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Abstract

Cognitive radio (CR) is considered a key enabling technology to exploit the underutilized and non-
utilized radio spectrum bands. On the other hand, cooperative communication among nodes in CR
networks, can improve the overall performance of CR systems, in terms of increasing data rates,
attainable coverage range and overall energy efficiency, providing some diversity against shadow
fading, and having low deployment costs.

In a CR network, cooperative transmit beamforming can be achieved via a number of single
antenna-based CR nodes organizing themselves in a virtual antenna array and focusing their trans-
mission in the direction of intended CR receiver. However, deploying the beamforming in such a
cooperative manner faces several implementation challenges. Therefore, in this thesis, we tackle
some of these critical challenges facing the design and implementation of cooperative CR networks.

The first challenge is referred to as asynchronous interference, that results from asynchronous
arrival of the same signal from the set of cooperating CR nodes at primary receivers. Next, we
address the problem of feedback overhead needed for cooperative beamforming. Specifically, each
cooperating CR node requires knowing global information including other nodes’ locations, in
addition to accurate and instantaneous knowledge of their channel state information (CSI). We
also tackle the problem of imperfect CSI estimation.

Another important aspect of implementing cooperative CR networks is studied in this thesis,
which is described as follows. Since the cooperating nodes can be located in different locations, they
contribute differently to received signals at the CR receivers, as well as to interference signals at
the primary receivers. Therefore, we propose different cooperating CR node selection strategies, to
be applied in conjunction with cooperative beamforming. Finally, we study different participation
decision making strategies that enable each CR user to independently decide whether to participate
in the cooperative transmission or not, based on an offered incentive for cooperation and estimated

cost of participation in cooperative transmission represented in transmit power.
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Abstract

At the end of each chapter, we present some numerical examples to show the implications of
ignoring different implementation challenges in the design of cooperative CR networks, and to assess

the performance of the proposed solutions.
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Chapter 1

Introduction

One of the main challenges facing wireless communications is the scarcity of the available radio
spectrum. With the ever-increasing demand of wireless services and the limited nature of radio
spectrum, the need to use the radio spectrum more effectively has become a significant aspect in
the design of wireless networks. Therefore, the wireless industry has called on governments and
regulators to refarm the underutilized spectrum [1]. In particular, refarming of spectrum resources
refers to reassigning the government-regulated radio spectrum for services with higher value. Users
of the existing spectrum are forced out, although they may be compensated in some manner. The
frequency bands are then assigned to communications services that yield greater economic or social
benefit. However, refarming the underutilized spectrum is both expensive and time-consuming.

An attractive and less expensive alternative to spectrum refarming is to maximize the use of
underutilized and/or non-utilized bands through spectrum sharing, which is known as dynamic
spectrum access (DSA) [2], or opportunistic spectrum access. Recently, DSA has been made possi-
ble by the availability of software-defined radio, thanks to the development of fast enough processors
both at servers and at terminals that can enable the DSA capabilities. Cognitive radio (CR) has
been proposed in the literature as one of the key enabling technologies of DSA to exploit both
the underutilized and non-utilized radio spectrum bands [3], [4]. In particular, a group of poten-
tial users, referred to as CR users or secondary users (SUs), can be given an opportunistic access
to the underutilized /non-utilized spectrum. In addition, CR has been considered as a promising
technology to meet many of the challenges in future 5G networks, including exploding traffic vol-
umes, emerging traffic types and data services to support applications such as smart grid, and
machine-to-machine communications [5-7].

Different DSA techniques have been envisioned and studied in the literature [8]. To exploit

the unused and/or underused spectrum bands, mainly two different approaches have been widely
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considered in the literature, namely, underlay spectrum access mechanism (USAM) and overlay
spectrum access mechanism (OSAM) [8, Chapter 3]. According to the OSAM, the spectrum uti-
lization can be increased by granting SUs to opportunistically exploit the unused frequency bands
of the primary users (PUs), for whom the spectrum was originally assigned [9], [10]. On the other
hand, as per the USAM, the primary and the CR users can co-exist in the same spectral band
(see for example, [11]). In other words, the USAM allows simultaneous sharing of underutilized
frequency bands by the SUs along with the PUs. For this scenario, the interference introduced
by the SUs to the primary receivers should be kept below a certain threshold specified by the PU
system or the regulatory authority, see for example [12] for details.

On the other hand, cooperative communication improves the overall performance of wireless
networks, including CR networks [13-15]. The driving motivation of cooperative communications
is to simultaneously and drastically increase data rates, attainable coverage range and overall
energy efficiency. Cooperative communication can be realized through network densification by
the deployment of small cells, resulting in a heterogeneous architecture [16], or coordination of the
transmission of multiple individual base stations [17]. In a cost-efficient CR network, cooperative
transmission can also be realized through a set of CR devices, that support one antenna element
at their terminals. This set of CR devices cooperate to create a virtual antenna array and act as
cooperating nodeﬂ. Such a distributed antenna array could offer substantial path loss gains and
would also provide some diversity against shadow fading, in addition to having low deployment
costs.

Moreover, the distributed antenna array of CR devices can allow concurrent transmission of both
the CR users and the PUs at a given channel [18, 19], which further improves the performance of
CR systems in terms of data rates. In particular, the cooperating nodes emulate a large highly
directional antenna array which is referred to as cooperative transmit beamforming. Then, the
CR system can make use of such cooperative beamforming to mitigate the interference to primary
receivers (PRs). Hence, in order to send a common message, a number of single antenna-based CR
nodes organize themselves in a virtual antenna array and focus their transmission in the direction

of the intended CR receiver.

Tn general, a cooperating node is a node (either a CR relay or a CR source) that participates in cooperative
transmission.
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In fact, cooperative transmit beamforming can be very effective for an USAM scenario, due to
the severe constraint on the transmission power of CR system [2]. For example, if a CR transmitter
wants to broadcast a common message to a group of CR receivers, the transmitter may not be
allowed to transmit sufficient power to cover all the receivers due to the interference restriction
imposed by the nearby primary system. As such, cooperative transmit beamforming allows CR
users to access a given frequency channel, with a limited or no interference to the PR [20, 21].
Another example where cooperative transmit beamforming proves to be very effective is when the
direct links between a CR transmitter and its receivers are unavailable due to path loss and/or
shadowing. For such situations, many cooperative transmit beamforming techniques have been
proposed in the literature to be used in CR networks, and a flourish of works has been done in this
area, see for example [19, 22-25], and the references therein.

In [26], it was shown that the transmit beamforming scheme that can achieve the channel
capacity limit in a CR network involves dirty-paper coding, which is a non-linear scheme. The
authors in [26] considered the extreme situation where the introduction of the CR should have
no effect whatsoever on the PU’s operation and performance, i.e. the primary system should be
oblivious to the presence of the CR system. Despite the optimality of the dirty-paper coding
technique, it is difficult to be implemented in practical systems due to its high computational
burden, since it requires iterative nonlinear methods for successive encodings and decodings. On
the other hand, zero forcing beamforming (ZFBF) [20] is a suboptimal linear strategy that can
enable concurrent transmission of the CR and the PU systems on the same frequency channel,
but with reduced complexity relative to DPC. In ZFBF, each CR user in the set of cooperating
nodes encodes the transmitted data stream by a specific weighting factor. Careful selection of the
weighting factors can eliminate the introduced interference towards the PR, by taking advantage
of spatial separation between the PR and the intended CR receiver. This type of communication,
which supports multiple users simultaneously, is called space-division multiple access (SDMA) [27].

In ZFBF, the beamforming weights are found by inverting the composite channel matrix of the
users. Using an innovative orthogonal projection technique, the authors in [20] obtained the ZFBF
weights of the cooperating CR nodes to null the interference at all PRs in the network. Using the
ZFBF technique, the authors in [24] proposed a cross-layer optimization of the transmission rate

and scheduling scheme of the data packets at the CR source and at the cooperating CR nodes
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in the CR network. In [25], power allocation for cooperative CR networks was studied, along
with user selection under imperfect spectrum sensing. Despite its reduced complexity, the ZFBF
technique has been shown to achieve a fairly large fraction of DPC capacity, and the sum rate of
the beamformer approaches that of DPC as the number of users goes to infinity [28, 29]. Such
beamforming technique has also been proposed and studied for traditional wireless communication
networks e.g., wireless sensor networks, as it potentially offers large increases in energy efficiency,
attainable range and transmission rate, see for example [15] and the references therein. However,
the ZFBF technique suffers from a design limitation, in which it requires the number of antennas
in the transmitter side to be greater than that in the receiver side. Otherwise, the interference to
other users in the network cannot be theoretically forced to zero. So in the context of cooperative
CR networks, the spatial diversity order of the ZEBF technique proposed in [20] equals the number
of cooperating CR nodes minus that of PRs.

From a purely fundamental perspective, the ultimate limiting factor of the performance of any
wireless network appears to be the availability of good enough channel state information (CSI)
to facilitate the processing of data at the multiple antennas of the transmit beamformer [30].
Considering factors like mobility, Doppler shifts, phase noise, and clock synchronization, acquiring
high-quality CSI seems to be easier with a collocated antenna array than in a system where the
antennas are distributed over a large geographical area [31]. However, the deployment costs of a
collocated antenna array is likely to be much higher than that of a distributed antenna system
with single-antenna elements. Moreover, a distributed antenna system provides an increase in the
attainable coverage range, in addition to offering substantial path loss gains and providing some
diversity against shadow fading. In conclusion, the achievable data rate gain, with such cooperative
beamforming, is quite compelling in spite of the costs associated with it, including synchronizing
the cooperating nodes and the local exchange of cooperating nodes’ information [32].

Therefore, in this thesis, we tackle some of the critical challenges facing the design and implemen-
tation of cooperative CR networks. The first challenge is referred to as asynchronous interference,
that results from the asynchronous arrival of the same signal from the set of cooperating CR nodes
at the PRs. To address this problem, we develop innovative beamforming techniques that can
account for the effects of the asynchronous interferences at the PRs. Next, we address the problem

of feedback overhead needed for cooperative beamforming. Specifically, each cooperative CR node

4
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requires to know global information including other cooperating nodes’ locations, in addition to
accurate and instantaneous information about the states of their channels towards the PR and
towards the CR receiver. To address this problem we provide a distributed beamforming technique
that requires minimal amount of feedback overhead. We also tackle the problem of imperfect CSI
estimation, through considering the case of erroneous channel estimation, and the case of having
only statistical knowledge of the CSI.

Another important aspect of implementing cooperative CR networks is studied in this thesis,
which is described as follows. Since the cooperating CR nodes can be located in different geograph-
ical locations, they contribute differently to the received signal at the CR receivers, as well as to
the interference signals introduced at the PRs. Therefore, we propose different cooperating node
selection strategies, to be applied in conjunction with the cooperative beamforming, to enhance
the overall performance of the CR network. Finally, we propose the use of a suitable incentive for
the CR users to participate in the cooperative transmission. Moreover, we study different partici-
pation decision strategies that enable each CR user to independently decide whether to participate
in the cooperative transmission or not, based on the offered incentive and the estimated cost of
participation in the cooperative transmission.

In Section we present further details of each of the design problems addressed in this thesis.
We define the objectives of the proposed techniques and the motivation behind each of them.
Next, in Section we provide an overview of the presented chapters and an outline of the thesis

organization.

1.1 Motivations, Objectives, and Contributions

Although cooperative beamforming in CR network can improve the radio spectrum utilization and
enhance the network performance, it faces a number of challenging issues. In this thesis, we tackle
five critical problems facing the implementation of cooperative CR networks. We propose different
techniques to solve these problems and we evaluate the performance of the proposed techniques.

These problems are introduced as follows.



1.1.  Motivations, Objectives, and Contributions

1.1.1 Asynchronous Interference at Primary Receivers

As mentioned earlier, implementation of beamforming in a cooperative manner can lead to various
design implications that are addressed throughout this thesis. The first challenge facing cooper-
ative beamforming is presented as follows. Given the fact that in practice different cooperating
nodes are usually located in different geographical locations, signals from different transmitting CR
nodes arrive with different propagation delays at each PR and at each CR receiver in the network.
While the received signal from different cooperating CR nodes can be synchronized at the intended
CR receiver by using a timing advance mechanism, which is currently employed in GSM and 3G
cellular networks (see for example [33]), the received signals at other CR receivers and at the PRs
from different transmitting nodes can be not synchronized simultaneously. As such, simultaneous
transmissions from the cooperating CR nodes can cause asynchronous interference at the different
PRs which is discussed in details in Section Such asynchronous interference can highly degrade
the performance of existing cooperative beamforming techniques, as we will see later in Chapters
2 and 3.

The asynchronous interference issue has been studied in [33] for conventional cooperative multi-
cell mobile networks, where multiple base stations (BS’s) cooperate together for down-link simul-
taneous transmission of information to each mobile user in the network. The proposed leakage
suppression approaches in [33] aim to maximize the signal to interference plus noise ratio (SINR)
of each of the active mobile users concurrently without any restriction on the amount of induced
interference to a particular mobile user from different BS’s. However, in cooperative beamforming
for CR systems, the design objective is different which is to maximize the SNR at the CR receiver
while keeping the interference at the PRs below a certain threshold specified by the PU system
or the regulatory authority. To the best of our knowledge, the asynchronous interference problem
has not been considered in CR networks in the literature except in this thesis and our published
papers.

The shortcomings in the existing literature motivate us to pursue the following objectives in

the context of applying cooperative beamforming in CR networks.

e Formulating a mathematical model of the asynchronous interference problem in cooperative

CR networks.
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e Developing a closed form expression for an innovative beamforming technique that account
for the effect of the asynchronous interference at the PR, in case of a cooperative CR network

with a single CR receiver and a nearby primary system with single PR.

e Generalizing this beamforming technique to the case of having multiple PRs and multiple CR

receivers in the case of broadcast-based CR networks.

e Proposing a lower complexity cooperative beamforming scheme to be used in the case of

having multiple interference constraints due to the presence of multiple PRs in the network.

The first two objectives are tackled in Chapter The last two objectives are addressed in
Chapter The contributions made regarding these objectives are clarified as follows. In this

thesis, we address the asynchronous interference issue in two different settings.

e First, we consider a cooperative CR network with a single CR receiver and a nearby primary
system with single PR in Chapter [2. In particular, each CR node in the set of cooperating
nodes encodes the transmitted data stream to the intended CR receiver by a specific beam-
forming weight, to forward the information to the CR receiver irrespective of whether the
PU is silent or not. We formulate the asynchronous interference model for this scenario, and
we develop a convex optimization problem which aims to maximize the signal power at the
CR receiver while it maintains the interference power at the PR below a target threshold,
which in turn decreases the service interruption/outage of the SU. We provide a closed form
solution for the cooperative beamforming vector, where we call the beamforming technique

in this case, leakage beamforming (LBF) method.

e In Chapter 3, we consider a more generalized setup where a group of cooperating CR nodes
uses cooperative beamforming to broadcast a common message to multiple CR receivers, using
a wireless communication channel assigned to a primary transmitter to transmit information
to multiple PRs simultaneously. It is also considered that these PRs have different interference
constraints in general. For this generalized setup with multiple primary and CR receivers,
transmission to a specific CR receiver introduces asynchronous interferences, not only at
the PRs, but also at all other CR receivers. Due to these asynchronous interferences, the

optimal beamforming technique developed in the first setting cannot be directly extended for
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this generalized system. Therefore, we formulate the cooperative beamforming design as an
optimization problem that maximizes the weighted sum achievable transmission rate of the
CR receivers while it maintains the interference thresholds at the PRs below their respective
target interference thresholds. However, the optimal beamforming technique for this case
is indeed intractable due to the non-convexity and non-linearity of the problem. Hence, we
use an approximation to transform the optimization problem into a convex and linear one.
Then sub-optimally we obtain the beamforming directions and allocate power among different
beamforming directions. We also show that the LBF technique developed in the first scenario
is considered as a special case of the generalized beamforming technique developed in this
setting. Due to the multiple interference constraints in the case of having multiple PRs in
the network, the power allocation scheme can be of a high complexity as will be discussed
later in Chapter [3 Therefore, we also propose a low complexity power allocation scheme to

be used in the cooperative beamforming design of the generalized system.

1.1.2 Imperfect Channel Estimation

The proposed cooperative beamforming methods can be implemented if the channel fading gains
between the cooperating CR nodes and the PRs as well as the channel fading gains between the
cooperating CR nodes and the CR receivers are all known at the cooperating nodes. Different
possible scenarios have been considered in the literature in order to estimate the CSI between the
cooperating CR nodes and the PR (see for examples, [34], [35]). One possible scenario is that when
the PR periodically transmits pilot signal to its own transmitter. If the cooperating CR nodes know
the pilot signals, the channel between the cooperating CR nodes and the PR can be estimated by
the CR system assuming the reciprocity of the channel. This scenario is considered in [35].
However in many scenarios, the cooperating CR nodes may not have the perfect CSI from the
PRs in the network. During the design process of the cooperative beamforming technique, we
must account for the effects of such imperfect CSI estimation, to ensure a robust protection of the
primary system. Robust protection means that the resulting interference at the PR remains below
a predefined threshold even for the worst case estimate of the CSI towards that PR. This motivates

us to pursue the following objectives.
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e Developing a robust cooperative beamforming method that account for the effect of having

an erroneous estimation of the CSI between the cooperating CR nodes and the PR.

e Developing a robust cooperative beamforming method that account for the effect of having
only statistical CSI of the channels between the PRs and the cooperative CR nodes at each

cooperating node.

Therefore in Chapters [2] and [3, we develop robust cooperative beamforming methods that

consider two forms of having imperfect CSI estimation, which are presented as follows.

e Chapter 2| considers the case of having an erroneous estimation of the CSI between the
cooperating CR nodes and the PR. The robust cooperative beamforming method, developed
in this case, instantaneously meets the interference threshold at the PR despite the presence
of estimation error in the CSI between the PR and each cooperating CR node. However
this robust design of the beamforming technique comes at the expense of having decreased

received signal power at the CR receiver, as shown later in Chapter

e Chapter [3| considers having only statistical CSI of the channels between the PRs and the co-
operative CR nodes at each cooperating node. In this case, the asynchronous interferences at
the PRs are guaranteed in a statistical sense [11], [36], as shown in Chapter 3| In the absence
of a mathematically tractable expression of the distribution of the random interference powers
at the PRs, we develop an upper bound on the probability of introducing asynchronous in-
terference power at a given PR beyond a given threshold. Then this developed upper bound
is used to design a robust cooperative beamforming technique. The proposed beamform-
ing technique can protect the primary network’s functionality by satisfying the probabilistic

interference constraints at all PRs in the network.

1.1.3 Cooperating CR Node Selection

Another important aspect of applying cooperative beamforming has been studied in this thesis,
which is described as follows. Since the cooperating CR nodes can be located in different geo-
graphical locations, it is intuitive that different cooperating nodes will contribute differently to

the asynchronous interferences at the primary receivers. Also, different cooperating nodes may
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contribute differently towards the received signal power at the CR receivers. The joint design of
cooperative beamforming and cooperating node selection has been studied before for conventional
cooperative networks, see for example [37] and the references therein. In the case of CR systems,
the cooperating node selection scheme should include the constraint of keeping the interference at
the PRs below their respective desired interference thresholds. This motivates us to pursue the

following design objectives.

e Proposing an optimal cooperating node selection strategy, to be applied in conjunction with

the cooperative beamforming methods, and study its performance.

e Proposing a lower complexity sub-optimal cooperating node selection strategy with shorter

convergence time for a more practical design of the cooperative CR network.

These objectives are tackled in Chapter [3| where three different cooperating CR node selection
strategies are proposed to be used in conjunction with the cooperative beamforming techniques.
As will be shown later in Chapter [3, an improved performance can be achieved using cooperative
beamforming when applying these cooperating CR nodes selection strategies compared to the case
when all the cooperating nodes participate in beamforming. The contributions made in Chapter

regarding these design objectives are summarized as follows.

e We formulate the optimization problem in case of joint cooperating node selection and co-
operative beamforming design as a mixed-integer non linear problem (MINLP). The first
proposed scheme optimally solves this problem through exhaustive search. Therefore, this
proposed optimal cooperating node selection scheme yields the best performance when ap-
plied in conjunction with the cooperative beamforming technique, compared to the other two

proposed cooperating node selection schemes.

e Despite the optimality of the first proposed scheme, it suffers from high implementation
complexity that grows exponentially with the number of cooperative nodes in the network.
Therefore, we propose a suboptimal scheme that limits the maximum number of cooperating
CR nodes which are allowed to participate in the cooperative transmission to the CR receiver,

while still applying exhaustive search among this set of cooperating nodes. This solution

10
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decreases the computational complexity compared to the optimal scheme, at the expense of

losing some received signal power at the intended CR receiver.

e We propose another simple low complexity cooperating CR node selection scheme, in which
the set of cooperating CR nodes that are selected for cooperative transmission are heuristi-
cally chosen based on their channel fading coefficients towards the CR receivers and towards
the PRs. The numerical results in Chapter |3| show that the proposed selection scheme in
conjunction with beamforming can further increase the sum transmission rate of the CRs
significantly compared to the case when all the cooperating CR nodes participate in the

cooperative beamforming.

1.1.4 Feedback Overhead

Cooperative beamforming requires sharing of instantaneous CSI and location information among
cooperative CR nodes or requires a master node that knows the global instantaneous CSI and
location information. Both cases require a huge amount of feedback overhead. Exchanging such
large amount of control traffic between the cooperating nodes requires additional bandwidth, and
causes excessive power dissipation from the CR devices [38]. In addition, CSI estimation errors
can become a bottle neck to the potential performance gain from CR nodes cooperation [39]. This

motivates us to pursue the following objective.

e Proposing a distributed beamforming scheme that requires only minimal information sharing
between the cooperating nodes, to enable the beamforming design in presence of asynchronous

interference.
The contributions made in the thesis regarding this objective are clarified as follows.

e In Chapter |4, we propose a distributed beamforming method to be used in cooperative CR
networks that requires only information sharing between cooperating CR nodes about their
locations. Assuming each cooperating CR node knows its own CSI towards the CR receiver
and towards the PR, and using the shared information about the other cooperating nodes’

locations, each node can independently design its own beamforming weight. The location

11
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sharing is essential for each cooperating node to account for the effect of asynchronous inter-

ference it can cause, along with other cooperating nodes, to the PR in the network.

1.1.5 Participation Decision Making

The final problem of cooperative CR networks, addressed in this thesis, is finding a suitable incentive
for CR users to participate in the cooperative transmission towards an intended CR receiver. In
return for their cooperation, we propose that each assisted CR user can lease its own channel, for
a certain amount of time, to the cooperating CR nodes for their opportunistic access. However,
a particular CR user spends a certain amount of its limited battery power when acting as a relay
for another CR user. Therefore, it becomes a critical decision for each user to decide whether to
participate in the cooperative beamforming or not. We assume there is no cooperation among
the participating CR users in the decision making, so each CR user does not know other users’
decisions, and hence it cannot assess its own reward in case of participating in the cooperative
transmission beforehand. Hence, this problem is considered as an example of unknown games, that
can be tackled using a Bayesian game theoretic approach [40]. This motivates us to pursue the

following design objectives.

e Proposing an optimal autonomous participation decision making strategy to help each CR

user in deciding whether to participate in the cooperative transmission or not.

e Proposing a lower complexity sub-optimal autonomous participation decision making strategy

that has a shorter convergence time, yet a good performance.

Therefore, in Chapter 4l we presented the following contributions in order to achieve these two

objectives.

e Chapter 4| proposes an autonomous participation making strategy known as regret testing-
based strategy (RTS) and is based on the well-known regret testing procedure [41]. We
modify the regret testing procedure based on our model of CR networks. We prove that the
proposed RTS can asymptotically achieve an approximate Nash equilibrium (e-NE) state of

the network within a certain convergence time. The NE state of a system is achieved when
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each CR user has chosen a strategy of participation decision making, and no CR user can

benefit by changing its strategy as long as other CR users keep theirs unchanged [42].

e Despite the optimality of the proposed RTS, its complexity and slow convergence time stand
against its practical implementation. Therefore, we propose a low complexity autonomous
decision making strategy named the learning-based strategy (LBS), which has a shorter con-

vergence time.

e The network model considered in Chapter 4] assumes that different frequency channels, origi-
nally owned by the primary system, are assigned each for one CR user only during the current
scheduling frame. When more than one CR user are requesting cooperative transmission over
their different scheduled frequency channels, it becomes an added challenge for the CR users
that are willing to act as relays. Therefore, we extend the two proposed autonomous decision
making strategies, namely the RTS and the LBS, to handle the case of having multiple CR
users requesting cooperation simultaneously. Since each CR user can only participate in the
cooperative transmission towards one CR receiver over its scheduled channel at a time, it
becomes a critical decision for each CR user, not only to decide whether to participate in
the cooperative transmission or not, but also to select which CR receiver to assist among the
simultaneous requests that it receives. The decision making in this case is based on the best
incentive provided by each CR user requesting assistance. The modified RTS and LBS are
shown in Chapter 4] to provide enhanced performance of the CR network, despite the lack of

cooperation among the participating CR, users in making their decisions.

1.2  Thesis Outline
The rest of the thesis consists of four chapters, which are organized as follows.

e In Chapter [2| we describe the asynchronous interference effect, and provide its mathematical
modeling. We also present the motivation for new beamforming techniques to be used in
this context. We develop an innovative cooperative beamforming technique, named the LBF
method, that enables the cooperating CR nodes to transmit data to the CR receiver with a

certain limit on the interference introduced at the PR when the PU is active. Next, we address
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the effect of having imperfect CSI estimation on the performance of the proposed beamforming
method. We also propose a robust cooperative beamforming method to account for the effect
of having error in the channel estimation between the PR and each cooperating CR node.
At the end of Chapter [2, we present some numerical examples to assess the performance of
the proposed cooperative beamforming methods, and show the implications of ignoring the

asynchronous interference problem in the design of cooperative CR networks.

Chapter [3| considers a generalized scenario of a CR network with multiple PRs and multiple
CR receivers. The cooperative beamforming design is formulated as an optimization problem
of constrained weighted sum rate maximization. Due to the non-convexity and non-linearity
of the formulated optimization problem, we use an approximation to convert it into a con-
vex and linear one. Then sub-optimally we obtain the beamforming directions and allocate
power among different beamforming directions. However, due to the multiple interference
constraints, the power allocation scheme is computationally expensive as discussed in Chap-

ter [3l Therefore, we also propose a low complexity power allocation scheme.

Next, we extend the proposed cooperative beamforming technique for the case of having
only statistical CSI of the channels between the PRs and the cooperating CR nodes at the
cooperating nodes. In this case, the asynchronous interferences at the PRs are guaranteed in
a statistical sense. In the absence of a mathematically tractable expression of the distribution
of the random interference powers at the PRs, we develop an upper bound on the probability
of introducing asynchronous interference power at a given PR beyond a given threshold. Then
this developed upper bound is used to design a robust leakage beamforming technique. The
proposed robust beamforming technique can protect the primary network’s functionality by

satisfying the probabilistic interference constraints at all PRs in the network.

Moreover, we develop an optimal cooperating CR node selection scheme to be used in con-
junction with the beamforming technique. Because of the exhaustive search, the optimal
cooperating CR node selection scheme can be computationally expensive. Therefore, we also
propose two sub-optimal selection schemes. Finally, we conduct comprehensive simulation
experiments to show the performance of the different proposed beamforming schemes and the

cooperating CR node selection schemes.
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e As a solution for the problem of huge feedback overhead required for cooperative beamforming,
in Chapter 4] we propose a distributed beamforming method to be used in cooperative CR
networks with minimal amount of feedback overhead. Then, we define a suitable incentive for
the CR users to participate in the cooperative transmission. In this chapter, we also propose
two autonomous participation decision making strategies, namely the RTS and the LBS, to
help each CR user in deciding whether to participate in the cooperative transmission or not,
without any coordination among the participating CR users in decision making. The decision
making strategies are based on the proposed incentive and the estimated cost of participation

in the cooperative transmission.

However, different cooperating CR nodes have different path loss values towards the intended
CR receiver, as well as towards the primary receiver. In addition, as more CR nodes partici-
pate in the cooperative transmission, the individual reward value becomes smaller. Therefore,
in case of having multiple CR users that are willing to participate in the cooperative trans-
mission, a cooperating CR node selection scheme is important. As such, the received signal
power value at the intended CR receiver is maximized. Therefore, we propose a cooperating

CR node selection method in Chapter

Also in Chapter 4 we extend the two participation decision making strategies, the RTS and
LBS, to handle the case of having multiple CR users requesting cooperation simultaneously.
The numerical results in Chapter |4/ reveal the effectiveness of our proposed distributed beam-

forming scheme and autonomous decision making strategies.

e Conclusions and future works are discussed in Chapter [5, where we provide possible future

research directions.
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Chapter 2

Cooperative Beamforming with Single
Primary Receiver and Single CR

Recelver

As mentioned earlier, the performance of CR networks can be improved using cooperation among
different users in such network. In particular, in a CR network where a CR user/source wants to
transmit information to a CR receiver that cannot be communicated directly by the source due to
the path loss and/or shadowing, a group of SUs can act as relays and forward the message to the
CR receiver. However, in such dual-hop cooperative CR networks, the availability of spectrum is
more critical as it requires unused spectrum hole/slot for both hops’ communications. As such it
can lead to a very poor quality of communications, e.g., higher outage probability, for the CR users.
In order to improve the quality of communications for such networks, beamforming methods [43]
which enable concurrent transmissions of both PUs and SUs at a given channel can be exploited
[22], [23], [19]. These beamforming methods require to have multiple antennas at the transmitters.
However, for an implementation constraint, a CR source may not support more than one antenna
element at its terminal.

For the above mentioned situations, a cooperative beamforming method as proposed in [20]
can be used for the second hop i.e., CR relays to the CR receiver communication. The proposed
cooperative beamforming method in [20] utilizes a virtual antenna array, which is created by a set
of CR users that act as relays for the CR source and forward the information to the CR receiver. In
particular, when the channel is not occupied by the PU, a single antenna based CR source transmits
its information to a set of single antenna based cooperating SUs that serve as relays. In the next

time slot, the cooperating relays which have correctly detected the transmitted information, forward
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this information to the CR receiver irrespective of whether the PU is silent or not. By carefully
selecting the beamforming weight in each CR relay node, the interference from the CR relays can
be efficiently suppressed or even thoroughly avoided.

Implementation of beamforming in such a cooperative manner, as explained in Chapter [1, can
lead to an asynchronous interference at the PR. In [20], such asynchronous interference at the PR
has been ignored. The ZFBF proposed in [20] cannot annul this asynchronous interference caused
by the CR relays at the PR, except under a severe constraint, that the number of antennas in each
relay node should be greater than the total number of antennas of all PUs [33]. This is explained
in more detail in Section In addition, the presented numerical examples in this chapter show
that the ZFBF method introduces higher levels of interference at the PR, in such an asynchronous
interference scenario. This leads to an increased service interruption/outage of the CR system when
there is a certain limit on the introduced interference at the PR.

In this chapter, we provide the operating principles as well as the assumptions that we consider in
our problem formulation. We also present a mathematical model for the asynchronous interference
power introduced at the PR. Next, we develop a cooperative beamforming method called leakage
beamforming (LBF) method that maximizes the signal power at the CR receiver while it maintains
the interference power at the PR below a target threshold, which in turn decreases the service
interruption/outage of the SU. Then, we develop a robust beamforming method that addresses the

issue of having imperfect CSI estimation between each CR relay and the PR.

2.1 System Model

We consider an example of situations where cooperative beamforming proves to be very effective in
CR networks. CR networks are usually low-power systems where the CR source may not be allowed
to transmit enough power to cover the CR receiver due to the interference restriction imposed by
the nearby primary system. In this chapter, we consider the case when the direct link between the
CR source and its CR receiver is not available, which may result from high path loss. In this case, a
group of CR users in the network can act as relays and forward the message to the CR receiver. In
what follows we provide the operating assumptions and principles that we consider in our problem

formulation.
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2.1.1 Operating Assumptions

We consider a time-slotted system with a single primary link that is used to transmit information
from a primary transmitter to a particular PR at a given time slot with probability p. This is
so-called ON-OFF behavior of PUs [11, 44]. We also consider a CR network consisting of one CR
source s, one CR receiver d and L other SUs that act as parallel relays as shown in Fig. 2.1 The
CR relay nodes are denoted by 7, [ = 1,2,--- , L. Due to the hardware constraint, it is assumed
that the CR source s, the relays as well as the CR receiver d are equipped with single antenna
each. The CR network is employed with a reliable sensing mechanism that can accurately senses
the channel occupancy by the PU in a given time slot.

The channel path loss model used in the system is the log-distance path loss model presented
in [45]. Generally, accurate path loss models can be obtained from complex ray tracing models or
empirical measurements when tight system specifications must be met. However, for simplicity, we
use a simple model that captures the essence of signal propagation without resorting to complicated
path loss models, which are only approximations to the real channel [45]. Thus, the following path
loss model is used for system design as a function of distance D, 4 between relay r and the CR

receiver d.

D,
PLea = r -+ 107logjo (224, (2.1)
0

where PL, 4 is the path loss in dB over the communication link between relay  and the CR receiver
d, Dy is a reference distance for the antenna far-field, and + is the path loss exponent. « is a unit-
less constant which depends on the antenna characteristics of relay r and the average channel

attenuation. The value of k is set to the free space path loss at distance Dy as follows

K = 20 1og10(@), (2.2)

C

where A. is the RF signal wavelength. Due to scattering phenomena in the antenna near-field, the
model in eq. is generally only valid at transmission distances D, 4 > Dy. We assume Dy is
equal to 10m. The value of v depends on the propagation environment. We consider a propagation
model that approximately follows a two-ray model, so the path loss exponent « is set to 4.

We assume that the channels between all nodes are additive white Gaussian noise (AWGN)
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channels with zero mean and two sided noise power spectrum density Np/2. We also assume block
fading channel model, that was used for example in [46], in which the channel fading is assumed to

remain roughly the same over a time slot, but is independent of the fading in other time slots.

2.1.2 Operating Principles

There are two phases of transmission for the CR system as described below. Without loss of
generality, let us assume that at time slot n, the communication channel is sensed as idle by the
CR system. Therefore, the CR source s broadcasts its data to the CR relays. We assume that the
source s sequentially transmits M symbolsﬂ during time slot n. At time slot n + 1, the CR relays
which can detect the source information correctly transmit the detected versions of the received
symbols to the CR receiver d. At time slot n + 1, if the channel is not occupied by the PU, the
relays which have successfully detected the message, forward the message to the CR receiver d using
the maximal ratio transmission (MRT) diversity scheme [47]. Otherwise these relays forward the
message to the CR receiver using a beamforming method, such that the interference introduced to

the PR remains below a target threshold specified by the PU system.

Nri

CR
Receiver

YO

Primary
Receiver

=

Primary
Transmitter

Figure 2.1: System model for cooperative beamforming with L cooperating CR users acting as relays.

2The problem can be formulated assuming M = 1, i.e., only one symbol is transmitted in each time slot. However,
we consider a practical scenario where multiple symbols are transmitted in a given time slot.
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We assume that P is the average power per symbol at the source s. The binary information
bits are mapped into modulated symbols, and the data vector consisting of these M modulated

symbols is denoted by xs. The received signal at a CR relay r at time slot n can be written as

yr(n| = hsy[n)xs[n] + z.[n], (2.3)

where z, is the AWGN vector at relay r and hg,[n] is the channel fading gain between the source
s and the relay r at time slot n.

Assume that at time slot n, K relays out of the L relays can successfully detect the message,
where K < L. In particular, a relay r is considered to have successfully detected the message,
if the instantaneous Shannon capacity of the channel between the CR source and relay r exceeds
the value of a target spectral efficiency B [20]. Those successful relays are denoted by the set IC,,,
where |K,| = K. Without loss of generality, the relays in set K, can be denoted by {r1,...,rx}.
These relays forward their detected symbols to the CR receiver at time slot n + 1. In particular,
if the communication channel is occupied by the PU at time slot n + 1, this set of relays forwards
the message to the CR receiver d using a beamforming method which will be discussed latter. In

this case, the received signal at d can be written as

va[n + 1] = hgxs[n] + w + zg[n + 1], (2.4)

where x4[n] is the transmitted data vector from the source at time slot n that has been successfully
detected at the relays in IC,, and w is the received interfering signal vector from the PU transmitter.
g =[g1,...,9K]7 is the beamforming weight vector, with each element g, denoting the weight of
the relay r. h = [hy g[n+1],..., hg q[n + 1]] is the the channel vector from the transmitting relays
to the CR receiver d, where h, g4 is the channel fading gain from relay r to receiver d. Our design
goal is to obtain the beamforming vector g that maximizes the received signal power at CR receiver
d while keeping the interference to the PR below a certain threshold.

If at time slot n+ 1, the PU is silent, the relays in set IC,, directly forward the correctly detected

symbols x[n] to the CR receiver using MRT [48] diversity scheme. In this case the received signal
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at the CR receiver d with MRT diversity scheme can be written as

ya[n + 1] = Vhhtx,[n] + zq[n + 1]. (2.5)

2.2 Modeling of Asynchronous Interference

In a practical scenario, the CR relays are usually located in different geographical locationﬂ
Therefore, the received signals from different transmitting relays at the PR as well as at the CR
receiver can experience different propagation delays. Although the received signal at the CR receiver
d from different relays can be synchronized by using a timing advance mechanism which is currently
employed in the uplink of GSM and 3G cellular networks, to compensate for the propagation delay
from each user [33, 48], the received signals at the PR from different transmitting relays can be
not synchronized simultaneously. As such, the PR will experience asynchronous interference. The
asynchronous interference issue has been studied in [33] for the conventional cellular networks where
multiple BS’s cooperate with each other for downlink transmissions. Following this work, in what
follows, we provide a mathematical model for the asynchronous interference introduced to the PR.

In order to maintain the synchronous reception of data symbols from all the transmitting relays
in set /C,, at the CR receiver, we consider that a timing advance mechanism is applied among those

relays. In particular, the r*" transmitting relay advances its signal by AT, g which is calculated as
ATy = Trg — 7, (2.6)

where 7,4 is the propagation delay of r*® (r € K,,) relay signal to the receiver d and 7(min) s the

minimum signal propagation delay of all the transmitting relays in the set KC,,.

Let us denote TT(PU) as the signal propagation delay from relay r (r € K,,) to the PR. Then the

time delay of the received symbols at the PR from the r** relay, AﬂEPU) can be written as

AT = 2PV A7) (2.7)

where the received signal from 7" relay is advanced by its time advance, AT, 4, defined by eq. (2.6)).

3We are considering a cooperative CR network where a set of randomly located cooperating CR users is acting as
a set of relays.
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Let us denote i,[n + 1] as the asynchronous vector of symbols received at the PR as shown in

Fig. This asynchronous vector of symbols i,[n + 1] is defined as
ir[n41] = x, |[nTye — ATFY ], (2.8)

where Tyot is the time slot duration.

x¢[n] transmitted
at tiwlot n+1

e h
Time slots I || >
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Figure 2.2: An example of the asynchronous interference at PR arising from a vector of M symbols, x [n], transmitted
by relays r and f. Ts is the symbol duration and Ty is the time slot duration.

The asynchronous received signal at the PR at time slot n + 1 is given by

yln+1 =Y am +1]gir[n + 1] + z[n + 1, (2.9)
rekn

(PU)

where h; ’[n+ 1] is the channel fading gain from relay r to the PR at time slot n+ 1, and z[n + 1]
is the AWGN vector at the PR with zero mean and two-sided PSD Ny/2.

In [20], such asynchronous interference at the PR has been ignored. From eq. it is obvious
that if ZFBF method, developed in [20], is used to force the asynchronous interference at the

PR to be zero, the interference from each relay has to be annulled separately, i.e., the condition
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h(PU)

» g-| = 0 must be satisfied for every r € K, which cannot be fulfilled for single antenna based

CR relays because it requires the number of PUs to be less than 1. Failing to satisfy this condition,
the ZFBF method results in higher interference at the PR, as shown in Section This leads
to an increased service interruption/outage of the CR system when there is a certain limit on the

introduced interference at the PR.

2.3 Problem Formulation and Optimal Beamforming Design

In this section, we develop a new cooperative beamforming method, called LBF method in order
to address the problem of asynchronous interference at the PR. In this development, we use the
same assumption as in [19, 20, 22, 23] that the channel fading gains between the CR relays and
the PR as well as the channel fading gains between the CR relays and the CR receiver are known
perfectly at the CR relays. Different possible scenarios have been considered in the literature in
order to estimate the CSI between the CR relays and the PR (see for examples, [34], [35]). In
the next section, we consider the case when the channel between the CR relays and the PR is not
known perfectly.

The objective of the developed LBF method is to keep the leakage to the PR below a desired
threshold, where leakage is the interference caused by the CR relays to the PR. The target threshold
is imposed by the regulatory body, see for example [12] for details. The leakage signal at the PR

due to CR relays’ transmission at time slot n + 1 can be written as

K
On+1] =Y hl"ln + 1geir[n + 1], (2.10)

r=1

where i.[n + 1] is obtained from eq. (2.8)). Now the leakage signal power at the PR can be written
as

Pieak = E(®[n + 1]©'[n + 1]), (2.11)

where E (-) is the expectation operation over the random data sequence, and ©%[n + 1] is the
conjugate transpose of @[n + 1].
For notational convenience, we will drop the time slot index n from now on. Using eq. (2.10) in

eq. (2.11) and after some mathematical manipulations, the leakage power can finally be expressed
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2.3. Problem Formulation and Optimal Beamforming Design

as
K

K
Pl = Z Zg}(h;pu))fhgw)gr ‘B (iri}) ) (2.12)
r=1 f=1

Let us define a variable 8(»f) £ E (iri}), which is the correlation between the leakage symbols of

the " and the f*™ relays. Then the leakage power in eq. (2.11)) can be written as

K K
Piac = > > gh(hT ) () g, g0, (2.13)
r=1 f=1

The correlation between asynchronous symbols, /) can be obtained from one of the following

two cases:
e (Case 1: The propagation difference between the signals of relays r and f is larger than one

symbol duration 7. In this case, the correlation between i, and iy is equal to zero, i.e.,

B — 0, if A7) — AV > T

This is because successive data symbols are assumed to be independent of each other with

Zero mearn.

e Case 2: The propagation difference between the signals of relays r and f is less than one
symbol duration Ti. In this case, the asynchronous symbols i, and iy are overlapping for a

time duration of T, — )AT,(PU) - AT}PU)

, and hence their correlation is equal to the part of

the transmitted symbol power in which they intersect, i.e.,

Ts — ‘ATTPU) — ATJEPU)
T

B P, if0 < [A7(Y — ATV < T

The leakage power in eq. (2.13) can be rewritten in a matrix form as follows

Pleak = gTRtrueg7 (214)
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2.3. Problem Formulation and Optimal Beamforming Design

where g = [g1,...,9K]7 and
JOGLINAE . g )
@1 (RPN AP L @) (PO V)
Ro| 7 : M B g S| (2.15)

BUED (g )R B (i)

Ri;ue is the covariance matrix of the channel fading gains between the CR relays and the PR.
This channel covariance matrix Ry e can be calculated by the CR system using the known channel
fading gain between each relay and the PR, thU), as well as 8(f) which can be calculated based
on the locations of the PR and the CR receiver relative to the CR relays.

The received signal power at the CR receiver is given by
P.g = Pg'h'hg. (2.16)

Our design goal is to maximize the received signal power at the CR receiver d, while keeping

the leakage power at the PR below a certain threshold. This design goal can be formulated as an

optimization problem, using eqs. (2.14)) and (2.16), as follows

g — max (PgTh‘th),
g

subject to: gTRtrueg < Yih, (2.17)

where v, is the maximum allowable interference at the PR.

The optimization problem in eq. is a convex maximization problem, that maximizes a
convex quadratic function under a convex quadratic constraint. The global optimality conditions
of such optimization problem have been studied in [49]. According to [49], if the following three
conditions are satisfied, the global optimal solution of such problem can be found by solving the

Lagrangian dual problem, with zero duality gap. These three conditions are as follows:
1. The matrix Ph'h is a positive semidefinite matrix.

2. The matrix Ri;ue is a positive semidefinite matrix.
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2.3. Problem Formulation and Optimal Beamforming Design

3. There exists a vector g, for which the inequality constraint is strictly satisfied, i.e., g Rueg <

Vth-

It can be easily shown that these three conditions are satisfied in the optimization problem in eq.
(2.17). Therefore, the global optimum solution can be found by the Lagrange multiplier method,

as follows

L(g,\) = Pg'hThg — (gTRtrueg — ’Yth) , (2.18)

where A is a Lagrange multiplier. The critical values of the Lagrange function £(g, A) occur when
its gradient is equal to zero. By taking the partial derivative of the Lagrange function in eq. (2.18))

with respect to g, and equating it to zero, we can easily write
Ph'hg = ARueg. (2.19)
Defining v £ hg, the beamforming vector in eq. can be written as
g Ph) = %PRt—rﬁehT. (2.20)
Equating the partial derivative of £(g, A) with respect to A, to zero, we find that

gUBOTR,  oLBF) _ o (2.21)

Substituting eq. (2.20)) into eq. (2.21), and after some mathematical manipulations, we can write

-~ as

A

<¢>2 L T . (2.22)
)\ P2 (R;riehT)T Rtrue (Rt:riehT)

Using eq. (2.22) in eq. (2.20)), the optimum beamforming vector g“*" can finally be expressed in

a desired closed form as follows

g™ = hRthh — R;.h'. (2.23)

true
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2.4. Robust Beamforming Method with Imperfect Channel Knowledge

2.4 Robust Beamforming Method with Imperfect Channel

Knowledge

When the CSI between the CR relays and the PR hﬁf’U) is perfectly known at the CR relays, our
developed LBF method in the previous section can be used. However in some scenarios, the CR
relays may have erroneous estimation of the channel between the PR and the CR relays. During
the design process of the cooperative beamforming vector, we must account for the effects of such
erroneous estimation, to ensure a robust protection of the PR. Robust protection means that the
resulting interference at the PR remains below the predefined threshold even if the error in CSI
estimation is maximum. In order to design a robust leakage beamforming (RLBF) method for such
scenario, we adopt the following channel estimation uncertainty model.

If the channel estimation of h(*Y) is erroneous, the estimation error can be modeled as

hijy) =h) + e, (2.24)
where hg&? is the actual instantaneous channel vector between the CR relays and the PR, hgtU ) is

the estimated channel vector between the CR relays and the PR, and e®V) is the estimation error
vector. Based on the accuracy of the estimation method used, the channel estimation uncertainty

can be modeled by the so-called bounded uncertainty mode]ﬂ

(PU)

true » Rirue can be

Using the error model in eq. 1) the covariance matrix corresponding to h

written as in eq. (2.25)).

T T T T
BN (BTl o + €™ el™) e BUR (WA, + el )
Rtrue: i . (225)

. f f f
BED (B, o + e ) o BB (RED WG, + eED )

4The bounded uncertainty model is a well-accepted model that has been used in [35, 50-52]. It shows that the
uncertainty in the channel estimation is described by a bounded region whose shape depends on the channel estimation
method used. However, a spherical uncertainty region gives the worst case estimation error model [51]. In this case,

2
e’V H <e

the estimation error vector is bounded by ‘
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2.4. Robust Beamforming Method with Imperfect Channel Knowledge

Taking all the error terms into one matrix Ag, we get

BOD ) g el e
Ap= : : ; (2.26)
5<K,1)(e§§U>)TegPU> 5(K,K)(egv>)+egw

which is a random matrix modeling the channel estimation errors. Now we can write
Rirue = Rest + ARa (227)

where Regt is the estimated covariance matrix of the channel fading gains between the set of CR
relays and the PR. This matrix Res; can be calculated using hgtU ) as well as Brh). Ap is the
covariance error matrix and is bounded by ||Ag| < Qg, where Qg is the bound of the uncertainty
region of Rgt.

Since Rypye 1S a covariance matrix, it can be factorized using Cholesky decomposition [53].

Therefore, we can write Ripue = CtrueCT

true> Where Cyre is a lower triangular matrix. Similarly, we

can write Regt = CeStClSt. Then, the relation between Ci.ye and Ceg; can be written as
Ctrue = Cest + Ac, ||AC|| < QCa (228)

where Q¢ is the bound of the uncertainty region of Ceg.

Using eq. (2.28)) in eq. (2.17)), we can reformulate the leakage constraint as follows

2
HgTCtrue < Yth- (229)

However, in order to ensure a robust design of the beamforming vector using Cgs, the above

constraint must be satisfied for the worst case estimate of Cyipye, i.€.,

max
lAacl

‘gT Cirue

< V. (2.30)
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2.4. Robust Beamforming Method with Imperfect Channel Knowledge

Using the triangle inequality, we can write

HgTCtrue

S HgTCest

v HgTACH . (2.31)
Now by applying Cauchy-Schwartz inequality, we can rewrite eq. (2.31) as

| G + gl lAcl. (232)

S HgTCest

Using the maximum value of H gTCtrueH given in eq. and substituting it in eq. , the

design constraint now becomes

2
lgCest| < (A — I8l 2. (2:33)

By using the relation between Regt and Cegt, the design constraint in eq. (2.33)) can finally be

expressed as

g'Reag < (v — 18] Q). (2.34)

Therefore, our primal optimization problem for this RLBF method can be written as

g™ B —  max (gThTth>,
g

subject to: g Resig < Lin, (2.35)

where I, = (, /Yen — |1g]l Q(;)Q. Following the same procedure as described in the previous section,
we can find the optimal RLBF vector for the optimization problem in eq. (2.35). This optimal

RLBF vector g®**B") can be written as

I
g(RLBF) _ r{_ﬂm R_h. (2.36)

est

In order to find the RLBF vector g®**") in eq. (2.36]), we need to calculate Iy, which in turn

depends on [|g®“P®)||. In what follows, we present the steps of finding the value of ||g®“*"||. By

substituting g = g™ in Iy, = (/m — |l 90)2 and taking the norm of eq. 1' we can
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finally write
(RLBE) || — Vth : 2.37
g™ e (2:37)
o4 Y et T

[Reseht]

est

Using eq. (2.37) in eq. (2.36), we can write the RLBF vector g™“P") in a desired closed form as

follows

Qo 1 -
gMBe — —Rgh'. (2.38)
Qe+ VhR ! 'ht hR_!'hf
o + VBRe BT

st
TRHT] :

est

2.5 Numerical Results

100m Y@ 700m YD

CR Receiver Primary
Receiver

Figure 2.3: Simulated network topology.

In this section, we present some numerical examples in order to demonstrate the performances
of various beamforming methods in the presence of asynchronous interference. For all the numerical
examples presented in this section, we consider the network topology that is shown in Fig.
We assume that all the channel fading gains are identically and independently distributed with
Rayleigh distribution, and the log-distance path loss model with a path loss exponent value of

4 is considered. A slot duration of 0.4 msec is considered. The busy probability p of the PU,

5We simulated the performances of other network topologies as well. Similar performance trends have been
obtained for other network topologies.
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2.5. Numerical Results

i.e., the channel occupancy probability, has a value of 0.7 unless other value is specified. To
demonstrate the effectiveness of various beamforming methods, the interference threshold at the
PR v, is set to be 4.1419 x 10~ Watts which is 100 times of the noise power spectral density.
The value of the target spectral efficiency B that is used in the simulations is equal to 1 bit/sec/Hz.
When the PU transmitter is active, the received normalized average interference power from the

primary transmitter to the CR receiver is assumed to be —10 dB.

10 T

—e— ZFBF [20]

—d— JLS [34]

= B - LBF (proposed) 3
10 2L —+— Threshold Interference power

Interference power at primary receiver

| | |
110 120 130 140 150 160 170
Transmit power normalized to noise power (dB)

Figure 2.4: Asynchronous interference signal power at the PR with perfect channel information.

In Fig. we plot the normalized transmit power versus the interference signal power at the
PR with our proposed LBF method. In this figure we also plot the normalized transmit power
versus the interference signal power at the PR with the ZFBF method proposed in [20], and the
joint leakage suppression (JLS) method proposed in [33]. The JLS method is proposed in [33] for
conventional cooperative cellular networks. Its design goal is to maximize the signal to leakage
plus noise ratio (SLNR) of each of the active mobile users in the network concurrently without any
restrictions on the induced leakage to a particular mobile user from different BSs. In the context

of cooperative CR networks, the JLS method aims to maximize the SLNR of the CR receiver,
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2.5. Numerical Results

without any restriction on the introduced leakage to the PR. From this figure we observe that the
interference caused by the proposed LBF method increases as the transmit signal power increases
at lower values of transmit power. However, as soon as the received interference power at the PR
reaches the target interference threshold, it does not increase with the transmit power. This clearly
shows that our proposed LBF method can maintain the interference threshold at the PR. On the
contrary, the interference caused by the ZFBF method increases almost linearly with the transmit
signal power and exceeds the interference target threshold for higher values of transmit power as
expected. Also the JLS method causes interference power at the PR that exceeds the interference
target threshold, since it aims to maximize the SINR at the CR receiver without any restriction on

the introduced interference to the PR.

50
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o 30
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EE 10 ~
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0 - B - LBF (proposed)

| | | | | | | |
130 135 140 145 150 155 160 165 170
Transmit power normalized to noise power (dB)

10 L L
115 120 125

Figure 2.5: Received signal power at the CR receiver with perfect channel information.

The received signal power at the CR receiver for three beamforming methods is plotted in
Fig. It is observed from this figure that the received signal power at the CR receiver for our
proposed LBF method is slightly less than that of the ZFBF and the JLS methods. The ZFBF and

the JLS methods are both having higher received signal power at the Cr receiver at the expense of
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higher asynchronous interference at the PR.
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Figure 2.6: Outage probability of SU system versus busy probability of PU.

Another important performance metric is the outage probability which corresponds to the
probability of having the instantaneous transmission capacity C in a given time slot below the
target spectral efficiency B [54]. The outage events are determined as follows. If the number of
successful relays K is zero, this is considered an outage event. Otherwise, the K CR relays either
forward the data directly to the CR receiver when the PU is silent in the second hop or they
cooperatively beamform the data stream to transmit the data to the CR receiver when the PU is
active. The outage events in these two cases occur when the instantaneous transmission capacity C
is below the target spectral efficiency B. When the PU is active, outage events also occur when the
the instantaneous interference caused by the CR relays to the PR exceeds the target interference
threshold ~¢n. In this case, the CR relays are not allowed to transmit their data. The outage
probability versus channel busy probability, p, is plotted in Fig. for our proposed LBF method
and that of the ZFBF method. Although we did not include the performance of the JLS method,

JLS will have a higher outage probability than the LBF method as expected. It is also observed
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Figure 2.7: Outage probability of SU system versus busy probability of PU for different values of propagation
difference.
from Fig. that the outage probability of the LBF method is significantly less than that of the
ZFBF method. This can be explained as follows. When the PU is silent in the second hop, the
outage probabilities of the ZFBF method proposed in [20] and our proposed LBF scheme are equal.
However, when the PU is active, the instantaneous interference introduced to the PR by the ZFBF
method exceeds the target threshold 7, most of the time. As such the CR relays cannot forward
the data symbols and outage events occur frequently. On the other hand, our proposed scheme
satisfies the target interference threshold instantaneously. Therefore our proposed LBF method has
a lower outage probability. In particular, our proposed LBF method decreases the system outage
probability up to 75% compared to the ZFBF method, for a PU’s busy probability of 0.75.

Next, we investigate the effect of the difference in propagation delays between the cooperating

CR relays on the performance of the wireless network. In Fig. we consider having two CR

34



2.5. Numerical Results

relays in the network. In this figure, we plot the outage probability of the proposed LBF method

and that of the ZFBF method in [20] versus the busy probability of the PU, p, for 4 different values

of propagation difference between the two relays. When the propagation difference between the

two relays at the PR is zero, the proposed LBF method has the same performance as that of ZFBF

method. As the value of the propagation difference increases, the outage probability of the ZFBF

method increases, while the LBF method continues to have the same outage probability values.

Therefore, the performance gap between the two schemes increases with increasing the propagation

difference between the cooperating relays, until it reaches its maximum value when the propagation

difference is Tj.
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Figure 2.8: Transmit power versus interference power at the primary receiver for the RLBF method, for different
values of estimation error bound, ..

Now we investigate the performances of the proposed RLBF and LBF methods for a transmission
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scenario when the CR relays have imperfect estimate of the CSI between the PR and the CR relays.
In Fig. [2.8 we plot the normalized transmit power versus the interference signal power at the PR
for both the LBF and the RLBF methods when the CR relays have imperfect estimation of channels
between the CR relays and the PR, for different values of estimation error bound, §2.. From this
figure, it is obvious that the introduced interference from the RLBF method is always well below
the interference threshold even when the channel is not known perfectly at the CR relays, however
the LBF method cannot meet the interference constraint at the PR for higher values of estimation
errors. This is due to the fact that the designed RLBF method is a conservative design considering
the maximum channel estimation error i.e., the worst case estimate of the channel. For the values
of the estimation error bound Q¢ > 4.1419 x 108, the LBF method violates the interference
threshold of the PR. As the estimation error bound increases, the violation of the LBF method to

the interference threshold becomes more severe.

normalized to noise power (dB)

Received signal power at CR receiver

1 1 1 1 1
110 120 130 140 150 160 170
Transmit power normalized to noise power (dB)

Figure 2.9: Transmit power versus received power at the CR receiver for the RLBF method.

In Fig. we plot the normalized transmit power versus the received signal power at the CR

receiver using both the LBF and the RLBF methods, using a value of estimation error bound Q¢
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equals to 4.1419 x 1078, Both of these methods exhibit similar behavior as the the transmit signal
power increases the received signal power at the CR receiver increases. However with the RLBF
method, the CR receiver receives less power compared to the LBF method. Again this is expected
due to the conservative design of the RLBF method considering the worst case channel estimation

as discussed above.
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Chapter 3

Cooperative Beamforming with

Multiple Primary Receivers and

Multiple CR Receivers

As a follow-up of our work in Chapter |2, in this chapter we consider a more generalized setup
where a group of CR nodes which are referred to as cooperating cognitive radio nodes (CCRNs)
uses cooperative beamforming technique to broadcast a common message to multiple CR receivers.
The cooperative CR network uses a wireless broadcast channel assigned to a primary transmitter
to transmit information to multiple PRs simultaneously. This scenario is particularly important
when a CR source wants to broadcast a common message to a group of CR receivers, the CR source
may not be allowed to transmit enough power to cover all the CR receivers due to the interference
restriction imposed by the nearby primary system. In such situation, a group of CCRNs can
collaboratively use transmit beamforming to broadcast the common message to the CR receivers.

With multiple primary and CR receivers, transmission to a specific CR receiver introduces
asynchronous interferences, not only at the PRs, but also at all other CR receivers. Due to these
asynchronous interferences, the optimal beamforming technique developed in Section [2.3| cannot
be directly extended for a generalized system with multiple primary and multiple CR receivers.
In particular, when there is only one CR receiver in the system, there is no cross asynchronous
interferences between CR receivers [55]. Then optimal beamforming design problem becomes a
convex problem that can be solved optimally using the dual Lagrange function, as we have seen in
Section [2.3. However, for the generalized setup with multiple primary and CR receivers considered
in this chapter, the optimal beamforming technique is indeed intractable due to the non-convexity

and non-linearity of the problem. In light of the intractability of the optimal beamforming design
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problem, in this chapter, we propose an approximation to design the beamforming directions and
to allocate power among different beamforming directions. Even then development of a subopti-
mal beamforming technique is complex due to multiple interference constraints corresponding to
multiple PRs which is discussed later in Section Therefore, we also propose a low complexity
power allocation algorithm.

In what follows, we present the overall system description and model the asynchronous inter-
ference signals at the PRs as well as at the CR receivers mathematically. Next, we develop the
proposed beamforming techniques with perfect CSI at the CCRNs. Then, we extend the beam-
formong design problem for the case of having only statistical CSI of the PRs available at the
CCRNSs. Finally, we propose and investigate the performance of joint CCRN selection and cooper-

ative beamforming.

3.1 System Model

In what follows, we provide the operating assumptions as well as the operating principles of the

system model that we consider in our problem formulation.

3.1.1 Operating Assumptions

In this chapter, we consider a CR-based broadcasting system as the one shown in Fig. where
a group of L. CCRNs uses a transmit beamforming technique to broadcast a common information
to a group of K CR receivers. All nodes are assumed to be equipped with single antenna each. As
we mentioned earlier in Chapter [1| that similar type of cooperative beamforming scenario has been
considered for traditional wireless networks, e.g., wireless sensor networks, due to its compelling
gain in the transmission rate, see for example [15], [32]. Using the USAM, the CR system shares a
communication broadcasting channel with a primary transmitter, e.g., a primary BS that transmits
information to J PRs simultaneously. For notational convenience, K CR receivers are denoted by
dg,k = 1,--- , K, L cooperating CR relay nodes are denoted by ¢;, { = 1,--- ,L and J PRs are
denoted by p;, j = 1,---,J. We consider that both primary and CR systems work in a time-slotted
fashion with a slot duration Ty, sec. We assume a block fading channel model, similar to the one

we considered in Section 2.1l
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Figure 3.1: System model for cooperative beamforming with L CCRNs, K CR receivers and J primary receivers.

3.1.2 Operating Principles

At CCRN, ¢; the information stream is mapped into modulated symbols, s which has average
power P and the data vector consisting of these M modulated symbols is denoted by xs. The set
of cooperative CCRNs uses K different beamforming vectors to transmit the data to K different

CR receivers. The received signal at CR receiver, di can be written as

vi[n] = hin|gk[n]|xs[n] + Ik[n] + mg[n] + zx[n], (3.1)

where x,[n] is common message symbols transmitted at time slot n and h3[n] £ [h3,[n], ..., k3 [n]]
is the channel vector from L transmitting CCRNs to CR receiver, di. The vector gg[n]
[gk1[n], - - -, grr[n]]T denotes the beamforming weight vector of the set of CCRNs corresponding
to transmission to CR receiver, d; with each element g, denoting the weight of the CCRN, c,.
zi[n] is the AWGN vector at CR receiver, dj with zero mean and two-sided power spectrum density
No/2, and my[n] is the received interfering signal vector from the primary BS at CR receiver dy.
I;[n] is the asynchronous interference signal at CR receiver, dj resulting from the data transmis-

sions to the other (K —1) CR receiversﬂ The mathematical model of this asynchronous interference

SEven though the same message is transmitted to all CR receivers, the asynchronous arrival of the data stream
intended to one CR receiver, at other CR receivers, is still considered a form of interference. This concept is similar
to that of inter-symbol interference that takes place in multi-path environments.
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signal is introduced in the following section. It is important to note that the proposed techniques
in this chapter can be applied to unicast systems as well as broadcast systems without any change
in the algorithms, as the data stream intended for each CR receiver is transmitted using this user’s

specific beamforming vector.

3.2 Modeling of Asynchronous Interferences in CR-Based

Broadcasting Systems

Due to the difference in path lengths between the CCRNs, the received signals from different
CCRNs at different PRs and at different CR receivers can experience different propagation de-
lays. Although the received signal at a particular CR receiver e.g., d; from different CCRNs can
be synchronized by using the timing advance mechanism, as mentioned in Section 2.2 or other
mechanism [32], the received signals at the PRs p; (j = 1,---,J) and at the other CR receivers,
dy (k=2,---,K) cannot be synchronized simultaneously. As such, the signal transmissions from
CCRNs will introduce asynchronous interferences at PRs p; (j = 1,---,J) and at the other CR
receivers, di (k = 2,---, K). In Section , we have modeled the asynchronous interference at
the PR with one PR and one CR receiver in the system. However for the generalized scenario
considered in this chapter, we need to model the asynchronous interferences not only at different
PRs but also at different CR receivers. In what follows, we model these asynchronous interferences.

For notational convenience, we will drop the time slot index n.

3.2.1 Asynchronous Interference at Primary Receiver, p;

Using eq. (2.13)) from Chapter [2} the asynchronous interference power resulting from transmission

to CR receiver, d; at PR, p;, Pésy]fl)ch, can be written mathematically in the following form

i(r.f)
asynch Z ng;f Thprgkrﬁi s (32)

r=1 f=1

where h7 is the channel fading gain from CCRN c, to PR, pj, Bi(r’f) is the correlation between

the asynchronous symbols of CCRNs, ¢, and ¢y at PR, p; corresponding to the transmission to CR

(r.f)

receiver, dg. The value of Bi can be calculated for given propagation delays between CCRNs,
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3.2. Modeling of Asynchronous Interferences in CR-Based Broadcasting Systems

¢, and ¢y to PR, p; using the same technique described in Section . Now the total asynchronous

interference power at PR, p; can be expressed as

K L L
(rf).
asynch Zzzgkf ]f Thprgkrﬂ] (33)

k=1r=1 f=1

The asynchronous interference power at PR, p; in eq. (3.3) can be rewritten in a matrix form as

follows
Plinen = ngTngk, (3.4)
k=1
where Ri is expressed as
[Pt s P o, ]
Ri _ 5] (2, 1)@;2)1‘@31 5](2L (%L?g)Th;?L 55

(L.1)
| B (R TRE " (h;)L)Th;)L ]

The received signal power at CR receiver, dy is given by
Phsignal = Pg’ (i) Thig. (3.6)

3.2.2 Asynchronous Interference at CR Receiver, d;

We denote the asynchronous interference signal at CR receiver, d; resulting from the data trans-
missions to the other (K — 1) CR receivers, by Ix[n]. This asynchronous interference signal can be

written as follows

K L
Lnl = Y > hilnlginlifn], (3.7)

i=1,ik r=1
where i¥[n] is the asynchronous vector of symbols received at the CR receiver dy from the CCRN
¢y, as shown in Fig.
The asynchronous interference power at CR receiver, d; resulting from transmission to CR

receiver, d; is given by

L L
(r.f) s s
AT} = ZZ@k gjf( kf)Thkrgira (3.8)

r=1 f=1
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Cs

x[n]

Figure 3.2: An example of the asynchronous vector of symbols received at the CR receiver dj from two different
CCRNSs, with two different propagation delays.

where /Bf(r’f ) is the correlation between the asynchronous symbols of CCRNs, ¢, and cy at CR
receiver, d; corresponding to the transmission to CR receiver, d; where k # i. The value of ﬂf(r’f)
can be calculated for given propagation delays between CCRNSs, ¢, and ¢y to CR receivers, d; and
d, using the same method described in Section [2.2. Therefore, the total asynchronous interference

power at CR receiver, d;, resulting from data transmission to the other (K — 1) CR receivers, AI*

can be written as

K L L
Z Zzﬁ hlcf) R Gir- (3.9)

i=1,i#k r=1 f=1

Similar to eq. 1} AT* can be written in a matrix form as follows

Z gl Tl (3.10)
i=1,i#k
where T,’f is written as

1,1) ;. . L,L) . .

ﬁf( )( kl)Thkl sz( )( kl)ThkL

T &

L) g \ips LL) (ps \ps

sz( )(hkzL)Thkl U @k( )(hk:L)Thk:L

From egs. (3.2)) and (3.8)), it is obvious that if ZFBF method is used to force the asynchronous
interference power at each PR p; and each CR receiver dj to be zero, the interference from each

CCRN has to be annulled separately, i.e. each CCRN must have a number of antennas > (K + J).
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So for single antenna based CCRN, failing to satisfy this condition, the ZFBF method results in

higher interference at the PRs, as shown in Section

3.3 Beamforming Design with Perfect Channel Knowledge

In this section, we reformulate the cooperative leakage beamforming (LBF) technique in order to
address the problem of asynchronous interferences at the PRs and other CR receivers. In this
reformulation, we use the same assumption as in Section that the channel fading gains, i.e.,
instantaneous CSI between the CCRNs and the PRs as well as the instantaneous CSI between the
CCRNSs and the CR receivers are known perfectly at the CCRNs. In the next section, we consider

the case when only the statistical CSI between the CCRNs and the PRs are known at the CCRNs.

3.3.1 Problem Formulation

Let us denote the achievable transmission rate of CR receiver d; by 75, which can be expressed

using the ideal capacity formula as follows

(3.11)

Pgl (b)) h; gy )

K
o2+ Y glThg
i=1,i#k

ri = logy (1 +

where 03717 i is the total interference (from the primary transmitter) and noise power at CR receiver

dg. The goal is to design K different beamforming vectors corresponding to K CR receivers that
maximize the weighted sum rate of all CR receivers while keeping the interference to the PRs below
their target thresholds. We consider maximizing the weighted sum rate of all the K CR receivers

since it is more generalized (see for example [56], and the references therein). The design goal can
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3.3. Beamforming Design with Perfect Channel Knowledge

be formulated as an optimization problem as followﬂ

K T (s Vs
Pg; (h;)h
gl glomt L gl glm?lg,{zwklogz <1+ g ( [k() %8k >7
b b kzl
o+ Y, &lTlie
i=1,i%k
K . .
subject to: Zg};Rfcgk <Ahpfor j=1,--- (3.12)
k=1

where w” is the weighting factor of CR receiver dj, and ’th is the required interference threshold

for PR, p;.

3.3.2 Development of Sub-Optimal Cooperative LBF Technique

The optimization problem in eq. is a non-linear and non-convex optimization problem due
to the presence of the interference power AI* = Efi 1tk gIngi in CR receiver dj’s transmission
rate, 7. The design problem of the beamforming vectors in eq. (3.12) can be converted into a joint
beamforming and power allocation problem without the loss of optimality. In particular, we propose
a cooperative bemforming technique that has two phases as described below. It is important to
note that if the asynchronous interference terms at the PRs,; as well as the cross asynchronous
interference terms between the CR receivers, are neglected in eq. , the ZFBF technique in

[20] can provide the optimal beamforming vectors directly in a single step.

Phase I

In this phase, the direction of the normalized beamforming vector, g is obtained. As such the
received signal power at CR receiver dj is maximized while minimizing the interference at all PRs
and other CR receivers. This can be written as the following optimization problem

—(LBF) g};(hZ)Tthk

g = max — —, fork=1,--- | K, (3.13)
&k g;t(RH-Tk)gk

where T = Zfiu#k T and Ry, = Z}'le Ri. The signal-to-leakage power ratio in eq. (3.13) is

in the form of a generalized Rayleigh quotient, that is maximized when g](CLBF) is the normalized

"We do not consider transmit power constraint for the CCRNs as we develop the beamforming technique for the
interference limited scenario.
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eigen vector of the matrix (Ry, + Tk)_l(hz)fh?C that corresponds to its maximum eigen value [57].

F)

Therefore the normalized beamforming vector, gECLB , can be expressed as follows

—1, st
R, +T;) 'h
g = (Rt To) b (3.14)

| (Re 1)

Phase 11

In this phase, power is allocated among different beamforming directions. As such the weighted
sum rate of CR receivers is maximized while the interference thresholds at different PRs are met.
In particular, given the normalized beamforming vector g,iLBF) obtained in phase I, we obtain its
allocated power a%LBF) that satisfies the interference thresholds at all PRs simultaneously, where
gI(CLBF) _ \/@EZLBF).

Using the normalized beamforming vector, g;LBF), obtained in phase I into the optimization
problem in eq. , the optimal power allocation problem among different beamforming direc-

tions can be rewritten as follows

K S(LBO)T (1 s\ 115 5(LBF)
Poyg (h;)"hig
o™, = max 3 uf 10g2(” ).
k=1 Uii,k"i_ Z aiggLBF)TT;ﬁgELBF)
i=1,i#k
K
bject to: g BDTRIGIED < oJ for j=1,---,J 3.15
subject to: o8, 1Sk = YipoIor g = 1, )y - (3.15)
k=1

The power allocation problem in eq. is still a non-linear and non-convex optimization
problem due to the presence of the asynchronous interference power AI¥. Non-convex optimization
is significantly harder to be analyzed and solved, even by numerical methods. In particular, a
local optimum may not be a global optimum and the duality gap can be strictly positive [58].
Several approximations, in different contexts, have been proposed to solve non-convex optimization
problems, see for examples [59, 60] and the references therein. However, these approximations are
not applicable to the optimization problem in our hand. On the other hand, power control problems
for sum rate maximization for interference channels in conventional wireless communication systems
have been studied in [61] and [62] under a sum power constraint. These power allocation schemes

cannot be extended for the problem in eq. (3.15) due to the asynchronous interference power
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constraints at the PRs, which is essential for underlay CR networks. Moreover, the problem in our
case is a weighted sum rate maximization problem which requires different handling. Therefore, we
propose a different approximation for the power allocation problem in eq. to relax it into a
convex problem. In Section the performance of the proposed approximation is compared with
the numerical solution of eq. obtained using active set method [63], for different noise plus
interference power levels, Jii’k. In fact, it is shown that the proposed approximation has a very
close performance to that of the active set method in terms of achievable sum rate, but with much
less computational complexity.

The proposed approximation is done by initially assuming that the power values, «; (i =
1,---, K) are equal, i.e.,

a1 =g = = Q[ —oz(E(g, (3.16)

(© )

where the initial value apg is obtained from the constraints of the interference thresholds at the

PRs as follows

(0) Yih Vih
apg = min R . (3.17)
EQ <Zk & _(LBF TR%; (LBF) Z?:l g’(ﬂLBF)TRigI(CLBF)>

(0) -

The asynchronous interference power AIX Bq corresponding to agg is given by
AI]};Q _ (K . 1)a(EQ)gZ(LBF)TTk LBF) k=1,2,--- K. (318)

Then using this asynchronous interference power AI¥_ . we propose to obtain power values ay

EQ’
(k=1,2,---, K) corresponding to different beamforming directions as follows
K —<LBF>T )Ty g2
Pag (h;)™h;g

o PP (LBF)

R YaY = _max w* 1o 1+ ,
aq K iy Z 82 ( o2 .+ ALE, )

subject to: g aLg (LBF>TR] g, " < ’yth, forj=1,---,J. (3.19)

Now the approximated optimization problem in eq. (3.19) is a convex optimization problem, that
can be solved using the dual Lagrange function, with zero duality gap. Please note that the

difference of updated AI¥ corresponding to a}gLBF) (k =1,2,--- K) in eq. 1.} and AIEQ in
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eq. 1j is negligible compared to 0'3,17]6. This is due to the fact that the mutual asynchronous
interference signals between the CR receivers, g;LBF)TnggLBF), have already been minimized by
optimizing the beamformer directions in phase I. Therefore, the weighted sum rate obtained by
solving the approximated optimization problem in eq. is very close to the weighted sum
rate that is obtained by numerically solving the original non-convex problem in eq. . This
is verified in Section where the values of OCZLBF) obtained by solving eq. are shown to
provide a weighted sum rate which is very close to that of the numerically obtained value in eq.

1) by using active set method [63], for different noise plus interference power levels, af’hk.

The Lagrange function of the above optimization problem can be written as

Pa —(LBF)T(hs )Ths —(LBF)
Ok T (K —1L)aapp g<LBF)TTk (LBF)

K
_Z<)\J Z (LBF)TRJ—<LBF> ’th)>7 (3.20)

j=1 k=1

where {\!, .- A } are the Lagrange multipliers. Using KKT conditions, we can write

wk o? l,k + (K — 1)ozAppg(LBF)TTk (LBF)
o | T (B0 (13 )Ty g
n Pg, " (hy)'hig

J
. Z(AngLBF)TRig;fLBF)> =0 fork=1,---, K, (3.21)

j=1
Za gl PRI g A0 ) =0, for j=1,---,J, (3.22)
Za (LBF)TR.IigéLBF) vﬁh <0, forj=1,---,J, (3_23)
AL 0T >0, (3.24)

According to eq. (3.21)), the power allocation for beamforming direction corresponding to CR
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receiver dj is given by

(LBF) __
Qg

— maXx (Oy (LBF T —
(In2) 35 (AJg(LBF”Rﬂ —<LBF>> Pg, " (b;)Thi g,

k o2+ (K — Daappg " TThg-em
w n,i,k ( ) pp (3‘25)

for k =1,--- K. The power allocation in eq. (3.25) is the cap-limited water-filling solution. In
eq. 1' the power allocation values a;cLBF) are expressed in terms of Lagrange multipliers A;

(j=1,---,J) which need to be evaluated.

(LBF)

In order to obtain the Lagrange multipliers and consequently a;, """, a recursive technique is

used as described below. First, we assume that only one Lagrange multiplier is greater than zero,

i.e., M > 0, while A\! = 0, for all 4 except i # j. This implies that the power allocation values aECLBF)

)

(k =1,---,K), satisfy the interference threshold with equality only at PR p;. For this case, we

can write
K .
Z (LBF) = (LBF)TR] LBF) 7€h —0. (3.26)
k=1

Now the value of M/ and the power allocation values a;LBF), for all k& are found by solving set of

(LBF)

equations in (]3 25[) and (]3 26|) simultaneously. If these values of o, satisfy the remaining (J —1)

interference constraints given by the set of equations in , then a}CLBF) for all k£ represent the
optimum solution of . Otherwise, we set A¥ > 0 (k # j) while X' = 0, for all i except i # k,
and so on until we find the power allocation values that satisfy all constraints simultaneously.

If no power allocation values that satisfy all constraints simultaneously is found, considering one
constraint as equality constraint we consider the case when two constraints are met with equality.
In other words, we set simultaneously MY > 0 and A! > 0 while \' = 0, for all i except i # j,1.

Then, the following two slackness conditions in eq. (3.22)) are satisfied as follows

K
Z (LBF) — (LBF)TR] LBF) — =0, (3.27)
k_

K

Z ;{LBF)g;{LBF)TRigl(CLBF) _ 'Yéh —0. (3.28)
k=1

The values of M, A and the power allocation values ozk PF) for all k are found by solving the set

of equations in (3.25), (3.27), and (3.28)) simultaneously, where the Lagrange multipliers are found
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using the sub-gradient method. If these values of azLBF)

satisfy the remaining (J — 2) interference
constraints given by the set of equations in , then a}vLBF) for all £ are the optimum power
allocation values. Otherwise, we set another set of two constraints as equality constraint, i.e.,
A" >0 and A" > 0 (m,n # j,1) while \* = 0, for all i except i # m,n, and so on until we find
the values of a}CLBF) that satisfy all constraints simultaneously. The worst case scenario in terms of
complexity occurs when the J constraints hold with equality simultaneously.

This procedure is summarized below:
fori=1—J do

- Form (‘Z]) different sets of \’s, such that each set S,i fork=1,---, (‘Z]) is composed of

1 different \’s.

forjzl—)({) do
-Assume that \"* = 0 for \™ ¢ S]Z:, and that A" > 0 for \" € 8]75, i.e., the interference
constraints at ¢ PRs are satisfied with equality simultaneously.
-Substitute these A’s in eq. , and in slackness conditions given in eqs. to get
the optimum power allocation, af,ﬁLBF) Vk.
-Check whether the total interference introduced due to the transmissions to K CR
receivers satisfies the other (J — ) interference constraints given in egs. ,
- if yes, exit. Otherwise, continue.

end for

end for

3.3.3 Special Case of Single PR and Single CR Receiver

In Chapter |2, a cooperative beamforming technique is developed for a CR network with one PR
and one CR receiver. In what follows, we show that in presence of a single PR and a single CR
receiver, the sub-optimal cooperative LBF algorithm proposed in this chapter provides the optimal
LBF vector same as that in Section as a special case. With only one CR receiver in the network,

there are no cross asynchronous interference terms present i.e., Ty, = 0 in eq. (3.14). In this case,
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the optimum beamforming direction can be written as follows (c.f. eq. (3.14))

st
_aer) Ry hy

S ”R‘thT ' (3.29)
k k

When T = 0, the optimization problem in eq. (3.15) is already a convex one that is solved
optimally using the dual Lagrange function. Using the power allocation for the beamforming
vector given in eq. (3.25), and the slackness condition in eq. (3.22), and after some mathematical

manipulations, the optimum power allocation value is given by

(LBF) __ Vth
Qg - g;gLBF)Tngi:LBF)' (3-30)

The optimum beamforming vector, géLBF) in case of a single PR, single CR receiver is given by,
g](fLBF) _ /a;cLBF)gzLBF)’
g = Tth R, 'hf (3.31)

s *11- ST k

which is identical to the cooperative beamforming technique developed in Section [2.3

3.3.4 Low Complexity Power Allocation Scheme

The computational complexity of the power allocation scheme among different beamforming vec-
tors proposed in Section can, in the worst case scenario, is in the order of (’)(K (27 — 1))
The sub-optimal power allocation (SOPA) schemeﬂ among beamforming directions obtained by
solving approximated optimization problem in eq. , jointly finds all the K allocated power
values which can, in the worst case, require solving the J interference constraints simultaneously.
Therefore, we also propose a low complexity power allocation (LCPA) scheme as described below.

Rather than finding the power allocation value oy by keeping all the J interference constraints
simultaneously in eq. , we propose to find the power allocation value for only one interference

constraint e.g., jth interference constraint at a time. For notational convenience let us denote, the

8Throughout this chapter, we refer to the solution of eq. 1) as sub-optimal one as we have approximated the
original power allocation problem in eq. (3.15).
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corresponding power value by ai;LCPA (k=1,---,K) which can be written as follows
J,LCPA wk O-r21,i kT (K — 1)aAppg§LBF)TT§g§LBF)
O‘k7 = max| 0, _(LBF){1aj =(LBF) , 5LBOT 1 s \i1,s 5(LBF) ' (3‘32)
(In2)\g;, R; 8 Pg, (h3,)Th;. g,

The value of M is obtained from the following complementary slackness condition
. K . . .
A (Z ai,LCPAgzLBF)TRigéLBF> _ ,th) =0, for j=1,---,.J. (3.33)
k=1

So, now for a given beamforming direction corresponding to a particular CR receiver dg, we
have J power values ai’LCPA (j = 1,---,J) corresponding to J interference constraints. Out of
these J power values, the minimum power value is selected as the final power allocation value for

kth beamforming direction, i.e.,

OthPA — min (ai,LCPA7 az,LCPA’ L ,az,LCPA)' (3‘34)
The complexity of this proposed LCPA scheme varies linearly with the number of CR receivers, as
well as with the number of PRs, given by O(K.J), compared to that of the SOPA scheme which
is in the order of O(K (27 — 1)) in the worst case. This lower complexity comes at the expense of

sum transmission rate of CR receivers.

3.4 Extension of Beamforming with Statistical Channel

Knowledge

In many scenarios, the instantaneous CSI of the channels between the CCRNs and the PRs may
not be available at the CCRNs. In this section, we consider having only the statistical CS]H of
the channels between the primary users and the CCRNs rather than the instantaneous CSI. For
such scenario, the interference thresholds at the PRs can be guaranteed statistically. In absence of
instantaneous CSI of the channel between PR and a CR transmitter, such statistical interference

constraint to PRs has been used in [11], [36]. According to this statistical asynchronous interference

9Statistical CSI refers to the distribution of CSI which is assumed to be Rayleigh, and the corresponding parameter.
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constraint, interference thresholds are met probabilistically as follows

Pr (Pajusynch > Vgh) B Ej’ (3‘35)

where Pr denotes probability and €/ is the maximum allowable probability of violating the inter-
ference threshold 'ygh at PR pj;. Since the distribution of the random interference power p’ asynch
is not available in a closed-form, the probability in the left side of eq. cannot be written
in a closed-form in terms of average channel gains between the CCRNs and the PRs. In what
follows we develop an upper bound on this probability value, i.e., (Pisy nch = ’yth> using the
well-known Markov’s inequality [64], in terms of average channel fading power gains between PR
pj and CCRNs.

According to Markov’s inequality the probability that a nonnegative random variable X is
greater than or equal to some positive constant a is upper bounded by the ratio of expected value

of X and a, ie., Pr(X > a) < M [64], where E(:) denotes an expectation operator. Since

the asynchronous interference power P;Synch is a non-negative function of the random variables

gr

h¥ = 1,---,L, according to Markov’s inequality, the probability Pr (Pisymh > 'yth) is upper

bounded as follows

E (Pgs )
ynch
Pr (P;Synch . ’yth> < ) (336)
Tih

which leads to a limit on the average asynchronous interference power on PR p; (c.f. eq. (3.35))

E (Pezsynch) < Ej’)/gh. (3'37)

Since the total asynchronous interference power at PR pj, P’ is the summation of the inter-

asynch’
ference powers corresponding to the transmissions of different CR receivers, the average value of

the total asynchronous interference power at PR p; can be written as

B (PLy) = S8 (P, .39

k=1

The interference power at p; resulting from transmission to CR receiver dg, Pég’yn)ch can be
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written in an expanded form as follows (c.f. eq. (3.2))

2 J (ryr)
g1 (3.39)

P
h3,

L
p p i(r,f)
asynch Z Z gkf(h )Th rgkrﬁi + Zglzr
r=1
f=1f#r

Since the channel fading coefficients between different CCRNs and PR p; are independent and have
zero mean, the average value of the first term in eq. (3.39) is equal to zero. For the second term
in eq. (3.39), it can be easily shown that for a Rayleigh fading channel, the the fading power gain,

2 . .
hP has an exponential distribution with a mean value of Q7, where Y. is the path loss over the

channel from the r* CCRN to the j** PR. The term Z . ng h, ,ﬂj(m“) is a summation of

L independent and identically distributed (i.i.d.) exponential random variables, which is a hypo-
exponential random variable, with a mean value of 27]}:1 glrﬁlgkrﬂj (") Therefore the average

value of P( k)

asynch 1S given by

E (Pagy’;ch) Z g;ing_ngﬁJ (340)

This average interference power at PR p; can be rewritten in a matrix form as follows

"
E (Pa(gyn)ch) = g]tngk, (341)
where
i(L1) g
gl . 0
R) = : : : (3.42)
(L,L)
0 . i QL
Using eq. -, eq. (3.37) can be written as
Z gLRj gr < ej'yth (3.43)
k=1

Now the cooperative beamforming vector that maximizes the weighted sum rate of CR receivers

while satisfying the new interference constraint in eq. (3.43)) can be formulated as an optimization
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problem as follows

K
. L k
g1, 82, 8K = g:ﬁlﬁék Z wTE,
k=1
K . .
subject to: ZgLRfcgk <€, forj=1,---J. (3.44)
k=1

The above optimization problem is again a non-linear and non-convex optimization problem.
However, using the two steps procedure described in Section [3.3.2, a sub-optimal solution for

the cooperative leakage beamforming method for the statistical CSI scenario can be obtained by

substituting for 'th by € fygh in eq. 1D

3.5 Joint CCRN Selection and Cooperative Beamforming

Contributions of different CCRNs vary significantly towards the interfering signals at the PRs, as
well as the received signals at the CR receivers. This is due to the fact that they are located in
different geographical locations, hence their signals experience different amount of path loss and
fading conditions. Intuitively, a CCRN selection strategy can further improve the performance of
the cooperative beamforming. The joint design of cooperative beamforming and relay selection has
been studied before for conventional cooperative networks, see for example [37] and the references
therein. In the case of CR systems, the CCRN selection scheme should include the constraint of
keeping the interference at the PRs below their desired interference thresholds. In this section, we
study CCRN selection strategies with multiple primary and multiple CR receivers. In particular,
we develop the joint design of cooperative beamforming and optimal CCRN selection scheme. We
also propose two sub-optimal CCRN selection schemes that have lower complexity, compared to
the optimal scheme. In this development, we assume that the channel gains of the PRs are known
perfectly at the CCRNs for simplicity of problem formulation. However, it is straightforward to
extend the proposed CCRN selection schemes to the case where statistical channel knowledge of

the channels between the PRs and the CCRNs is available at the CCRNs.
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3.5.1 Development of Optimal CCRN Selection Scheme

To formulate the CCRN selection problem mathematically, we define a CCRN selection vector S
of size L x 1, where L is the number of CCRNs in the network. The elements of S, s; can take
value of either 1 or 0, to indicate whether the CCRN c; has been selected for transmission or not
respectively. For notational convenience, we define W as a diagonal matrix having its diagonal

elements equal to those of vector S, as follows

W = Diag(S). (3.45)

With this CCRN selection matrix W, the received signal power at CR receiver dj, P g, is
given by
Py sig = Pgi" W' (hy)Th We.. (3.46)

Using this value of the received signal power in the optimization problem given in eq. (3.12)), we

can formulate the joint CCRN selection and beamforming problem as follows

K "WT(h: )hs
Pg, WT(h; ) Th; W
g(IS,Opt)’ géS,OPt)’ ) g(li’opt) = . mgx w Z wk 108;2 (1 + Ei K( k) k Sk ) )
1, 8K k=1
o2+ Y glwiTiwg;
i=1,ik
K . .
subject to: Zg};WRfCng <Ay forj=1,---,J (3.47)
k=1

The problem of joint CCRN selection and cooperative beamforming in eq. is considered as
a mixed-integer non linear problem (MINLP), since the elements of W can only take values of 0 or
1 each. Such MINLP can be solved, without losing optimality, by decoupling it into a non-linear
problem (NLP) and a mixed-integer linear problem (MILP), as in [65, 66].

Using the value of the received signal power in eq. (3.46) for a given CCRN selection matrix
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W, the beamforming vector g,(:p”(W) can be found from the following NLP

K TYAZT (s Vs
o o o Pg; WT(hj)Th; Wgy,
g™ (W), gy (W), g W) = gf??“gKZwkb&(H g K( i) h ,

’ bl k:

' ol pt Z gl WiTFwg;
i=1,i#k
K . .
subject to: > gl WR{Wg, <+, forj=1,--- . (3.48)
k=1

For a given CCRN selection matrix W, the optimization problem in eq. is non-convex and
non-linear similar to the one in eq. (3.12)). Therefore, for a given CCRN selection matrix W, we
can use the same two-phase sub-optimal approach described in Section to find the sub-optimal
g, LEM (w) for all k.
As explained before, having a single PR and a single CR receiver in the network is considered
a special case of the more generalized optimization problem in eq. . For this special case,
(S,LBF)

the optimization problem in eq. 1) is convex, and the beamforming vector g, (W) can be

optimally found in a desirable closed form expression. After some mathematical manipulations, the

beamforming vector for a given CCRN selection matrix W, g}f’LBF)(W), can finally be written as
(LBF) _ 7th 1 —Iyartrast
W) = -(W'RLW)""W'h;'. 3.49

Using the resulting beamforming vector gLLBF)(W), the optimal CCRN selection matrix W(S’LBF)

is obtained from the optimization problem in eq. (3.47)) by formulating the following optimization

MILP
K (LBF)T t (s \Ths (LBF)
Pg, (W)W (b} )Th; Wg, ™ (w)
(S,LBF) __ k k k k k
W —mV%XZw log2<1—|— IR ,
k=1 UIQ‘M + Z g;LBF)TWTTfWgELBF)
i=1,ik
L
wig €{0,1},) wyy < K. (3.50)
I=1
where w;;, forl = 1,---,L are the diagonal elements of the CCRN selection matrix W. The

10 Although the cooperative beamforming design for a given CCRN selection matrix is suboptimal, but we call the
CCRN selection scheme an optimal one because the selection pattern is selected optimally via exhaustive search.
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optimal solution for this problem is found via exhaustive search over all possible combinations of

all possible subsets in the set of CCRNs. Finally, the corresponding g S'*®") is obtained accordingly.

3.5.2 Development of Sub-Optimal CCRN Selection Schemes

The computational complexity of the optimal CCRN selection scheme when used in conjunction
with the LCPA scheme is of the order of (’)(K J Z?I::Q (f)), and its complexity order increases to
O(K(2J — 1)27{4:2 (f)), when it is used in conjunction with the SOPA method. The main com-
plexity comes from the fact that CCRN selection scheme uses exhaustive search over all possible
combinations of two or more CCRNs to find the best set of CCRNs for cooperative beamform-
ing, and for every possible combination, the cooperative beamforming weight vectors need to be
calculated for every combination. In particular, with L CCRNs, there are 2522 (f) different com-
binations of selecting at least two CCRNs for cooperative beamforming, then the corresponding
beamforming weight vectors have to be calculated using the method proposed in Section for
every combination.

Therefore, in this section we develop two low complexity sub-optimal CCRN selection schemes

to reduce the complexity of the optimal CCRN selection scheme.

Sub-Optimal CCRN Selection Scheme 1

One option to reduce the complexity of the optimal CCRN selection algorithm, is to limit the
maximum number of CCRNs that can forward the vector of data symbols to CR receiver d;. This
solution decreases the computational complexity compared to the optimal one. For example, if only
R relays are allowed to participate in the cooperative data transmission, where R < L, we need to
compare 21{12 (f) possible selections only. As an example, if we have 5 CCRNs in the network,
and we have to select R = 2 CCRNs for cooperative transmission, we need to search only in 10
selections to determine the best 2 CCRNs, instead of having 26 possible selections to compare in
case of applying the optimal CCRN selection algorithm in Section [3.5.1l The value of R, which

trades off complexity with performance, is decided by the CR system under consideration.
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3.5. Joint CCRN Selection and Cooperative Beamforming

Sub-Optimal CCRN Selection Scheme 2

Now, we develop another low complexity sub-optimal CCRN selection scheme in which R CCRNs
are first selected heuristically based only on their channel fading coefficients towards the CR re-
ceivers and the PRs. Then these selected R CCRNs participate in cooperative beamforming and
corresponding weight vectors for these selected CCRNs are calculated using the method described
in Section (3.3l

In order to select R CCRNs out of the L cooperating CCRNs, we have Ng = (}Lz) possible
candidate sets and let us denote these sets C1, Ca, - -+, Cng Where the cardinality of C; is R for all
i1=1,2,---, Ng. Since the goal is to increase the received signal power at each of the CR receivers,
while reducing the interference to each of the PRs, heuristically we define a metric for each CCRN
in a given set based on the channel fading gains between the CCRNs and the CR receivers and the
PRs. In particular, the metric of CCRN r in a particular set, M,, is directly proportional to the
channel fading coefficients from CCRN r to all the CR receivers in the network. Also the metric
of CCRN r, M, is inversely proportional to the channel fading coefficients from CCRN r to all the

PRs in the network. So, we define the metric M, as follows

W5, + RG]+ - -+ R, ]

M, (3.51)

Using the metrics for the CCRNs in a given set, the combined metric for that particular set is defined
as the summation of the metrics of each of its constituting CCRNs. Without loss of generality, we

express the combined metric for the first set of CCRNs, C; as follows

Me, = My + M + - - - + Mg. (3.52)

After calculating all the Ng combined metrics Mc,, corresponding to candidate sets C;, (i =
1,2,---, Ng), the set of CCRNs that has the highest combined metric is selected. Finally the
CCRNSs of the selected set participate in cooperative beamforming and beamforming vectors for
these selected R CCRNs are calculated using the method described in Section [3.3|

In Fig. we have plotted the computational complexity of the optimal CCRN selection

scheme and the two sub-optimal selection schemes when applied in conjunction with the LCPA
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Figure 3.3: Comparison between the computational complexity of the optimal CCRN selection scheme and the low
complexity sub-optimal CCRN selection schemes, when applied in conjunction with the LCPA scheme.

scheme, versus the number of CCRNs L in the system, given that the maximum number of CCRNs
that can be used in case of the sub-optimal CCRN selection schemes is 2. As shown in Fig.
the sub-optimal schemes are less complex than the optimal one in Section [3.5.1), and the difference
between their complexity increases for higher number of cooperating CCRNs in the system. It is
also shown in this figure that the sub-optimal scheme 2 has lower complexity than that of scheme 1.
Note that the gap between the computational complexities of the three selection schemes increases
when the schemes are applied in conjunction with the SOPA method. This is because the complexity
metric plotted in this figure is to be multiplied by K (2‘] — 1) in case of SOPA method, instead of

multiplying by KJ in case of LCPA method.
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3.6 Numerical Results

In this section, we present some numerical results in order to compare the performances of vari-
ous beamforming techniques in the presence of asynchronous interference. For all the numerical
examples presented in this section, we consider a network topology with L = 4 CCRNs denoted by
{c1,¢2,¢3,c4}, K = 3 CR receivers denoted by {d,d2,ds}, and J = 3 PRs denoted by {p;, py, p3}-
The distances between the set of CCRNs to each CR receiver, and to each PR are given in Table
The locations of the nodes in Table are picked up arbitrarily. We assume that all the
channel fading amplitude gains are independently Rayleigh distributed. We consider a slot dura-
tion Tyt = 1 msec, during which a data frame of 1000 symbols is transmitted. We also consider
a log-distance path loss model with a path loss exponent value of 4. Unless stated otherwise, the
AWGN power used in the simulations is —110 dBm. The transmission bandwidth is 1 MHz. The
normalized average interference power from the primary transmitter to the CR receivers, dy, ds and
d3 are assumed to be —10, —20, and —15 dB, respectively. For simplicity, we consider weighting

factors w1y, we and w3 are equal to one.

Table 3.1: Distances between nodes in the simulated CR-based broadcasting network.

CCRN | dy da ds pP1 P2 P3
c1 100m | 120m | 120m | 2700m | 2500m | 1700m
co 110m | 60m | 43m | 2400m | 1800m | 1400m
c3 150m | 110m | 83m | 2800m | 2200m | 1500m
c4 170m | 150m | 130m | 3200m | 2700m | 1880m

In Fig. we plot the average normalized symbol power versus the total asynchronous inter-
ference signal power introduced at the PRs using our proposed cooperative LBF technique. We
assume that interference thresholds at the PRs p1, p2, and ps are respectively, ’ytlh =0.02 x 10716,
'yfh =0.05x10716, and 'yg’h = 0.2x 10715, which are in the order of the noise plus interference power
from the primary transmitter, Uf,i, > value. In this figure we also plot the asynchronous interference
signal powers introduced at the PRs when ZFBF technique [20] is used. This figure clearly shows
that our proposed LBF technique can maintain the asynchronous interference thresholds at the

PRs simultaneously. On the contrary, the interference caused by the ZFBF technique exceeds the
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interference target thresholds at the PRs. This is expected as ZFBF does not take asynchronous

interferences into account in its design.
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Figure 3.4: Total asynchronous interference power at the PRs with different interference thresholds (74, = 0.1 x10~*°
and 73, = 0.25 x 107*%).

To assess the performance of the proposed approximations to design the LBF weight vector in
Section their achievable average sum rate is compared to that of the active set method [63]
that numerically obtains the power values for the beamforming vectors. The active set method
has the following structure. It first finds a feasible starting point, and computes the Lagrange
multipliers for the active set, which is a set made up of the optimization constraints that are
satisfied with equality at this starting point. Then the subset of constraints that have negative
Lagrange multipliers are removed and a new feasible point is found and the algorithm is repeated
until the solution is optimal enough, i.e., the constraints are satisfied with a tolerance factor, which
we assumed to be equal 10720,

In Fig. [3.5, we plot the achievable average sum rate of CR receivers with the proposed co-
operative LBF with SOPA scheme, the LBF with LCPA scheme, the active set method [63], and

the ZFBF technique. For the sake of completeness in Fig. we also plot the achievable sum
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Figure 3.5: Achievable sum transmission rate with various beamforming techniques and single CCRN-based trans-
mission.

transmission rate of CR receivers when a single CCRN is used for transmission to the CR receivers
without applying any beamformingm From this figure we can observe that the proposed LBF with
SOPA method can achieve a sum transmission rate value that is very close to that of the active
set method. It can also achieve a higher sum rate than the well-known ZFBF technique for the
CR-based broadcasting system. In particular, the increase in sum transmission rate of CR receivers
is about 150% with our proposed LBF technique compared to the ZFBF technique. This can be
explained as follows. With ZFBF an outage is considered if the instantaneous interference caused
by the CCRNs at any PR exceeds its corresponding target interference threshold. The ZFBF tech-
nique usually cannot satisfy the interference threshold(s), which leads to a frequent transmission
outage events. In addition, the mutual asynchronous interference signals between the CR receivers
are not optimized in the ZFBF method. As such the overall transmission rate of the CR receivers

with ZFBF is degraded. From Fig. we can also see that the proposed LCPA scheme that

111 this case we also consider an underlay spectrum access mechanism, in which we select the CCRN out of L
CCRNSs that offers the highest sum rate of all the CR receivers. The selected CCRN uses a transmit power value
that satisfies all the primary interference constraints.

63



3.6. Numerical Results

has a lower complexity suffers from a performance degradation compared to the SOPA scheme
as expected, but still achieves a higher transmission rate compared to the ZFBF technique. We
can also observe from this figure that the single CCRN-based transmission without beamforming
offers the lowest possible sum transmission rate for the CR system. This can be explained by the
fact that the single CCRN-based transmission scheme does not benefit from beamforming which
improves the received signal power at the CR receivers while minimizing the effect of asynchronous

interferences at the PRs.
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Figure 3.6: Achievable sum transmission rate with various power allocation schemes in low noise plus interference
from the primary transmitter power environment.

For a thorough comparison between the proposed beamforming techniques and the numerically
obtained power values using the active set method [63], the achievable sum rate of these methods
are compared in a low noise plus interference power environment, assuming aihk = —130 dBm. We
can see from this figure that the performance of the LBF method with the proposed SOPA method
is very close to the active set method. The LBF with the proposed LCPA offers a lower sum rate
performance than the SOPA scheme, as expected but with much less computational complexity. In

particular, as we mentioned earlier in this chapter, the worst case complexity of the SOPA method
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is linear with respect to the number of CR receivers, and exponential with respect to the number
of constraints. The complexity of the LCPA scheme is linear with respect to both the number
of CR receivers and constraints. On the other hand, the worst case complexity of the active set
method is exponential with respect to both the number of CR receivers and constraints [67]. The
average computational time needed to find the beamforming weights with the LCPA method, the
SOPA method, and the active set method is 0.35 msec, 0.5 msec, and 25 msec, respectively using
MATLAB on a Desktop computer with Intel Core i5-2410M processor and a clock frequency of 2.3

GHz. This clearly shows that the active set method requires much higher computational time.
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Figure 3.7: The probability that the total asynchronous interference at each PR is greater than ’ytjh with statistical
CSI of the PRs at the CCRNs.

Next, we investigate the performance of the proposed cooperative leakage beamforming tech-
nique, in case of having only statistical CSI of the channels between the PRs and the CCRNs.
In Fig. [3.7, we plot the probability of having the instantaneous asynchronous interference power
at each PR greater than its target threshold. The value of the maximum allowable probability
of violating the interference thresholds e!,e? and € are assumed to be 0.1. It is obvious from

Fig. that with our proposed cooperative LBF technique with statistical channel knowledge, the
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probability of violating the interference thresholds is maintained within the maximum allowable

probability value.
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Figure 3.8: The sum rate of the CR receivers with the optimal CCRN selection scheme, sub-optimal CCRN selection
schemes 1 and 2 and without CCRN selection.

Finally the sum rate performance enhancement that can be achieved by applying the CCRN
selection schemes in conjunction with the cooperative LBF technique proposed in Section is
investigated in Fig. In particular, in this figure we plot the normalized transmit power versus
the average achievable sum rate of the CR receivers with cooperative beamforming technique and
various CCRN selection schemes that are developed throughout the chapter. In this figure we also
plot the achievable sum rate of the cooperative LBF technique assuming that all the CCRNs par-
ticipate in beamforming (i.e., without applying any CCRN selection strategy). From this figure, it
is interesting to see that the optimal CCRN selection scheme in conjunction with the LBF tech-
nique outperforms the LBF technique when no CCRN selection is employed. The increase in sum
rate is about 45% and the reason can be explained intuitively as follows. When a CCRN selection
scheme is employed, the CCRNs are selected judiciously considering their contributions towards
the achievable sum rate at the CR receivers as well as the total interference power at the PRs.

The proposed low complexity sub-optimal CCRN selection schemes suffer from performance degra-
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Figure 3.9: The sum rate of the CR receivers with the optimal CCRN selection scheme, sub-optimal CCRN selection
schemes 1 and 2 and without CCRN selection with statistical CSI of the PRs at the CCRNs.
dation with respect to the optimal CCRN selection scheme as expected however they outperform
the LBF method without any CCRN selection strategy. The sub-optimal CCRN selection scheme
1 has a better performance compared to that of the sub-optimal scheme 2, since its complexity is
higher than that of sub-optimal scheme 2, as discussed in Section

In Fig. we plot the performance of the CCRN selection schemes in conjunction with the
LBF method, in case of having only statistical CSI of the channels between the PRs and the CCRNs.

Similar observations can be made from this figure, as we did from Fig.
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Chapter 4

Distributed Beamforming and
Autonomous Participation Decision

Making in Cooperative CR Systems

In this chapter, we address other challenges of applying cooperative beamforming in CR networks,
which are the feedback overhead problem and the participation decision making issue. First, we
address the problem of feedback overhead needed for cooperative beamforming. Cooperative beam-
forming requires sharing of instantaneous channel state information (CSI) and location information
among cooperative CR relays or requires a master node that knows the global instantaneous CSI
and location information. Both cases require a huge amount of feedback overhead.

Exchanging such large amount of information between the cooperating relays requires addi-
tional bandwidth, and causes excessive power dissipation from the CR devices [38]. In addition,
CSI estimation errors can become a bottle neck to the potential performance gain from CR relays
cooperation [39], as explained earlier. Therefore, in this chapter we propose a distributed beam-
forming method to be used in cooperative CR networks that requires only information sharing
between cooperating CR relays about their locations. Assuming each CR relay knows its own CSI
towards the CR receiver and towards the PR, and using the shared information about the other
relays’ locations, each relay can independently design its own beamforming weight.

As an incentive for the CR users to participate in the cooperative transmission, the assisted CR
user can lease its scheduled channel, for a certain amount of time, to the cooperating CR relays
for their opportunistic access. On the other hand, the CR users spend a certain amount of their
limited life-time battery power when acting as relays for another CR user. Therefore, it becomes a

critical decision for each user to decide whether to participate in the distributed beamforming or
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not. Since no cooperation is assumed between the participating CR relays in the decision making,
each CR user does not know other users’ decisions, and hence it cannot assess its own reward in
case of participating in the cooperative transmission beforehand. Hence, this problem is considered
as an example of unknown games, that can be tackled using a Bayesian game theoretic approach
[40]. In this chapter, we propose two autonomous participation decision making strategies to help
each CR user in deciding whether to participate in the cooperative transmission or not.

We also propose a relay selection method to enhance the performance of the cooperative CR
network. On one hand, different cooperating CR relays have different path loss values towards the
intended CR user, as well as towards the PR. Accordingly, they have different contributions towards
the received signal at the intended CR user, as explained before in Section On the other hand,
as more CR relays participate in the cooperative transmission, the reward value represented in
the amount of time during which the channel of the assisted CR user is leased to the cooperating
CR relays is divided among more CR users. This means smaller reward value for each of them.
Therefore, in case of having multiple CR users that are willing to participate in the cooperative
transmission, we need to select some of the CR users to form the distributed beamformer. Hence,
in this chapter, we also propose a relay selection method that only uses statistical CSI of the CR
relays towards the intended CR user and towards the PR, to choose the best set of CR users that
yields the maximum received signal power value at the intended destination. .

Finally, we extend the two proposed autonomous decision making strategies to handle the case
of having multiple CR users requesting cooperative transmission simultaneously. Since each CR
user can only participate in the cooperative transmission towards one receiver, it becomes a critical
decision for each CR user to select such receiver among the simultaneous cooperation requests. The
decision making in this case is based on the best incentive provided by each CR user requesting
cooperation. The modified autonomous decision making methods are shown to provide enhanced
performance of the CR network, despite the lack of cooperation among the participating CR users
in making their decisions.

In what follows, we provide the system model that we consider in our problem formulation.
We present the proposed distributed beamforming method, and the two proposed participation
decision making strategies. Next we present the proposed relay selection mechanism. Finally, we

extend the two proposed participation decision strategies to help each CR user decide whether to
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participate in the distributed beamforming or not and to which CR receiver, in case of receiving

multiple cooperation requests simultaneously.

4.1 System Model

In what follows, we provide the operating assumptions and principles of the system model that we

consider in our problem formulation.

4.1.1 Operating Assumptions

We consider a CR network with a central cognitive base station (CBS) and N CR users, and a
primary network that has F' non-overlapping frequency channels. A PU can randomly occupy
its channel at a given time slot, which can be modeled by the so-called ON-OFF model (see for
example [68] and the references therein). The CBS assigns these F' channels to different CR users
in the network. Usually, the scheduled CR user can use its assigned channel whenever the PU is
idle. We consider a time-slotted system with slot duration Tg.;. Both the primary network and the
CR network operate in a time-synchronized manner. Channel assignment to the different CR users
in the network takes place every scheduling frame, that has a duration of D time slots. The choice
of the channel scheduling policy is beyond the scope of this thesis. We also assume that each of
the F' channels independently experiences a slow and frequency non-selective fading. In our system
model, we assume that each CR user, as well as the CBS, is having only a single antenna element.

We consider a downlink transmission scenario but the uplink case can be treated similarly.

4.1.2 Operating Principles

Sometimes, due to high path loss and/or shadowing, the channel between a specific CR user and
the CBS gets weaker which degrades this user’s quality of service, in terms of its data transmission
rate. We denote such CR user by C'R; that is allocated with a frequency channel f; during the
current scheduling frame. Without loss of generality, we assume that the primary channel f; is
idle during the n*® time slot. In this case, the CBS can ask other CR users in the network to act

as relays and forward the message to C Ry at the beginning of the n'" time slot. The set of CR
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Figure 4.1: System model of a CR network with N CR users opportunistically accessing F' frequency channels.

users that agree to act as relays inform the CBS with their decision during the same time slot H
The CBS broadcasts the first data packet to be forwarded to C'Ry to all the cooperating CR relays
over the channel f;, during the n'" time slot. The set of cooperating CR relays can beamform in
a distributed manner to forward the data to CRy during the (n 4 1) time slot, irrespective of
whether the primary channel f; is occupied or not. In particular, by carefully designing a complex
weighting factor for relay r independently, denoted by g., a relatively higher signal power value
can be achieved at C'Rg4, while limiting the interference introduced at the PR that uses channel
fa. The distributed design of the beamforming weights of different CR relays reduces the required
CSI feedback in the network in terms of sharing the channel information between the cooperating
relays. In addition to the data packets to be forwarded to C'Rg4, the CBS broadcasts the location
of each of the CR relays participating in the cooperative transmission. Such location information
sharing is essential to account for the effects of asynchronous interference at the PR, as will be seen
later in Section

As a suitable incentive for other CR users in the network to participate in the cooperative
beamforming to C Ry, we consider leasing the scheduled channel of C Ry, f4, to the cooperating CR
relays for a certain amount of time. During this time, each of the CR. users gets to opportunistically

use either the frequency channel f; or its own scheduled frequency channel, for its own data

12Tn this section, we only consider the case of having a single CR user requesting cooperative transmission. However,
in Section we extend the system model for the case of having multiple simultaneous cooperation requests.
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transmission. As such, the probability of each of these CR users to find an idle time slot for its data
transmission increases. Also, the CR users that are not allocated any frequency channels during
the current scheduling frame can access the frequency channel f; during such amount of leased
time, whenever the PU in this channel is idle. Choosing a scheduling scheme for the cooperating
CR relays to use the leased channel f; is beyond the scope of this thesis.

The amount of time, during which channel f; is leased for CR relay r, is proportional to the time
difference gained from the cooperative transmission compared to the case of direct transmission

from the CBS to C Ry, and is given by

AT

LT, = v, (4.1)

where 9 is a proportionality constant, and K is the number of CR relays participating in the data

forwarding to CRy. AT is the time difference gained from cooperative transmission, and is given

1 1
AT =6 — 4.2
d <Rdir Rcoop ) ’ ( )

by

where J4 is the length of the data packet in bits to be transmitted to C'Ry for one cooperation
request by the CBS. Ry, is the data rate that can be achieved by direct transmission from the CBS
to CRg, and Reoop is the data rate that can be achieved by cooperative transmission. Later on in
Section [4.7, we show that using this cooperation model, the overall performance of the CR system
is improved. Assuming that the additive white Gaussian noise (AWGN) has a total power of o2,
Rgi; can be calculated as [45, Chapter 4]

Phgg hl,

Rair = Bylog, (1 n i )) (Pr4(0)],), (4.3)

n

where By is the bandwidth of frequency channel fq, hs 4 is the channel fading coefficient from the
CBS to CRy during the n'® time slot, and Pr?(0)|, is the probability of the primary channel f,

being idle, when used for direct transmission from the CBS to C' Ry, during the n** time slot. We
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consider a decode and forward relaying scheme, and Rcoop can be calculated as [69]

p (nyﬂ lgrhr,d(n+1)|>2 Phy,hi N,
),log2<1—|— T> (Pr (0)\n)>, (4.4)

n

Bq :
RCOOp = ? X min <10g2 <1 + o2
n

where h,, is the vector of channel fading coefficients from the CBS to the set of cooperative CR

relays during the n'P time slot, and h is the channel fading coefficient between relay r and C Ry

T(n+1)
during the (n + 1) time slot. g, is designed according to the proposed distributed beamforming

mechanism presented in the following section.

4.2 Proposed Distributed Beamforming

The decision of every CR user in the network of whether to participate in the cooperative beam-
forming or not will be discussed in Section [4.3 For now, let us assume that a group of K CR users
decided to act as relays and participate in the cooperative beamforming for C'Ry. The design goal
is to improve the signal power at C'Rg4, while limiting the amount of interference introduced to the
PR at channel f;. To achieve this goal, each cooperating CR relay independently calculates its

beamforming weight defined as

Gr = QrGr, (4.5)

where «, is the magnitude of the beamforming weight of relay r, and g, is the phase of such
beamforming weight. For notational convenience, we will drop the time slot index n from now
on. The phase of the beamforming weight, g,, is designed to compensate for the phase shift of the
channel fading coefficient between relay r and C Ry, h, 4. In particular, g, is expressed as

T
_ hr,d
‘hr,d| ’

Gr (4.6)

where |k, 4| is the magnitude of the channel fading coefficient from relay r to CR,4, and () denotes
the complex conjugate.

To find the magnitude of the beamforming weight, ., there are two cases. The first case is
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when the PU at the channel f; is idle. In this case, «, is set as follows

1
(K)’

Ay =

forr=1,2,--- , K. (4.7)

The second case is when the PU is active. In this case, the cooperating CR relays use distributed
beamforming, and the allocated power to each relay should result in a total asynchronous interfer-
ence power at the PR below a target threshold value, 1. The total asynchronous interference power
value at the PR at channel fgi, from all the relays participating in the distributed beamforming in

the CR network can be easily derived from eq. as follows

K K
Pasynch = Z Z O‘fargjf <h§fPU)>T hg"PU)gTﬁ(r’f)y (48)
r=1 f=1

where hchU) is the channel fading gain from the CR relay r to the PR. (") is the correlation

between the asynchronous symbols of CR relays r and f at the PR, and is calculated for given
values of propagation delays of the CR relays r and f to the PR, using the technique described in
Section So the value of (") only depends on the locations of the relays r and f.

To find «., the total asynchronous interference power at the PR in eq. is set below a target
threshold value, ;. We first consider the case of K = 2 relays for simplicity, then the general case
of any K relays will be discussed later in this section. With K = 2, eq. can be expanded as

follows

2 T
Pasynch = O‘%P ‘hng).gl’ + 041042g1L (thU)) héPU)§26(172)
2 T
AP + avang) (1) K00, a0

where P is the average power of the data symbols to be transmitted to C'R4. According to the
definition of A(»f) in Section the values of (12 and B2 are equal. Therefore eq. 1' can

be rewritten as

2 2 1
Prgynen = a2P ’hng)gl‘ +alP (hépU) gg‘ " 20410426(1’2)Re{ gl (hng)) h{FV) g2}. (4.10)
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By rearranging the terms, eq. (4.10) can be written as

2 T
Pasynch = a%P ‘hSPU)gll + 041042B(1’2)Re{g11- (h(lpU)> thU)g2}

2 1
+a3P ’héPU)gg) + a1a26(2’1)Re{§I (thU)> thU)gg}. (4.11)

Note that the first and second terms in eq. represent the interference power introduced
due to transmission from the 1% relay, whereas the third and fourth terms represent the interference
power introduced due to transmission from the 2" relay. One possible power allocation scheme
that can enable the CR relays to select their beamforming weights independently, is to limit the
interference power from each relay separately to be below ~,/K, where K = 2 in this case.

Therefore, we can write the interference constraints for the two-relay case as follows

2 T

dP [0+ 102802 Re{ gf (1) 1§ | < 7 (@.12)
2 T

o3P nf Vg + alaﬁ@»”Re{gI (n") héPU)s‘zz} <t (4.13)

_'.
The second term in eq. (4.12) and eq. (4.13)), Re {g{ (hng)> h(QPU)gQ}, is a function of both

relays’ CSI. It can be rewritten as
Re { gl (hﬁP“)T hng)gg} = ‘hng)gl( ‘héPU)gg‘ . cos (4 (hng)gl) + <4thU)g2>) L (414)

From eq. (4.12) and eq. (4.13)), we can find the following equality

2 2
a%‘thU)gl‘ = aj ‘h(QPU)f?Q‘ (4.15)
Using eq. (4.15)), eq. (4.14) can be rewritten as
T « 2
Re {gJ{ (thU)) thU)gg} = a—; ‘thU)gl‘ cos (4 <h§PU)§1) + (4h§PU)§2>>
az | (puy_ |2 PU) PU) _
= o ‘hg )gg‘ cos (4 <h§ )gl) + (Zhg )gg)> . (4.16)

The value of cos (Z (hng)gl) + (AthU)gjg)) is a random number ranging from —1 to +1. So, the
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worst case interference value occurs when the cos(+) is equal to +1. Using eq. (4.15) and considering

the worst case interference value, we can rewrite eq. (4.14) as

T 2 2
Re {g{ (n") héPU)g2} < 2 Mg | = 22 |af Vg, (4.17)
a9 a1
Using eq. ineq. (4.12) and eq. - the interference constraints can be rewritten as follows
2
ol ‘hﬁPU)gl‘ (P + B“*?)) < % (4.18)
2
a ‘h(PU 92‘ (P + ﬁ(l’z)) < % (4.19)

From eq. (4.18)) and eq. (4.19), the magnitudes of the beamforming weights, a1 and ay can be
calculated.
For the generalized case of K relays, using a similar approach we can write the interference

constraint corresponding to relay r as

r9r

K
2<P+ S 5(nf>> g%. (4.20)

F=1f#r

From this relation, one can easily obtain the magnitude of the beamforming weight «,.. Please note
that, the asynchronous interferences from other relays are taken into account by relay r via 5/),

which only requires knowledge of the locations of other relays.

4.3 Participation Decision Making Strategies

Upon participation in the cooperative transmission, each cooperating CR user is rewarded by a
certain amount of time over the leased channel f;, as explained in Section [4.1. On the other
hand, the cooperative CR relay spends a certain amount of its limited battery power when acting
as a relay for CRy. Therefore, it becomes a critical decision for each user to decide whether
to participate in cooperative beamforming or not. Therefore, in this section, we propose two
autonomous participation decision making strategies that assist each CR user to decide whether to

participate in the cooperative beamforming to C'Ry.
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The participation decision is made by each CR user, considering its acquired reward as well as
its paid cost. The acquired reward by CR relay r is represented by the amount of its transmitted
data over the leased channel f;, which it gets in return for the cooperative transmission to C'Ry.

So, the reward for relay r, when assisting C Ry, can be written as

By g, b
Gra = LT, - By - log, (1 + 7”) (Pr4(0)|, ), (4.21)

where P, is the average symbol power of the transmitted data of relay r, and h, ¢, is the channel
fading coefficient of relay r to its destination on the leased channel fy. Pr?(0)|rr, is the probability
of the primary channel f; being idle during the time it is leased to CR relay r.

On the other hand, CR relay r spends a certain cost for participating in the cooperative trans-
mission to CRy. Let us define P, 4 as the transmission power of relay r required for cooperative

transmission to CR,4. So P, 4 is given by
Pg=P- o’ (4.22)

We define the cost of relay r as the amount of data that could have been transmitted by relay r, if
it used the transmission power P, 4 for its own transmission on its own channel, f,, rather than in

assisting C' R4. So, the cost function of relay r, when assisting C' R4, can be defined as

P,

T
Ord = Tcoop : Br : 10g2 (1 + 77“7]07) (PrT(O)|(n+1))7 (423)

where B, is the bandwidth of the channel f, allocated to CR user r during the current scheduling

frame, and h, s, is the channel fading coefficient of relay r to its destination on the channel f,.

Pr"(0)|(n+1) is the probability of this primary channel f. being idle during the (n + 1)* time slot,

which is the time slot during which cooperative transmission to C'Ry takes place. Tioop is the

amount of time used for cooperative transmission to C'Ry, and is given by
da

Tcoop = Rf

CcOoOp

(4.24)

Based on eq. (4.21), and eq. (4.23)), CR user r can decide to participate in the cooperative
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transmission, if its reward value exceeds its paid cost. However, due to the lack of coordination
between the CR users in decision making, as well as the lack of CSI exchange between them, each
CR user does not know the other users’ rewards and costs, and it does not even know its own
reward and cost ahead. This behavior represents an unknown game, that can be solved from a
Bayesian game perspective [40]. The optimal participation decisions of such Bayesian game are
those that cause the system to reach its NE state. The NE state of the system is achieved when
each CR user has chosen a strategy of participation decision making, and no CR user can benefit
by changing its strategy as long as other CR users keep theirs unchanged [42].

To solve this unknown game, we propose two participation decision making strategies in this
section. First, let us define some parameters that are used to describe the proposed decision
making strategies. The decision of the CR user r to participate in the cooperative beamforming
to CRq is denoted by A, 4, which takes value 1 if the decision is to participate, or 0 otherwise.
From eq. and eq. , the expected cost to be paid in the cooperative beamforming to
CR; depends on h, 4. The better the condition of the channel state from CR user r to CRy, the
lower the cost paid in data forwarding to C'Rg4, and vice versa. Accordingly, the participation
decision variable A, ; depends on the value of h, 4, which is a continuous random variable. As
an approximation, we divide the domain of the fading coefficient h, 4 into N, intervals, based on
the average value of the fading coefficient magnitude in each interval. Accordingly, CR user r has
N, different participation decisions, which is expressed as follows, 4,4 € {A4(1), -+, Ana(N;)},
where A, 4(m) is the participation decision of CR user r in the m'™ interval of the average fading
coefficient h, 4. We denote the vector And = {flr’d(l), e ,And(Nr)} as the action profile of CR
user r when considering cooperative transmission to C'Ry.

The set of all possible action profiles of the CR user » when transmitting to C' R, is denoted by
the set m, 4. We define the joint set of action profiles followed by all the K CR users as the mixed
strategy profile of all the K CR users in the network that are considering either to participate or not
in the cooperative transmission. We denote such mixed strategy profile by II = {Al,d, LA Kd}-
The set of all possible mixed strategy profiles is denoted by X. It is important to note that an e-NE
mixed strategy profile, 11, is the one that causes the system to asymptotically converge to the e-NE

state. The design goal of the following two proposed decision making strategies is to search for II..

78



4.3.  Participation Decision Making Strategies

4.3.1 Regret Testing-Based Strategy (RTS)

We propose the first autonomous decision making strategy for the cooperative CR network that
is based on the well-known regret testing procedure, which has been used in different contexts of
game theory [70]. We modify the regret testing procedure based on our model of CR networks.
The regret testing procedure represents one form of exhaustive search, and it can asymptotically
converge to an approximate NE (e-NE) state [41]. We prove that the proposed RTS converges to
e-NE state, within a certain convergence time.

In the search for the e-NE mixed strategy profile, Il., every Tiest time slots are considered as a
testing period. During this testing period, all CR users test their benefits or losses resulting from
either participation or not in the cooperative transmission. During the testing period, Tiest, CR
user r follows a certain action profile, And, with probability p and follows its complement, 1 — Ar’d,
with probability 1 — p. In either cases, each CR user calculates the profit, or loss, achieved from
its decision. If the decision implied by the action profile, Ar,d, is to participate in the cooperative
transmission, we define an indicator of the loss encountered by following such action profile as
(A, 4), given by

_ 17 if Grd < Crda
I(Ang) = (4.25)
—1, otherwise.

CR user r keeps track of its encountered loss values to calculate its regret at the end of the testing
period. We denote the regret of CR user r as €2, 4. At the end of each testing period, if the CR user
r achieves a regret value 2, 4 < 0, when it follows an action profile, Ar,da it stays with the same
action profile for the next testing period. Otherwise, it randomly chooses a new action profile from
the set m, 4. However, even if the CR user r achieves a negative regret when it follows a certain
action profile, this action profile may not be the optimal one yet. So it has to keep exploring other
action profiles, with some probability A, known as the exploration factor.

To find the set of all possible action profiles of the CR user r» when transmitting to CRy, 7, 4,
we make the following logical assumption. If the action for a certain channel state is set to 1, the
action for all the higher channel states must be 1. Therefore, the action profile of the CR user r
is in the form of A, 4 = {0,---,0,1,--- ,1}. Hence, there are only N, + 1 possible action profiles

of the CR user r when transmitting to C'R,, constituting the set m, 4. The proposed RTS can be
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described for the CR user r as follows.

Definitions:

- t. is the cooperation inquiry slot count, incremented each time the CBS asks for cooperative
transmission.

- Ar,d is the action profile of the CR user r, initially selected randomly from m, 4.

- Qgtfi) is accumulated regret value when the action profile And is followed. The initial value

0 _
Qr,d =0.
procedure

fort.=1—--- do
- Find the interval, m, in which the channel fading coefficient h, 4 lies in.
- With probability p, CR user r follows the m'" entry in its action profile, flnd(m).
if A, 4(m) =1 then
- Accumulated regret when following the action profile is QSC) = QS;*U + (A q).
else
) = als™ +o.
end if
- With probability 1 — p, CR user r follows the complement of this m'™ entry, 1 — flr,d(m).
if A, 4(m) =0 then
- Accumulated regret when not following the action profile is QSQ) = fofé_l) —1 (Ar,d)-

else

(te) _ (te—1)
Qr,d - Qr,d +0.

end if
if mod (tc, Ttest) =0 then
_ o)
- Calculate the average regret value of following the action profile A, 4, €, 4 = ;d .

if Q.4 <0 then

- With probability 1 — A, choose Ar,d = Ar,d,

- With probability A, randomly select a new action profile, Ar,d, from m, 4.
else

- Randomly select And, from 7, g.
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end if
- Reset the average regret value €2, 4 = 0.
end if
end for

end procedure

In what follows, we provide a convergence analysis of the proposed RTS. In particular, we prove
that using the proposed RTS, the mixed strategy profile at time t., denoted by IIc, asymptotically
converges to e-NE state, within a certain convergence time t. = T¢on. We start by introducing the

following lemma.

Lemma 1 The stochastic process I, t, = 1,2,---, defined by the RTS with 0 < A < 1, is a
homogeneous, recurrent, and irreducible Markov chain with state space X. The transition probability

of this Markov chain has a lower-bound given by

A K
Ittt = 1|1t = 11) > ) 4.2
o =1 > (557) (4:26)

Proof of Lemma 1 7To prove that the process is a Markov chain, we note that at eacht. =1,2,-- -,
It depends only on It=1. It is irreducible since at each t. = 1,2,---, the probability of reaching
some mized strategy profile IItc = II' from any 1'<=' = II is strictly positive, when X > 0. It
is recurrent since all the states in 3 are guaranteed (with probability 1) to have a finite hitting
time. The transition probability of this Markov chain is given as follows. In the proposed RTS,
the probability of a CR user r choosing an action profile randomly is > A. Then the probability of
choosing a certain action profile Ar,d € II' given the current action profile Ar,d € Il can be written
as follows

_ _ A
A Ir'A 1) >
p(Arq €ITA 4 € )_NT+1’

(4.27)

where N, +1 is the number of all possible action profiles of CR user r in the set m, 4. The probability

of choosing a different mized strategy profile is controlled by all the K CR wusers in the network.
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Hence, the transition probability of the Markov chain is given as follows

)\ K
ITtet! = I1|1T% = 11 >( ) . 4.2
o e =m > (2 (1.25)

Since this Markov chain is irreducible and recurrent, therefore it has a stationary distribution
@ [71]. Note that the Markov chain converges to the stationary distribution regardless of where it
begins.

We define the subset in the state space of the mixed strategy profile, 3, that leads to e-NE
state, as A.. We also introduce the notation A, where N, = 2\, to denote the complement of
the set of e-NE state. To prove the convergence of the proposed decision making strategy, we need
to prove that the probability that IT7cn is not included in the set of e-NE state is at most €, where

€ > 0 is a very small number. This is expressed mathematically as follows
p(ITTeen € ) < e. (4.29)

For certain values of A, Tiest, we can prove that the proposed RTS asymptotically converges to an

e-NE state within a convergence time T,,. This result is summarized in theorem

-2
Theorem 1 For the RTS, if the testing period Ties > —5 log Co, and the exploration parameter
€

0<A< Kg;fl — K(2i(el)?[€é‘)2—1)f the probability of the mized strategy profile being in an non e-NE
state, after a certain amount of time Teop < log(/2) =, 1S bounded by
or(1- () )
p(ITTen € N) <e. (4.30)

Where Cv, and Cy are constant values, 0 < Cy < 1,0 < Cy <1, and € > 0 is a very small number.

Proof of Theorem 1 Let us denote the probability distribution of the mixed strategy profile at
time to = Teop as, p(IITen). Then the probability that the mized strategy profile IITeon is in a non
e-NE state is denoted by, p(ITe<n € N). As explained before in Section the mized strategy
profile at different values of t., I, represents a Markov chain with a stationary distribution Q. Let

us denote the stationary distribution of the non e-NE state as Q(N). According to theorem 16.2.4
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in [72], the probability that TITen is in a non e-NE state is related to the stationary distribution of

such state through the following inequality

Teon
p(ITer € N) < QL) + <1 - (N A+ 1)K> : (4.31)

From the definition of the stationary distribution [72], we can write
QL) = QN)pIT € N|TT' € N) + QNo)p(IT+! € N[TT' € NL). (4.32)

Since the non e-NE state is the complement of the e-NE state, i.e., N. = S\N,, then Q(N,) =
1 — Q(N,). Therefore, eq. can be rewritten, after some mathematical manipulations, as

follows.
p(Ille+1 € NI € AL

Q('/V’f) = 1 _p(Htc—‘rl c M’Htc [= ./\7;) +p(HtC+1 < M‘Htc S -/\/’e)

(4.33)

The transition probability from an e-NE state to a non e-NE state, p(Il't € N |IT' € N) is
equal to 1 — p(Ilt=t1 € N |IT* € N). Hence, to calculate the value of Q(N¢) in eq. (4.33), we need
to find the bound on the probability of staying in an e-NE state. When the mized strategy profile
lies in the e-NE state, the expected regret values .4 of all K CR users is at most €. Since the
regret value of CR user v, €, q, is the average sum of Tiest independent random variables taking
values between [—1, 1], then we can reach the following result using the generalization of Hoeffding’s
inequality [73].

p(Qyq > 0) < e TTe/2) (4.34)

The probability that a CR user r keeps using the same action profile, flryd, is given by And =
(I =X) xp(4 <0). Then the probability that a CR user r keeps using the same action profile,

_ 2
Arg,is > (1—=X) (1 N /2)) The probability of keeping the same mized strategy profile, i.e.,

all K CR users keep using their action profiles, is bounded by

P € NI € A7) > (1 W) (1 el T2, (4.35)
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Given that X < 1, and o(Teest/2) 1, eq. can be rewritten as
p(Itt € LTI € L) > (1 — KA (1 - Ke(*TM“GQ/?)). (4.36)
Then the transition probability from an e-NE state to a non e-NE state is bounded by
p(ITett € NIt € N) < 1— (1 — K)\) (1 - Ke(‘Tt“‘ez/z)). (4.37)

Let us assume that the probability of staying in a non e-NE state is below certain bound Cfq,

where Cy is a constant value 0 < Cy < 1. This is expressed mathematically as follows p(IT't! €

NIt € N,) < Cy. Using this assumption, and eq. , we can rewrite eq. as follows

- 1= (1= KN(1- Ke(_TtSSt62/2)>
QN <

2 . 4.38
T 20— (1= K (1= KT (4.38)

-2
Let us select the value of the testing period Tiest to be Tiest > — log Cs, where Cy is a constant
€

value, 0 < Cy < 1. Let us select the value of the exploration parameter A to be

- Cy B e(1—-Ch)
- KCy—1 K<2—€)(KCQ—1)'

A (4.39)

For these selected values of A, Tiest, we can rewrite eq. , after some mathematical manipula-

tions, as follows

- €
QN < > (4.40)
Let us assume that the convergence time of Teon s bounded by
log(¢/2
von < °8(72) (4.41)

a1 ()]

Using eq. and eq. in eq. and after some mathematical manipulations, the

upper bound on the probability of ending up in a non e-NE state, after the convergence time Teop,
is given as follows

p(ITTen € N) <e. (4.42)
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4.3.2 Learning-Based Strategy (LBS)

The RTS proposed in Section is one form of exhaustive search, and so it suffers from high
complexity and slow convergence speed. It is worth noting that the convergence time T,,, increases
as the number of cooperative CR relays, K, increases (c.f. theorem . We propose another
decision making strategy, namely LBS, which has lower complexity, yet a good performance. As
stated before, for the CR user r to decide to participate in the cooperative transmission to C' Ry,
its expected reward value should exceed its expected paid cost. This condition is mathematically

written as

E(Grg) — E(Crg) > 0, (4.43)

where E(-) denotes the expectation operator.

In [74], the authors showed that for a number of observations of a random variable, the sample
mean of these observations is an estimate of the true mean of the random variable. Hence, the
expected reward and cost function of the CR relay r can be estimated by keeping track of the
achieved reward and cost values in previous participations in the cooperative transmission to C'Ry.

The estimated values of the reward and cost function of relay r, G,q and C,4, are given as follows

: 1L o= 0)

Grag = N, ZEZI Gra> (4.44)
and

. 1 ZNt (i)

Ny is the number of observations of the reward and cost functions, G4 and C}.4, during the previous

participations in the cooperative transmission to C' Ry. Gfg and C’Si) are the achievable reward and
cost of CR user 7, respectively, when participating in the cooperative transmission during the 7"
time slot. In the proposed LBS, as CR user r participates in more cooperative transmission, a
better estimate of the expected reward and cost functions of CR user r towards C'R, is obtained.

The proposed LBS for CR user r is described in the following algorithm.

Definitions:
- t. is the cooperation inquiry slot count, incremented each time the CBS asks for cooperative

transmission.
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- Ar’d is the action profile of the CR user r, with M entries all equal to 1 initially.
- Gq is the estimated reward of the CR user r when participating in the cooperative transmission,
initially equals O.
- C,q is the estimated cost of the CR user r when participating in the cooperative transmission,
initially equals 0.
- T}, is the number of times CR user r participated in the cooperative transmission, initially
equals 0.
procedure
fori.=1— . do
- Find the interval, m, in which the channel fading coefficient h, g lies in.
if A, 4(m) =1 then
- Increment the number of times CR user r participates in the transmission towards C' Ry,

T,=T,+1.
T,
- 1 <& )
- Estimated reward of CR user r is given by G.q = T Z G(Tg,
P =1

T,
- Estimated cost of CR user r is given by C,q = :,{p Zp; C’T(il),
end if
if Gq > Cyq then
- Update action profile of the CR user 7, 4, 4(m) = 1.

else

end procedure

4.4 Relay Selection

In Section we have considered that all CR users that are willing to participate in cooperative

transmission, beamform in a distributed manner. However, since the amount of time the channel

fa is leased to the cooperating CR relays is divided among these relays, individual reward of the
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individual cooperating CR relays becomes smaller. This can be discouraging for the CR users
from participating again in future requests of cooperative transmission. Moreover, different CR
users have different channel gains towards the intended CR destination, as well as towards the PR.
Therefore, we propose a relay selection strategy, such that only L of the CR users that are willing
to participate in the cooperative beamforming to C' Ry are selected for transmission, where L < K.
The decision of selecting the CR relays is based on their channel qualities towards the PR at the
channel f;, as well as their channel qualities towards C'R,.

The selection criterion of these CR users is to choose the set of relays that maximizes the
received data rate at C' Ry, given by eq. (4.48), while keeping the interference power at the PR at
channel f; below its target threshold. As discussed before, the value of a, used in eq. is

given by
.
aria = 1/v/(L), if the PU at channel f; is idle in the (n + 1)*® time slot,
Vv Vth
A act =
oy =

hﬁPU)‘ \/L (P + 5(nf))

if the PU at channel fy is active in the (n + 1) time slot.
(4.46)

The decision of the relay selection is made at n'" time slot, however, the cooperative transmission

happens at (n + 1) time slot. Therefore, we use the expected achieved data rate as follows
Reoop = Ria - Pr¥(0]0) + Racq - Pré(1]0), (4.47)

where Pr?(0/0) is the probability of channel f; being idle at the (n + 1) time slot given that it
is idle in the n'* time slot. Similarly, Pr¢(1]0) is the probability of channel f; being active at the
(n+ 1)th time slot given that it is idle in the nt time slot. R4, and R, are the data rates achieved
by cooperative transmission to C Ry when the primary user is idle or active respectively, and are

given by

2
Rig = % - min <10g2 <1 + i (21%:1 ar7id|hr7d’> ),logz (1 + PEShI>Prd(O)]n>, (4.48)

2 2
On n
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and

2
Ract = % - min <10g2 <1 + i (ZLI ar’aCt‘hnd‘) ),logz (1 + Ph8h1>Prd(0)‘n>- (4.49)

2 2
On On

The set of L CR users that maximizes the data rate in eq. (4.47) is chosen via exhaustive search

over the set of K CR users. However, the maximization of eq. (4.47) requires the instantaneous

BV ( .

values of |h, 4| and Such instantaneous knowledge of the CSI requires a huge feedback

from CR user r to the CBS, for » = 1,--- , K, which is impractical. Therefore, we propose to

,(PU)

T

use the average values of |h, 4| and in eq. (4.48)) and eq. (4.49), to calculate R;q and Ract

respectively. Later, in Section [4.7, we show that the performance of the proposed relay selection
scheme, using only the statistical knowledge of the CSI roughly yields a similar performance to the

case of full CSI knowledge at the CBS.

h7(nPU)

The average values of the channel gains, |h,q| and , can be calculated based on the

locations of the CR users and the PR. In particular, for a Rayleigh fading channel, |h, 4| has an

7
average value of 4/ 4T’d, where €2, 4 is the path loss value over the channel from CR user r to
7_‘_Q(PU)

T

4
loss value over the channel from CR user r to the PR at channel f;.

, where QgPU) is the path

p(PU)

CRy [75]. Similarly, the average value of is given by

It is important to note that the relay selection scheme proposed in this section is a centralized
one, which is of a different nature compared to the rest of this chapter. However, we want to show
the potential performance enhancement that takes place when a node selection scheme is applied in
conjunction with the participation decision making strategies, previously proposed in this chapter.
A fully-distributed relay selection scheme can be an interesting future research goal, which can use

the centralized scheme proposed in this section as a baseline to be compared to.

4.5 Extension for Multiple CR Users Requiring Cooperation

So far we have considered the case where a single CR user C R, requires assistance to receive its data
message from the CBS. In this section, we consider the case where J CR users request cooperation.
For convenience, we denote these CR users by a set S, = {CRy,,CRg,, -+ ,CRq,}. We assume

that these CR users are assigned with primary channels {fq,, f4,, -, fa,} respectively. In this
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case, the other CR users in the network, that do not belong to the set S,.., have to make a decision
to either participate or not in the cooperative data forwarding to one of the CR users in the set
Sre. In this generalized setup, each CR user has to decide whether to participate in the cooperative
transmission or not, and which CR user from the set S, to assist. Therefore, we modify the two
decision making strategies previously proposed.

Without loss of generality, we assume that the set of K; CR relays that are willing to participate
in the cooperating beamforming for CRy; in S, is denoted by the set R, with cardinality |R;| =
K;. We define the amount of time during which the scheduled channel of CRy; is leased for CR
relay r; as LT,;, for r; € Rj, and is calculated according to eq. . The acquired reward by
CR relay r; when participating in the cooperative beamforming to C'Rg; is denoted by R;q;, and is
defined according to eq. . We denote the cost of relay r; when participating in the cooperative
transmission to C'Rg; as C,q;, and is defined according to eq. . Based on the acquired reward
values and the paid cost values, CR user r can decide to participate in the cooperative transmission
to a given CR user CRdj € Spe.

In what follows, we modify the proposed RTS and LBS to obtain the set R;. We define some
variables that are used to describe the proposed algorithms. We denote the participation decision
vector by B, of size J x 1. The elements b, for j = 1,2,---,J of this vector take value either 0
or 1. If CR relay r decides to participate in the cooperative transmission to CR user CRy; € S,
by, takes value 1. Otherwise, it is 0. Since a CR relay 7 can only participate in the cooperative
transmission to one CR user at a given time slot, one of the elements of vector B, will be non-zero.
The CR user CRy; that results in the highest accumulated difference between reward and cost is

selected for cooperative transmission by CR user r.

4.5.1 RTS in Case of Multiple Simultaneous Cooperation Requests

In what follows, we present the RTS in case of having multiple cooperation requests.
Definitions:
- t. is the cooperation inquiry slot count, incremented each time the CBS asks for cooperative
transmission towards J CR users, where J > 1.

- Tp,;» Vj is the number of times CR user 7 participates in the cooperative transmission to C Ry,
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- And]., V7 is the action profile of the CR user 7 when considering transmission to C'Rg;. Initially,
it is selected randomly from 7 4, .
- Bﬁo) is the initial participation decision vector, with b,, =1, and b,; = 0, for i # j.
- Q%i is accumulated regret of following the action profile Ar,dj, with initial value QT[B] =0, Vj.
procedure
fort.=1—--- do
for j=1— J do
if b, = 1 then
- Find the interval, m, in which the channel fading coefficient hr,dj lies in.
- With probability p, CR user r follows entry m in its action profile, flnd]. (m).
if A,q,(m)=1 then
- Accumulated regret when following the action profile is fo;i = ngj—l) +1 (Ar’dj).
else
') = s + 0.
end if

- With probability 1—p, CR user r follows the complement of this entry m, 1 —flr,dj (m).
if A, 4,(m) =0 then

- Accumulated regret when not following the action profile, Q! d) = fo&;l)—
(A,
else
(te) _ (tc 1
Q, 4 = Q, +0.
end if
else
(te) _ lte—1)
Qndj = erd]_ + 0.
end if
- Accumulated difference between reward and cost is D; = (Vf,tfj) + V(tc)) = (”yﬁ d) + ’y(tc)).
end for
] )
- Calculate the average regret values of following the action profiles A, 4, 4, = Tr, L.
Prj

- Find the CR user C’Rdj with the minimum regret value, Qr’dj.
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- For this user, set T}, . =T}, . +1,b,; =1, and b, =0 for i =1,--- ,J,i # j.
for j=1— J do
if mod (t.,7) =0 then
if Q,«’dj <0 then
- With probability 1 — A, choose Ar,dj = Andj’
- With probability A, randomly select a new action profile, Andj, from 7. 4,
else
- Randomly select Ar,dj7 from 7, 4,
end if
end if
end for
end for

end procedure

It is important to note that if it is the first time a CR user C'Ry; requests cooperation, the CR
relays in in the network have no history of the accumulated reward and cost values of this user.
So, it has to be given higher priority to benefit from cooperative transmission by setting b, equal

1 during the current time slot.

4.5.2 LBS in Case of Multiple Simultaneous Cooperation Requests

The modification of the LBS in case of having multiple cooperation requests follows similar steps to
that of the RTS. In particular, the CR user C'Ry; that results in the highest accumulated difference
between the reward and cost values is selected for cooperative transmission by CR user r. However,
if it is the first time a CR user C' Ry, requests cooperation, it must be given an opportunity to benefit
from cooperative transmission, even if simultaneous requests are received at the CR user r. The
modified LBS can be described using the following algorithm.

Definitions:

- t. is the cooperation inquiry slot count, incremented each time the CBS asks for cooperative

transmission towards J CR users, where J > 1,

- B,(ﬂo) is the initial CR users selection vector, with b,; =1, and b,, = 0, for i # j.
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- And]., Vj is the action profile of the CR user r when considering transmission to C'Rg;, with M
entries all equal 1 initially.
- 7~2rdj, Vj is the estimated reward of the CR user r when participating in the cooperative
transmission to C' Ry, initially equal 0.
- ~de, Vj is the estimated cost of the CR user r when participating in the cooperative transmission
to C Ry, initially equal 0.
- Tp,;, Vj is the number of times CR user r has participated in the cooperative transmission to
CRy;, initially equal 0.
- ng, Vj is the achievable reward of CR user r when participating in the cooperative transmission
to C' Ry, during the i* time slot.
- ﬁil)j, Vj is the achievable cost of CR user r when participating in the cooperative transmission
to CRy; during the ith time slot.
- Dj, Vj is the difference between estimated reward and cost caused by CRy; .
procedure
fort.=1— ..do
for j=1— J do
if br, =1 then
- Find the interval, m, in which the channel fading coefficient h;. 4, lies in.
if A, q,(m)=1 then

- Increment the number of participation times of CR user r towards C' Ry, T),, =

Tprj + 1
=Ty, ;
. - s 1 (i)
- Estimated reward of CR user r is given by R,q; = T Z G, d;7
Drj —1
i . . 1 (i)
Estimated cost of CR user 7 is given by Cyq, = T Z C, d;’
Prj i=1
end if '

if ﬁde > érdj then
- Update action profile of the CR. user r, flndj (m) = 1.

else
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end if

- Calculate D; = ﬁrdj - C’rdj.
end for
- Find the CR user C’Rdj with the maximum value of D;.
- For this user, set T}, , =T, +1,b,;, =1,and b,, =0 for i =1,--- , J,i # j.

end for

end procedure

4.6 Operation Protocol

In this section, we summarize the proposed techniques in this Chapter, by presenting a protocol

that describes the operation of the proposed cooperative CR network, which is described as follows.

1. If the channel between a specific CR user, C' Ry, and the CBS is weak such that C' R; cannot

decode the data packet from the CBS, it feeds back a negative acknowledgment (NACK)
packet to the CBS.

. In this case, the CBS ask other CR users in the network to act as relays and forward the

message to CRy at the beginning of the n*® time slot.

. The CR users in the network run a participation decision making strategy, proposed in Section

14.3], to decide whether to participate in the cooperative data forwarding to C' R4 or not.

. The CR users that decide to act as relays inform the CBS with their decision during the nt"

time slot.

. Using the relay selection scheme, proposed in Section [4.4, the CBS selects the final set of CR

users that can act as relays for C'Ry.

. The CBS broadcasts the first data packet to be forwarded to C' Ry to all the cooperating CR
relays over the channel f;. The CBS also broadcasts the location of each of the CR relays

participating in the cooperative transmission.

. The set of cooperating CR relays forward the data to C'Ry, irrespective of whether the primary
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channel f; is occupied or not, using the distributed beamforming technique, proposed in

Section [4.21

4.7 Numerical Results

In this section, we present some numerical results to assess the performance of the proposed dis-
tributed beamforming technique, and the autonomous participation decision making strategies.
Unless stated otherwise, for all the numerical examples, we consider a network topology with
N =5 CR users {CR1,CR2,CR3,CRy4, CR5}. There are F' = 4 primary channels { f1, f2, f3, f5},
allocated by the CBS to the 4 CR users {CR;,C Ry, CR3,CR5} respectively for opportunistic spec-
trum access. It is assumed that C'Ry4 is not allocated any frequency channel. The CR user that
requires cooperation from other CR users in the network is C'Rs. The distances between the set
of CR users to C'Rs5, and to the PR occupying the frequency channel f5 are given in Table
The occupancy probabilities of the channels by the PUs, Pr"(1), for » = 1 : 4, are also given in
Table We assume that all channel fading amplitude gains are independent and Rayleigh dis-
tributed. We consider a time slot duration Ty, = 10 psec, and the scheduling frame duration is 1
sec. We also consider a log-distance path loss model with a path loss exponent value of 4. Unless
stated otherwise, the AWGN power used in our simulations is —130 dBm, and the average transmit
symbol power P is 1 mWatt. The bandwidth of each frequency channel is 25 KHz, and quadrature

phase shift keying (QPSK) is used. The value of the interference threshold vy, = 1 x 10716 Watt.

Table 4.1: Simulated network topology in case of one CR user requiring cooperation.

CR user CR; | distance between CR; and CR5 | distance between CR; and PR at f5 | Pr"(1)
CRy 500m 760m 0.7
CRy 225m 710m 0.5
CR3 225m 710m 0.3
CRy 500m 760m 1

The performance of the proposed distributed beamforming technique is verified in Fig.
and Fig. 4.3l In order to plot these figures, the primary channel f5 is assumed to be occupied
by the PU with probability Pr(1) = 0.7. It is also assumed that all the other 4 CR users in

the network are acting as relays to forward the data message to CRs. In Fig. we plot the
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Figure 4.2: Asynchronous interference to the PR at the channel f5.

asynchronous interference power at the PR resulting from our proposed distributed beamforming
scheme versus the average transmit symbol power, normalized with respect to noise power. In
this figure we also plot the performance of a distributed beamforming scheme that neglects the
asynchronous interference resulting from the different cooperating CR relays. We compare the
performance of both the proposed beamforming scheme and the distributed one that neglects the
asynchronous interference, with the cooperative leakage beamforming (LBF') technique, proposed
in Chapter 2. The LBF method requires full cooperation among all CR relays, including sharing
their instantaneous CSI towards C'Rs and towards the PR at channel f5. As shown in Fig.
the cooperative LBF technique in Chapter [2| meets the interference threshold at the PR. However,
it requires a huge feedback overhead to exchange the CSI between all cooperating relays. It is
also shown in the figure that the distributed beamforming scheme that neglects the asynchronous

interference signals from different relays fails to meet the interference threshold imposed by the
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primary system. On the other hand, our proposed distributed beamforming keeps the asynchronous
interference power values well below the interference threshold, due to its conservative design which

considers the worst case scenario of asynchronous interference from the other cooperating relays.
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Figure 4.3: Received signal power at C'Rs.

In Fig. we plot the normalized received signal power at C'Rs versus the normalized average
transmit symbol power. We compare the performance of our proposed method to the cooperative
LBF technique in Chapter 2l As shown in the figure, full cooperation among the CR relays yields
better performance compared to the distributed beamforming case, as expected. However, the
performance degradation of the distributed beamforming is traded-off for having much reduced
feedback overhead.

In the simulated performance of the decision making strategies, in Fig. and Fig. we

consider a testing period of Tiest = 10 time slots, and an exploration probability A = 1/3. The
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Figure 4.4: Data rates of CR users in case of participation and no participation.

results are shown for the case where the CBS asks for cooperative transmission 100 times, during
100 different time slots. In Fig. we plot the achieved data rate by each CR user in the
network versus the occupancy probability of the primary channel f5, when the proposed RTS and
the LBS are followed. In this figure, we also show the data rates of all CR users in case none of
the CR users is participating in the cooperative transmission to C'R5. As shown in this figure,
applying the autonomous decision making strategies results in increased values of the CR users’
data rates, compared to the case of no participation at all. The increase in the CR users’ data rates
is degraded as the occupancy probability of the channel f5 increases. When Prd(l) approaches one,
the data rates of the CR users approach the values of the non cooperative transmission case. This
figure also shows the data rate of CR5, with cooperation and without cooperation. As expected,
the cooperative transmission greatly enhances the data rate of CRs compared to the case of no
cooperation, that is the direct transmission case from CBS to CRy.

Figure [4.5| compares the two participation decision making strategies in terms of the paid costs
by different CR users in the network. In this figure, we plot the data rate that could have been

achieved by each CR user on its scheduled channel, if it used the transmission power P, 4 for its
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Figure 4.5: Cost of CR users with the RTS and the LBS.

own data transmission. As shown in this figure, the paid cost in terms of data rate of different
CR users decreases as the occupancy probability of the channel f5 increases. Also, for a given
occupancy probability at channel f5, the paid cost of the CR user r decreases as the value of Pr"(1)
increases. This can be explained as follows. As the value of Pr"(1) increases, the chance of CR
user r transmitting data over its scheduled channel decreases. Therefore, the amount of power
P, 4 cannot be efficiently utilized by the CR user r for its own data transmission, and its paid
cost decreases. As shown in Fig. the sum rate of the CR users is increased by up to 43% at
Prd(l) = 0.3, when using the RTS, while it increases by 98% in case of LBS. We notice the increase
in the users’ data rates is higher in case of LBS compared to RTS. Yet, the LBS requires higher
cost, in terms of data rate, as seen in Fig.

The convergence behavior of the two autonomous decision making strategies is shown in Fig.
assuming the occupancy probability of channel f5; equals 0.6. In this figure, we plot the difference
between the accumulated sum rate and the accumulated total cost of all the CR users in the
network, when using the RTS and the LBS versus time slots. From this figure we notice that the

RTS outperforms the LBF in terms of the difference between reward and cost values. But on the
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Figure 4.6: Convergence behavior of RTS and LBS.

other hand, we notice that the convergence time of the RTS is longer than that of the LBS, which
is expected due to the higher complexity of the RTS.

The performance of the proposed relay selection scheme is shown in Fig. In this figure,
we plot the achieved data rate at C Ry versus the occupancy probability of the primary channel
f4, assuming that Prd(O\O) = 0.3. As shown from the figure, applying the proposed relay selection
scheme enhances the performance of the cooperative beamforming, compared to the case of not
applying any relay selection schemes. It is also shown in the figure that the proposed relay selection
scheme that requires only channel statistics has similar performance compared to the relay selection
scheme that requires full CSI knowledge. This can be explained as follows. The statistical channel
knowledge is only used by the CBS in the relay selection phase, while each CR relay designs its
own beamforming weight using its instantaneous CSI towards the PR at f5 and towards C'Rs. This
results in roughly the same average value of the data rate achieved in the two cases.

The performance of the modified autonomous decision making strategies in case of having multi-
ple simultaneous cooperation requests is shown in Figs. To plot these figures, we assume
a network topology with N = 6 CR users {CR1,CRy,CR3,CR4,CR5,CRg}, and F = 5 primary
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with full CSI knowledge at the CBS, and relay selection using average CSI.

channels {f1, f2, f3, f5, f6}, allocated by the CBS to the 5 CR users {CR;,CRy,CR3,CR5,CRg}

respectively, for opportunistic spectrum access. In these figures, the occupancy probability of fg is

assumed to be 0.7. The CR users that require cooperative transmissions from the other CR users

in the network are CR5; and C'Rg. The distances between the set of CR users to CRg, and to the

PR occupying the frequency channel fg are given in Table

Table 4.2: Simulated network topology in case of two CR users requiring cooperation.

CR user CR; | distance between CR; and CRg | distance between C'R; and PR at fg
CR;y 650m 1200m
CRy 200m 850m
CR3 280m 800m
CRy 1000m 750m

The performance of the modified RTS is shown in Fig. and Fig. 4.9/ In Fig. we plot the

achieved data rate by each CR user in the network with the modified RTS versus the occupancy

probability of the primary channel f5. In this figure, we also show the data rates of all CR users

in case none of the CR users is participating in the cooperative transmission. As shown from the

100



4.7.  Numerical Results

0.175
0.15]
y. RTS
0125 » RTS
9 RTS
o)
= o RTS
é 0.1 ,RTS
S
5 L 1 - RTS
CR_, no participation
20075+ Ao FRenop ) _p )
E ~m.. CR,, no participation
2 P o s o S o o b4 $ 8 A CR,, no participation
5 0.05- B - : : T CR4, no participation
&
a

CR_, direct transmission

... CR_, direct transmission

0.025

i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Probability of PU at the channel f5 being active

Figure 4.8: Data rates of CR users in case of no participation, and participation according to the modified RTS, in
case of 2 CR users requesting cooperative transmission.

figure, the modified RTS results in increased values of the CR users’ data rates, compared to the
case of no participation at all. We also notice, from this figure, that even when the occupancy
probability of fs5 approaches 1, the data rates of the CR users in case of cooperative transmission
are still higher than those with no cooperative transmission in the network. This is due to the fact
that the occupancy probability of channel fg is less than 1. We also notice that the data rate of
the assisted user C'Rg starts to increase as the occupancy probability of channel f5 approaches 1.
This is because more cooperation opportunities are granted to user C'Rg in this case.

In Fig. we plot the data rate that could have been achieved by each CR user on its scheduled
channel, if it used the transmission power P, 4 for its own data transmission, instead of cooperative
transmission using the RTS. We observe from this figure, that the cost values of different CR users
decrease as the occupancy probability of channel f5 increases. However, the rate of this decrease
slows down as the value of this probability tends to 1, due to the fact that the occupancy probability
of channel f is still less than 1. So the cooperation is now directed more towards user C'Rg instead,

and does not entirely stop as the case in Fig. even when the occupancy probability of f5 is 1.
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Figure 4.9: Cost of CR users when using modified RTS, in case of 2 CR users requesting cooperative transmission.

In Fig. we plot the achieved data rate by each CR user in the network versus the occupancy
probability of the primary channel f5, when the modified LBS is followed. In this figure, we also
show the data rates of all CR users in case none of the CR users is participating in the cooperative
transmission. Similar observations to those from Fig. can be driven from this figure. In
Fig. we plot the data rate that could have been achieved by each CR user on its scheduled
channel, if it used the transmission power P, 4 for its own data transmission, instead of cooperative
transmission using the modified LBS. Similar observations can be made about the performance of
the modified LBS compared to that of the modified RTS. However, it is noticed from Fig.
and Fig. that the increase in the achieved data rates and the cost of the CR users, as the
occupancy probability of channel f5 approaches 1, is more noticeable than that in case of modified
RTS. This is due to the fact that the convergence of the LBS is faster than that of the RTS, which

means that it is less immune to the changes of the system parameters.
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Figure 4.10: Data rates of CR users in case of no participation, and participation according to the modified LBS, in
case of 2 CR users requesting cooperative transmission.
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Figure 4.11: Cost of CR users when using modified LBS, in case of 2 CR users requesting cooperative transmission.
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Chapter 5

Summary, Conclusion and Future

Work

5.1 Summary and Conclusions

In this thesis, we have shown that even though cooperative beamforming in CR network can im-
prove the radio spectrum utilization and enhance the network performance, it faces a number of
challenging issues. Throughout the thesis, we have tackled five critical problems facing the imple-
mentation of cooperative CR networks, namely the asynchronous interference issue, the imperfect
channel estimation problem, the need to apply relay selection schemes, the problem of feedback
overhead, and the need for applying participation decision making strategies. We have proposed dif-
ferent techniques to solve these problems and we have evaluated the performance of these proposed
techniques.

First, in Chapter 2, we have defined the asynchronous interference problem and have provided its
mathematical modeling. We have also proposed a novel cooperative beamforming method, named
the LBF method for cooperative CR systems. The LBF method accounts for the asynchronous
interference at the primary receiver, and enables the CR relays to transmit data to the CR receiver
with a certain limit on the interference introduced at the PR when the PU is active. In Chapter
2l we have also addressed the effect of having imperfect CSI estimation on the performance of
the proposed beamforming method. We have proposed a robust cooperative beamforming method
named the RLBF method to account for the effect of having an error in the channel estimation
between the PR and each CR relay.

In conclusion, presented numerical results showed that the proposed LBF method has a superior

performance compared to the ZEBF [20] and JLS [33] methods in the presence of asynchronous

104



5.1.  Summary and Conclusions

interference. In particular, the LBF method causes significantly less interference at the PR than
the ZFBF and JLS methods. As such, our proposed LBF method decreases the CR system outage
probability up to 75% compared to the ZFBF method, for a primary user’s busy probability of
0.75. In the presence of an estimation error of the channel fading gains between the CR relays and
the PR, the RLBF method proposed in Chapter [2| can satisfy the target interference threshold at
the PR despite such estimation error.

Next, in Chapter [3| we have considered a generalized scenario of a CR-based broadcasting
network with multiple PRs and multiple CR receivers. In order to address the asynchronous in-
terference issue in this network model, we have proposed an innovative cooperative beamforming
technique. In particular, the cooperative beamforming design has been formulated as an optimiza-
tion problem of constrained weighted sum rate maximization. In light of the intractability of the
optimal beamforming design problem, an approximation is used to design beamforming directions
and to allocate power among different beamforming directions. Due to the multiple interference
constraints corresponding to multiple primary receivers, the power allocation scheme, proposed
in Chapter 3| still has high complexity. Therefore, in this chapter, we have also proposed a low
complexity power allocation algorithm. Moreover, we have extended the proposed cooperative
beamforming technique for the case of having only statistical CSI of the channels between the
PRs and the CCRNs at the CCRNs. In this case, the asynchronous interferences at the PRs are
guaranteed in a statistical sense. In the absence of a mathematically tractable expression of the
distribution of the random interference powers at the PRs, we develop an upper bound on the
probability of introducing asynchronous interference power at a given PR beyond a given thresh-
old. Then this developed upper bound is used to design a robust leakage beamforming technique.
In Chapter |3, we have also proposed three CCRN selection strategies for a generalized scenario
with multiple primary receivers and CR receivers, to be used in conjunction with the beamforming
technique.

To conclude the work accomplished in Chapter |3 the presented numerical results have shown
that the proposed beamforming technique with SOPA can significantly reduce the interference
signals at all PRs and can provide an increase up to 150% in the sum transmission rate of CR
receivers compared to the ZFBF technique [20]. Moreover, it has been shown in the presented

numerical results that our proposed robust design of the beamforming vector can statistically
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maintain the asynchronous interference constraints at the multiple PRs, when only statistical CSI
knowledge is available at the CCRNs. In Chpater |3, we have shown that the optimal CCRN
selection in conjunction with beamforming can further increase the sum data rate of CR receivers
up to 45%.

As a solution for the problem of huge feedback overhead required for cooperative beamforming,
in Chapter 4 we have proposed a distributed beamforming method to be used in cooperative CR
networks with minimal amount of feedback overhead. Next in this chapter, we have defined a
suitable incentive for the CR users to participate in the cooperative transmission. Then, we have
proposed two autonomous participation decision making strategies, namely the RTS and the LBS
methods, to help each CR user in deciding whether to participate in the cooperative transmission
or not, by introducing cost and reward functions for different CR relays. We have assumed no
coordination is present among the participating CR users in the decision making process. The
performance of the proposed participation decision making methods has also been verified through
the numerical results, and their convergence time has been compared. To further enhance the
performance of the cooperative CR network, we proposed a relay selection method in Chapter
to resolve the competition taking place between multiple CR users that are willing to participate
in the cooperative transmission. The selection criterion is to choose the best set of CR users that
yields the maximum received signal power value at the intended CR receiver. The proposed relay
selection method only requires statistical knowledge of the CR users’ CSI, to decrease the amount
of feedback overhead in the network. The provided simulation results showed the performance
enhancement achieved by the proposed relay selection method. Finally in Chapter [4, we have
generalized the proposed autonomous decision making strategies, the RT'S and the LBS methods,
to handle the case of receiving multiple simultaneous cooperation requests from different CR users.
The decision making strategies have been designed to help each CR user, not only to decide whether
to participate in the cooperative transmission towards a CR receiver or not, but also to select which
CR receiver among the simultaneous requests that it receives. The modified autonomous decision
making strategies are shown to provide better overall performance of the whole network compared
to the case of no cooperative transmission.

To conclude Chapter 4, the presented numerical results have shown that the distributed beam-

forming scheme can meet the interference threshold at the PR, with no information exchange
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between the cooperating CR relays regarding their channel states towards the CR receiver and
towards the PR. However this reduced feedback overhead comes at a certain expense of received
signal power value at the CR receiver, compared to the cooperative LBF technique, which requires
full cooperation between the CR relays in terms of sharing channel knowledge. The two developed
autonomous participation decision making strategies, namely the RTS and the LBS, can increase
the sum rate of the CR users by up to 43%, for a primary channel occupancy probability of 0.3,
when using the RTS, and 98% when using the LBS, relative to the case of no cooperation.

In conclusion, cooperative beamforming can enhance the performance of CR networks under
different operation scenarios. The work presented in Chapter 4| acts as the umbrella under which
the proposed beamforming techniques in Chapters [2 and |3 as well as the distributed beamforming
technique in Chapter 4, can be applied. In particular, the application of an autonomous partici-
pation decision making strategy enables the creation a cooperative CR network which outperforms

conventional CR networks, in terms of the achievable data rates and overall energy efficiency.

5.2 Future Work

In our modeling of cooperative CR networks, throughout the whole thesis, we have considered
different sources of channel impairments, including short term fading and path loss. In particular,
we have considered the narrowband flat fading model of the channel and the simplified log-distance
path loss model. In addition to these impairments, a signal can typically experience shadow fading
effect, which represents a random variation about the path loss at a given distance, due to blockage
from objects in the signal path. Changes in reflecting surfaces and scattering objects can also cause
random variation about the path loss. Thus, a model for the random attenuation due to these
effects is also needed for a more realistic representation of the cooperative CR network. For such
modeling, we can use log-normal shadowing [76], which has been confirmed empirically to accurately
model the variation in path loss in both outdoor and indoor radio propagation environments. In
the log-normal shadowing model, the path loss is assumed random with a log-normal distribution.

Another channel impairment that can be examined in cooperative CR networks is the wideband
multipath fading. The impact of multipath on the received signal depends on whether the spread

of time delays associated with the line-of-sight and different multipath components is large or
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small relative to the inverse signal bandwidth. If the delay spread is large, the line-of-sight and
all multipath components are typically resolvable, leading to the wideband fading model. While
these multipath effects are captured in our modeling of narrowband fading channels throughout
the thesis, wideband fading can be more convenient for urban areas modeling, where the delay
spread takes large values. Generally, channel delay spread is highly dependent on the propagation
environment. In indoor channels delay spread typically ranges from 10 to 1000 nanoseconds, in
suburbs it ranges from 200-2000 nanoseconds, and in urban areas it ranges from 1-30 microseconds
[77].

In addition to incorporating, into our future work, the generalized modeling of channel impair-
ments, there are other interesting research directions, that can be built on top of the proposed
work in this thesis, as described below. The first one is considering energy efficiency in the design
process of the cooperative beamforming techniques. In the past few years, energy-aware com-
munications have received a lot of attention from research and industrial communities due to the
rising energy costs to operate future wireless networks, ecological, and environmental reasons. That
said, designing energy-aware cooperative beamforming techniques is crucial to meet such require-
ments. The objective of the energy-aware cooperative beamforming techniques should consider the
achievable data rates, transmit powers, and consumed circuitry powers at the transmitters. In our
beamforming designs, we did not consider energy efficiency aspect. As a future research direction,
energy efficient beamforming design in presence of asynchronous interference for CR systems can
be considered.

Another interesting future research direction of the work done in this thesis could be to incorpo-
rate energy harvesting techniques into the design of cooperative CR networks. The ability to harvest
energy, from ambient or dedicated sources, enables wireless charging of low-power CR devices and
enhances the system design, usability, and reliability. Energy harvesting from the transmitted RF
signal can even be used as an incentive or a form of compensation to be offered to the CR users that
agree to act as relay nodes, in exchange for the energy that the CR relay node consumes for packet
reception and retransmission to the intended CR receiver. However, energy causality constraints
should be taken into account in the design process of the cooperative beamforming techniques [78],
to indicate that the amount of energy that can be used in data transmission is that which has been

harvested so far by the relay node.
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Moreover, QoS is an important consideration in designing wireless communication systems. For
example, CR users can have QoS requirement e.g., delay requirement for their data transmission.
In our beamforming designs in Chapter |2/ and Chapter |3 we have used Shannon capacity in the
objective function however Shannon capacity does not put any restriction on the link layer delay
performance and it is meaningful for the best effort traffic where delay bound is not a major concern.
However, the concept of effective capacity has been introduced in the literature, that is defined as
the maximum constant traffic arrival rate that a communication channel can support in order to
guarantee a certain statistical delay constraint [79]. With a statistical delay constraint, the delay
bound is guaranteed with a certain violation probability. Extension of our beamforming design

with effective capacity maximization is quite interesting and can be pursued in the future.
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