UCRN is the co-existence of both PUs and SUs in the same
area. In this scenario, the SUs are allowed to take advantage of the radio spectrum
as long as they consider the QoS criteria of the PU. The QoS consideration leads
to a limitation of the transmission power at the SU transmitter nodes. Therefore,
the SUs transmitter nodes could have the ability to transmit at a higher power, but
due to the constraint on their transmission power they might not take advantage of
the full power limit. Cooperative communication [88] is a technique that allows a
source node to communicate with a destination node through a relay node by taking
advantage of the broadcast nature of wireless transmission. It has several advan-
tages; for example, providing diversity links, extending the coverage of transmission,
improving the network lifetime, reducing the transmission power, etc. [89, p. 628].
Transmission with relatively less power through cooperative communication could
be an important characteristic to combat the transmission power constraint on the
SUs transmitter nodes and enhance the overall performance of the CRN [10]. Coop-
erative communication has different scheme names depending on the protocol that
is used at the relay node. The most two common protocols are AF and DF. In an

AF, the relay node amplifies the received signal from the source node, then, forwards
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it to the destination node. On the other hand, in a DF relay protocol, the relay
decodes the received message from the source node, then encodes it and forwards to
the destination node. It is worth noting that in terms of simplicity, AF is simpler
than DF| as it requires a less complex relay configuration [90]. However, with regard
to noise reduction in the propagation, DF relay protocol outperforms the AF relay

protocol.

3.1.1 Literature Review

In the last decade, the study of CR has become an interesting research area for
numerous researchers [1,5,6,8]. More precisely, in the area of performance analysis,
many researchers have started investigating the behaviour of the CRN [51,66]. This
is due to the fact that any proposed network paradigm can be better understood
through investigation of its performance and the demonstration of its advantages
and contributions to future wireless communication networks. In this respect, Duong
et al. [66] investigated the OP of the dual-hop single user AF cognitive cooperative
network by considering a single primary user and over Nakagami-m fading channels.
In [91], a study was carried out on the performance behaviour of the uplink cog-
nitive cellular networks using an opportunistic secondary user selection that causes
the lowest interference to the primary user. In addition, the author in [49] inves-
tigated the effect of MRC on the single user multi-antenna receiver cognitive radio
network. In this work, the asymptotic formulas for the AEP and the system EC
have been obtained. In [42], the performance of the multi-hop DF underlay CR
network was investigated considering Rayleigh fading channels. In this study, the
authors have neglected the transmission power constraint on the secondary trans-
mitter nodes. In [25], the opportunistic selection technique was used to improve the
outage performance of the multi-source UCRN.

Huang et al. [53], studied the outage performance of the multi-user dual-hop DF
underlay CR over Nakagami-m fading channels in the presence of the primary trans-
mitter. In their calculations, SNR and SINR-based scheduling algorithms have been
used to derive the outage performance formula. The authors of [36] investigated the
OP of the multi-relay spectrum sharing network. The best relay selection technique
was employed, such that it enhances the overall performance of the network. In

their analysis, the power limit constraint on the secondary transmitter nodes was
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not considered. The outage and error probability of a MIMO underlay cognitive ra-
dio network was investigated in [51]. To improve the performance of the secondary
network, the MRC technique was used at the secondary receiver nodes. In another
study [92], the throughput analysis of the dual-hop DF multi-antenna CR network
was investigated.

Moreover, in further study [93], the TAS with MRC technique was used to eval-
uate the OP of the dual-hop DF MIMO underlay cognitive networks. The impact of
the primary transmitter and the imperfect channel state information were consid-
ered in their calculation. The OP, AEP and the EC performance were investigated
in [62]. A single destination user node was considered and interference on the sec-
ondary network was not considered. The authors of [27] investigated the outage
performance of the multi-user spectrum sharing network. In their analysis, the se-
lection combining method was used to improve the performance of the secondary
network. In [22], the OP, average outage duration, and the average outage rate for
the multi-relay underlay CR network were studied by using the best relay selection
method. In [94], the outage performance of the dual-hop DF CR was investigated

in the presence of a single node at each the source, relay, and destination.

3.1.2 Contributions

In most of the previous studies in the area of UCRN, the outage performance has
been extensively studied for different system models. In addition, few works have in-
vestigated the error probability and/or capacity performance. However, the impact
of the CCI on the UCRN has not been studied. Furthermore, a detailed investi-
gation of the error probability and the capacity performance for the opportunistic
multi-user cooperative CR has not been carried out before. Moreover, the adaptive
power allocation under the total transmission power constraint and the impact of
CCI have not been studied. In fact, the consideration of CCI is indeed necessary
because of the aggressive reuse of frequency channels for high spectrum utilization
in different wireless systems, and the multi-user dual-hop underlay CR network is no
exception. Due to the broadcast nature of wireless signal transmissions, interference
always exists over a wide range of frequency bands in almost all practical wireless
communication systems. For example, interference may come from other authorized

users of the same spectrum, or from other frequency channels injecting energy into
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the channel of interest [70].

The contributions of this chapter can be seen as:

e Consideration of the following network conditions in the performance investiga-
tion for the secondary network: CCI, secondary transmission power constraint,

interference power constraint, and the AWGN.
e Expression derived for the CDF of the per-hop equivalent SINR.

e Derivation of exact and closed-form expressions for both the OP and AEP,

and examining their performance behaviour.
e Investigation of the system EC.

e Study of the performance of the secondary network where a multi-user at the

destination is considered.

e Examination of the benefit of considering adaptive power allocation instead of

equal power allocation.

3.1.3 Chapter Organization

First, the system model is described and mathematically represented. Then, the
per-hop equivalent SINR is obtained. In addition, the statistical distributions are
derived and discussed. Furthermore, the exact expressions for the OP, AEP and the
system EC are obtained. Then, approximate expressions for the OP and the AEP are
derived. Moreover, the advantage of optimal power allocation is investigated. Some
numerical and simulation examples are also provided to support the derived results
and show the cognitive radio performance. Finally, the summary and conclusions

regarding this chapter are provided.

3.2 System Model

In the following sections, the network components are described. Then, mathemat-
ical representations of the received signals are presented and the formulas for the
equivalent SINRs are obtained. In addition, the multi-destination user scenario is

discussed and the mathematical equations for this scenario are provided.
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Figure 3.1: The general system model used for analysis.

3.2.1 Network Description

Fig. 3.1 shows the system model under consideration. It is considered that the
cognitive network consists of a source node (), a relay node (R), a destination user
(D), and a single primary user node. In addition, all the nodes in the system are
equipped with a single antenna and operate in a half-duplex mode. Furthermore,
the relay node operates based on the decode-and-forward protocol. In the system
model, it is assumed that the impact of the primary transmitter on the secondary
network in this specific cell is neglected. One of the possible examples of this system
model is when the same network provider controls both primary and secondary
nodes, where the level of interference with the secondary users can be controlled
within a reasonable range. This can be obtained by managing the nodes according
to their position, or it could be possible to interpret the interference as a further
addition to the existing noise level at the secondary user receiver [62]. Moreover,
the impact of other transmitter nodes in the neighbouring cells cannot be ignored.
The interference from outside of the considered cell is regarded as the CCI, which
is unavoidable in almost all wireless communication networks. Another possible
example of the system model is to represent the impact of the primary transmitter
and the other surrounding transmitter nodes as the CCI. This is due to the fact
that the CCI could be from any other frequency channels injecting energy into the
channel of interest. Furthermore, L is the total number of interferers that affect the
relay node, and Lp denotes the total number of interferers that affect the destination
user node.

In addition, it is assumed that there is no direct link between the secondary
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source and destination nodes [53], (i.e., the communication is performed through
the relay node only). Moreover, I, is defined as a threshold interference value,
which is the maximum tolerance of interference that the secondary transmitter nodes
can produce at the primary receiver node [70,95]. The channels in the dual-hop com-
munication are assumed to be affected by independent non-identical slow Rayleigh
fading channels. h and g are the desired channel coefficients between the secondary
source-relay and secondary relay-destination nodes, respectively, and f,, and f,, are
the interference channel coefficients between secondary source-primary receiver and
secondary relay-primary receiver, respectively. Therefore, the corresponding chan-
nel power gains can be represented as |h|?, |g|?, |fsp]?, and |f,,|* that follow the
exponential distribution with mean powers of o2, 02, aj%sp and (TJ%TP, respectively. As
stated before, the transmission power constraint on the secondary transmitter nodes
is also considered. For example, P, represents the maximum power that the sec-
ondary source can achieve. Similarly, P, is the maximum power that the secondary

relay can use.

3.2.2 Mathematical Representation

In a dual-hop decode-and-forward relay protocol, the transmission is performed
within two phases (i.e., time slots). In the first phase of transmission, the source
node transmits the intended message signal to the relay node using its permitted

power. Therefore, the received signal at the relay can be represented as:

Lr
Yr =V Eyshx + V EIRZ(]jxj + Ny, (31)
j=1

where E,; = min <|§{§;‘|"2 , PS> is the actual transmission power at the source node,
i.e., permitted transmission power. z is the transmitted signal with unit energy.
Err is the interference power at the relay node, ¢; is the fading channel coefficient
between the j interferer and the relay, z; is the j interferer signal, and n, is the
AWGN at the relay node that has a power spectral density (PSD) of Nj.

In the second phase of transmission, the relay node will decode the received

message from the source node. Then, the relay will encode and forward it to the
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destination user. The received signal at the destination user has the following form:
Lp

yp =V Burgd + VEip Y pitti + na, (3.2)
i=1

where F,, = min (ﬁf:ﬁ, PT> is the actual transmission power at the relay node.
is the transmitted signal from the relay node. E;p is the interference power at the
destination user node, p; is the fading channel coefficient of the " interferer, z; is
the i*" interferer signal, and ny represents the AWGN at the destination user that
has a PSD of Nj.

Thus, the instantaneous effective SINR at the input of the relay and destination

node can be respectively expressed as:

eff Th
= —— (3.3)
1+ Z]Ljﬁ IRJ
and
e v
r)/gﬁ“ 4 (34)

B 1+21L:Dl ]Di7

where 7, = min (lgct‘:l’;,PS) |h|?/ Ny and 7, = min (I?::IXQ’P”) |g]?/ Ny are the in-
stantaneous SNR at the relay and destination user nodes, respectively, Ig;, (j =
1,2,--+,Lg) and Ip;, (i =1,2,---, Lp) are the instantaneous INR at the relay and
destination nodes, respectively. The instantaneous INRs Ir; and Ip; are RVs which
follow the exponential distribution with mean values of Ir and Ip, respectively.
Furthermore, it is well-known that the sum of identically exponential RVs can be
represented by a gamma distribution.

In the considered system model, it is assumed that the CCI sources are far
enough from the relay and destination nodes, so that even though the CCI sources
are randomly distributed geographically, the distance from the interferers to the
relay and the destination nodes can be assumed to be the same. Therefore, it can
be assumed that the received interference signals at the relay and destination nodes
are identical in terms of the average energy [96,97]. This example can be observed in
a conventional cellular network with a deterministic number of nodes, in which it is

reasonable to assume all the nodes will receive interference from an equal number of

nodes [84,96]. It is worth mentioning that the derivations in this work are based on
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average values rather than instantaneous values. Finally, the dual-hop end-to-end

equivalent SINR can be obtained as [98,99]:
Veal = min (% Y ) (3.5)

3.2.3 Multi-Destination User Scenario

Let it be assumed that there are K destination users that are distributed in a homo-
geneous environment. Therefore, it can be assumed that the channels between the
relay node and K destination users are affected by the independent and identically
distributed Rayleigh fading channels [96,100]. In this scenario, the received signal

at any of the destination users can be written as:

Lp
Dy = V EurgiZ + \/ Eip, Zpkﬂki + N, (3.6)
i=1

where the subscript k£ represents any particular user at the destination among K
users. Opportunistic scheduling [96, 100-103] is a technique of choosing one node,
that has the highest instantaneous SINR value, out of many possible nodes. In this
scenario, it can be achieved by selecting the destination user with the highest in-
stantaneous SINR among K destinations, at any particular point in time. Using the
above definition, the highest instantaneous SINR of the selected user, i.e., strongest

user, denoted as 74, can be obtained as [96,100]:

*yg*:min( ImaXQ P) max {&} (3.7)
Nol frp|*" No Sk L1 e g,

ki

Finally, the end-to-end opportunistic SINR denoted as ygrP, is determined by [98,99]:

fyggp = min <,ysz’ 79*>. (3.8)

3.3 Statistical Derivations

In this section, the per-hop and end-to-end CDF's of the SINR of the secondary

network are derived. In a dual-hop DF cooperative communication, the CDF of the
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end-to-end SINR named as Flz:(y) can be expressed as [69]:

Fe() = 1= (1= Fn () (1= Foge () (3.9

where F () and F,er(7) represent the CDF's of vt and 7S, respectively. Further-
more, for the scenario of multi-user destination nodes, the CDF of the end-to-end
opportunistic SINR, i.e., F.ore(7), can be obtained by employing F, . (7) instead of
Flea(7) in (3.9), where F, .(7) is the CDF of the SINR received at the terminal of
the selected user. In the sections below, the derivation steps will be provided to

obtain the per-hop CDFs.

e Determining F e (7):
The first hop CDF is derived as follows:
Corollary 1: The equivalent CDF of the first hop SINR can be written as

in (3.10).
__ P 0-2 LR _ Imgx
_ _ P502 sY h _ Pso s
) =t= [ R () (- )
Imax0'2L+'Y¢72S
n (Imaxa'_?l + ’YO'j%Sp)LR( ]maxa'% )e’ﬂ};aﬁspf p y
’VIRO-?”SP ]maxo-}% + fyo-]%sp
Inax0h + 705 Poo? +~1
P(1- L, (252 Yty L%+ )1 (3.10)
VIRUJQ‘SP Pioj
Proof: See Appendix 3.7.1. [ |

The second hop CDF F.et(7) has a similar formula to F,ee(7y). It can be
expressed by replacing o3, OJ%SP, Ly and I in (3.10) with o2, 0122;,7 Lp and Ip,

respectively.

e Determining F,,, (7):
Using quite similar steps, the CDF of v,, can be written as in (3.12). Bearing
in mind that for this part, different notations corresponding to the second hop

entities should be used. Moreover, the CDF of the maximum SINR out of K

|gs|?

users should be used, i.e., max { s
- K 1+zi:l Ichi

}, which can be expressed as:
k=1

)

F () [1 —j—2< % )LD}K (3.11)
max’K{ilgk‘2 } 7= € 0-3+7jD ’

— L
k=1, 1+5,0 Ip,,
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Imax

K 2
B __n P o nLD - ]
F :1 _ _1 n+1 PT‘G'?] < g _ ) <1 . Prgf'rp)
7+ (7) Z (n)( ) [e Proz +vIp ‘

n=1

I 02+n702
2 2 2 max®g frp
( ImaXO'g ) (]maXO'g + n’yO'pr ) nho e "o U?’rp
2 2 T 2
Imaxag + nfyo-frp /YIDUfrp

Lnax0? +nyot  P.o?4+~Ip
F(l —nLp, g fro) (222 ) . 3.12
nLp, ( ool )( Pro? ) (3.12)

After deriving the per-hop CDFs, i.e., Fer (), Flen (7), and F, (), the end-

X

to-end equivalent CDF can be obtained by substituting the derived per-hop
CDFs into (3.9).

3.4 Performance Evaluation

In the following sections, mathematical expressions for evaluating the performance of
the secondary network are derived. First, formulas for the OP and AEP are obtained.
Then, approximate equations for assessing the OP and AEP are derived. In addition,
an expression for determining the EC of the secondary network is derived. Finally,
optimum power allocation is investigated in order to enhance the overall performance

of the cognitive radio network.

3.4.1 Exact Outage Probability

The OP is defined as the probability that the equivalent SINR is below a predefined
threshold value. From the definition of the CDF in (2.1), the OP can be easily
obtained from the previous calculated equivalent CDF by replacing the variable ~
with Yip:

Pout(ym) = Pr (757 < ) = Fyge(n)- (3.13)

From the above formula, it can be observed how important it is for the CDF to be

known for evaluating the network performance.

3.4.2 Average Error Probability

The AEP performance can be investigated via different approaches. For example,
CDF or PDF can be used to investigate this performance indicator. By observing

the derived per-hop CDFs, it can be deduced that using the CDF approach for this
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investigation could be more mathematically convenient. Thus, the expression for

the AEP can be obtained using the following formula [84]:

~a |b ooexp(—bx)
P, = 5\/;0/717%(1(95) dx, (3.14)

where a and b are arbitrary constants depending on the modulation schemes, e.g.
QPSK: @ = 2 and b = 0.5 [70]. The AEP for the first and second hop, P;", and
Py can be obtained by substituting the derived corresponding CDFs i.e., FW;H(Z),
Flen(z), and/or F,  (2) into (3.14). Finally, the end-to-end AEP can be calculated

using the following equation [90]:
P =P+ B —2(P R (3.15)

To calculate the per-hop error probability, the following theorem is proposed:

Theorem 1: The aim is to represent the per-hop equivalent CDFs for both first
and second hops in a simpler form which are more convenient mathematically, so
that further investigation of the system performance can be carried out. First, the
following notations are employed for both hops to make the formulas more tractable

mathematically.

First hop CDF notations:

I L
_ _Imax P 2 R
Tl = (1 — e PSU?S@) ( Sah) s (316&)
Ir
Imax 2 Ps 2\ Fr — Ilgax
Tf( 20h>( ‘Uh> e ", (3.16D)
O-fsp _[R
a = P,o}, (3.16¢)
P,o?
g =130 (3.16d)
Ir
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Second hop opportunistic CDF notations:

_ Imgx P 0.2 nLD
TS = (1 — € PTUfTP) ( ]: g) s (317&)
D
ImaXO-Q PTO.Q nLD _ _Imax
Y, = Y ( . 9) e T (3.17h)
nUpr ID
P.o?
§="" (3.17¢)
n
Prag
n= T (3.17d)

Then, the tight approximate per-hop equivalent CDF of the first and second hops
can be written as in (3.18) and (3.19), respectively. It is worth mentioning that these
notations have been carefully chosen so that the first and second hop equations look
similar in structure. However, the notations for each hop are different; therefore,
the same procedure of derivation can be applied to the error probability and EC for
one hop to the other with the condition of replacing the notations that have been

defined for a particular hop.

Proof: See Appendix 3.7.2. [
2 T T
F ()~ 1—e s o+ T (3.18)
K (B+2)"" (B+2)"" x (A +2) x (A +2)
K

N K T T T

ngp*p(z)%l—z<n)(_1) e . o T Lp—1 -
ot (n+z2) (n+2)""" x (As+2) x (A4 +2)
(3.19)

It is worth noting that the proposed tight approximation does not have a significant
impact on the analytical calculations and gives quite accurate results, especially for
the case of (Ihax > Ps and P,). It is obvious that in the case when I,,x < Ps and P,
i.e., Iha dominant system, the secondary transmitters cannot take full advantage of
their transmission power limits, and in this case a performance saturation is expected
in the system performance. The accuracy of the proposed tight approximation can be
observed later from the Monte Carlo simulations and numerical results. For instance,
in Fig. 3.2, the OP has been plotted using the derived tight approximate CDF
equations. It can be observed that the proposed tight approximation gives quite

accurate results in comparison to the exact results. In addition, the approximation
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has been applied only to one term in the CDF formula. Moreover, Table 3.1 has
been constructed in Appendix 3.7.2 for the purpose of comparison between the exact
and tight approximate values of the exponential integral function terms that have

been proposed in the CDF formula.

1. Average error probability for the first hop:
The first hop AEP is derived as follows.
Corollary 2: The first hop AEP can be obtained as in (3.20), where U(a, b, 2)
is the confluent hypergeometric function defined in [80, eq. (13.2.5)], and
erfc(+) is the complementary error function defined in [83, eq. (7.2.2)]. More-
over, the values of \i,, Ao, and A3 are calculated by using the equations given

in (3.21a), (3.21b) , and (3.21c) respectively.

1 8LR7171‘ 1

At = (Lg — 1 — i)' 0zEr=1= (A] + 2) (Ay + 2) 2276’ (3:21a)
A= (8= M) (A — AT (3.21b)
A= (B — M) THR (A — Ay) 7 (3.21c)
Proof: See Appendix 3.7.3. |

2. Average error probability for the second hop:
The same procedure as for the first hop can be repeated to derive the AEP
of the second hop. The only difference is that the tight approximate CDF
for the second hop that was derived in (3.19) should be used. Therefore, the
derivation steps have been omitted.

Finally, the end-to-end AEP can be calculated by substituting the calculated

40



3.4 Performance Evaluation

per-hop AEP into (3.15).

3.4.3 Approximate Outage Probability and Average Error
Probability

Although the expression for Fiee(7) allows numerical evaluation of the system out-
age performance, it may not be computationally intensive and does not offer an
insight into the effect of the system parameters. Now, the aim is to express Flieze ()
and P, in simpler forms. In order to get more accurate results, the exponential
integral function is represented in more detailed terms. This can be obtained by
using [80, eq. (5.1.14)].

It is widely known that the asymptotic error probability can be derived based
on the behaviour of the CDF of the output SINR around the origin [100,104]. By
using Taylor’s series and considering Py, P, < Iyay, the end-to-end OP, P,y (vin),

can be rewritten as:

5 5 fsp T frp
P,o; Lnax0; Prcrg Imaxag

1+ LRI_R 0'25 - I:;%x 1+ LDI_D O'QT - Im%x
Pout(Vin) = <( ) fur e " +( ) fov e " Yth-

(3.22)

Therefore, the AEP can be written as:

] L+ Lplp)  0f, —gm= (L4 Lplp) = o}, -
(el |, g (o) | o, )
4b Pso—h [maxah Prag [maxo—g

Moreover, for the scenario of a multi-destination user, the asymptotic opportunistic

equivalent CDF can be expressed as:

1+ LR]_R> U'J% _PIm%x
pepp ~ ( + 5P 5% fs
out (Vth) ( PSO-}QL Imaxo_%e P

K T 2 I
Z K n n(l+ Lplp nO’pr —:;%

" (n) (_1) " ( ( PTUE ) * ImaxU26 P frp) >fyth. (324)
n=1

g

From (3.24), the diversity gain of the secondary network can be inspected. According

to [104], at the high SNR regime, the OP formula can be written as:

Py~ (Oy) (3.25)
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where Gy, and Oy are the diversity gain and coding gain, respectively. Now by
comparing (3.24) with (3.25) it can be seen that the G4 = 1. The result in (3.24)
confirms that opportunistic SNR-based selection has no impact on the diversity gain.
However, by inspecting (3.24), it can be seen that the effect of opportunistic SNR-
based selection is to increase the array gain [100]. Furthermore, the performance
for a multi-user destination, i.e., K > 1, is dominated by S — R channel. Note
that when I,,,x — 00, the same widely known asymptotic expression for ordinary

dual-hop DF networks can be obtained which partially validates the derived results.

3.4.4 Ergodic Capacity

Another important performance indicator for the wireless communication network
is the EC [49]. It can be defined as the maximum capacity data rate that the
system can achieve. To assess the CR network capacity, it is important to know the
achievable throughput of the system. The EC can be obtained mathematically by
averaging the instantaneous mutual information, from the transmitter node to the
receiver node, over the distribution of the equivalent SNR. Furthermore, it can be
calculated by using the equivalent CDF of the system [49] and can be represented

as:

F.
Cerg :/ %q(x) dl‘, (326)

where F, (z) is the complementary CDF. Then, the end-to-end EC can be obtained

by using the following formula:

ce = L min (Cer.crt), (3.27)

erg 2 erg’ ~erg

where C¥7, and CJZ are the ergodic capacities of the first and second hop, respec-

tively. Furthermore, % comes from the fact that the transmission in a dual-hop
cooperative network is performed within two time slots, which means the overall
bandwidth should be divided by the number of hops in the network. In the section
below, the EC for the second hop, in the scenario of a multi-destination user, is

derived.

42
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Corollary 3: The opportunistic second hop EC formula can be expressed as in
(3.28).
Proof: See Appendix 3.7.4. [ |

g, -3 (") (—1>”+1{T3

n=1

nLp e 3 n ) 1
ngngn es by, (5) + wgoed By 5

r3=1

nLp—1 1 A A
+ 71, Z wg3r4n1*”eﬁlEr4 (g) + wgaed By (5) —|—wg5eTsE1 <73>
rqa=1
A
—|-Wg6€%4E1 (f) } (3.28)

In (3.28), Ey(x) is the exponential integral function defined in [83, eq. 6.2.6]. Fur-
thermore, the values of Wgl,, s We2, Wg3, » Wea, Ws, and wge are calculated by using

(3.29a), (3.29b), (3.29¢), (3.29d), (3.29¢), and (3.29f), respectively.

1 orEp=rs .
ot T (nLp — r3)! 0znlp=rs (1+2) Z:ﬂ]’ (3.29a)
wep = (n— 1), (3.20b)
1 nLp—l-rs (A -1 (A —1
wor = (=12 (A = 1) (A, - 1), (3.29d)
wys = (n = Ag)' TP (1= Ag) ™ (Ay — Ag) 7, (3.29¢)
wos = (01— Ag) TP (1= Ag) ™" (As — Ay) 7 (3.29f)

For the first hop EC formula, the derived tight approximate first hop complementary
CDF is substituted (i.e., F%?f(z)) from (3.18) into (3.26). Then, an integral formula
that has two main parts is obtained. It can be observed that these two parts are
quite similar to the two parts in the second hop EC formula that is derived in
Appendix 3.7.4, it is only required to replace 9, 1, Az, Ay, T3, and T4 with «a, 5,
A1, Ay, Y1, and Y9, respectively.

3.4.5 Optimum Power Allocation

In previous sections it has been shown that only for a single user destination scenario,

both source-relay and relay-destination channels have the same impact. Therefore,
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a single user scenario for the calculation of the optimum power calculation is the
focus of this section. In this section, with the aim of improved system performance,
adaptive power allocation subject to a sum power constraint is studied, i.e., Ps +
P, = P,, where P, is the total given power. The optimization problem can be

formulated as:

P! P’ =argmin B,

syt r

subject to: P,+ P, =PF,, and P,, P.>0. (3.30)

By taking the second derivative of P, in (3.23) with respect to P, it is easy to
see that 92P,/0P? is positive in the interval P, € {0, P,}. This implies that the
objective function is a strictly convex function of P; in {0, P;}. Hence, taking the
first derivative of B, in (3.23) with respect to P, and setting it to zero, the optimal
power allocation solution can be found. Specifically, the optimal source power P is

the root of the following equation:

__ Imax _ _Imax
(Pt—Ps)o?

].—f—LDjD—e frp B 1+LRjR—€ PSo?"sp
o2(P; — Ps)? P23

(3.31)

The optimal relay power is given by P’ = P, — P¥. It is difficult to find a closed-
form expression for the optimal source power, P. However, a numerical solution can
be found by using standard iterative root-finding algorithms, such as the Bisection
method and Newton’s Method, with great efficiency. However, if it is assumed
P;, P, << Iyax [49] and after some mathematical manipulations, the closed-form

expressions for these optimal power values can be found as:

V72 (1+ Lrln)
P! ~ - — | P, (3.32a)
\/0'3 (1 +LRIR> + \/O'}% (1 +LDID)
and
Vot (1+ LoTp)
P~ = — | [} (3.32Db)
\/O'}QL (1 +LDID> + \/0'3 (]_ +LRIR)

In previous optimal power calculations, both optimally calculated powers, P and
P should satisfy the criteria of the protection of the QoS of the primary receiver.

T

For example, the actual transmission power at the secondary source node should
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Figure 3.2: Outage probability for different numbers of destination users.

satisfy the following criteria: FE,; = min(fm‘“‘ P*). Similarly, for the optimal

|fopl?7 7 8

power at the relay node, the actual relay transmission power should satisfy this

criteria: E,, = min (ﬁ}:;l’; , P:). Therefore, a guarantee of protection of the QoS of
the primary user should always be provided.

In the scenario where any of the calculated optimal power values is above the
interference power constraint (i.e., I, dominates the transmission power limits), a
performance saturation occurs in the secondary system performance results. This is
due to the fact that the secondary transmitters cannot take full advantage of their
transmission power limits.

Finally, it is worth mentioning that although numerical calculation is at the
source, the complexity of the proposed algorithm is very low, since the computations
are needed only once for each system configuration. This is due to the fact that the
analysis in this thesis is based on average values rather than the instantaneous values

which, in practice, can be obtained through long-term averaging of the received

signal power.
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Figure 3.3: Outage probability for different I,,,, values.

3.5 Numerical Results and Discussions

For the purpose of illustration and to validate the derived mathematical works, some
numerical and Monte Carlo simulation examples are presented.

In Fig. 3.2, the OP has been plotted to show the effect of the opportunistic
SNR-based selection. The CCI powers are set as Irp = 3 dB, and Ip = 2 dB,
and Lr = Lp = 2. It can be observed that the opportunistic SNR-based selection
has less impact on the system performance when K > 1 due to the fact that the
source-relay link will dominate the performance characteristic.

Fig. 3.3 shows the OP for different values of I,,,,x. The network parameter values
for this figure are chosen as: SNR threshold is 1 dB, and the CCI powers I, and
Ip are 0.01 of the effective or actual transmission powers at the secondary source
and relay node, (i.e., E s and E,,.) and Lr = Lp = 2. It can be observed that even
if there is no interference power constraint, i.e., I,,.x — o0, there is an outage floor.
This is because of the linear increase of the CCI power with respect to the effective
transmission powers at the source and relay nodes. From this, it can be seen how
the CCI power degrades the performance of the system.

Fig. 3.4 shows the EC for different I,,,,, K, and CCI powers. The network
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Figure 3.4: The ergodic capacity for different values of I, K and CCI power.

parameter values for this figure are chosen as: the CCI exists at the relay and the
destination nodes where Lr = Lp = 2, and also for the case where there is no
CCI and I,... From the results, it can be deduced that both the CCI and I,,.,
will degrade the system capacity performance. For example, for a single destination
user K = 1, when both I,.. and CCI have impact on the secondary network,
ie., Imax = 15 dB and Iz = Ip = 0.01x E,,, E,,, the capacity saturation occurs
at 30 dB and the performance cannot improve better than 2.05 bits/sec/Hz even
when the transmission power is further increased. However, when these performance
limitations are not present it is possible to reach 3.25 bits/sec/Hz at 30 dB.

Fig. 3.5 shows the error probability versus the total transmission power for dif-
ferent I,,,x and K. The network parameter values for this figure are chosen as: the
CCI powers I, and Ip which have fixed values and also linearly increase with the
effective transmission powers by the ratio of 0.01, and Lr = 3,Lp = 1. From the
figure, it can be seen that higher [, will lead to better performance. In addition,
the error floor in this case is due to both I, and CCI. Moreover, in a specific
region, even for a high value of I,.., an error floor can be observed which is due to
the CCI power.

For the purpose of only showing the impact of the CCI power on the error
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Figure 3.5: Error probability for different values of I, and K.

probability performance of the CR network, Fig. 3.6 has been plotted, which is the
error probability versus the total transmission power for different CCI powers. The
network parameter values for this figure are chosen as: K =2, Lr =2, Lp = 3 and
Inax > Ps, P.. In this case, the error floor is completely due to the impact of CCI
power. For example, when the rate of increase of the CCI power with respect to the
effective secondary transmission powers is 0.05, the error performance saturates at
0.11, which means that the error probability performance cannot improve further,
even if the transmission power increases.

In Fig. 3.7, the error probability performance of the optimal power allocation in
comparison with the equal power allocation for the case when K = 1 for different
CCI powers and I, has been depicted. With the help of (3.31), and by using the
Bisection method, the optimal powers P and P have been calculated. It can be
observed that the optimal power allocation leads to an improved performance in
comparison with the equal power allocation. Moreover, when I, limits the sec-
ondary transmission power and the CCI power is relatively high, the improvement in

the error performance due to the optimal power allocation scheme is less significant.
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Figure 3.6: Error probability for different values of CCI power.

3.6 Conclusion

In this chapter, a comprehensive study of the performance analysis of the opportunis-
tic dual-hop multi-user DF underlay cognitive cooperative network in the presence
of CCI has been presented. An exact closed-form expression for the CDF of the
equivalent SINR has been derived, and the exact OP has been investigated. In turn,
a tight approximate CDF has been proposed. Based on this, expressions for the AEP
and the system EC over Rayleigh fading channels have been derived. In addition,
simple approximate expressions for the OP and the AEP have been obtained.

Finally, the system power optimization was investigated in order to minimize
the system error probability. Numerical results and Monte Carlo simulations using
Matlab have also been presented to validate the correctness of the analytical results.
The results showed that applying an opportunistic SNR-based selection technique
can improve the CR system performance. On the other hand, CCI and the I«
consideration will cause its degradation.

It is worth mentioning that the proposed approach can be easily extended to
the multi-hop cognitive cooperative network. For instance, the OP can be obtained

by simply substituting the per-hop results into (8) in [98]. In addition, the error
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Figure 3.7: Performance of optimal power allocation algorithm in comparison to the
equal power allocation.

probability and the EC can be calculated by substituting the per-hop results into
(28), (47) in [62], respectively.

3.7 Appendix

3.7.1 First hop Exact CDF Derivation Steps

Recall that the effective SINR for the first hop can be written as viT = HZ}—’;I,
j=11Rj

hence considering both source node power constraint and the interference power

constraint, the above formula can be rewritten as:

e . [max Y
yhﬂ = min <_X 7Ps> <—1 I Z>’ (3.33)

where X, Y, and Z represent the RVs | f,|?, |h|?, and ijl IR;, respectively. Since

all channels have been assumed as the Rayleigh fading distribution, the PDF of

X has an exponential distribution, and is written as fx(x) = U%exp <—%>
fsp

ag
fsp

In addition, the corresponding CDF can be written as Fx(z) = 1 — exp (— — )

fsp

First, the equivalent CDF of HLZ is derived. Let W represent the resulting RV of
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this combination W = . Therefore, the CDF of W can be written as:

Fy(y) =

z

Fy((z+1)7) fz(2) dz, (3.34)

L~y

where Fy () is the CDF of the channel gain between the source and relay node that
can be expressed as Fy(y) = 1 — exp( > fz(z) is the PDF of RV ijl IR,

. o 2 Lp-1 _z = .
which can be expressed as fz(z) = TR exp( IR>’ where I is the average
INR. Bearing in mind that the sum of i.i.d. exponential RVs is a chi-square, which
follows the gamma distribution [76, p. 18]. By substituting both formulas of Fy (y)

and fz(z) into (3.34) the CDF of RV W can be obtained:

_ 2

- o Lr
F()=1-c 7 (20 m) " (3:35)
h

Furthermore, the CDF of v can be represented by:

Foen(y) =Pr (" <7). (3.36)

Then, with the help of the total probability theorem, the CDF of Flex (7) can be

expressed by the following formula:

-[max Ima.x ]ma.x
F(y) = Pr< W <, T < Ps> + Pr(PSW <75 > PS>. (3.37)

The above formula can be represented in terms of the integrals:

Imax

Imax

F,yiff / /fX Vfw (y) do dy + / /fx ) fw(y) dz dy

:E_Imax y= =0 y=

=1, + . (3.38)

The second part of the above integrals, (i.e., I5) can easily be obtained as:

2\ Lr _P:j _Im%
L=[1-(2) & " J[1-¢ ™). (3.39)
Ir o2 4\ PR
(F+#)

51



3.7 Appendix

Moreover, the first part, (i.e., I;) can be written as:

YT

% 1 - 2\ Lr " Tmaxo?
L = —e Tt x| 1= @ ¢ " dx, (3.40)
2 ] 2 Lgr
T fp R <‘Z_h i ﬂ)

IR Imax

After some rearrangements, the above formula can be written as:

[e'¢) -z 1T+ 21
I - PI;ESX ImaxU}ZZ LR 1 € ( Imaxgh deP ) d ( )
- Fsp — X 3.41
1 € P Z. .
/YIR U‘?'sp Imaxo'%L + T LR
o= lmax IR

0'2 . . .
Now, let t = % + x, therefore, the following expression can be obtained:

2 2
_ _Imax ] 2 Lp 1 (70f5p+1maxU}L ) (Ima_xa}Q1 )
Il —e Psaf’sp — < maxo-h> Imaxa}%d?sp ViR X
T 2
’YIR stp
’YU?SP"FImaxU%
o0 *t(W)
max h fS
‘ Lt (3.42)
tLr ' ‘
_ I ImaxU%L
t=tmax 4 S
. . . . 'yaj%s +Imax0?
Next, the variable in the above integral is changed so that s = t(—” — ) After

Imaxo'h Tsp

this substitution and by doing some straightforward mathematical manipulation
and comparing the obtained formula with [83, eq. (5.2.1)]), the desired formula can

obtained as:

_ _Imax 2 ]’ 2 2 I Imaxf%+70?sp
_[ =€ PSU? P < Imaxah ) ( maxah + ’yo-fsp) R€ VIRG; D X
1= sp  — _ s
ImaXO-}QL + ’}/O-JQCSP ’Y-ZRO-]%SP
(1 + Pao?) (10, + )
r(1-Lp, EANA ). (3.43)
’}/O'fsp PsUhIR

Finally, an exact equivalent CDF expression for the first hop equivalent SINR (i.e.,

Flet (7)), can be obtained by combining both parts I, and I, which can be repre-

sented as in (3.10).

3.7.2 Proof of Theorem 1

The aim of this theorem is to provide a tight approximate representation of the

derived per-hop CDFs, so that further mathematical manipulation can be done on
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them. For example, deriving the error probability and EC formulas. Using [80, eq.
(5.1.45)] the upper incomplete gamma function can be represented in terms of the

exponential integral function as follows:
(1 —n,1)=1""E,(z), (3.44)

where FE, () is the exponential integral function defined in [83, eq. (8.19.2)]. After
this substitution, the CDF of the first hop can be written as in (3.45).

Imax0%+20?cs

— 2 _ 2 L _ _Imax _ p 2
Fyn(z) =1— e "o (£> R (1 —e Pw?.sp) te R ( Dnax )
" Pio? + zIg ZIRU]%SP

<[maxaf2l+zo_]2{gp PSO'%L—FZ]_R) PSO'%L Lz PSU}QL—FZI_R
br z]_RJJ%Sp Pyo? P,o? + zIg Pyo? ‘

(3.45)

According to [83, eq. (8.19.21)], the exponential integral function can be bounded

as:

1
< €e"F,(x) <

_— 3.46
r+n “x+n-—1 ( )

Furthermore, the following approximation for the exponential integral function is

applied:

e_x
x+n’

En(x) ~ (3.47)

The next step is to substitute the notations in (3.16a, 3.16b, 3.16¢, and 3.16d) into
the CDF formula in (3.45), then, apply the proposed approximate formula in (3.47).
After doing some mathematical manipulations and rearrangements, the desired and
simpler formula is obtained, which is a tight approximate CDF of the first hop
equivalent SINR, and is represented in (3.18), where A, and Ay are obtained by
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using the formulas given in (3.48a, and 3.48b), respectively:

o7 i ]max Ps 2 Imax Ps Imax Ps 2

A = 7h <PSLR + 0_]2051) + E) + \/(PSLR) + QPSLR(O']%SP + E) + (O'J%SP — E)
(3.48a)
op i ]max Ps 2 Imax Ps ]max Ps 2

Ay = 7’1 (PSLR + =y + E> — \/(PSLR) + 2PSLR(O_J%SP + E) + (0? - E)
(3.48D)

The same procedure that has been used for the first hop CDF can be repeated for
the opportunistic second hop CDF. Therefore, a tight approximate opportunistic
CDF of the second hop opportunistic equivalent SINR, can formulated as in (3.19),
where A3, and A3 are obtained by using the formulas given in (3.49a, and 3.49b),

respectively:
o? P,
Ag= 2| (PLp+ - __T)
2 2 "I
2 ]max Pr [max Pr 2
P.L 2P, I, o _2n? 3.49
T R A e 2 I
o2 1 P,
Ag=-2 (PTLD+ =
2 noy. Ip
2 Imax Pr ]max P’r 2
— P.L 2P.L — - = 3.49b

In the numerical and simulation results section, in Fig. 3.2, the OP was plotted
using the derived new expressions for CDF formulas and compared with the exact
results. It can be observed that the proposed tight approximation gives quite accu-
rate results, especially for the higher values of I,,.

In addition, to show the accuracy of the proposed tight approximation numerically,
Table 3.1 has been constructed, which is a comparison between the exact value of the
exponential integral term and its corresponding tight approximated value. It will
explain the tightness of the approximation that has been used in the performance
analysis. For the exact calculation, the value of e*Ey,,(z) has been calculated, where
2= Y Tnos,

the entities: o7 = 2.2, O'chsp = 0.7, I = 3dB, Lp = 2, and 7y, = 2 dB. Moreover,

1
LR+Z

2 2 =
Imaxo'h'i"‘/tho'fsp )(Pso'i‘f"yth]R
PSO'}QL

). Furthermore, the following values are assumed for

has been determined. The

for the tight approximate calculation, the value of
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calculations have been made for different values of I, in dB and P,.

Table 3.1: Comparison between the exact and approximate representations of the

exponential integral function

Lax P,=10dB P,=15dB

in dB Exact Approximate Exact Approximate
4 0.194939388 | 0.184211969 | 0.207475405 | 0.194783537
8 0.104513633 | 0.102612305 | 0.112473998 | 0.110134216
12 0.048781832 | 0.04856972 0.052923924 | 0.052654999
16 0.020926427 | 0.020908823 | 0.02280764 | 0.022784929
20 0.008603787 | 0.008602534 | 0.009397708 | 0.009396079
24 0.00347106 | 0.003470977 | 0.003794922 | 0.003794814
28 0.001389295 | 0.001389289 | 0.001519509 | 0.001519502
32 0.000554279 | 0.000554279 | 0.000606325 | 0.000606324

3.7.3 First hop Average Error Probability Derivation Steps

For deriving the AEP, a tight proposed approximated CDF in (3.18) was used. After
substituting (3.18) into (3.14), a formula can be obtained that has three integral
parts. In the sections below, each part will be discussed and/or derived. The first

integral part can be easily obtained by comparing the obtained integral formula

with [83, eq. (5.2.1)]. Bearing in mind that n! = T'(n — 1) and I'(1/2) = /7.

_ booe*x a

Psrlzg\/i/ d:—

bV T ) e T
0

where P represents the first part of the first hop AEP formula. The second part

(3.50)

of the integral has the following form:

_ a |b Ooe’bx e a
PS’"Qz——\/j/ T d
b 92 7TO \/E I(B—I—Z)LR Z,

where P represents the second part of the first hop AEP formula. The variable

(3.51)

z
ﬂ Y
mathematical arrangements, the following expression can be obtained:

oo —tB(b+1
B = _Tlg\/EB;_LR gdt
2V o Vi(l+t)in

in the above integral is exchanged so that t = then, after performing some

(3.52)
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using [80, eq. (13.2.5)] the desired formula can be obtained;

DST a 3 1

The third part of the integral has the following form:

71/2 5+$ 1 Lr efbxefa
P = —\/7 d 54
: ) / S Tr e (3.54)

where P"3 represents the third part of the first hop AEP formula. For the purpose
of mathematical tractability, and to simplify the above integral, the partial fraction
decomposition technique has been used to represent the integral formula in a simpler

form:

i b [eera)  [Ralloy A A
b 2 TV ;(ﬁﬁ)l (A +2) (A +2)

(3.55)

where A1,, A2, and A3 are coefficient constants, their values are obtained by the
formulas given in (3.21a, 3.21b, and 3.21c), respectively. Now, the obtained formula
has three parts, which are defined as Py, B3, and Pgr®. By observing the integral
formula, it can be deduced that the Plfl”?’ is quite similar to the formula that was
derived in the previous section (i.e., second part of the error probability formula

Bgr?). Therefore, it can be written as:
Lr—1

R SVh Z M BETU (1 k —i,8(b+ é)) . (3.56)

Moreover, the integral in pr;g can be solved as the following; first, the variable of
the integral is changed so that x = A2, After doing this exchange operation and

performing some mathematical arrangements the following formula can be obtained:

. 2T2>\2a A1t2
i — \[/ i (3.57)
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By comparing the above formula with the equation in [83, eq. (7.7.1)] the desired
form can be attained:
Pt = 0 [ et ) (b+ l)A (3.58)
b2 2 272 Al N 1 . .

The derivation steps of the integral in ]51;937“3 are similar to previous derivations (i.e.,

P;73). Therefore, it can be written as:

- b 1

B = ——T2A3 T o0+ 2)A20pfe ( (b+ —)A2> : (3.59)
AQ (6%

Finally, the AEP for the first hop can be formulated by combining the three derived

parts, and can be written as in (3.20).

3.7.4 Second hop Opportunistic Ergodic Capacity Deriva-
tion Steps

After substituting the derived tight approximate opportunistic second hop comple-
mentary CDF (i.e., Fjﬁp(z)) from (3.19) into (3.26), a EC formula can be obtained

that has two main parts; which can be named as C'9* | and CY*

ergi? orgs) respectively. In

the sections below, each part will be derived and/or discussed. The first part can

be represented as:

%\N

cor = / dz, 3.60
o / (1+2) n+z)”LD (3.60)

where CF, represents the first part of the second hop opportunistic EC integral
formula. Since it is quite difficult to solve the above integral, it is aimed to represent
it in a simpler form so that it can be manipulated and solved. With the help of partial

fraction decomposition, the above integral can be represented as the following:

oo C¥iors
7 [ ke wgl 67% wgg 67%
cosr =70 s dz 3.61
0 3=

where Wt,, » and wyy are obtained using the formulas given in (3.29a, and 3.29b),

respectively. For part C9° in (3.61), the variable in the integral is exchanged so

€rgiil
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that t =1+ %, therefore after some straightforward mathematical manipulations

the following can be attained:

nLp 0 _ny
* e T e o
Cngll =Ts Z wglrsnl el / {73 dt? (3-62)
rg=1 1

Now, by comparing the above integral formula with [83, eq. (8.19.3)]), the desired

representation can be achieved:

nLp

* —pg 1 n
Clin = Ts 3 w0 "4 B, (). (3.63)

rz3=1

For part C9* in (3.61), the variable in the integral is exchanged so that ¢t = 1 + z.

€rgi2

As a result, the following representation is obtained:

oo

1 e
g* — 5
Cerglg - T3W92€6 / t

1

[SS11NY

dt, (3.64)

With the help of [83, eq. (8.19.3)]), a desired formula can be obtained:

€rgi2

1 1
Cg* == T3w9263E1 (5) . (365)

The second part of the second hop opportunistic EC integral formula can be repre-

sented as:

e

co = / _ dz, 3.66
=T ) T (A 2) (A 2) 00

[SSI1%

where CF = represents the second part of the second hop opportunistic EC integral
formula. Similar to the first part of the integral, the partial fraction decomposition
technique is employed to represent the above integral in a simpler form so that

further mathematical manipulations can be done on it:

Céff” Cérgsy Cérans Céran
F[nLoo1 Wg3 6_5 Woy €75 Wes €75 Wy €75
C9* =7 / P gl g5 g6 dz, (3.67
o ! rq=1 (n + 2)7"4 (1 + Z) (Al + Z) (AQ + Z) ’ ( )
, —

o8



3.7 Appendix

where Wgs, » Wad, Wgs., and w,e are obtained using the formulas given in (3.29¢, 3.29d,
3.29¢, and 3.29f), respectively. It can be observed that similar integral forms as in

the first part are obtained. Therefore, just the final equations will be written:

Cop = T n:i:llwggunlmegEm <g) ) (3.68)
Cg . = Tawges By (%) : (3.69)

Co = Tawge s By (%) : (3.70)
Co = Twge * By (%) . (3.71)

Finally, the opportunistic EC for the second hop can be formulated by combining

all derived parts, and it can be written as in (3.28).
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Chapter 4

Performance Analysis of a UCRN
with Consideration of Primary

Network and CCls

In this chapter, the performance of a multi-hop UCRN is thoroughly assessed. The
co-existence of a primary transceiver and CCI are considered along with an uplink
single-input multiple-output (SIMO) system utilizing selection combining (SC) and
MRC techniques at the receiver nodes. First, the equivalent per-hop SINR for the
UCRN is formulated. Second, the exact CDF and the PDF of the per-hop SINR
are derived and discussed. Furthermore, to provide more insights about network
parameters, approximate expressions exhibiting reduced complexity for the per-hop
equivalent CDF are derived.

From the resulting CDF, the exact outage performance of the CR network is
thoroughly assessed. In addition, mathematical formulas are derived for the AEP
and system EC. Finally, the derived analytical expressions are validated by present-
ing numerical and simulation results for different network parameters. The results
show that several factors contribute to the degradation of the system performance,
namely the interference power constraint, the primary transmitter power and the
presence of CCI, especially in the case where the CCI increases linearly with the

secondary transmission powers.
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4.1 Introduction

It is well-known that employing a multi-antenna scheme in a wireless communication
network has the advantage of the improvement in the system performance, such as
better spectral and power efficiency [93]. In addition, multi-antenna technology
has had a major impact on the next generation standards, such as WiMAX and
LTE [93,105]. As a result, it is important to investigate the impact of employing
multi-antennas on the UCRN. There are several techniques that can be used to
combine the received signal at the receiver of multi-antenna nodes. For example,
two common techniques are SC, and MRC. SC is a technique of choosing the best
available link, among the possible links between the transmitter and receiver nodes,
that has the highest instantaneous SNR [106]. It leads to the retention of the benefits
of the multi-antenna scheme and a reduction of the hardware cost [107,108]. This
technique has been widely applied to underlay CR networks [109]. When using an
MRC technique, all of the antennas will contribute to the construction of the received
signal. This leads to an improvement of the overall system performance [14].

CCI is one of the factors that degrades the performance of a communication
network. Due to the spectrum sharing in the CR network and the frequency re-use
in wireless signal transmission, this kind of interference could be more predictable.
It might come from the adjacent clusters or from other licensed and/or unlicensed
users in the same cluster [70]. Therefore, it is important to investigate the impact

of such interference on the performance characteristics of an underlay CR network.

4.1.1 Related Work

Outage probability has been widely studied for different underlay CR scenarios
[16, 18,53, 58]. For example, the authors in [58], have thoroughly studied the OP
performance of a multi-hop DF spectrum sharing network by considering multiple
antennas at the secondary nodes. The direct link between the secondary source
and destination was considered. Then, the performance was investigated using both
SC and MRC techniques. In the mentioned work, the effect of primary transmitter
interference on the secondary network was ignored. In [26], outage performance was
studied for dual-hop multi source and multi-relay UCRN. A relay selection method
was used in order to improve the performance characteristic; however, no effect

of interference was considered for the secondary network. Huang et al. in [53],
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investigated the outage performance of a dual-hop DF cognitive radio network with
the primary network interference and consideration of Nakagami-m fading channels.
Multiple nodes were considered at the secondary destination. Furthermore, SNR
and SINR based opportunistic user selection techniques were employed to study the
outage performance.

Some works have studied the error probability and/or EC performance investi-
gation for various underlay CR networks [45,52,63]. For instance, the bit error rate
analysis was carried out for a dual-hop multi relay DF spectrum sharing network
in [45]. The relay selection technique was employed to enhance the error probability
behaviour for the UCRN. In this analysis, the interference from the primary network
was ignored. The authors in [52], have studied the outage and error probability per-
formance in a multiple relay UCRN. In their analysis, the effect of primary network
interference was considered on the secondary network. The OP and the EC per-
formances have been investigated in [63] for a dual-hop multiple relay DF UCRN.
The relay selection method was used to determine the outage performance, based
on the N** best one, and a single relay was considered to investigate the capacity
performance. In the mentioned work, the impact of the primary transmitter was
not considered. The authors in [44] studied the outage performance, bit error rate
and capacity performances for a multi-hop spectrum sharing network. The power
constraint on the secondary transmitter nodes was ignored, in addition, primary net-
work interference was ignored. The authors in [70] have investigated the asymptotic
outage and error performance in a dual-hop single antenna UCRN. In this work,
the effect of primary network and co-channel interferences have been considered,
but the effect of AWGN was ignored. Finally, a comprehensive performance for the
dual-hop multi-user underlay CR network was investigated in [10], the impact of
CCI was considered; yet, the impact of primary network interference on the system

performance behaviour of the UCRN was not considered.

4.1.2 Contribution of this Chapter

The majority of the previous works have considered a relatively simplified scenario
for the system model; such as, not considering the impact of the primary transmit-
ter, considering a single antenna, considering single and/or dual-hop, and/or only

studying outage performance. It is obvious that in the presence of interference, the
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system model becomes more complicated, and the mathematical tractability more
challenging [70]. In addition, most of the previous work has focused on the outage
performance only, and other performance metrics, such as the AEP and the EC,
have not been considered.

The key contribution of this chapter is to demonstrate a thorough understanding
of the detailed performance behaviour of a pragmatic UCRN. Therefore, the impact
of the primary network interference and CCI on the cognitive radio network are
examined in the presence of AWGN. In addition, multi-antenna receiver nodes and
multi-hop UCRN are studied. More precisely, the OP, AEP and the EC of the
UCRN are investigated. In fact, this work is important, especially to a cognitive
radio network designer, to better understand the performance characteristics of a
UCRN under realistic conditions considered in the network.

Specifically, the DF protocol has been assumed at the relay nodes. First, the
exact per-hop equivalent SINR expressions are constructed considering both oppor-
tunistic antenna selection and the maximum ratio combining techniques. In partic-
ular, two possible scenarios for the selection combining techniques are considered;
SNR-based and SINR-based antenna selection. Second, the exact per-hop CDF and
the PDF are derived and discussed. Subsequently, the outage performance, AEP
and the capacity performance are studied. Finally, several numerical examples are
provided to illustrate the system performance characteristics and to support the
correctness of the derived results.

From this study, it can be deduced that considering a multi-hop relay network
for a UCRN has the advantage of combating the impact of the interference power
constraint. It is illustrated that SINR-based antenna selection and MRC consid-
eration provide better performance in comparison to SNR-based antenna selection.
However, these approaches require a more complicated hardware configuration and
are, hence, practically more challenging. It is also shown that the CCI consideration
is severely degrading the performance of the secondary network, especially when its
power is considered as linearly increasing with the secondary transmission powers.
Furthermore, employment of multi-antennas at the receiver nodes can significantly
improve the performance and does not lose its importance even in the presence of
interferences and .

The remainder of this chapter is organized as follows. Section 4.2 is devoted to

the discussion of the system model. Statistical metrics derivations are presented in
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—— Data Link
-———Interference Link

Primary Transceivers

Figure 4.1: The general system model used for analysis, showing multi-hop underlay
CR and primary transceiver networks in the presence of co-channel interference with
multi-antennas at all receiver nodes.

Section 4.3. Performance analysis metrics are presented and discussed in Section 4.4.
Different numerical and Matlab simulations results are presented and discussed in
Section 4.5. The summary and conclusions of this chapter are given in Section 4.6.
Finally, detailed steps of the analytical derivations are given in Appendices 4.7.1,

4.7.2,4.7.3,4.74, and 4.7.5.

4.2 System Model

A multi-hop UCRN is considered in which all the nodes in the network have a single
transmit antenna and multiple receive antennas. This system model can be seen
as an uplink network, where it is reasonable to assume that the mobile transmitter
nodes are equipped with single antennas and the receiver nodes, i.e., base stations
are equipped with multiple antennas. The network model is shown in Fig. 4.1.
Specifically, one source node (S = Ry), (V — 1) relay nodes (R;,i =1,2,--- |V —1)
are considered each with Npg, receive antennas, one destination node (D = Ry)
with Np antennas (Np,,j = 1,---,Np) and a single primary transceiver with .J
antennas (J;,7 = 1,---,J) at the primary receiver node. The nodes in the system
operate in half-duplex mode. Relays in the considered system use the decode-and-

forward strategy. The fading channels in the multi-hop network are considered
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as independent, non-identical, Rayleigh fading channels. In addition, it is assumed
that the channels between adjacent transceiver nodes are identical, i.e., the channels
between the transmitter and antennas at the receiver side are identical and have the
same average channel gains. This is a valid assumption as the distance between
the transmitter and either of the corresponding antennas at the receiver node is the
same. In the analysis, h is defined as the desired channel and f as an interference
channel. Let X;; represent a generic fading channel coefficient between the ™"
transmitter node and the £ antenna at the j** receiver node in the network, where
k=1,2,--- Nj, and N; is the number of antennas at the 4 receiver node. For
example, the channel coefficient between the source and the k' antenna at the
first relay node is hgp,,. Also, fs,, is the interference channel coefficient between
the secondary source and the k' antenna at the primary receiver, fp’”le is the
interference channel coefficient between the primary source and the k' antenna at
the first relay node. Thus, the channel gains are | X;;, |* which all follow exponential

-
iy

distributions with mean powers of ag%, which can be calculated using d..%, where d
is the distance between the nodes ¢ and j, and « is the path-loss exponent.

In addition, Lg, and Lp are the finite number of CCI signals that affect the
R; relay nodes and the destination node respectively, which are identical in terms
of their average energy at the particular secondary receiver nodes. Iy, and Ip are
the instantaneous INRs that affect each of the R; relay nodes and the destination
node, respectively. Due to the broadcast nature of wireless transmission, these
CCI signals could be from any source in the neighbouring cells or other frequency
channels injecting energy into the channel of interest due to non-linear amplifier
operation [10]. The fading energies of the individual CCI signals can be modelled
as exponential RVs. Moreover, the sum of the CCI signals at each of the secondary
receiver nodes can be modelled by a gamma distributed RV [84]. In addition, Ig, and
Ip are defined as the individual average CCI powers at the R; relay nodes and the
destination node, respectively. It is worth mentioning that analyses and results in
this work are calculated depending on the average values of the network parameters
and not their instantaneous values.

In the analysis, the transmission power limit of the secondary source nodes are
also considered; such that each of the secondary transmitter nodes has a maximum

power constraint P, = 0,1,2,---,V — 1, where F, represents the transmission

power of the source node. The AWGN is assumed as a circular symmetric complex
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Gaussian random variable (CN), at each of the receiver nodes, with zero mean and
variance Ny, i.e., AWGN ~ CN (0, Ny). In the considered system model, it is assumed
that the secondary users have exact knowledge of the channel state information (CSI)
between the primary user and the secondary users. In an underlay CR scenario, there
should be cooperation between the primary user and the secondary user in terms
of providing the CSI and the amount of the interference from the secondary user to
the primary user. The CSI at the secondary transmitter can be achieved via the
feedback link from the primary receiver or through the channel reciprocity [106]. In
a multi-antenna scheme, based on the received signal manipulations at the receiver
side, there are different methods to obtain the equivalent SINR. In the following
sections, two combining techniques at the secondary receiver nodes are discussed,

which are the SC and MRC techniques.

4.2.1 Using the SC Technique

In a SC technique, the best antenna is selected at the relay and destination nodes:
This can be achieved by selecting the highest instantaneous SINR out of N, and
Np, antennas at both the R; and D receiver nodes respectively, at any particular
point in time. In terms of simplicity of implementation, SC is considered the simplest
combining technique at the receiver side, since only one of the diversity links is used
in the process [9, p. 404]. Depending on the antenna selection technique employed
at the receiver nodes, there are two possible expressions for the per-hop equivalent

instantaneous SINR at each of the receivers:

1. SNR-based antenna selection: In this case, only the desired channels be-
tween the source and N antennas at the destination are used to pick out the
antenna which gives the maximum instantaneous SNR. Therefore, the exact

instantaneous SINR at the i** hop can be expressed as:

3 Irnax Pz 2
min L ma h,,.
<k:’?‘?‘ J(IfSpkilz)NO’ NO) n:Lm,Ni(’ n‘ )

Lg.
St Iry + Ipy, +1

Veq = : (4.1)
where |fsp, |? is the channel gain between the secondary transmitter and pri-
mary receiver nodes for the i** hop, and I pp, Tepresent the interference terms
from the primary transmitter to the i** hop secondary receiver node. In addi-

tion, Ig,; represent the CCI terms at the i'" hop secondary receiver node.
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2. SINR-based antenna selection: In this scenario, the interference from the
CCI sources and primary network, as well as the noise, are considered in the
selection of the best channel. This method is particularly complex practically,
since the destination should have complete CSI. However, in the first method,
the destination does not need that. Thus, the exact i** hop instantaneous

SINR for this scenario can be expressed as:

X max

< |, |2 )
m=lye s Z]Lj{ Ip,,; +1p,  +1

nij

Iinax P )

max(|f, P)No" No

Veq = Min (

(4.2)

4.2.2 Using the MRC Technique

In the MRC technique, all of the antennas at each of the receiver nodes are partici-
pating in the resulting SINR. As a result, the exact instantaneous SINR at any ‘"

secondary receiver node can be written as:

] Imax 2

i (e ) S0P

Yeq = — = : (4.3)
S Igy, 4 Ipy + 1

4.3 Statistical Analysis

In the following sections, the exact and asymptotic per-hop CDFs are derived. Then,
the exact per-hop PDF is obtained and discussed.

4.3.1 Exact CDF

In order to analyse the characteristics of a random variable, it is important to obtain
and inspect its statistical behaviour. In this section, the CDF of the total SINR is
derived, known as (o', for the UCRN. The CDF of a multi-hop DF cooperative
network is obtained by [10]:
v
Fup() =1-TT (1= P, (). (4.4)

=1

In (4.4), F,; (7) represents the CDF of the i" hop. In the sections below, the exact

CDF of one hop for the scenario of SNR-based antenna selection will be derived. The
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said CDF can be found as follows. Using the formula in (4.1), the CDF expression
of the i hop SINR can be represented as:

r=m(m () <) s

where W, X, Y, and Z represent RVs krrllaxj(| fspr. 2), Z]Lf{ Ig,,

and Ip, respectively. Since the decode-and-forward protocol has been assumed at

2, ‘ma (|hn
n=1,---,N,
— b 1

the relay nodes, the CDF derivation steps for any particular hop will be similar to
the other hops in the network with the condition of using the corresponding per-hop
entities to that particular hop. To avoid confusion and make the calculation simpler
and more understandable, simple representations have been used for the PDF and
CDF equation entities, (i.e., Py, o}, 07, , IR, Ip,, N, and Lp have been used instead
of P, O'%ij, aj%spij, I, I, Pr,» Ni, and L, respectively), since these are representing
the per-hop entities and for each hop the corresponding entities can be replaced.

The PDFs of W, X, Y, and Z are expressed respectively as:

Jw(w) = XJ: (J) (—1)]’“% exp (—#) (4.6a)

=1 N TFep
fxla) = i (7)o (-5), (4.6
fr(y) = % exp (—%) (4.6¢)

fz(z) = L exp (—i) (4.6d)

where (7) are the Binomial coefficients defined in [83, eq. (1.2.1)], and can be rep-

resented by this formula: #lb),

Proposition 1: The exact CDF of the " equivalent SINR (i.e., Fi (7)) can be

written as in (4.7), where U, is represented as in (4.8). E,(x) is the exponential

integral function defined in [83, eq. (8.19.2)], and the formula of €, is given in (4.9).

P,o} _ P,o} _ b e‘#lg
P,o? +ivIp, Pio? +ivlg

Im: J J .
- 23)( J i Imax z
1—e¢ Psotep — Z i (_1>J % X \111
, J z’y]pRafSp
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( ]‘ImaxU;QLJri’YU;Sp
Pop \MR O TeTed,
P302+i’yi}2 €
jlmaxU;QL"l‘i’YU?' P. 02+i'yfR T T
5 if I, =
Lr+1 O—?spo—%l ivIRPs ) Pr R

jlmaxU;ZL ‘H’Yﬂfsp

\Ijl == IP LRG i’ﬁPR U%Sp E jImaxo,Ql—&—i'yo;Sp PSU}ZLj_iFYI_PR
IPR —IR 1 Uj%sp O'%L i’yIPR PS
jImaxU%L‘Fi’YUJQI
L - 1 ——nr _ Jsp
+ Li Qn PSO',QL[R n—1 e i'yIRJJz,sp %
) j];LR Psoi+ivIg
n—=
jImaxUZ+i'Y‘72 Pyo?4i~1, .
E, AR ) Th TR ) otherwise.
{ Ufspgh iyIR Ps
(4.8)
1 gk 1 -1
0, = (,— v w> (4.9)
— Ton . .
(Lgr —n)! Qwkr Ip, w:_(%>
R

Proof: First, the resulting RV from X/(Y + Z + 1) is derived. Then, the exact
per-hop unconditional CDF is obtained. Let @) represent the new RV resulting from

Y + Z. To obtain the sum of two random variables, the following formula can be

used [110, eq. (6.47)]:

q

folq) = /fy(y)fz(q —y)dy. (4.10)

0

After substituting fy(y), and fz(¢ — y) into the above formula, and with the help
of [83, eq. (8.2.1)], the PDF of RV @ can be written as:

eifPR < I_PR )LR ( ]_PR_I_R )
q = — — — L 7?q > 411
Jala) T D(Lp) \Ip, —In) \"% IpIn (411)
where 7(.,.) is the lower incomplete Gamma function. The next step is to obtain

the CDF of =~ Q - Let M represent the new RV resulting from X_ To obtain an

1 Q+1

expression for the CDF of RV M, the following formula can be employed [10]:

/FX q+1)y)folq) dg. (4.12)

After substituting Fx((¢+1)7v), and fg(q) into (4.12), the resulting integral formula

can be solved by employing integration by parts, i.e., [udv = uv— [ vdu, as follows:
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_ jp _jR i’yjp +O"21
let w = (Lg,01 q), and dv = e~2 %; where p; = it and 0o = 74 .
prlR hiPR
Therefore, the CDF of the RV M can be written as:

2 2 Lr
x(QUﬁ)<20’%) . (413)
oy, +ivylp, o, +1iylR

Using the total probability theorem, the CDF formula in (4.5) can be expressed as:

1>

>

Fu(y) =1- i (]Z[) (—1)te

i=1

11 12
Fy () P <[maXM< D P>‘+13 (PM< fox P) (4.14)
i = Tr s T S - 9 i S . *
’qu ,Y W —,77 W ’Y W

The second part can be directly obtained as follows:

[max
I = Fu (%) Fuy ( - ) . (4.15)

The first part can be represented as:

I =

\8

Fur ( 7% ) Fw(w) duw. (4.16)

-[max

Imax
Ps

The detailed steps of the solution for the first part (i.e., ;) are given in Ap-
pendix 4.7.1. Finally, the exact per-hop equivalent CDF can be obtained by com-
bining the derived parts. After some straightforward mathematical arrangements,
it can be written as in (4.7) and (4.8). Thus, the exact end-to-end CDF expression
of ot

eq

(4.4).

can be obtained by substituting the per-hop derived expressions F () into

|

Regarding the per-hop CDF for the case of SINR-based antenna selection, the
derivation steps are quite similar to the previous steps, i.e., SNR-based antenna
selection. For the sake of saving space, only the final formula expression is provided,
which can be written as in (4.44), and (4.45), in Appendix 4.7.2.

From the derived CDF expressions of both SNR-~based and SINR-based antenna
selection techniques, it can be observed that both formulas are relatively similar
in terms of mathematical representations. However, in terms of practical aspects,
in the SINR-based antenna selection technique, the receiver is required to process

all available branches, which is practically challenging. On the other hand, in the
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SNR-based scenario, only the branch with the highest SNR will participate in the

data process detection.

Proposition 2: The exact CDF of the i equivalent SINR (i.e., FLi (7)) for the

MRC scenario can be written as:
N-1

Fy (1) = Z( )n, T (ﬁ)“ [Boe= D, @17

n=0

where [2,. and I} . are given in (4.50) and (4.51) in Appendix 4.7.3.

mrc mrc

Proof: The PDF of RV @, i.e., fg(q), can be derived using a similar approach
to the previous derivation in Proposition 1, where ) = Y + Z. Moreover, in the
scenario of the MRC consideration, the following CDF should be used to represent
the random variable X [14]:

= 2\
Fx(x)=1-Y —e % (—2) : (4.18)

In the next step, Fix(x) and fg(q) are substituted into (4.12) to obtain /(7). Then,
assuming that the number of CCI signals is greater than or equal to 1, the resulting

integral can be solved as:

N—-1 n T n o _
1 1 I Lr =
Fuy(y) =1 — (n)_‘_<L) R(%) eon X
=0 1 n.]pR ]PR_]R O'h

n=0
Lp—1 Irp—Ir
I(i+1) - (i T )
s Z (m+1); i mtitl | (4.19)
) 5 Gy
[PR O'%L IR U}QL
where (m+1), = (mn;i)! represents the Pochhammer symbol defined in [83, eq.

(5.2.5)]. In the CDF derivation of the MRC case, the scenario where the average
INR of the primary transmitter and the CCI sources are not equal is considered,
i.e., Ip, # Ig. In fact, in the case where Ip, = Ig, the system can be assumed
to have Li + 1 interferences at the secondary receiver nodes. The CDF formula
for the per-hop equivalent SINR in (4.3) can be expressed in a similar way as in
(4.14). In addition, I, can be obtained similar to (4.15), where Fy;(vy/P;) is derived

n (4.19). The derivation steps of I; are presented in Appendix 4.7.3. Therefore,
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the exact per-hop CDF in the MRC case consideration can be obtained by adding
both derived parts I; and I, and can be expressed as in (4.17).

4.3.2 Asymptotic CDF

The CDF derivation in the previous section gives the exact performance behaviour
of the secondary network. However, it does not provide insights about the system
parameters. Therefore, in this section, the aim is to present simplified expressions
for the per-hop equivalent CDF that are less complex in terms of mathematical
representation and can give the performance characteristics for a particular network
scenario. More specifically, considering the SC technique, two cases are studied as

follows:

Case I I, — oo
By employing the condition of I, — 00 in (4.5) and using the formula in (4.13) ,
the per-hop CDF expression can be obtained directly as:

F. (7) = iN(ml”x 2 @ ) (4.20)
Ym0 T L ¢ @ ty) \@st+y)

P. o}, Psai PSO'}QL . .
where o = =, wy = = and wy = —+2. In this scenario, the output CDF
i 0 zIpR ? ilp ’

is characterized by the secondary transmission power, primary interference power,
and the CCI power. However, the interference power constraint does not have any
impact on the system performance. This case can be assumed as a special case of an
interweave cognitive radio network [8], when the secondary network is broadcasting

only in the absence of the primary user.

Case II P, — oo

In this case, when Py — oo in (4.5), it can be observed that the per-hop CDF
formula can be obtained by taking the expectation of Fj,(v) in (4.13) with respect
to the RV W. This can be written mathematically as:

-[max

Py )= 7 P (72 ) fwotw) o (4.21)

Assuming only the case where Ip, # Ig, the above integral can be solved using
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similar steps for I; in Appendix 4.7.1, Section B. Therefore, the per-hop CDF for

case II can be written as:

i=1 j=1 T fep
Lz p
Ae™ ™ By (maws) + ) wl—flemel (w4706) ] , (4.22)
=1 76

. i N 0_2 0_2
where wy = (& + L2 ) @y = L and wg = L) Furthermore, A =
o2 o2 ) ) )

p ivlpg ivIR

. It can be observed that
- Ny w=—(e)
even for the case of unlimited transmission power for the secondary network, the

-1
L 1 dLr—L
(wG—w5) R, and Bl = mm(@'g,—%ﬂ))

performance behaviour is mainly characterized by the interference power constraint
Ihax- In fact, this I, is the main obstacle against performance improvement in a

UCRN. This scenario is called I,,,, dominant power transmission.

4.3.3 Per-hop Equivalent PDF

The PDF is another important statistical metric for the equivalent SINR. Knowing
this important metric, the characteristics and behaviour of the RV can be investi-
gated, which in this research case is the equivalent SINR. The PDF can be obtained
by taking the first derivative of the derived CDF with respect to 7. Therefore, the
exact per-hop equivalent PDF can be written as in (4.23), where W, is represented

in (4.24).
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Uy, ifIp, =1Ip
U, = " (4.24)
Wy, otherwise.
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Furthermore, Wy, and Vo represented by formulas in (4.25) and (4.26), respectively.
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To show the distribution of the calculated equivalent PDF in (4.23), Fig. 4.2
has been plotted. The channel variances have been computed based on a two-
dimensional network topology scenario, where the secondary source node is located
at (0,0), and its corresponding destination at (1,0), and the primary destination
node is located at (1,1). The path-loss exponent has a range of values between
three to five in a suburban area. In this section, a path-loss exponent of four is
assumed. From these plots, the effect of the CCI signal numbers and transmission
power limit P, can clearly be seen. For this analysis, for a fixed value of I, and

different values of the transmission power, it can be observed that decreasing the
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Figure 4.2: Characteristics of the PDF of the per-hop equivalent SINR.

value of P, deteriorates the PDF behaviour, which will lead to degradation of the
network performance.

For further clarification about this claim, the function Q(y/z) has been plotted
in Fig. 4.2. Tt can be seen that for higher values of x, the behaviour of the PDF
gradually becomes insignificant because the Q)-function decays to the lowest value,
i.e., tends to zero at a higher rate. In this case, the integral is approximately null
in most of the integration pattern. However, bearing in mind that Q(0) = 1/2, the
behaviour of the PDF around the origin is always important. This can be observed
in Fig. 4.2, where as P, increases, the value of the PDF around zero decreases.
Moreover, the PDF characteristics have been plotted for the different number of the
CCI signals L. It can be seen that for a higher number of CCI signals the PDF
curve becomes closer to the origin, i.e., PDF around zero increases, which means
the behaviour of the PDF deteriorates which leads to the degradation of the overall

system performance.
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4.4 Performance Evaluation

In the sections below, to evaluate the secondary network performance behaviour,

mathematical expressions for the following performance metrics are derived: OP,

AEP and EC.

4.4.1 QOutage Probability

The OP performance can be easily investigated from the derived end-to-end CDF. It
is referred to in the scenario where the probability of the total calculated SINR of the
UCRN is less than or equal to the network predefined SNR threshold ~4,. Therefore,
the equivalent OP for the UCRN can be calculated using the total equivalent CDF
that has been derived in the previous section in (4.4), with the replacement of

with v
Pout () = Pr (’Y;gt < %h) = Il (Ven)- (4.27)

4.4.2 Average Error Probability

The AEP is one of the important performance criteria for any wireless communi-
cation network. The per-hop AEP could be investigated from the PDF or CDF,
ie, F! (v)and f! (x) [10]. Yet, it can be observed from the PDF obtained in the
previous section that the CDF approach could be mathematically more suitable for
the calculations, especially in the considered network model. In particular, the CDF
is used that has been derived for the scenario of the SNR-based antenna selection.

The AEP for each hop can be obtained by using the following formula [111]:

B = g@ / %\;’”me dy. (4.28)

In (4.28), F; (7) represents the per-hop equivalent CDF, a and b are constants that
depend on the modulation scheme that is used, for instance, QPSK: a = 2 and

= 0.5 [70]. Moreover, the end-to-end AEP for a multi-hop decode-and-forward
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relay protocol can be determined by [44]:

pere = ZPZ H (1-25)). (4.29)
j=i+1
Corollary 1: To obtain the exact per-hop AEP, first the exact derived CDF in
(4.7) and (4.8) are substituted into (4.28). After solving the equation, the AEP can
be written as in (4.30):

_. a N ,a Pb‘r, lfjp :jR;
J.DbZQJFZ(i)(—l)5 ) " (4.30)

P! otherwise.

where P! and P/! have been represented in (4.31) and (4.32), which are the first
and second case of the AEP expression, i.e., Ip, = I, and Ip, # I respectively.
Ul(a,b, z) is the confluent hypergeometric function of the second kind defined in [83,
eq. (13.4.4)], and erfc(-) is the complementary error function defined in [83, eq.
(7.2.7)]. In addition, p,,, and p,,, are obtained using the formulas given in (4.33a),
and (4.33b) respectively. Moreover, Ip, and Ip,, are determined using (4.57), and
(4.63) respectively.
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Po?  Po2\ "
= h _ZS5Th , 4.33b
e ( iln  ilp, (4.33b)
Proof: See Appendix 4.7.4. [ |

4.4.3 Ergodic Capacity

The EC is another important performance measure for any communication sys-
tem; its unit is measured in (bits/second/Hz) [10]. It gives an indication of the
possible data rate that the considered network can achieve under some predefined
circumstances. In fact, this is important specifically for a cognitive radio network
to assess its contribution in providing the amount of data throughput to the in-
tended SU. According to Shannon’s theorem for the network capacity measurement,
the EC can be defined mathematically as the expected value of the instantaneous
mutual information between the source and destination. This can be expressed as
Corg = E[Blogy(1+7eq)], where [ [-] is the expectation operator, B is the operating
bandwidth and .q is the total equivalent SNR. Moreover, the EC can be obtained
using the CDF formula of the total equivalent SINR [10]:

L[ 1 |
Cerg—/m (1 - Fvgq(v)) d, (4.34)
0

where F; (7) represents the CDF of the i hop of the secondary network. Further-
more, the EC for a multi-hop decode-and-forward relay protocol can be calculated
as:

ce =L min (CL,) - (4.35)

erg Vsl v erg

where CY,, represents the i hop EC of the CR network. In addition, + comes from
the fact that the transmission in a V' multi-hop network is performed within V' time
slots, which means the overall bandwidth should be divided by the number of hops
in the network.

Corollary 2:

Here, the derivation of the per-hop EC is provided. Then, the total system capacity
for the UCRN is calculated by substituting the obtained per-hop EC from (4.34) into

(4.35). First, the per-hop complementary CDF formula from (4.17) is substituted
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into (4.34). After the evaluation of the integral, the closed-form expression of the

per-hop EC can be obtained as:

N I T T
, N A Clr,, itIp, =1Ip,
Corg =D ( ')HV“ g (4.36)

— \ 1 i ;
i=1 C.,y otherwise.

where C/., and C/] are represented in (4.37) and (4.38) respectively. Furthermore,

the entities A1, A.,, Ary, Mg, and A5 are obtained using the formulas given in (4.39a),

(4.39b), (4.39¢c), (4.39d), and (4.39¢) respectively. Moreover, I, ., and Ic, , are

ergl erg2

determined using (4.69), and (4.75) respectively.
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Proof: See Appendix 4.7.5. [ |

It is worth mentioning that in the previously derived formulas for the AEP and

and Io__, mainly

erg2

EC, the terms in the final equations that include Ip,,, Ip,,, Ic

ergl
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affect the system performance in the case of Imﬁ < P,, where W is the channel
gain between the primary transmitter and the secondary receiver, and P; is the
maximum transmission power constraint of the primary transmitter node. More-
over, in the above scenario, the CR network performance does not depend on the
secondary transmission power, and therefore a performance saturation phenomenon
is expected. However, the secondary network can be considered as a self-controlled

system performance only when Imﬁ > P.

4.5 Numerical Results and Discussions

To verify the theoretical derived expressions, extend numerical and simulation re-
sults are presented in this section. In particular, a three-hop underlay CR network
is considered in the calculation. The following network parameters are considered
in this section unless otherwise stated. The channel variances have been calculated
based on the two-dimensional network topology, where the secondary source is lo-
cated at the origin (0,0), the destination node is located at (1,0), and the primary
receiver node is located at (1,1). In addition, the first and second relay nodes are
located at (0.25,0) and (0.6, 0) respectively. The path-loss exponent is assumed to
be 4. The SNR threshold is assumed to be 1 dB. Furthermore, these notations are
used: Ip,, Ip,, and Ip, represent the average interference powers from the primary
source to the secondary receiver nodes, where the subscripts 1, 2, and 3 refer to the
first relay node, the second relay and destination nodes. Ig,, Ir,, and I, represent
the average CCI powers at the corresponding receiver nodes in the three hops sec-
ondary network respectively. J is the number of antennas at the primary receiver.
Ni, Ny, and N3 are the number of receiver antennas at the relay and destination
nodes respectively. Ly, Ly, and L3 are the number of CCI signals at the relay and
destination nodes respectively.

First, the impact of considering multi-hop cooperative communication on the
performance of the secondary network is illustrated. Fig. 4.3 shows the OP versus
the transmission SNR. In this figure, the OP performance for one, two, and three
hops is compared. To make this comparison fair, only in Fig. 4.3, the same network
parameters are assumed for all possible hops. For example, for the two hops network
scenario, it is assumed that the relay node is located at (1/2,0), and for the three

hops network scenario, the first and second relay nodes are located at (1/3,0), and
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Figure 4.3: Outage performance through consideration of a different number of hops
in the UCRN.

(2/3,0) respectively. The parameter values for this case are as follows: Ip =4 dB,
Ir =2 dB, I = 20 dB, J =3, N =2, and L =4. From these results, it can be
seen that, for example, if the required outage performance target is 1072, then it
is possible to achieve this target with two hops using the same transmission power
budget. However, it is not possible to achieve this target with a direct transmission,
i.e., single hop. This will prove the effectiveness of a multi-hop cooperative trans-
mission in improving the performance of the UCRN by combating the effect of the
interference power constraint. Moreover, it can be seen that the significance of the
performance improvement reduces when the number of hops increases, which is due
to the fact that a DF relay protocol has been employed which means the end-to-end
performance is affected by the unsuccessful decoding at any of the relay nodes.
Fig. 4.4 demonstrates the outage performance versus SNR threshold for different
numbers of secondary receiver antennas. The parameter values for this case are as
follows: the transmission power at each of the secondary transmitters is 20 dB. In
addition, Ig,, Ig,, and Ig, are 2, 3, and 5 dB respectively, Ip,, Ip,, and Ip, are 6,
4, and 5 dB respectively. Furthermore, I, = 20 dB, J = 2, and L;, Lo, and L3

are 4, 4, and 3 respectively. As expected, when the number of antennas at the SU
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Figure 4.4: Outage probability for a different number of secondary receiver antennas.

receivers is increased, the system performance is apparently enhanced. Moreover,
for the purpose of comparison, the outage performance for the scenario of SINR-
based antenna selection using the formula in (4.44) have been also plotted. An
improvement in the outage performance can be observed when SINR-based antenna
selection is considered. However, this consideration requires more complicated sys-
tem design. Furthermore, for the case of a single antenna at the secondary receiver
nodes, both scenarios give the same result which partially proves the correctness
and accuracy of the analysis in this work.

To illustrate the impact of the CCI on the CR network, Fig. 4.5 has been plotted,
which is the OP performance for different CCI powers at the secondary receiver
nodes. The parameter values for this case are as follows: Ip,, Ip,, and Ip, are 3,
3, and 5 dB respectively. Furthermore, I, = 15 dB, J = 3, and Ny, N5, and N3
are 2, 3, and 4 respectively, and Ly, Ly, and L3 are 2, 4, and 3 respectively. From
these results, it can be clearly seen how the CCI power affects the performance of
the secondary network, for example, when the power of the CCI signals is 6 dB, the
outage performance cannot improve more than 2.59 x 1072, whereas when it is 2
dB, the outage performance saturates at 5.3 x 1072. In addition, the approximate

outage performance has been plotted using derived approximate CDF expressions.
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Figure 4.5: Outage probability for different values of CCI powers.

It can be observed that these asymptotic expressions give relatively accurate results
depending on the approximation consideration. For example, in an [,,, dominant
system, the derived expression in (4.22) gives better results, and for a high Iy
system, the derived expression in (4.20) gives more accurate results. Moreover, to
compare these results with the previous work in this field, the OP has been plotted
for the cases a) absence of CCI, as in [58], and b) absence of CCI and no constraint
on the secondary transmission power, as in [18].

Fig. 4.6 shows the outage performance for different values of I,,,,x. The considered
parameters are similar to the previous case, except Ir,, Ig,, and Ig, are 4, 3, and 5
dB respectively. As expected, in the scenario where I, is less than the transmission
power of the secondary network (i.e., the I, dominant region), there is an outage
floor, which implies that the system performance could not improve even when the
transmission power is increased. Furthermore, to better show the impact of I,
and a linear increase of the CCI on the performance of the UCRN, the outage
performance has been plotted for the case where I, >> P, (i.e., no transmission
power restriction on the UCRN transmitter nodes due to the primary receiver), and
a proportional increase of the CCI power, by 1%, is considered with regards to the

secondary transmission powers. It can be observed that even with no interference
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Figure 4.6: Outage probability for different values of I,,.x.

power constraint present, there is an outage floor. This is caused by the proportional
consideration of the CCI power. From this, the severe impact of the CCI power can
be deduced when it increases in proportion to the SU transmission power. Moreover,
the plot of the result for the case when I,., =15 dB, with a fixed value of CCI,
outperforms the result for the linear increase of CCI consideration in a particular
region. This is due to two factors: a) the strength of the CCI power, and b) the
fact that the outage floor did not occur at that region for the scenario of the linear
increase of the CCI power. However, the situation is reversed when the outage floor
occurs.

To illustrate the effect of primary transmitter interference on the performance
behaviour of the UCRN, Fig. 4.7 has been plotted, which shows the outage per-
formance versus SNR threshold for different Ip, and different signal combination
techniques, at the secondary receiver nodes. The parameter values for this case are
as follows: the secondary transmitters power and I,,,, are assumed to be 10 dB.
I, Ir,, and Ig, are 4, 3, and 5 dB respectively. In addition, J = 3, the number
of antennas at each of the secondary receiver nodes is 3, and Ly = Ly = L3 = 2.
Similar to the case of different CCI considerations in Fig. 4.5, when the considered

interference power from the primary network increases, the performance of the CR
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Figure 4.7: Outage probability versus SNR threshold for different values of Ip, and
signal combining techniques at the secondary receiver nodes.

network degrades. Furthermore, the MRC consideration has a significant improve-
ment in comparison to the SC technique. However, both techniques give similar
diversity gain advantage. Furthermore, in terms of simplicity, the SC technique is
less complex than the MRC technique [9, p. 404]. In the previous figures and results,
it was illustrated that these three factors, (i.e., Inax, CCI, and primary transmit-
ter interference), could severely degrade the performance of the UCRN depending
on their consideration in the system model. More precisely, [,.x mainly limits the
secondary transmission power range, and CCI signals and primary transmitter in-
terferences deteriorate the performance of the secondary network according to their
energy values. Besides, when [, limits the secondary transmission power, and
CCI and primary transmitter interferences impact on the network performance at
the same time, the probability of outage saturation occurs much faster as can be
seen in Fig. 4.6.

Fig. 4.8 shows the AEP performance for a different number of CCI signals at the
SU relays and destination nodes. The parameter values for this case are as follows:
Imax = 20 dB, Iz, = 2 dB, I, = 4 dB, Iz, = 3 dB, and Ip, = 4 dB, Ip, = 6

dB, Ip, = 5 dB. The number of antennas at each receiver node in the system is 2.
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Figure 4.8: Average error probability for a different number of CCI signals at the
SU receiver nodes.

From these results, it can be seen that considering a higher number of CCI links
can apparently degrade the system performance. For example, when the number of
CCI signals is 5, the performance saturation occurs at 1.14 x 1072, while it happens
at 3.0 x 1072 when L = 1.

To demonstrate the impact of the number of antennas at each of the secondary
receiver nodes on the AEP performance, Fig. 4.9 has been plotted. The parame-
ter values for this case are as follows: the CCI power is considered as increasing
linearly with respect to the secondary transmission powers by 1%, (i.e., 0.01 x P,
where P, is the transmission power at each of the secondary transmitter nodes).
The other parameters are assumed as follows: .. = 15 dB, I, P, = I p, = 3 dB,
Ip, =5 dB. J =3, Ly, Ly, Ly are 2, 1, and 3 respectively. In the above results, a
performance degradation can be observed, which is mainly due to consideration of
a linear increase of the CCI power and [,.«. In this case, the system performance
starts degrading after [,,,, limits the secondary transmission power. In fact, this
is the worst-case scenario of a secondary network performance. However, as ex-

pected, employing more antennas at the secondary receiver will enhance the error

probability performance. It is worth noting that, despite the impact of interference
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Figure 4.9: Average error probability for a different number of antennas at the CR
receiver nodes.

and I,,y, the multi-antenna scheme does not lose its importance in enhancing the
error probability performance of the UCRN. The impact of performance saturation
due to the proportional increase of the interferences can be reduced by employing
a multi-hop network. For example, when the interference power is studied as a
proportional increase with regards to the secondary transmission powers, it is more
likely that the performance saturation will occur according to the considered ratio
of the interference power with the secondary transmission powers. In a multi-hop
network, the source nodes can broadcast their signals at a lower power to achieve
a specific performance in comparison with a direct transmission. Therefore, when
the transmission power at the source nodes is reduced, the considered interference
power is reduced too. Thus, improved performance will be expected.

In Fig. 4.10, the throughput performance has been illustrated for a different
number of antennas at the secondary receiver nodes and different CCI powers. The
values of the CCI powers are assumed to be increasing linearly as regards the trans-
mission powers in the secondary nodes. The parameter values for this case are as
follows: Ip, = 6 dB, Ip, = 4 dB, Ip, =2 dB. J =2, Ly =4, Ly = 3, and L3 = 2.

From these results, it can be observed that the capacity saturation has occurred at
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Figure 4.10: Capacity performance for different values of CCI powers and a different
number of antennas at the SU receiver nodes.

0.342 bits/sec/Hz, when the relatively higher CCI is considered, (i.e., 0.05) with a
single antenna at the secondary receiver nodes. In addition, when three antennas
are employed, the capacity saturation occurs at 0.512 bits/sec/Hz. The capacity
saturation in these scenarios is mainly due to the CCI power. Moreover, the case
where I,.. = 20 dB and CCI power is 5% of the secondary transmission powers
has been plotted. In this case, the capacity degradation is observed instead of the
capacity saturation. Moreover, it can be seen that a higher number of receiver an-
tennas, in conjunction with the SC, can enhance the capacity performance of the
CR network. Furthermore, it can be deduced that in an underlay CR paradigm,
despite the impact of I,.y, other factors might limit the advantage of employing
a multi-antenna scheme on the network performance, such as the presence of CCI
signals and the primary network interference. It has also been illustrated that ac-
cording to their power strength consideration, they could severely degrade the CR
network’s performance.

Finally, from the previous results and analysis, the following observations can be

summarized:

e SINR-based antenna selection gives better performance in comparison to SNR-
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based antenna selection. However, this approach requires more complicated

configuration and is practically more challenging.

It has been shown that the MRC technique outperforms the SC technique,

however, the later one is simpler to be realized in practice.

Communication through a multi-hop relay network has the advantage of com-
bating the impact of interference power constraint on the secondary network.

In addition, it has the advantage of extending the coverage of the network.

Performance saturation, (i.e., floor), in the system performance of the sec-
ondary network, can occur due to three factors: interference from primary

network, CCI power and I,,y.

The performance saturation phenomenon could be more noticeable when the
interference power increases linearly with the secondary transmission powers.
It might cause performance reduction instead of a floor when both I,,., and

CCI have an impact on the CR network.

An improvement in the system performance can be observed when multi-
antenna receivers are considered, and the best antenna selection technique

is applied.

Using multi-antenna receivers might not be an optimal solution for enhanc-
ing the system performance in power limited communication networks with
the presence of interference. For example, the advantage of multi-antenna re-
ceivers, through increasing the diversity gain, can clearly be seen when there is
no performance saturation. On the other hand, when performance saturation

occurs, the diversity gain reduces to zero.

4.6 Conclusion

In this chapter, a detailed performance investigation of an uplink multi-hop multi-

antenna regenerative UCRN has been presented. A more practical case scenario

was assumed through the consideration of CCI in addition to the primary trans-

mitter interference on the secondary network. Different signal combining techniques

were investigated and discussed at the secondary receiver nodes. OP, AEP and the
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EC were thoroughly studied. It was shown that employing a relaying cooperative
network has the advantage of enhancing the system performance by reducing the
impact of the interference power constraint.

Furthermore, the system performance including the impact of CCI, primary
transmitter interference and interference power constraint was enhanced by a multi-
antenna scheme. However, it may not provide the optimum advantage due to the
constraint on the transmission power and the presence of interferences, especially
when performance saturation occurs. The impact of performance saturation can be
reduced by employing a multi-hop relay network. Moreover, the severity of interfer-
ence leads to performance reduction rather than performance floor, especially when
its power is considered to be linearly increasing with the secondary transmission
power and at a relatively high ratio. Finally, different numerical and simulation ex-
amples have been presented to illustrate the performance behaviour and to support
the correctness of the derived results. The analysis in this chapter is significant for
better understanding the characteristics and behaviour of a more practical scenario

of an underlay CR network.

4.7 Appendix

4.7.1 Per-hop CDF Derivation

After substituting the formulas of F, (%) and fw (w) into (4.16), the following
formula can be obtained:

__iyw

o0 N 2 LR
N i € Mgl or
I = / [1 - < i >(_1) i 9 wi'yfph ( 2 Zn"yfR) ] %
2Oty G

h Imax

wj

J . o2
. Fsp
(‘]) (—1)J+136wa. (4.40)
1

Depending on the values of I and I P, there are two possible cases for the solution

of the above integral. In the sections below, each case will be derived in detail.

o Casel, Ip, = Ig:
Imaxa'j%spo'z

For this case, the variable in the integral is changed so that w = ¢ <

Imaxo'}QL

o al Then, after some mathematical manipulation and with the help of [83,
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eq. (8.19.2)], a desired representation for the above formula can be obtained.

J _ Ide J N 2 L
7 = Z J ( 1 Jtle Piofg Z J\ (N (_1)j+i Pyoj, _ "
. J < \J 1 Psoj +1vIg

Jj=1 j=1 i=
'Imax"' +ivyo A . 2 . 2 . _
j]maxo'}% <J MI*I:(,;Y ! p) (j[maxah + Z’}/Ufsp) (PSO']% 4 ZVIR)
T2 | € o) Brg R ——
1ylgro o 0%,,0h 1yl R Py
(4.41)

where I{ represents the integral of I; for the case when I, P = I, and E, (x)

is the exponential integral function.

e CaseIl, Ip, # Ig:
For the case when Ip, # Ip, the partial fraction decomposition method was

used to solve the integral in (4.40) as follows:

- SR Q) )

10 I
j=1 j=1 i=1 Fop 1APR
121
A

~ ™~

FImaxoy +iyoy
o —w # L
I 2 LR Imaxafgp h R .
maxTp g € vy LR+1—77»Q
¢ ()

dw—l—z

. T 2 n
Zf}/]R ]maxo'h + — maxo'h
Imax ’L’Y]P -
Ps
Iz
- 7\ ~
jImaxU%"v’i’YU?‘Sp
o0 —w Imaxff% U}2L
e sp
L dw |, (4.42)
Imaxa'h + w
Imax Z’YIR

s

h _ (fmmok  Imeod) TR0 s obtained by the formula g
where ¢ = oy P . , and €, is obtained by the formula given
n (4.9). It can be observed that the above integrals, i.e., I3; and Iy, are

quite similar to the previous derived integral in the first case, i.e., I in (4.41),
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therefore the final formula can be written as in (4.43):

J J Imdx] ] ] 0.2 LR+1
11 j+1 PSU 41 max® p
h :Z:<j>(—1)J+ ZZ( )( > 1)#?( i >

7j=1 7j=1 =1

N (LN gy (it 005, Pkt ind,
ij jR 1 0-)2‘31,0-}21 i’yijPs

<j1max0'i+i’70?5p Jlmaxah+1'yo

Is .7
ivaRa'%sp > + Z Q zry[RGfsp — ( Z”}/IRPS _ )TLI «
Ps]maxo-]% + Z.f)/IRImaX

jjmax0%+270fsp PSO' +Z’}/IR
b (M) (Bl ) | an

Ufspo-h

4.7.2 Per-hop CDF using SINR-based Selection Combining

In this section, the per-hop CDF is represented in the case where SINR-based an-
tenna selection is considered. The CDF can be expressed as in (4.44), and (4.45).
In addition, ©,,, and €, are obtained by using (4.46), and (4.47) respectively.

N _ i il
N ) . 7.72 P0'2 PO'2 R

F.; =1 —1) Pso 57h — Sh =

veq(W) +Z (z)( ) [6 " (PSO',QZ—F")/[PR) (PSU,QL—F”YIR) :
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1 iLp—n 1 —
= i (7, )

4.4
(iLp —n)! Owilr=n \Ip, (447)

Finally, it is worth mentioning that the SINR-based antenna selection technique
outperforms the SNR-based antenna selection technique in terms of the performance
enhancement, especially for the relatively large number of antennas at the receiver
nodes. This can be seen in Fig. 4.4 in the numerical results section. However,
the practical aspects of the SINR-based scheme are more complex to implement.
Accordingly, for a specific network with particular requirements, an appropriate
antenna selection technique can be chosen according to the desired performance and

complexity of the network.

4.7.3 Per-hop CDF Derivation, Maximum Ratio Combining
Technique

After substituting Fy, ( ) from (4.19) and fy (w) from (4.6a) into the first part

integral i.e., [} = f Fy ( ) fw(w) dw, and doing some mathematical arrange-

Imdx

ments, the first part of the formula can be obtained:

=3 (D) T S (1) () ey
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o n w<0? +Imaxffﬁ)
(w)e *F d 4.48
T myirr . AW |- (4.48)
maxo'h +w

leg:x < ’YIR )

For the purpose of simplicity and mathematical tractability, these entities are used

Imaxo? A I'max
2,52: :;ch>53: n;}ah and 54

to define the following terms; f; = Toe?
max fgp

Then, the variable in the I? integral formula is exchanged, so that w = o B
1 4

Ba. Subsequently, the Binomial expansion is used to further simplify the integral
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formula and, after some mathematical manipulation, the following expression can

be obtained:

D S B [ R e B
(%+32)(51+34)
(4.49)

Finally, with the help of [83, eq. (8.19.2)], the desired representation for the above
formula can be achieved. Similar steps can be repeated to solve the integral formula
I?. Therefore, by combining the above derived expressions, an exact formula for the
per-hop CDF can be obtained in the scenario where the MRC technique is considered
at the secondary receiver nodes, and the formula can be written as in (4.17). The

formulas of T2, and I _ are represented as in (4.50) and (4.51):

mrc mrc
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Ir

n —y _ Imax N
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> ()i
n—i—1 i—ny s s s R R R
(Lza)) <B1 + ﬁ4> eﬁz(ﬁﬁﬁ‘l)EHlfm ((I;jx + 52) (51 + 54))

Lrp—1 n ; T T n—m—i—1
n S L (MAi+1)  ovm (Ip, — Ir\™ [ 7
(o) e )

(Bl + 34> T2 gy (Bi+6a) Eoitrom, ( <Imax . 33) (Bl + 5})) ] (4.51)

P

4.7.4 Error Probability Derivation

To obtain a closed-form expression for the AEP, the derived CDF in (4.7) is used.
First, (4.7) is substituted into (4.28), as a result, the average per-hop error proba-
bility integral expression is obtained for two cases, (i.e., Ip, = Ig, and Ip, # Ig).

In the derivations below, the following notation is used to make the derivation

. . PSJ,% PSU,QL PSU%L
more tractable and easier to follow. First, let ay = =%, ay = T 3 = Sk,
R ,
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.Imaxo'2 .Imaxa'2 i Imax j Imax
0y = Yt oy = gt g = g 1 L and g = gl 4 7L Thon, o
_ Imgx J
T, = ay ai® <1 —e PS"fsp) : (4.52a)
(3+4)
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v (az+79)7" ToMm
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L e S ag 7
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n=1 [R v (043 + 7) v a1

e First Case (i.e., Ip, = Ig):
For this case, the integral formula contains three main parts. In this section,
the detailed steps and explanation of each part are presented. The integral in
the first part is obtained with the help of [83, eq. (5.2.1)]. In this derivation,
some basic functions manipulation should be taken into account, such as;

n! =T(n+1) and I'(1/2) = \/7. The second part can be written as follows:

¢ ar
P27 —\/>/ v, 4,53
by — 41 V7 (a3 +7) LR+1 2 (4.53)

For the second part i.e., 131,21 first the variable in the integral is exchanged as

~ = tag. Then, by using [83, eq. (13.4.4)] the desired formula can be obtained:

= a 1\ s 3 1
Pb21 :Tl—\/[—? (b+—) U(LR+1,LR+—, (b+—) 063) . (454)
2 aq 2 (05}

In (4.54), U (o, B, z) represents the confluent hypergeometric function. The

third part can be written as:

_ ‘Z( > Vel \/jx /e—wTQd% (4.55)

where PIE’I is the third part of the first case AEP equation. To the best of
the author’s knowledge, it would be quite difficult, if not impossible to solve
the above integral. In addition, it should be noted that there is more than

one term that includes the exponential integral function in the CDF formula.
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Therefore, it is not an efficient method to approximate these terms. However,
these terms can be determined numerically by utilizing different software tools,
for example, Matlab, Maple and Mathematica. Thus, this part of the above

formula is determined numerically and it is written as:

J
. a J . b
P} = 3 Z (j)(—w oy bE \EIPM. (4.56)

Jj=1

Therefore, the value of Ip, is determined numerically using the following in-

tegral formula:
I 76% T, d (4.57)
Py = | —= l20a% .
b / ﬁ

where Y5 is defined in (4.52b).

Second Case (i.e., Ip, # IR):
For the second case, a formula is obtained that has three integral parts. The
first part is similar to the first part of the previous case. The part two, second

case of the AEP formula, can be expressed as:

_ a |b T 3_7(b+%)fy*%
PbQII == T1§\/j/ LR d’Y7 (458)
™) (ar+7) x (az +7)

As previously mentioned and demonstrated, using the partial fraction can

make some expressions simpler. Consequently, this technique is employed to

make the integral expression in (4.58) easier to manipulate as follows:

[eS) Lr
_ a b — b+i> _1 Hm M2

PQZT_\/i/ v(b+rah) o 2[2 L4 ]d, 4.59
e 706 Tl et T (a2t 7 (459

where p,,,, and ps are calculated using the expressions provided in (4.33a, and
4.33b) respectively. Therefore, each sub part for the second part is rewritten
as P2 and P2 respectively. Next, the variable for P2! is exchanged so that
v = t?ay. Then, by comparing the obtained formula with [83, eq. (7.7.1)],

and after performing some mathematical manipulations and arrangements the
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desired formula can be obtained as:

) or ol i
Ple — Tlg —Wﬂ26 2(b+al1>erfc 1o (b + —) . (4.60)
17 2 &2 al

In (4.60), erfc (z) represents the complementary error function. The solution
of the integral formula for P72 is quite similar to the second part of the first

case, i.e., PbQI. Therefore, it can be solved as:

@ g 1™ 1 1
D22
PbH—Tlx 5\/5 E Hmq (b-'-&—l) U(ml,m1+§,(b+a—l)a3>.
(4.61)

Similar to the third part of the first case, the third part of the second case is

evaluated numerically:

P = gi (j) (1) as \/glpw. (4.62)

=1

The value of Ip,, in (4.62) is determined using the following integral formula:

- [y d (4.63)
Py = | —= 13z a7, :

b2 / ﬁ

where Y3 is defined in (4.52¢). Finally, a closed-form expression for the AEP
can be obtained through summing all derived parts and substituting the nota-

tions that have been used for the derivations, it is represented in the formula

in (4.30).

4.7.5 Ergodic Capacity Derivation

To derive a closed-form EC formula for the multi-hop UCRN, the formula of the

per-hop equivalent CDF is used. This can be obtained by substituting (4.7) into

(4.34). This will resulting in an integral formula for the two different cases: case I

(i.e., Ipgr = Ig) and case II (i.e., Ipg # Ir). In this section, the detailed steps of

the derivation for both cases are presented. In addition, the same notations that

have been defined in Appendix 4.7.4 are used.
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e First Case (i.e., Ip, = Ig):
For the first case, the formula has two integral parts. The first part is repre-

sented by C!

ergy’

and the second part by C?. . The first integral part has the

erg

following integral form:

_0

e “1
d 4.64
Cerg, = O/ (T+7) (ag+ ) " (464

where Yy is defined in (4.52a). With the help of a partial fraction, the above

integral expression can be written in a simpler form. More specifically, it can

be represented by two terms as:

o0 5 )\1 LR+1 )\
ergr — 1 / € |:(1+’7) TQZ:I <Oé3+’7) 2] Y ( )

In (4.65), A1, and A,, are determined using formulas provided in (4.39a), and
(4.39b) respectively. In the above formula, it is assumed that P,o? # ilp,
i.e., ag # 1. In fact, in the case of ag = 1, there will be an extra possible
case, which is similar to the existing forms. Then, after some straightforward
mathematical manipulation and with the help of [83, eq. (8.19.2)], a desired

representation can be obtained for the integral formula in (4.64).

L 1 LR+1 ag
Celrgl = Tl |:)\16aE1 <—> Z )\,,,2 a3>1 2 a1 E’I’z (—> ] (466)

o o
1 ot 1

Part C2. of the EC integral formula has the following form:

ergy

=1 \J

J J o0 T
2 j L 2
Cergl - Z ( ) (—]_>] QY O(SR/ 1 _’_7 d’}/7 (467)
0

where T is defined in (4.52b). The integral in this part is keept and solve it

numerically. Therefore, it can be obtained as:

J
C2, = Z (J ) (=1 aq o™ I, (4.68)
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where

I = dry. 4.69

Ce'rgl / 1 _|_ ’Y ,Y ( )
0

Second Case (i.e., Ip, # IR):

In this case, the integral formula has two parts. Part one is denoted by C;rgn

and part two by C’e?rg In this section, the derivation steps for each part are
presented.
0 _2
/ . d (4.70)
er - - .
ron = S (1+7) (@2 +7) (g +7)"

The above integral formula is mathematically difficult to manipulate, by em-
ploying the partial fraction decomposition technique, the integral can be rep-

resented in a simpler form as:

00 Ly

_x Ar Ay As
cl. =7 /e o1 i+ + dy. 4.71
TR L PV rre=r s e A | KO

In (4.71) A\, Ay and A5 are determined using formulas provided in (4.39¢c),
(4.39d) and (4.39e) respectively. In the above formula, it is assumed that
P,o? # ilp, and/or P,o? # ilg. If the following scenarios are considered,
there will be two extra possible cases, which are similar to the existing forms.
It can be observed that the integrals in (4.71) have similar forms to the integrals

in the first case, i.e., Cl,, . Therefore, the final formula can be written as:

- 1 1
Celrgn =T [ Z Ary ()" e B, (a1> + )\46“1 Ey <a_) + Asee1r By (06_1) ]

ry=1 1

(4.72)

Part two in the second case of the EC integral formula can be written as:

J oo
c?. = Z / (=1) ay aLR/ LY dry (4.73)
ergyy ] 3 / 1 + ~y )

J=1
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where T3 is defined in (4.52¢). Similar to the second part of the first case,

C? . is numerically evaluated as:
911

J
J .
CEQTQH = Z (]) (_1)] Of5 [CergZ’ (474)
j=1
where
7T
e = [ 35 (4.75)
0

Finally, a closed-form EC expression for one hop of the secondary network can
be obtained by summing all parts and substituting the notations that have

been used for the derivations, and it can be written as in (4.36).
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Chapter 5

Performance Study of a MIMO
Spectrum Sharing Network in the
Presence of CCI

In this chapter, the outage and error probability performances of a MIMO underlay
CRN are investigated under the presence of the primary transceiver and CCI. In ad-
dition, the impact of the interference power constraint and the secondary network
transmitter power constraint are considered. The TAS/MRC techniques are con-
sidered in the performance investigation. First, the equivalent SINR is constructed.
Then, the exact outage performance is thoroughly examined. Furthermore, differ-
ent case studies are considered to investigate the approximate outage performance.
Moreover, an expression for the asymptotic AEP is derived.

From this investigation, it is found that the MIMO system in conjunction with
TAS/MRC can significantly enhance the performance of the CR network by combat-
ing the impact of transmission power limitation in the secondary network. Moreover,
the MIMO scheme does not lose its advantage despite the presence of interference
from the primary transmitter and CCI sources. However, the interference power
decreases the performance of the secondary network especially when it increases
linearly with the secondary transmission power, in which performance floor or, even
worse, “performance degradation” are expected. Finally, to validate and discuss the

results, numerical examples are presented with Monte Carlo simulations.
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5.1 Introduction

To enhance the performance of the secondary network and combat the impact of
the interference power constraint, some approaches can be used; such as, employing
multi-antenna, or considering relay communication [10,39]. Moreover, the multi-
antenna scheme outperforms other techniques in terms of reducing a large number
of required overhead signals and improving the secondary network throughput [39].
It is well-known that the multi-antenna scheme has the advantage of performance
improvement of any wireless communication system. However, it increases the cost
and complexity of the system. To reduce these drawbacks, an antenna selection
technique can be used which has the advantage of reducing the cost and complexity
of the system configuration. More importantly, it keeps the same benefits as the
multi-antenna usage regarding the diversity gain advantages [39]. Transmit antenna
selection is a technique of selecting the antenna at the transmitter node that results
in the highest SNR. Among the signal combining techniques at a receiver node, MRC
is considered as the most efficient one in terms of the performance enhancement [14].
As a result, combining these two techniques, i.e., TAS/MRC, in a MIMO wireless
system can apparently enhance the overall performance.

Studying the advantage of a MIMO system for cognitive radio has attracted sev-
eral researchers [13,17,31,32,41,50,51]. For example, Huang et al. [14] investigated
the underlay CR performance under the assumption that the secondary transmit-
ter has a single antenna. Furthermore, the authors in [39] have considered a single
antenna at both the primary transmitter and receiver nodes and multiple antennas
at the secondary transceiver to study the performance of the secondary network.
Recently, the authors in [31] have examined the advantages of the multi-antenna
scheme for the secondary network under the absence of the primary transmitter.
More recently, Yeoh et al. in [17], considered multi-antennas at both primary and
secondary transceivers and investigated the secondary network’s performance using
the TAS/MRC technique. In these papers, the influence of the CCI has not been
considered in the performance investigation. The authors in [70, 72, 74], have con-
sidered the impact of CCI on the performance of an underlay CR network; however,
multi-antenna schemes at all the nodes have not been considered.

The significant contribution of the research in this chapter is to investigate a

more practical and state-of-the art network consideration. More precisely, compre-
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hensive OP and AEP performances of a MIMO underlay CR network in conjunction
with the TAS/MRC technique are investigated under the following network condi-
tions: 4) the presence of interference from the primary network and the CCI sources,
ii) consideration of the secondary transmitter power constraint, 4ii) consideration of
the interference power constraint, iv) taking into account AWGN, and v) the multi-
antennas at all nodes in the network, i.e., primary and secondary transceiver nodes.
In fact, the performance investigation of a UCRN considering the above network
constraints and conditions has not been studied yet.

The remainder of this chapter is structured as follows. In Section 5.2 the con-
sidered system model is discussed. Sections 5.3 gives an analytical investigation of
the outage performance and error probability performance of the MIMO underlay
cognitive network. In Section 5.4, some numerical examples with Monte Carlo sim-
ulations are presented to illustrate the network behaviour and validate the derived
expressions. Section 5.5 gives a summary and conclusions of this chapter. Finally,

the detailed derivation steps of the analytical results are given in Appendix 5.6.1.

5.2 System Model

Fig. 5.1 shows the system model under consideration. The network consists of pri-
mary and secondary transceiver nodes in which all the nodes are equipped with
multiple antennas. M, and N, are the number of antennas at the PU transmitter
and receiver, respectively. M, and N, are the number of antennas at the SU trans-
mitter and receiver, respectively. L is the number of CCI signals that affect the SU
destination node. In fact, there are L, CCI signals that affect the PU destination
node. However, in this work, the focus is only on the secondary network performance
analysis.

It is assumed that the fading channels in the network are subject to a block
of i.i.d. Rayleigh fading channels. This is a valid assumption as channels between
the antennas of the two adjacent nodes in the network have the same distance and
therefore they can be assumed to be identical. Therefore, the generic channel power
gain between any two nodes in the network can be represented as |g.,|*, where g
represents the fading channel coefficient, and x and y are the two adjacent nodes
between g. Furthermore, the channel gain |g,,|? follows the exponential distribution

. . A — .
with a mean power of ngya which can be defined as asw = dg,", where dg, is the
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—— DatalLink
-———Interference Link

------- Primary Transceivers

Secondary Transceivers

Figure 5.1: The general network model used for the analysis showing a MIMO
underlay CR network in the presence of primary transceiver and CCIL.

distance between nodes x and y, and « is the path-loss exponent. For example,
|gsq|® is the channel power gain between the SU transmitter and receiver nodes,
respectively, and the corresponding channel variance is U;Sd. In addition, |gs,|* is the
channel power gain between the SU transmitter and PU receiver nodes, respectively.
The average channel power gain of the individual CCI signals has an exponential
distribution; therefore, the sum of L independent average channel power gains of
the CCI signals has a gamma distribution [84].

Moreover, it is assumed that perfect knowledge of the CSI is available [41]. In this
work, the average value of the channel power gain has been used in the mathematical
analysis, which is the square of the amplitude, rather than instantaneous values. The
CSI at the secondary transmitter node can be obtained through different approaches
[65]. For example, it can be obtained through feedback from the primary receiver
or with the help of the band manager [41]. For the mentioned network, the received

signal at the secondary user destination node can be written as:

Ya= vV Eg gsa Ao + 1.+ [p + ng, (51)

where F is the permitted transmission power at the secondary transmitter node, g4
represents the (M, x Ny) fading channel matrix between the secondary transmitter

and receiver nodes, and \, represents the intended message to be transmitted from
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the secondary transmitter node to the secondary destination node, which has a unit
energy. I. and I, are RVs representing the interference terms at the secondary
receiver node from the CCI sources and the primary transmitter, respectively. In
addition, ng is the noise term at the secondary destination node, which is assumed
to be AWGN. From the above formula, the resulting SINR at the SU destination

node after employing the TAS/MRC technique is represented as:

Es 193, 1I°

Zlel Ve, + Zizpl Vpi + NO

eq (5.2)

where 7, and ~, are the instantaneous interference power terms from the CCI sources
and the primary transmitter, respectively. In addition, Ny represents the power

spectral density (PSD) of the AWGN term. Also, || - ||? is the Frobenius norm:

19:0,]I° = _max {||gsdn1, s Gsdny |!2} : (5.3)

Furthermore, to protect the primary network, the transmission power at the sec-

ondary transmitter, F, should have the following power constraint:

je{lz 7NP}

E, = min (Imax ( max {ygspj\?})_1 ,Ps> . (5.4)

5.3 Performance Evaluation

In the sections below, first, mathematical expressions for the exact and asymptotic
outage performance of the MIMO UCRN are derived. Second, the AEP performance

is investigated.

5.3.1 Exact Outage Performance

Proposition 1: The exact outage performance of the underlay MIMO CR net-
work in the presence of primary network and CCIs, and with consideration of the
TAS/MRC technique, can be written as in (5.5), where ¥ is represented in (5.6),

¢4 and <5 are represented by formulas in (5.7) and (5.8), respectively. Furthermore,

j Imaxo? Imaxo?
_ Imax _ niy J _ Tmax¥g. g _ o _ Amax0g_,
oy = P, 0 Qg = (Imaxang + Jgsp)’ a3 = i Qy = Mp + Nng ns, oy = e

and o = M, + ng +m — na.
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P,o?

9sd

~ 1% Yen >k _PIT% Np
Pout(%h) =1—-U e %a | ——— 1—e "5%sp T (Mp + ng — n5)

= 2
Wpo-gsd

1 (3 -7\
Z —(7’) 7) I'(M, 4+ ns +m — ng)

Mp+ne—ns  [ip.1
) ml \ 7Y

2 _|_ ’ythnsl ’7?

(%
(

_ 9 Mp+na+m—ns
’yco—ged )

2 4 hYe
0+PS

m=0

Ny X >

Ny j+1 J Vth F
23 () (e
]:1 max 9sd

Gsp

_[maXO'2 Mp+na—n3 L+4+nz—1 1 /7 _ /7 m
I'(M,+ny—n (—gd) ¢y — —(%)
[ ( P ? 3) YenT1 2 T;) m! YeVp
I 02 Mp+no+m—n3
(M, +ny +m —n3) (%) gé’] } (5.5)

CEERE () e R

n1=1 ki ,kn, n2=0 n3=0 nie

_ L+ns
Yep
Yp—e

e "T(L)T(M,)

(5.6)

P
G=D (Z“> (1% ()™ ()™ e (1) — a0z (0 + ag))

(5.7)

2k
G = (Zk) (= 1) 72 (a5) > 7" (o) 75T (14 75 — ag, g (1 + 05)) -
(5.8)

Proof: See Appendix 5.6.1. [ |

5.3.2 Approximate Outage Performance

Despite the fact that in the previous section the exact outage performance can
be examined, its representation is too difficult to infer insights about the network

parameters. In this section, approximate and simpler expressions for the outage
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performance are derived for two scenarios as follows:

e No interference power constraint, i.e., I, — 00:
By substituting this condition in (5.20) and (5.35), the resulting CDF formula
will reduce to the CDF of RV M that has been derived and represented in
(5.34), i.e., FM(%S). Then, the approximate OP in this case will be:

7th 2k —pah
Pout(yin) =1 — ¥ ( ) e % |T' (M), + ng — ng)

My+ns—ns _
_ 9 P L+4+nz—1 _ _ m
11994 _ Z i (7;0 — 70)
o7+ TANEE?

9sd m=0

_ 9 Mp+n2+m—n3
YO
T (M, + ny +m — ns) <¢> ] (5.9)

2 YthM1%e
O-gsd + Ps

In this scenario, the secondary transmitter can take advantage of using the
full range of its transmission power. However, this does not mean that the
performance of the secondary network can enhance linearly with the increase
of transmission power of the secondary transmitter node. There are other
performance improvement obstacles due to the PU transmitter and CCls, in
which it is still possible for performance saturation to occur as a worst case
scenario. The obtained expression for the OP in this scenario is simpler than
the exact derived expression, yet, it is still difficult to obtain an explicit for-
mula to deal with the diversity gain due to the sum terms in the expression.
However, through the observation of the approximate outage formula it can
be seen that the diversity gain is proportional to ) ,. In fact, the value of >,
is related to the number of antennas at the SU transmitter and receiver nodes,
i.e., M, and Ny. Therefore, the generalized expression including the diversity

gain can be inferred and written as Py (yn) o< L s, where Psogsd repre-

(Psggsd )

sents the secondary transmitter SNR. The advantage of diversity gain can be

further understood later in the numerical section, more specifically in Fig. 5.3.

e No power constraint on the secondary transmitter, i.e., Py — 00:

In this scenario, the conditional equivalent CDF can be represented as:

Py = Pr(nr < 7). (5.10)

]max
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Therefore, the unconditional CDF can be obtained by taking the expectation
of Fyy <7’r%) over the PDF of RV W. Mathematically, this can be written as:

-[max

&= 7FM ( e ) fwr(w) dw. (5.11)

The steps of derivation for the above formula are quite similar to the steps for
solving ¢, in (5.39). As a result, and for the sake of saving space, only the final

expression for this scenario is provided and can be written as in (5.12).

= (N, (L T\
Pos(yn) 1 =0 Y ( j”) (=1 =3 (I g ) I'(L+ n3)
j=1 max® g g

9sp
Lo N\ MrtnaTns Moty 5 - 5\™
oo (52R) 6 (52)
[ M ’ ? VehT1 ’ 'rnZO mb\ Y
I 02 Mp+no+m—n3
T (M, + ng +m — ng) (%) g§] : (5.12)

Moreover, in this scenario, ¢¢ and ¢¢ are obtained by using the following for-

mulas:

(&1

>k
@= 2 (54) 05 @ e (1 - anagaa),
r1=0

(5.13)

>k
§g = Z (Zk> (—]_)Zk —T2 <a5>zk -T2 <a2>a6—r2—1 295 (1 + 7y — a67a2a5) '
(5.14)

From the derived formula in (5.12), it can be seen that the dominant power is
Iax instead of P, which is the key guarantee of the protection of the primary
network. In fact, when the network is working based on this scenario, it has the
advantage of promising that the secondary network is working on the optimal
possible performance. This can be seen in Fig. 5.3 in the numerical results

section.
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5.3.3 Average Error Probability

In this section, the AEP performance for the secondary network is investigated.
First, it is important to find a proper method to derive and represent a closed-form
expression for the AEP. Using the CDF for investigating the AEP is an efficient way,
since its representation is relatively simpler than PDF. However, by observing the
derived CDF for the considered system in this research, it is quite difficult to obtain
a closed-form expression for the AEP. Fortunately, an approximate formula can be
derived from the asymptotic derived CDF in (5.9) [72]. The AEP can be obtained
by using the formula in (4.28).

For the purpose of representing the formulas in a simpler way, the following

P,o? P,o? P02
osd | §y = 0 5y = D% G, = M, np—ny,

notations are used: dy =), , 01 = N e

05 = M, +ny +m —ng, and dg = E + b. Then, after employing these notations and
substituting (5.9) into (4.28), the following expression is obtained:

a  a b 1
2 2V (P02 )Ek

9sd

F(M —I—TLQ—TLg /
P J (52+’Y

1 <—% - 7C) " (M, + nsy + ) (6,)% 76_56 ) d
— —— n m —n ")/ s
A & J/

(5.15)

where WU is represented by the formula in (5.6). To solve the integral in part {2y,
first, the variable in the integral is changed such that ¢ = %. After this, the integral

formula in €2; part can be written as:

oo

Q) = (8,)%F2 % / et (%72 (1 4¢)7% 4t (5.16)
0

Now, using [80, eq. (13.2.5)] the desired formula can be obtained:

1_ 1 1 3
Q= (6)°F27% T (50 + 5) U (50 + 5000+ 5 = 0, 5256> , (5.17)

where U (a, b, z) is the confluent hypergeometric function of the second kind defined

in [83, eq. (13.4.4)]. Using similar steps, the integral in part {2y can be solved and
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written as:

1_ 1 1 3
Qy = (65)°F27% T (50 + 5) U (50 + 5000+ 5 - 55,5356) . (5.18)

Finally, the approximate AEP can be expressed as in (5.19).

_ a a |b 1 5
Ry o\ Vo [T — 5)™ Q
b 2 2V r (Psagsd)z:k ( p T N2 TLS) (1) 1
L+nz—1 1 - = m
- > (% %> T (M, +ny+m—mng) (61)° |,  (5.19)
— m! YeVp

where ; and Qy are calculated by using the formulas in (5.17) and (5.18), respec-
tively.

5.4 Numerical Results and Discussions

In this section, some numerical and simulation examples are presented to validate
the derived expressions and to discuss the MIMO underlay CR network under some
practical circumstances. In the calculation of channel variances, a two-dimensional
network topology is considered. More precisely, the SU source node is considered
at (0,0). In addition, the channel variance between two nodes at a distance d is
calculated as 1/1 4+ d*, where « represents the path-loss exponent and is assumed
to be four in all results in this section. Furthermore, the PSD of the noise is assumed
to be one.

In Fig. 5.2, the OP performance is plotted versus SNR threshold for different
values of I, and different number of antennas at the secondary destination node.
The locations of the PU receiver and SU destination nodes are considered to be at
(1,1) and (1,0), respectively. Furthermore, the following network parameters are
considered; P, = 15 dB, 7. =3 dB, 7, =4 dB, M, =2, Ny, =3, M, = 2, N, = 2,
L = 2. The results in Fig. 5.2 show that higher interference power constraint leads to
better performance. Moreover, increasing the number of antennas at the secondary
receiver node results in an observable improvement in the performance despite the
consideration of interference power constraint and interferences from the CCI sources
and primary transmitter.

Fig. 5.3 shows the OP versus the transmission SNR for different locations of the
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Figure 5.2: Outage performance vs. SNR threshold for different values of interfer-
ence power constraint /., and secondary destination antennas N.

primary receiver node. The SU destination node is considered to be at (1,0). In
addition, the following network parameters are considered; I,., = 20, dB, 7. =5
dB, ¥, =7dB, My =2, Ny = 3, M, = 2, N, = 3, L = 3. From the results in Fig. 5.3,
it can be observed that as the PU receiver node gets closer to the SU transmitter
node, the performance degrades, and vice versa. Furthermore, when the value of
Ihax — 00, the position of the primary user receiver does not have any influence on
the system performance. This situation can be considered when the primary network
is in the silent mode. Furthermore, it can be treated as an interweave scenario [8],
when the secondary network can use a specific spectrum when it is vacated by the
primary user. Moreover, the advantage of diversity gain can be clearly seen when
Iax — 00. For the scenario when P; — oo, the flat performance can be seen, which
gives the maximum boundary that the performance can achieve.

To investigate the impact of the linear increase of the CCI power, Fig. 5.4 has
been plotted. In this figure, the OP has been depicted for a different number of
antennas at the SU transmitter and a different number of CCI signals that affect
the SU destination node. The CCI power is considered to increase in proportion

with SU transmitter power by a rate of 5%, i.e., 3. = 5 x 1072 x P,. The positions
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Figure 5.3: Outage performance vs. transmission SNR for different PU receiver
node positions.

of the PU receiver and SU destination nodes are considered to be at (0.8,1) and
(0.9,0), respectively. Furthermore, the following network parameters are considered,;
Iax = 20, dB, 4, = 3dB, Ny = 4, M, = 2, N, = 4. Fig. 5.4 demonstrates that
despite the worst scenario of the interference power, the multi-antenna scheme with
the TAS/MRC technique can improve the system performance. In addition, the
number of CCI signals plays a negative role in the performance characteristics. It
should be observed that the performance starts degrading instead of saturating,
after the 20 dB transmission SNR. This degradation is due to the linear increase of
the CCI power with respect to the secondary transmission power. This scenario can
be considered as a worst case for the secondary network performance.

Fig. 5.5 shows the AEP performance versus the transmission SNR for a different
number of antennas at the secondary user source node. In this figure, the value of
the interference power constraint has been chosen to be higher than the secondary
transmission power to illustrate the performance of the secondary network in the
absence of transmission power limitation, due to the interference power constraint.
Additionally, the positions of the PU receiver and SU destination nodes are con-

sidered to be at (1,1) and (1,0), respectively. In addition, the following network
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Figure 5.4: Outage performance for a different number of antennas at the SU trans-
mitter and different number of CCI signals in the scenario where the CCI power
linearly increases with the secondary transmission power.

parameters are considered for the calculations: 4, = 7 dB, 4. = 5 dB,, Ny = 3,
M, =2, N, =3, L = 3. It is obvious that when the number of antennas at the sec-
ondary source node increases, the network performance improves accordingly. This
implies that the diversity advantage is possible for a UCRN under the circumstances

where the secondary transmitter takes advantage of its transmission power.

5.5 Conclusion

In this chapter, the performance of a MIMO UCRN has been thoroughly investi-
gated when both primary transmitter and CCIs have impacted on the secondary
network. Considering the TAS/MRC technique first, the equivalent SINR formula
for the secondary network has been obtained. Then, the exact and approximate
OP expressions have been derived. Furthermore, an approximate expression for the
AEP has been obtained. From the derived expressions, the system performance has
been assessed through numerical and simulation examples.

The results showed that considering the MIMO system with the TAS/MRC

technique can effectively enhance the performance of the secondary network. It is
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Figure 5.5: Average error probability for a different number of antennas at the SU
transmitter.

also found that the power constraint and interferences on the secondary network can
severely affect the system performance which could lead to performance floor or, in
the worst case, to performance degradation. This research is important in terms of
considering a more practical and complete network scenario for an underlay CRN

and to understand its behaviour under these practical circumstances.

5.6 Appendix

5.6.1 Proof of Proposition 1

Outage probability is defined as the probability that the equivalent SINR falls below
a predefined SNR threshold value 7;,. In fact, the OP performance can be investi-
gated directly from the CDF of the equivalent SINR. The definition of CDF of the
RV veq is F,(v) = Pr <%q < 7). Then, by replacing v with ~, the OP can be
obtained. Therefore, the CDF will be derived first, then, the OP can be investigated.

Based on (5.2), the CDF of the end-to-end equivalent SINR, i.e., 7eq, can be
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mathematically expressed as:

1 X
F. (7)) =P ( i ( m‘”‘,g) < ) 5.20
’qu(ﬁy) r{ min W Y+Z+1_Fy ( )
c My p;
where W £ max {\gsp]] } X = ||gsdn|]2 y & levﬁé, and Z & S.7% ?V_o

Jje{1,-

In the sectlons below, the detailed steps of deriving F.

Seq () are given. It is more

convenient to start the derivation by finding the resulting RV from the combination
of several RVs. First, let M be a new RV such that M = X/(Y +Z +1). Then, the
resulting RV from Y 4 Z in the denominator can be obtained. Let @) be the new
RV from Y 4 Z. The PDF of the sum of these two RVs can be derived by using the

following formula [10]:

q

folq) = /fy(y)fz(q —y) dy. (5.21)

0

The PDFs of RVs Y, and Z can be represented as:

_ oy s
fz(2) = —;MP : e, (5.23)
Yo 'T(Mp)

where 7., and %, are the average INR from the CCI signals and the M, antennas

at the primary transmitter, respectively. So that, 3, £ £ S o2 ,and 7, £ Pr S ngd’

where Pocor and Ppy are the power of CCI signals and the interference power from
the primary user transmitter, respectively, at the secondary destination node. More-

over, o2  and 0 , represent the variance values of the channels for CCI sources and

Ged’

primary transmitter to the secondary destination node, respectively. After substitut-

ing the mentioned PDF's into (5.21), the following integral formula can be obtained:

e ”P (L1
fold) = =7 /yL ! y)Mr e v(55) dy. (5.24)
’yc ’yp F 0

Using the Binomial expansion, the term (g — y)M"_1 can be expanded. Then, the
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above equation can be rewritten as:

_a Mp—1 q

e M — 1 n 1 _ (7_L>
fQ(Q): — ( P )(_1) qup 1 n3/yL+n3 1,795 "5 dy .
34 T (L) (M,) ,;0

(5.25)

In (5.25), the variable in the integral is exchanged ast =y (%), therefore, 1 can

be written as:

)
77:< 1< > / gl o=t gy (5.26)
Tp — Ve

Then, by comparing the above integral with the formula in [83, eq. (8.2.1)] the

desired expression can be obtained and written as:

¥\ o = 7
77_( c’p > 7(L+n37<p__ c)q). (5.27)
T — Ve Ve Vp

Finally, after substituting its derived parts, the PDF of RV @) can be expressed as
n (5.28):

B quflfnge_% Mp—1 Mp -1 s Ve L+ns
falg) = Z (-)™ [ —— X
ve T (My) =\ s

v (L + ng, (77’___%> q) : (5.28)
Y Vp

where 7 (-, -) is the lower incomplete Gamma function defined in [83, eq. (8.2.1)].

The next step is to obtain the CDF of M, where M = % This division of two

RVs can be obtained by averaging the CDF of RV X over the PDF of the RV @ + 1.

Mathematically, the above statement can be written as [10]:
/FX g+ 1)) folq) dq. (5.29)
0

The CDF expression of RV X under the consideration of TAS/MRC technique can

116



5.6 Appendix

be represented as [17, eq. (25)]:

k\ ™
M, npo [ Ne—1 [ —Z
Fx(z)=1- )" <M> ()" e | Y % . (5.30)

Furthermore, using the multinomial expansion, the power of the sum term in the

above formula can be written as:

k
N571< z ) N,—1 >

o2 1 T k

9sd _
Z k! B Z kil k! (02 ) ’ (5.31)

where
Ne—1  Ns—1 No—1
Sy ey 5
kikn,  k1=0  ky,=0

and

> o =kithkat+ o+ k. (5.33)
k

Then, after substituting the CDF of X, Fx((¢+ 1)) and the PDF of @, fo(q) into
(5.29), and with the help of [112, eq. (8.352.6)] for representing the lower incomplete
Gamma function in terms of a finite number of sums, and [83, eq. (5.2.1)], the CDF

of RV M can be obtained and written as in (5.34), where ¥ is represented by the

_ 9 Mp+nz—n3
( P)/po—gsd >
2 —
L+ns—1

1 (% —%\"
F(Mp+n2—n3)— Z %(%> F(Mp—l—ng—i—m—ng)x
m=0 ' ¢/p

_00'2 Mp+no+m—n3
(”—) | (5.34)

formula in (5.6).

et N\
Fuly) =1 - (—) D (L +ns)
Vp — Ve

Ugsd + fynlfj/c

In this analysis, it is assumed that the average INR values of the primary network
and the CCI sources at the secondary destination node are not equal, i.e., 7, # 7.
It is obvious that in the scenario where ¥, = 4., the mathematical representation

can be assumed as an existence of M, + L interferences at the secondary destination
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node. Based on the formula in (5.20), the CDF expression can be written in terms

of the probability as follows:

Pr(PM<7), when b > P 2
F,(y) = (5.35)
Pr(4M <), when G < P, 2.

The first part in the above formula can be directly obtained as:

g Tax
=F — | F 5.36
S1 M (Ps> W ( P, ) s ( )

where Fy (+) is the CDF of RV M that has been obtained in (5.34), with replacing
~ by P%' In addition, the CDF of RV W can be written as:

Fi(w) =1 — é (JZP) (—17" exp <_%> (5.37)

where the variable w should be substituted with I}"%- The second part in (5.35) can

be expressed as:

G2 =

\»8

Fu ( 7% ) Fw(w) dw. (5.38)

[ max
Imax
Ps

After substituting the entities and doing some mathematical arrangements, the for-

mula for ¢, can be rewritten as in (5.39):

N, B N,
L N i1 - JIman P Np i1 ] ,-)/ Zk
S :Z ( ‘p> (_1)]+ e Pso%sp _ \IJZ ( . ) (_1)] : :
7=1 ‘7 7=1 ‘7 0—9517 Imaxo_gsd

n1y J
Mp+na—n o0 7w( 7—t—3 )
Imaxggsd prn2TS (w)Zk e Imaxog .y Tgsp
X Mp-‘rnQ—ng
Y
Imax

[F (M, + ny — n3) (

L+n3z—1 _ _ m 2 Mp+no+m—ng3
1 — Y [maxa P
S () g g (25
m—0 m: YeVp TNy

00 —w L e M )
(w)zke (Imaxagsd 7Gsp d
A Mp+na+m—n3 wi - (539)
(Inax _gsd _I__w)

By observing (5.39), it can be seen that the two integral formulas are identical
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in terms of the structure. Therefore, one integral will be solved in the upcoming
section, and the second integral can be solved using similar steps. First, to make the

expressions inside the integral more tractable mathematically, some notations are

s Imaxa'2

; Imaxo?

j _ max 9e _
2 ),043— 5d,Of4—Mp—|—’I’L2—'I’L3,
sd

0'? Y1 7Yp

employed Let O[l —= I"]‘;ax’ a2 — ( niy +

1 o2
max ng

e and ag = M, + ny +m — ng. Furthermore, let ¢ and ¢} represent the

af =

first and second integral parts in (5.39). Then, the formula for ¢§ can be written as:

o0

(w)Zk efwozg
g = ————— dw. 4
§2 / (043 + w)a4 w (5 0)

a1

The integral formula in (5.40) to its current form is quite hard to solve if not impos-
sible, since there is no standard function that can represent its structure. Therefore,
one should find methods to re-represent the integral equation so that it can be solved
by comparing it to one of the available standard mathematical functions. First, the
variable in the integral is replaced as follows: t = a3 4+ w, therefore, the formula of

¢y can be written as:

[e.e]

> —ta
t_ k 2
c8 =020 / (t=ag)=rem™ (5.41)

o

al+as

Thanks to the Binomial theorem, the above integral representation can be made sim-
pler and more tractable mathematically. Therefore, using the Binomial expansion,

the above integral formula can be rewritten as:

—tag

PN b
§§ — 203 Z (?k) (_1)Zk -1 (Q3)Zk -1 / :044—7"1 dt. (542)
1

r1=0

ajtas

In the next step the variable in the integral is exchanged such that x =t as, then,
by comparing the resulting integral with [112, eq. (8.350.2)], the desired expression
can be obtained and written as in (5.7). Similar steps can be repeated to derive the
second part integral, which can be represented as in (5.8).

Finally, the formula of F, () can be obtained by adding both derived parts in
¢; and ¢o. From this, the OP can be easily obtained by replacing the variable v in

the equivalent CDF formula with 74, which can be written as in (5.5).
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Chapter 6

Impact of CCI on a UCRN Over
Nakagami-m Fading Channels

In this chapter, the impact of CCI on the performance of an underlay CR network
over Nakagami-m fading channels is presented and analysed. More precisely, a
DF relay protocol for a dual-hop cognitive cooperative network is considered. In
this study, the impact of both the primary transmitter interference and CCI on
the secondary system performance are considered. First, an exact expression for the
equivalent SINR of the secondary system is obtained. Then, the corresponding exact
and asymptotic CDF's are derived. From this, the exact outage performance for the
secondary network is investigated. Furthermore, the equivalent PDF is obtained
and discussed. In addition, an approximate expression for the AEP performance is
derived.

From the results, it can be inferred that the presence of the CCI and primary
network interference severely degrades the system performance. Moreover, a higher
value of the shape parameter of the desired fading channel gives better performance
and diversity gain. Finally, the analytically derived results have been supported by
providing numerical and Monte Carlo simulations results.

Furthermore, Nakagami-m fading channels are more practical to consider in the
performance investigation of a wireless communication system, as they can bet-
ter represent the physical channel characteristics than Rayleigh and Rician fading
channels [57]. For instance, Nakagami-m fading channels define the envelope of the
received signal after maximal ratio combining diversity. In addition, Rayleigh fading

channels can be considered to be a special case within the Nakagami model. More-
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over, Rician and Nakagami distributions demonstrate almost the same behaviour

close to their mean values [113].

6.0.1 Related Works

Investigations into outage performance for an underlay CR paradigm has been widely
studied [57,58,65]. For example, the outage performance of the cooperative DF
underlay cognitive network was studied in [57] over Nakagami-m fading channels.
The authors in [65] and [66] extended the previous work in [57] by considering multi-
primary receivers and multi-secondary destinations. In [63], the outage performance
of an underlay DF CR network was investigated using the relay selection technique
and over Nakagami-m fading channels. In recent work [114], the authors made a
comprehensive performance study of a DF cognitive network using the antenna SC
technique and by considering proportional and fixed interference power constraint.
In the works mentioned above, the impacts of the primary transmission power and
CCI on the cognitive radio network were not considered.

Some recent studies have examined the impact of primary transmission inter-
ference on the secondary network’s performance [15,55]. For instance, in [15], the
asymptotic outage performance of the cooperative AF CR network was studied over
Rayleigh fading channels. Finally, the authors in [10,72] have investigated the im-
pact of CCI on an underlay CR network considering Rayleigh fading channels. In

addition, detailed performance analyses were investigated in [10].

6.0.2 Contribution of this Chapter

A good background understanding in the area of the performance study of an un-
derlay CR network has been garnered from the works mentioned above. However,
most of them have neglected the interference from the primary transmitter and/or
considered only Rayleigh fading channels. In fact, the impact of CCI has to be
considered in practical cognitive relaying techniques. To the best of the author’s
knowledge, the effects of such CCI on a UCRN over Nakagami-m fading channels
has not yet been studied.

In this chapter, the performance of a UCRN scenario over Nakagami-m fading
channels is studied when the CCI signals and the primary network interferences

are present. Specifically, the exact equivalent per-hop and end-to-end SINR of the
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Figure 6.1: The general network model used for analysis showing cooperative un-
derlay CR network in the existence of the primary transceiver and CCI.

secondary network over Nakagami-m fading channels is addressed. Then, the exact
CDF of the system SINR is obtained. Based on these results, the outage and AEP
performances of the secondary network are thoroughly investigated.

The remainder of this chapter is structured as follows. In Section 6.1 the system
model is described and represented mathematically. Section 6.2 is devoted to the
derivation of the statistical and performance metrics. In Section 6.3, numerical
results are presented to validate the derivations and analysis. Section 6.4 summarizes
the main findings of the research in this chapter. Finally, the steps of the theoretical

derivations are given in Appendices 6.5.1, and 6.5.2.

6.1 System Model

In the following sections, first, the network parameters and channels are described.
Then, mathematical representations of the received signals are presented, and the

formula for the equivalent SINR of the network is obtained.

6.1.1 Network and Channels Description

The system model under consideration is shown in Fig. 6.1. S, R, and D are
the secondary source, relay and destination nodes, respectively. The existence of
a primary transceiver is considered in the network, where 7T, is the transmitter
node and R, is the receiver node. Each node in the system has a single antenna

and is working in half-duplex mode. Due to the presence of obstacles between the
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6.1 System Model

secondary source and destination, it is assumed that there is no direct link between
them [53]. In addition, the relay node employs the DF protocol. Moreover, it is
assumed that all the channels between the nodes are subject to independent and
non-identically distributed Nakagami-m fading channels. The channels have a scale
parameter of og% and a shape parameter of my,;, where X represents the generic
channel coefficient; 7 and j represent the source and destination node for the channel
X, respectively.

Furthermore, it is assumed that the CCI links are identical, in terms of their av-
erage INR, at the secondary user relay and destination nodes, respectively [10, 84].
This is a valid assumption especially when Li and Lp interference sources are from
other neighbouring clusters. For instance, the distance from Lg sources to the relay
node is relatively large enough that the interference signals can be assumed to have
similar average power gain [10]. hg., and h,q represent the first and second hop
data channel fading coefficients of the secondary network, respectively. f,,, and f,,
represent the interference channel fading coefficients of the secondary source and re-
lay to the primary receiver, respectively. fp,, fpa represent the interference channel
fading coefficients of the T} to the secondary relay and destination, respectively. fi.,
(j=1,2,---,Lg), and fiq, (i =1,2,---, Lp) represent the CCI fading coefficients
of the j* interference channel at the secondary relay and i interference channel at
the secondary destination, respectively. In fact, the CCI signals affect the primary
receiver as well. However, this research focuses on the performance of the secondary
network. It is obvious that the performance of the primary network is similar to
the extensively studied performance in the literature [115]. In addition, the corre-

sponding channel power gains for the mentioned Nakagami-m channel coefficients

are |hl?, |heal?, |fsp|2> |f7"p|27 |fpr|2a |fpd|2a |fz‘r,-|27 and |fzdb|2 respectively, which

follow the gamma distribution with the scale parameters of o} , of . 0% , 0% |

(TJ%W, a]%pd, o7 and o} , respectively, and the corresponding channel fading severity

parameters are Mpugr, Mhrd; Mfsp, Mfrp, Mpr, Mpd, M4r, and Mg, respectively.

6.1.2 Mathematical Representation

The transmission in the secondary network is performed in two phases. In the first
phase, the source node transmits its message signal to the relay node. The relay

node receives the transmitted message from S plus noise, which is represented as
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6.1 System Model

AWGN;, plus the interference from 7., and the CCI from Lp interference sources.
In the second phase, the relay node decodes the received signal then encodes it
and broadcasts the message to the destination node. Similar to the first phase, the
received signal at the destination node will be a combination of the desired message,
noise and interferences from the primary transmitter and the CCI signals. Thus, the
received signal at both relay and destination nodes can respectively be represented

as:

Lr
Yr =V EShsr~r + V E]RZfirjxrj + V E’Pprrxpr + ny, (61)
7j=1
and

Lp
Ya = ErhraZ +/Erp Z fia;xa, + v Epp fpaZpd + na, (6.2)
i=1

where Eg, and Eg are the secondary source and relay permitted transmission energy
signals, respectively. F;gr, and Ejp are the CCI energies at the secondary relay and
destination nodes, respectively. Epg, and Epp are the interference energy signals of
the primary transmitter at the secondary relay and destination nodes, respectively.

Furthermore, = represents the desired signal to be transmitted from the sec-
ondary source and z is the desired signal to be transmitted from the secondary
relay. z,, and x4, are the 4% and " co-channel interferer’s signals that are affecting
the secondary relay and destination nodes, respectively, x,,, and z,q are the primary
interferer’s signals that are affecting the secondary relay and destination nodes, re-
spectively. All signals are assumed to have unit energy. Finally, n, and n, represent
the AWGN terms at the secondary relay and destination nodes, respectively.

In an underlay CR network, the secondary transmitters should adjust their
transmission power so that the quality of service of the primary network is main-
tained. Therefore, the transmission powers at S and R are Eg < min ( Imax PS>

| fspl??

and Fr < min (éma"; , PT), respectively, where P; and P, are maximum transmission
rp

power limits at S and R, respectively. Moreover, [, is the interference power

constraint, which is the maximum level of interference that the secondary network

can produce at the primary receiver node. Therefore, the received equivalent SINR
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in the first time-slot at the relay is represented as:

signal power

eq —
sk CCI power + primary interference 4+ noise power
__ asn (6.3)
Yir+ PR+ 1

Ln
where ysp = %|hsr|2 = min(écmaf‘z,P) el oy = Z <E1R|fwj| _IR]-) and

7=1

=

m=%w%¢mMmmmmeﬁ,ywm
Lp L ~

Ipp, and v;p = > <E1D|fz |2 = £ Ip, ) Moreover, I, Ip, Ipr, and Ipp represent
i=1

the average INR values corresponding to I, Ip, Ipgr, and Ipp, respectively.

6.2 Statistical Derivations and Performance Eval-
uation

In the following sections, first the per-hop and total equivalent CDF and PDF are
derived. Then, exact and asymptotic expressions for the outage performance are
derived. In addition, multi-hop outage performance is examined. Finally, the system

AEP is investigated.

6.2.1 The CDF of 7

For a dual-hop DF cognitive secondary network, the end-to-end equivalent SINR

known as 7' can be represented as [115]:

tot

’yeq = min (PYSR7 P)/RD) (64)

where v¢k, and 75, are the equivalent SINR for the first and second hop, respec-
tively. Moreover, the total equivalent CDF can be obtained by using the following
formula [69]:

Fup() =1 (1= P (1) (1= Fye, (7). (6.5)

where Fea (7) and Flea (7) are the CDFs of the first and second hop equivalent
SINR, i.e., vk and vgih, respectively. The CDFs of 7gf and gy, can be found as
follows: from the equivalent SINR formula in (6.3), the CDF of 7}, can be written

125



6.2 Statistical Derivations and Performance Evaluation

as:

Fea (7) = Pr(v5k <)

I X
—Pp . max < )
r(mln(y, S)([+P+1)_7)’ (6.6)

Lgr
where X, Y, I, P represent the RVs %, | frp|?, B2 Zl|firj]2, and ET?HWP, re-
‘]:

» No

spectively, with Pr(-) denoting probability operator. The PDFs of X, Y, I, P are

represented as the following:

m o Mhsr xthT‘_l m or
eto) = () s e (), (6.7

Oh,, L' (mpsr) hsr

foig) - () Mep (6.9
y\Yy) = eXp | — Yy ) .
‘7]2051, r (meP) U,%Sp
mirLr _mi,Lp—1

My 7[]«2 My
_ (T MR " 6.9
filvr) ( I ) ' (mirLr) =P ( I WR) ’ (69)

m Mpr ﬁymm—l m
pr PR pr

= | = <% _—exp| —= , 6.10
fr(vpr) <IPR> T () p ( IPR’YPR> (6.10)

where mpg,, Mysp, My, and my, are the Nakagami-m channel fading severity param-
eters for the channels between the nodes of the SU source to the SU relay, the SU

source to R,, CCI signals to the SU relay, and 7). to the SU relay, respectively.

Corollary 1: The equivalent CDF of the source to relay SINR can be expressed as
in (6.11), where Y is defined in (6.12). In addition, I' (-, -) is the upper incomplete
gamma function defined in [112, eq. (8.350.2)]. Furthermore, for the purpose of

representing the equations in a simpler form, the following entities have been de-

Pyo2 ] m Ip, mir—Ipmypr mfspl,
fined as follows: [3; = —fer = D = =B _— P = lspomex
ﬁl Mher BQ Ig ’ ﬁ3 Ipr’ 54 TppIr ) 55 Psa?sp )
2 2 2
m g Imax Mmprm o Imax Mirm g Imax
56 _ Mifsp hsr2 ’ 57 — fsp2 hsr 7 and BB _ MirTfsp 2h5t
mhsrafsp mherfSpIPR mhsra'fsp IR

126



6.2 Statistical Derivations and Performance Evaluation

~ l—j—mpr
(E * 53)

_ (Y (1 Tl 55)
F,Y;‘}z(’Y)—l—T{e 2 (ﬁl) 1 o) )
L

mir Lp+I—1 (/84)]{: ,y l—j—k_mpr
T (j+ mpe — 1) — —+ B I'(j+k+mp —1)
poar Kl \ B
<_6)me” mirLr+l—1 (8 )k
¥ ) 4 .
-~ 7 T s — 1) 11, — —7T k s— 1)1 .
+r<mfsp>[ U= Ohe 2 S Uk )”
(6.11)
Mpsr—1 4 mPT‘_l . l mirLR Mpr
—1 —1 ; P
- ey (MO0 (E) )
i=0 j=0 =0 J v Ir Ipr
r miTLR + l) jPRjR mirLnt (6 12)
T (mirLR) r (mpr) I_pRmiT — I:Rmpr ’ ‘
Proof: See Appendix 6.5.1. [ |

To obtain the second hop CDF, similar derivation steps can be repeated by replacing
the following parameters (Ps, My, Mfp, Mir, My, O 0]2@51)7 IR, Ipg, Yok, VsRs VIR
~vpr) with the following parameters (P, mprd, M frp, Mid, Mpd, a,?w, JJ%TP, Ip, Ipp,
Yros YRDs VID, YPD), respectively. Finally, the dual-hop cognitive network equivalent

CDF can be obtained by substituting the derived per-hop CDFs into (6.5).

6.2.2 The PDF of %

eq
Another efficient performance indicator of the RVs is the PDF of the total equivalent
SINR of the system. By knowing this, the behaviour of the RV over the specified
range can be investigated. The PDF can be obtained by taking the first derivative
of the CDF; therefore, the total equivalent PDF of the secondary network can be

obtained using the following formula:

P (@) = freo () (1 - FW;qD@)) + fyea () (1 o (x)) , (6.13)

where f, e (z) and frea, (z) are the PDFs of gk and ~gp, respectively. In the
previous sections the CDF's for both hops were already derived. The PDFs of v¢k

and 5}, are found as follows:
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6.2 Statistical Derivations and Performance Evaluation

Determining f e (x):

In this section, the exact equivalent PDF of the first hop SINR is derived.
fvg}% (x) can be obtained by taking the first derivative of the equivalent CDF,
Le., Flea (7):

d

fyg () = @Fygaz( 7)- (6.14)

Bearing in mind that the derivative of upper incomplete gamma function can

be implemented using the chain rule as follows:

DP9 () = (g 9 x g (a). (6.15)

After performing the derivative of each term and some mathematical arrange-
ments, the first hop equivalent PDF can be obtained and written as in (6.16).
Yo, T3, T4, and Y5 are represented by formulas in (6.17a - 6.17d), respectively.
Furthermore, 19, 13, 94, and 15 represent the terms that are involved with

derivatives, and are represented by the formulas (6.18 - 6.21), respectively.

frea (z) = T{ (By)mer I <1 _ Lmysp. 55) ;77(17:;:;55)) T3 b3 — Ty 1)y
(56)7”1"817
T (myy) T T v } (010
Yo =0 (j +mp — 1), (6.17a)
msrLp+1—1 k
Ts= ), (615‘9 T(j+k+my, —1), (6.17b)

k=0

Yo=T(+my—1) >

r1=0

MR gy i — 1
( Jop )(—53)’"1‘“’*”” e® (6.17¢)

1

m17LR+l 1mep+7’ 1

T5 = Z Z (mep—H )(54)F(j+k:+mpr—l)

ro=0

(=)t e (6.17d)
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B l=j—mpr (I —J—myp) _ i 1
g =e Pz’ (105 + x) (—(5153 ) 3 + x) : (6.18)

_ B l—j—k—mypy (Z —J—k— mpr) - i i
Yy =e Pra’ (f1f2 + ) < B 1 1) 5 +x> . (6.19)

x riH—j—mpr—my,p e . r1+Hl—j—mpr
gy = = A {e . ﬁ5(ﬁ +&+ﬂg+ﬁ5)
1

(o + 2

(ﬁ—&)JrF(erl—j—mprJrl 63+B5+—+57) e x
bz b
mfsp+%_(rl+l—j_mpr+1) (666_’6_%> }7 (620)

(66+17>r2+l j—k—mpr+1

gyt gy raHl—j—h—mpr
w5=—(> — e (6 +@+62+B5)
1

(i—&>+F(T2+l—j—k’—mpr+17ﬂz+55+—+68) e x
o z ot
mfsp—l—%—(?"g—l-l—j—k—mpr—}—l) (ﬁfj—x) } (6.21)

e Determining fies (2):
Similar steps can be repeated to obtain the PDF of the second hop. Finally,
the total equivalent PDF is obtained by substituting the derived per-hop PDFs
and CDF's into (6.13).

6.2.3 Exact Outage Performance

From the derived total equivalent CDF of the secondary network’s SINR, the exact
OP of a cognitive network can be investigated by replacing the variable v with

(i.e., SNR threshold).

Pout(’Yth) =Pr (’qu < P)/th) = nggt (’Yth)' (622)

The value of 4, for the dual-hop network has the following representation: 7, =
22 1, where R is the target data rate and 2 comes from the fact that the trans-

mission is performed within two time-slots.
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6.2 Statistical Derivations and Performance Evaluation

6.2.4 Asymptotic Outage Performance

In this section, two scenarios for the asymptotic CDF are presented, from which the

asymptotic outage performance can be investigated.

e No interference power constraint, i.e., I, — 00:
By substituting this condition in (6.6), the resulting CDF formula will reduce
to the CDF of RV G that has been derived and represented in (6.44), in
Appendix 6.5.1, with the condition of replacing the RV + by P%’ ie., Fg (%)

Then, the approximate first hop CDF in this case will be:

~ l—j—mpr
(_4‘53) F<j+mpr_l)

7\ _2
F,yg%(’}/)%l—T( ) e b1 ﬁl

A

mirLr+1—1 (54)16
k!

l—j—k—mpr
/61-1-52) F<j+k+mpr_l)]-
1

k=0

(6.23)

This scenario can be considered when the primary network is not active. In
fact, this can also be considered as a special case of interweave cognitive radio
[8], in which the secondary user can use a specific frequency spectrum when
this particular spectrum is vacant. In this scenario, the secondary transmission
power is the dominant power, however, due to the existence of interference on
the secondary network, it is still possible for the performance saturation to
occur. Finally, by performing similar steps, the second hop asymptotic CDF
can be obtained; then, the asymptotic outage performance can be studied

using (6.5) and (6.22).

e No power constraint on the secondary transmitter, i.e., Py — 00:
In this scenario, the first hop conditional equivalent CDF can be represented

as:

s, (M, = Pr(G < 725), (6.24)
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Therefore, the unconditional CDF can be obtained by taking the expectation
of Fo(724) over the PDF of RV Y.

ax

Flea (v) = / Fo( ]Zi()fy(y)dy' (6.25)
0

The steps for solving the above integral are quite similar to the steps for solving

I in (6.45), in Appendix 6.5.1. Therefore, for the sake of saving space they

have been omitted. Finally, the asymptotic first hop CDF for this scenario can

be written as in (6.26), where I;;* and I} are obtained by using the formulas

in (6.27) and (6.28), respectively.

~ ﬂG e 1 . app
Flea (7) =1 =T (7 m[r(1+mpr—l)[1a
az—1 k
-y (6]:') DG+ ke mye — 1) 1), (6.26)

k=0

mygsp+i—1 ) 4 o
Iapp . fi <mfsp + 1 — ]_> (_1)mfsp+'b—1—7'1 ( ’y > 1—J pr+1+l
e ™ (/63)7“1+17mf5p—i v + 66

r1=0

(%) 7 (z = —my + 1, B (1 + %)) , (6.27)

mgp+i—1 ) ) P
JAPP _ g Mypsp +1— 1 (—1)mfsp+1*1*7‘2 ~y 2—j—k—mpr+1+1
b= Z ro+l—mygsp—i
T2 (82) Y+ Be

ro=0

A (122) F(l+r2—j—k—mpr+1,62 (1+%)) (6.28)

In this scenario, I, is the dominant power limit for the secondary transmitter
nodes. Furthermore, in terms of performance criteria, it can be considered to
be the maximum performance limit that the secondary network can achieve.
More explanation about the asymptotic results can be found in Fig. 6.3 in the

numerical results section.
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6.2.5 Multi-hop Exact Outage Performance

In the case of the multi-hop DF cooperative communication, the end-to-end equiv-
alent SINR 72(216 is calculated based on the weakest per-hop SINR. Mathematically,

this can be represented as:

Yea = min (%) (6.29)

K

where 'yéq is the i"* hop equivalent SINR, and N is the number of hops in the
multi-hop cognitive cooperative network. Therefore, the exact end-to-end multi-

hop outage performance can be obtained by [98]:

N
P (ym) = 1 — H (1 - F%(%h)) : (6.30)

i=1
where F,y(i)q(’}/th) is the i** hop equivalent CDF. From the previous derivations, it can
be noted that the exact multi-hop outage performance can be easily obtained by

substituting the per-hop CDF derived in (6.11) into (6.30).

6.2.6 Average Error Probability

The AEP over slow flat fading channels can be found using different approaches,
such as the PDF or CDF of the equivalent SINR of the system. Furthermore, by
observing the derived per-hop CDF and PDF in the previous sections, it can be
deduced that using CDF is mathematically more convenient. Therefore, the per-

hop AEP can be obtained by using [72]:

_.a booe_b7

Pl=—\/— | — F, d 31

; Q\fﬂ/ﬁ () (6.31)
0

where P} is the average symbol error probability for the i hop. In addition, a
and b are modulation constants depending on the constellation used.Finally, the

end-to-end AEP can be evaluated by:

N N
=3B ] (1-2P)), (6.32)
=1 j=i+1
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For the case of a dual-hop DF network, the above formula reduces to [90]:
Pp* = By 4 PP — 2 (B7" BfP) (6.33)

where P and PP® are the AEPs for the first and second hop, respectively, which
are obtained by using (6.31). Unfortunately, it is very difficult if not impossible to get
the exact expression from the above equation. However, an approximate expression

can be obtained using the approximate derived CDF expression in (6.23).

Corollary 2: The first hop approximate AEP can be represented as in (6.34).

_ b o
PSR ~ g — E\/j'r Mpr+j—l—i
b 5 5V % (B1)

mirLr+l—1 k
(8154)
a Z 1k!4

F(j+mpr—l)91

D(j+Fk+my —1) 92] : (6.34)

k=0

where ©; and Qy are calculated using formulas represented in (6.35) and (6.36),

respectively.
(1 1 , .3 1
Q= (BiBs) T D (it = ) Uit l—j—mp+i+ = BB (b+—) ),
2 2 2 A
(6.35)
I—j—k—mpr+it+i -
Qo = (B152) SRR B 5 )
1 ‘ .3 1
Uli+-l—g—k—mp+i+ 012 (b+—]|. (6.36)
2 2 B
Proof: See Appendix 6.5.2. [ |

6.3 Numerical Results and Discussion

This section presents numerical and Monte Carlo simulation results for the purpose
of validation of the derived analytical results and to highlight the characteristics of
the system performance under the consideration of interference from the primary

transmitter and the CCI.
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Figure 6.2: Outage probability as a function of SNR threshold for different values
of the channel fading severity parameter and the interference power constraint.

Fig. 6.2 shows the impact of the desired channel fading parameter values and the
value of interference power constraint on the outage performance. For this figure,
the following network parameter values are used: the CCI powers are I = 2 dB,
Ip = 3 dB, the primary interference powers are Ipp = 3 dB, Ipp = 4 dB, and
Lr =2, Lp = 4, P, = P, = 15 dB. In addition, the interference channel fading
severity parameters have the following values; mys, = My, = My, = Mpg = My =
m;q = 2. Furthermore, in all figures, the following channel variance values are
assumed: of =0.9,07 =060} =04,07 =0.3.

As expected, a higher value of the fading channel severity parameter, i.e., the
shape parameter, and consideration of the desired channel will result in better per-
formance. This shows that having more channel paths provides more diversity; as
a result, the diversity gain of the network increases leading to an enhancement of
the system performance. It can also be observed that for the case of the Rayleigh
fading channel (i.e., mys. = mp,q = 1), the system has the worst performance when
compared to other less severe fading parameter values. Furthermore, as the value of
the interference power constraint increases the performance improves accordingly.

The simulation and analytical results match, which validates the derived formulas.
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Figure 6.3: Outage probability vs. transmission power constraint for a different
number of CCI sources.

Fig. 6.3 shows the outage performance versus transmission power for the different
number of CCI sources. For this illustration, the following network parameter values
are used: Ip = 2 dB, Ip = 3 dB, the primary interference powers are Ipp = 3 dB,
Ipp = 4 dB, I = 20 dB, and 4, = 2 dB. In addition, the channel fading severity
parameters are as follows: mps, = 3, Mprg = 4, Mypsp = 2, Mpyp = 3, My = 3, Mpq =
2, m; = 2,m;g = 3. In this figure, the outage performance is also plotted for the
special cases where no CCI exists (as in [54]) and no CCI and primary transmitter
exist (as in [66]). It can be observed how the number of CCI signals and the exis-
tence of both CCI and primary transmitter interference affect the secondary system
performance. Furthermore, asymptotic results are presented to better illustrate the
performance boundaries of a UCRN. For instance, in the scenario where P, — oo,
i.e., no transmission power constraint on the secondary transmitter nodes, [,  is
the dominant parameter to limit the outage performance achievement. In addition,
where [,,x — o0, the secondary user transmission nodes can take full advantage of
their transmission power limits.

In Fig. 6.4 the impact of the linear increase of interference powers on the outage

performance of the CR network is investigated. For this figure, the following network

135



6.3 Numerical Results and Discussion

107 F

L fR:jD :fplc :fpl) =
(0.05, 0.01, and 0.001) times
the SU transmission power

P(Juf

102

103} Analytical

O  Simulation

0 5 10 15 20 25 30 35
SNR (dB)

Figure 6.4: Outage probability vs. transmission power constraint for a linear increase
of the CCI power and primary transmission power.

parameter values are used: Mpsr = 2, Mprq = 2, Mypsp = 2, Mppp = 3, Mpy = 3, Mpg =
2, Miyr = 2,Miqg =3, Lp =3, Lp =4, I,ax = 25 dB, and 7, = 2 dB. The results in
Fig. 6.4 show how the ratio of the interference powers with respect to the secondary
network’s power limit range can degrade the outage performance behaviour. In
addition, an outage degradation phenomenon, instead of outage floor, can be noticed
for the relatively higher secondary transmission power. It is worth mentioning that
in the worst scenario of the interference on the secondary network, the performance
degrades as the secondary transmission power increases, consequently, the diversity
gain will lose its advantage. For example, in the case where the considered CCI
power increases linearly by the ratio of 1%, the outage performance stops improving
and starts degrading at around 4.4 x 1072, which means the secondary network
performance cannot further increase even if the transmission power increased.

In Fig. 6.5, the outage performance of the three hops DF cooperative CR network
is investigated using the formula in (6.30). In addition, the effect of different values
of the desired channel fading parameter and the primary interference power value
are shown on the outage performance. In this figure, the subscripts 1,2, 3 represent

the parameters that belong to that hop index (i.e., first, second, and third hop,
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Figure 6.5: Three hops OP as a function of transmission power constraint for dif-
ferent values of channel fading severity parameter and primary network interference
power.

respectively). For this figure, the following network parameter values are used:
my = 2,mygp = 1,my =2,m, =1,m,, =2,my, =2,m; =2,m, =2,m, =1,
o, = 0.8,%%5% = 0.5. In addition, vy, = 2 dB, L. = 25 dB, Ig, =2 dB, I, =1
dB, I, = 5 dB. Similar to the case in Fig. 6.2, when the fading severity parameters
have higher values, better performance will be expected. On the other hand, a higher
interference power from the primary network results in relatively lower performance;
these can be clearly observed in the results. Moreover, since a DF protocol has been
employed at the relay nodes, the outage performance depends on the weakest hop
SINR in the secondary network, this means that for a larger number of hops in
the network, better performance is not expected. It is worth mentioning that the
analytical results match the simulation results which sustain the correctness of the
derived formulas.

Fig. 6.6 illustrates the average symbol error probability performance for the
dual-hop secondary network for different modulation schemes. For this figure, the
following network parameter values are used: mps = 4, Mprg = 5, Mgy = 3, Mppp =
3, Mpr = 2,Mpg = 2,my = 3,myg = 3, Lp = 2, Lp = 3, Iax = 25 dB. Iz = 2 dB,
Ip =3 dB, Ipg = 5 dB, and Ipp = 4 dB. Furthermore, formulas in (6.34), (6.35)
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Figure 6.6: Average error probability for the dual-hop CR network for different
modulation schemes.

and (6.36) have been used to calculate and plot the approximate analytical AEP.
From this it can be deduced that, in the scenario of QPSK, the error performance
saturates at 1.14x 10~*, while for 8-PSK, it saturates at around 5.0x 10~3. The main
reason behind these saturation phenomena is the interference power constraint that
limits the transmission power at the secondary transmitter nodes. Furthermore,
it can be observed the derived approximate error probability formula gives more
accurate results in the secondary transmitter’s power dominant region.

Finally, Fig. 6.7 shows the PDF versus RV z for different CCI powers and desired
fading channel parameter values. This figure is for the purpose of investigation of the
characteristics of the secondary network’s equivalent PDF and to better understand
its behaviour. For this figure, the following network parameter values are used:
Mpep = 2, Mprp = 3, Mpy = 3, Mpq = 2, My = 2,Myq = 3, Py = P, =12.dB, [ = 15
dB, Ipg = Ipp = 1 dB, Ly = Lp = 2. The figure has been plotted by using (6.13).
From this result, it can be observed that the value of the channel fading parameter
and the number of CCI signals largely affect the characteristic of the PDF. For
example, a lower value of the desired fading channel parameter my deteriorates

the PDF behaviour characteristic that results in degrading the performance of the
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Figure 6.7: Dual-hop equivalent PDF characteristics for different channel fading
severity parameters and CCI powers.

system.

In addition, for the Rayleigh fading channel scenario consideration for the desired
channels between the secondary transmitter and receiver nodes, i.e., mh = 1, the
PDF behaviour has its worst scenario, since most of the area under the curve tends
to zero. Furthermore, for the purpose of comparison, the function Q(y/x) has also
been plotted. In all plots, it can be seen that the characteristics of the PDF around
the origin are always important. For example, when the value of m; increases,
the PDF around zero also decreases, which means better diversity for the network.
Similarly, when the interference signal power is increased from 1 dB to 5 dB, the
behaviour of the PDF tends to be closer to the origin, the red line plot in Fig. 6.7,
which means degrading the characteristic of the equivalent SINR which results in

poorer performance for the secondary network.

6.4 Conclusion

In this chapter, outage and error performance for an underlay cooperative cognitive

network over Nakagami-m fading channels were extensively studied. In the analysis,
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the presence of interference from the primary transmitter and CCI sources were
considered. First, exact expressions for the CDF and PDF of the equivalent SINR
were derived. Then, the exact and asymptotic OP for the dual-hop DF cognitive
network were investigated. Moreover, the asymptotic AEP was examined.
Numerical examples with Monte Carlo simulations have also been given to sup-
port the correctness of the theoretical derivations. Results show that the presence
of the primary network and CCI interferences apparently degrade the performance
of the secondary network. Specifically, in the case of a linear increase of the interfer-
ence power, this degradation is more noticeable, such that the system performance
is expected to get worse when the transmission power increases. The analysis in
this chapter is necessary to better understand the performance behaviour of the
underlay CR network when both primary transmitter interference and the CCI are

considered over Nakagami-m fading channels.

6.5 Appendix

6.5.1 Proof of Corollary 1

Using the formula in (6.6), the first hop CDF can be expanded and written as:

Y Lnax Tnax
ng%(v):Pr(GS7 Y>— )+Pr(G§l,Y§ )

=L +D, (6.37)

where G = ( X

TP By observing the above CDF formula, it is easy to find that

the second part can be represented as:

Imax
I = Fg (%) Fy ( = ) . (6.38)

In the sections below, the derivation steps of the first part, i.e., I; is presented. The

derivation is started by finding the PDF of the sum of the two RVs (i.e., Z = [+ P).

This can be found by using the following formula:

fz(z) = /fl (vir) fp (2 = vir) dyig. (6.39)
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With the advantage of the Binomial theorem, (6.39) can be rewritten as:

mi'rLR
Mpr—1 I My —Ter
-1\ (CD(52) My \ Mo 2" 1l To
fz(z) = ( ! ) <_p >
; l T <mpr> IPR r (mirLR)
/V%TLRH—le—WR(T;“z;;) dVig. (6.40)

0

The integral in (6.40) can be solved with the help of [112, eq. (8.350.1)] and written

as in (6.41):
mpr—1 i L m —1-lg " Tpg
P m _1 ms irl/R m pr Zmpr 1 le Ippr
R =
Z( ) ; [ ( ) ]R IPR F(mirLR)F(mpT)

;o7 mip L+l = 7
Ip,I iwhn Ipymir — Tpmy,
( e ) gl (mirLRJrl,( PrlTlir — TRy >z> . (6.41)

IPRmifr - ]Rmpr ]PRIR

In the next step, the CDF of G = ZLH is obtained, which is the CDF of the division

of two RVs. This can be obtained by using the following formula:

Folg) = [ Fx(g(s+ 1) folc) d= (642)
0
The CDF of RV X can be obtained directly from (6.7), and written as follows:

Fx(z)=1-Q (mhsm :Zﬂx> : (6.43)

hs'r

where @ (-,-) is the regularized incomplete gamma function [112, eq. (8.350.2)].
Assuming integer values for the fading parameters and by using [112, eq.(8.352.7)],
the upper incomplete gamma function in the CDF formula of the Fx(z) can be
represented by a sum of a finite series. Then, substituting both CDF and PDF of
X and Z into (6.42), respectively, the integral can be solved and written as:

_ m2h.9r9> 7
Fglg)=1-Te ( (mSSTfJ)

l—j—mpr
. Mpysr My
F(j+mpT—l)( . g+p)

O-hsr O-hsr [PR
Pz k
S (M) . o\ Lk
PriR hsr ir .
) Z, < g+ —= ) L(+k+my—1)|,
=0 . Uhsr [R

(6.44)
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where T is represented by the formula in (6.12). Finally, I; in the first hop equivalent
CDF can be obtained by taking the expectation of the F(g) with respect to fy (y).
After substituting the entities and doing some mathematical arrangements, I; can

be expressed as:

1 m I m e 1 m ‘
T fsp tmax T fsp hsr’)
I (mfsp) < "’ J2‘csp 8 ) ( jzrsp ) [ (mfsp) Imaxa fQLST

miLp+1—1 (IPRT?L’P IIRmpr>k
P(j+mpr_l>]1a_ Z PIZ:'R F(.]—i_k—i_mpr_l)llb]?
k=0 ’

(6.45)

where I, and I, have the following expressions, respectively.

o mhsr7 4 f P) m 7y m —j—mpr+l

Imaxa o o2 hsr pr mrspt+i—1

/ far e (I Y+ 7 ) y" et dy, (6.46)
maxo—hsr PR

Imax

00 .
_y| Mhsry | M fsp —j—k—mpr+l
y R ) m m; P .
A (a3 e y"et dy. (6.47)
Imaxo-}%” ]R
Imax
Ps

For part I1,, the integral in its current form is quite difficult to solve. Therefore, it is
necessary to change its representation so that it will be easy to compare it with the
available standard mathematical functions. First, the following notations are used
to make the integral formulas simpler; 1, = IPR’ No = m;{# and 13 = 1 +

P

Then, let t = noy + 11, therefore, I, can be represented as:

mf5P+i n = n . .
I, — (nl) () / () (7=t (¢ gyttt gr (6.48)
2

Using binomial expansion, the above formula can be written as:

myspti Mfspti—l -
=) (et

Up (&1

o

r1=0

n3

/ () ()it gy (6.49)

o 12
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The next step is to change the variable of the above integral so that x = ¢ (2—2)

After this change of variable, the integral can be written as:

L (l) fspt i (mfsp—l—l—l) 1 ‘ 6171(%)
a 772 o) (_Th)rl—f—l—mfsp—z

r1=0

n —j—(mpr—1-=1)—14r1 " x )
(_2) <_2> / e ()T dr (6.50)
"3 "3

() (52)

Now, by comparing the above integral representation with [112, eq.(8.350.2)], it is
easy to represent [, in terms of the standard available function, which the upper

incomplete gamma function.

mpspti M spti—1 .
[1,1:(1) fopt fZ <mfsp—|—z—1> 1 . em(%)
(=7

1-mypg,—1
r _ r1+ fsp
"2 r1=0 1 1)

N I s
= C(l+r —j—my +1, == 4 =11. (6.51
(773) ( v ! (772 Py 7]1) <772)> (6.5)

Similar steps can be repeated to solve part I,. Finally, both I, and [y, can be

written in a more convenient and compact form as in (6.52) and (6.53), respectively.

mygp+i—1 . Eid +B3 ri—j—mpr+1+l1
s -1 ’
Ila = Z (mf P o > €r7+1—m rsp—1 < - ) x
r1=0 &} (_53) ' fer v+ 56
F<l—|—r1—j—mpr+1 3 i7+ﬂ5+ﬁ3) (6.52)
mypapti—1 . 8+52 ro—j—k—mpr+1+1
Mgy + 17— 1 e Y ’
L U e e
ro=
F(l+r2—j k— mpT+1g 58+65+B2>, (6.53)
_ PsU}%sr _ mzr Mpr mfs Imax mprmfsf’a%lsr[max_
Where /81 = :17, /6 — ; /8 = IPpR, 6 p y B’? - thTU?spiPR y and
Bg = %ﬁ:ﬂ Then, I, can be obtained by substltutmg (6.52) and (6.53) in
5% fsp

(6.45). Finally, the exact equivalent CDF of the first hop can be obtained by adding
both derived parts, i.e., I; and I, and it can be represented as in (6.11).
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6.5.2 Proof of Corollary 2

After substituting the approximate CDF formula derived in (6.23) into (6.31), three

integral terms appear. The first part can be directly evaluated as:

P — [/— dy = 3. (6.54)

The second and third integral parts are represented as follows:

_ Ooe_b'y i - —j—m
PSR 2 g / ) e (v + B1Bs) 9" dy, (6.55)
0
pPSRs & () _ e N A
y =Sl = NG ()" e P (y+ BiBo) - (6.56)
0

It can be observed that the second and third part, i.e., PbSR2 and Pbs B are iden-
tical in terms of the integral evaluation structure. Therefore, only the second part
integral, i.e., €)1, is derived in the sections below. For part €2y, first, the variable of

—L—. The resulting integral has the following

the integral is exchanged so that t = 55

expression:
Q) = (B Bs) T+t /e—tﬂlﬁs b3 ()77 (¢ + 1) gy, (6.57)
0

Now, by comparing the above formula with [80, eq. (13.2.5)], it is easy to come up
with the formula in (6.35).
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Chapter 7

Conclusion and Further Research

Cognitive radio is regarded as a promising technology for future wireless commu-
nication networks. Its potential benefits can be discovered through studying its
performance subjected to a more practical network scenario. In this thesis, a thor-
ough performance investigation has been carried out for an underlay cognitive radio
network. More practical case scenarios were considered for finding and analysing
the performance metrics of the secondary network. In the following sections a brief
summary of this research is outlined, then some interesting research topics closely

related to this thesis are presented as possible future research directions.

7.1 Conclusion

In chapter three, the impact of co-channel interference was investigated on the dual-
hop UCRN. Mathematical expressions for the following performance metrics were
derived: outage probability, average error probability, and ergodic capacity. Fur-
thermore, multi-destination users at the secondary network, in conjunction with
the opportunistic SNR-based selection technique, are investigated. The results in-
dicated that, besides the interference power constraint, the CCI consideration could
apparently degrade the secondary network performance, especially when its power is
considered as linearly increasing with the actual secondary transmission power. For
improving the performance of the secondary system, an optimal power allocation
technique has been adapted.

In chapter four, the impact of CCI, primary network interference, and the in-
terference power constraint on a UCRN was exhaustively studied. Furthermore,

the advantage of employing multi-antenna scheme at the receiver nodes and using
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multi-hop cooperative communication was investigated. The results showed that
the SINR-based antenna selection approach provides better performance than the
SNR-based antenna selection when the received signals are manipulated at the sec-
ondary receiver nodes. Although, the SINR-based approach needs a more sophisti-
cated hardware configuration and is practically harder to implement. In addition,
it was illustrated that the MRC technique provides better performance than the SC
technique. However, in practice, the SC technique is simpler to implement. Inter-
estingly, it was shown that employing a multi-hop cooperative scheme is an efficient
method for combating the impact of the interference power constraint. Moreover, it
was illustrated that the performance saturation is possible due to the CCI, primary
transmitter power and the interference power constraint. A performance degrada-
tion occurred when the interference power is considered to increase linearly with the
secondary transmission power; this is the worst case scenario for the performance of
the secondary network. Finally, it was proved that the advantage of a multi-antenna
scheme does not lose its importance even in the worst case scenario of the existence
of the interference power.

In chapter five, the MIMO network was considered for a UCRN, and its per-
formance was investigated. Specifically, the transmit antenna selection technique
was taken into account at the transmitter node, and the maximal ratio combining
technique at the receiver node. It was found that considering the MIMO scheme
for a UCRN can enhance the overall performance of the secondary network through
combating limitations of its transmission power and providing diversity advantage
for the system. Additionally, the MIMO scheme does not lose its benefit despite the
existence of interference from the primary transmitter and co-channel interference
signals. Although, the interference power decreases the performance, especially when
the considered interference power increases linearly with the secondary transmission
power, in which a performance floor or, even worse, “performance degradation” are
expected.

In chapter six, Nakagami-m fading channels were considered for all channels in
the primary and secondary network and the performance of the secondary network
has been thoroughly studied. It was found that the existence of the primary trans-
mitter and CCI signals reduce the performance of the secondary network. Precisely,
in the scenario where a linear increase of the interference power is considered with re-

spect to the secondary transmission power constraint limit, this degradation is more
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noticeable, such that the system performance is expected to get worse when the
transmission power increases. It was illustrated that a higher value consideration of
the fading severity parameter of the desired channel results in better diversity which
leads to better performance. Finally, considering more practical fading channels,
such as Nakagami-m, in conjunction with CCI and primary network transceiver,

makes the system more practical and clarifies the benefits of using UCRN.

7.2 Further Research

The area of performance analysis of cognitive radio is a wide field for research. In

this section, some possible future topics are proposed:

1. The available information about the states of the fading channel plays a crucial
role in determining the performance behaviour of the wireless communication
network. Therefore, consideration of imperfect channel state information in
the performance analysis for the underlay cognitive radio network in the pres-
ence of co-channel interference is a significant research extension to work on
in this thesis. It is understandable that this will increase the mathematical
complexity of the analysis. However, it would provide better views of and

understanding about the cognitive radio network performance behaviour.

2. Continuous growth of the demand for the data throughput in wireless com-
munication networks led to the establishment of many paradigms. The Full
Duplex (FD) communication scheme is one of the promising techniques for
better utilising the current frequency spectrum. In the FD scheme, the nodes
in the network are allowed to transmit and receive signals simultaneously on
the same frequency spectrum. Increasing the achievable spectral efficiency for
the wireless communication network is the main advantage of employing the
FD scheme. The FD scheme, alongside the cognitive radio network, is among
the most promising developments in 5G wireless communications. Therefore,
merging the benefits of both CRN and FD could result in better performance
of the considered network. The research that has been carried out in this
thesis can be extended to consider an FD network that will be a novel and

interesting further research.

3. Future wireless communication networks will tend to move toward the usage
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of energy sources that are more environmentally friendly and cost-effective.
Recently, energy harvesting has become a fascinating research topic which has
aroused considerable interest among researchers. This is due to the potential
advantages of energy harvesting for the next generation of wireless communica-
tion networks. Simultaneous wireless information and power transfer (SWIPT)
is one of the energy harvesting schemes in which the energy of the radio fre-
quency can be harvested and used to provide additional support to the power
budget in the network. It would be an interesting and novel research topic to
extend the work in this thesis to consider SWIPT for a MIMO cognitive radio
network in the presence of co-channel interference. In addition, secrecy anal-
ysis in conjunction with SWIPT could become an attractive future research

area.
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