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ABSTRACT

Cognitive radio (CR), nowadays, is considered as one of the most promising techniques
which introduce the flexible usage of radio spectrum and improve the spectral efficiency
by enabling unlicensed users to exploit the licensed spectrum in an opportunistic
manner. Moreover, the two-way relay communication has attracted a great attention as it
introduces a relaying scheme with a bidirectional transmission to exchange information
between two nodes. This strategy assumed to improve the overall capacity, since less
time slots are needed than the one-way strategy, besides extending the radio coverage
range of networks. Another common technique that improves the bandwidth efficiency
and spectrum utilization is the orthogonal frequency division multiplexing (OFDM)
technique which exhibits a distinctive efficiency in mitigating inter-symbol interference
(ISI) and combating frequency selective fading. Therefore, two-way relay CR
communication among OFDM terminals can take advantage of these three techniques to
boost up the capacity together with the networks quality.

In this thesis, an OFDM-based amplify and forward (AF), cognitive two-way
multiple-relay network is considered where two transceiver nodes exchange information
via relay nodes. The full transmission happens in two time slots. In the first time slot,
multiple access phase (MA), the transceiver nodes send their signals to the relay nodes
while in the second time slot, broadcast phase (BC), the relay nodes broadcast the
received signals to the transceivers.

In this dissertation, the problem to jointly optimize the network resources is
considered. The first is the transmission power of transceivers and relay nodes to ensure
suitable allocated power for best signals transmission besides ensuring no harmful
interference is caused to the primary system. The other important resource to be
optimized is the subcarrier pairing where the first and second time slots subcarriers have
to be matched such that the subcarriers with the best conditions is reserved. The final
tuned resource, in this work, is the relay selection where the relay node that assures the
best transition of the received signal is selected.

The dual decomposition technique is applied to get the optimal resource
allocation. Moreover, suboptimal algorithms are proposed to perform the resource
allocation reducing, significantly, the computational complexity compared with the
optimal solution with small performance degradation. Finally, simulation results of the
suggested AF OFDM cognitive relaying network are shown to compare the performance
gain of the different algorithms which reveals that the proposed suboptimal algorithm
achieves good performance with much less computational complexity than the optimal
one.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In cognitive radio (CR) networks, a secondary, unlicensed, user (SU) coexists in
the same geographical area with a primary, licensed, user (PU) exploiting the holes in
the licensed spectrum band that is not occupied by any primary system node. The SUs
are allowed to communicate using these frequency slots as long as they do not cause
harmful interference to the PUs. This kind of communication exhibits an excellent
utilization of the frequency bands that boosts up the bandwidth efficiency and spectrum
utilization to much higher levels. The importance of CR technique rose to the surface

considering the spectrum bands as a natural resource that has to be effectively managed.

A great technique that supports and enhances the control features in CR networks
is the relaying process [5]-[9]. In relay networks, the direct link between the nodes that
need to exchange information may not exists due to worse channel conditions, large
distance, or the existence of obstacles. As a result, intermediate nodes act as relays by
receiving the node signals and transmitting them again such that they guarantee that each
node receives its desired signal. This technique assures better channel conditions and
less transmission power which means low level of interference caused to PUs, when
applied in CR systems, than the direct transmission case. Relay networks are, generally,
divided into two categories: one-way relaying and two-way relaying. In one-way relay
networks, the relay nodes receive information signal from a source node, in the first time
slot and then in the second time slot, it retransmits the received signal to a destination
node, using, in common, decode and forward (DF) or amplify and forward (AF)
schemes. Consequently, four time slots are needed if two nodes want to establish full

exchange of information since they cannot transmit in the same time. On the other hand,



in the two-way relay scheme, the relay nodes receive information signals from
transceivers in the first time slot, the multiple access phase (MA), and then in the second
time slot, the broadcast phase (BC), they broadcast the received signals to the
transceivers. This overcomes the one-way relay scheme and reveals the two-way
relaying benefits by doubling the spectral efficiency, since only two time slots are
needed to complete exchange of information between two nodes, besides increasing the

network capacity.

Furthermore, in this work the orthogonal frequency division multiplexing
(OFDM) technique is employed. This method increases the spectral efficiency by
transmitting information over multiple orthogonal narrowband subcarriers besides being
very effective in mitigating inter-symbol interference (ISI), combating frequency

selective fading.

1.2 Contributions

1. The three techniques, mentioned in section 1.1, CR, two-way relaying and
OFDM are combined to construct an OFDM-based AF CR two-way multiple-
relay network.

2. The main network resources that affect the system throughput the nodes
transmission power, subcarrier pairing between the two time slots, and the relay
assignment are studied

3. The network resources are managed and jointly optimized to achieve maximum
throughput while ensuring no harmful interference is introduced to the primary
system using:

1. Optimal solution based on the dual decomposition technique.
2. Suboptimal algorithms with much less computational complexity
compared to the optimal with small performance degradation.



1.3 Problem Definition and Motivation

In the recent years, the wireless communication systems have grown rapidly
which increase, consequently, the number of users on the expense of the limited
available bandwidth. So that, the optimal exploit of the network resources and
bandwidth is considered, nowadays, as one of the most important search and
development fields taking into account the best quality and performance. This vision has
led to the CR systems that are considered as a smart way of exploiting every single hole
in a spectrum of the primary network, in opportunistic manner, to be used in the

secondary network.

The main issue to be considered in the CR systems is to ensure that the SU does
not cause harmful interference to the PU by keeping the transmit power below a
threshold limit. Considering this main and important condition the researchers suggested
applying the CR idea in the relaying networks, where the communication between nodes
is held via intermediate relay nodes which decrease, significantly the required power
exploiting the spatial diversity. Moreover, deploying OFDM technique in the CR
relaying environment, [8] and [9], boost the effective usage of the PU spectrum to higher
percentage than single carrier system, where the frequency band is divided into N

orthogonal narrow band subchannels.

Inspired by all of the above benefits, in this thesis, we propose an OFDM based
CR AF two-way multiple- relay network, where the network main resources, power,
subcarrier matching and relay assignment are jointly optimized to achieve the optimal

capacity while keeping the interference to PU below a prescribed limit.

1.4 Objectives

The main objectives for this study can be summarized in the following points:
1. To study the main theoretical background required in this thesis.
2. To model an OFDM based CR AF two-way multiple- relay network and describe
the system and the problem to be optimized by a set of efficient expressions and

equations.



3. To introduce an optimal solution based on the dual decomposition technique
where the dual variables are optimized using the subgradient method.

4. To propose suboptimal algorithm that has much less complexity than the optimal
with small performance degradation.

5. To launch a simulation process that shows the results obtained and compares the
performance of the optimal and suboptimal algorithms.

1.5 Literature Review

In this study, the problem of resource allocation in OFDM based CR AF network
is discussed. The resource allocation problem in relay networks has received much
attention over the past years. Vu and Kong in [1] considered a two-way relay OFDM
based DF system where they proposed an optimal subcarrier and power allocation
algorithm that match the subcarrier in order of channel power gain. The transmission in
their approach happens in three time slots. In the first and second time slots, the two
transceivers transmit their signals to the relay node then in the third time slot the relay
re-encode the received signals and broadcast them to the transceivers. The authors in [2]
introduced a joint resource allocation in two-way relay AF OFDM based multi-relay
network. They performed the allocation by solving the formulated problem using the
dual decomposition algorithm to obtain an asymptotically optimal solution. Moreover,
they proposed two suboptimal schemes to solve the problem with much less complexity
than the dual decomposition and small performance degradation. He et al. proposed, in
[3], a multi-subcarrier DF relay strategy, in two-way relay OFDM based network. Their
proposed technique does not need to perform subcarrier pairing process between the first
and second time slots transmission. Additionally, they introduced an optimal resource
allocation to characterize the achievable rate region of their proposed system by dividing
the main optimization problem into two first and second time slots subproblems then
solve them utilizing the advantages of ellipsoid method and the Lagrangian duality
optimization technique. The work in [4] considers a two-way relay OFDM based AF
system in which the authors developed an efficient technique for power allocating by

replacing the individual power constraints with the total power constraint where they



were able to obtain the closed form solution of the node powers, which is not a trivial
duty in individual power approach. Moreover, they proposed a two-step suboptimal
approach in which the power is optimally assigned to each subcarrier first, and then at
each subcarrier the assigned power is distributed to the three terminals. Their proposed

method was shown to assign 50% of the total power to relay irrespective of the channels.

The authors in [1], [2], [3] and [4] did not consider the CR technique that has
been applied in this thesis to serve the current researches in utilizing the spectrum bands.
Furthermore, the relaying transmission process in this dissertation occurs in only two
time slots, rather than three, which enhance the spectral efficiency by a very good
percent. Additionally, the scenario in this work depends on individual power constraints
approach since it is more general than the total power one, considered in [4]. The total
power constraint approach is more suitable when the different network nodes have the
same power source. Therefore, the individual power constraints approach is more

realistic.

CR two-way multi-relay AF network was considered in [5], in which the power
and relay selection are jointly optimized under individual power and primary system
interference constraints to achieve the maximum throughput. Moreover, they presented a
closed form solution of the optimal power allocation of the transceiver nodes, only,
while the relays power are fixed to be the minimum between the available power upper
bound and the interference threshold divided by the channel gain. In [6] the problem of
relay selection and resource allocation for two-way multi-relay CR network was
investigated assuming AF then DF schemes. They applied the dual decomposition
technique and subgradient method to find the optimal power allocation, where a closed
form solution is obtained in the same manner as [5]. Moreover, in [6], a suboptimal

approach based on the genetic algorithm was proposed.

The authors in [5] and [6] did not consider the multicarrier technique which
employed in this work in order to offer more flexibility in the resource distribution
process besides supporting, to a great extent, the fact that CR operates in noncontiguous
band.



The system in [7] presents an opportunistic spectrum sharing in two-way relay
OFDM based network in which the secondary system tries to help the primary system to
achieve its target rate when a low signal to noise ratio (SNR) is presented. The power
and subcarriers were jointly optimized such that the sum rate is maximized. Moreover,
their system considered a single relay with limited scenario where the secondary
network is a primary network helper not a separated network that can be utilized in a
different application rather than the primary system one. The work in this thesis is more
general and can be applied to networks that provide different services than the primary
network. In [8], Shaat and Bader studied the joint subcarrier matching and power
allocation in OFDM based one-way single relay CR system in order to maximize the
total system throughput under interference constraints that ensure no harmful
interference caused to the PUs. Additionally, they proposed an efficient suboptimal
scheme that has much less complexity than the asymptotically optimal one. The authors
followed the one-way relaying approach which is half the spectral efficiency of the two-
way relaying applied in this thesis. Additionally, they introduced a single relay model
which has been extended to a multiple-relay scenario in this study to generalize the
network and make the optimization process more flexible. In [9], the authors studied the
power allocation for OFDM based two-way single relay link in CR environment in order
to maximize the sum rate. They assumed individual power constraints for secondary
source and relay nodes while the interference assumed to be aggregated of the secondary
system. They solved the optimization problem using the dual decomposition method.
Their approach considered only the power allocation without optimizing the subcarrier
pairing. Moreover, they suggested a simple single relay model where no relay selection
process is needed. Saliya et al. in [10] discussed the optimal power allocation for
physical layer network coding two-way relay CR network where the sum rate is
maximized under total power constraint and interference power threshold. The authors
did not utilize the benefits of using the multicarrier technique. Moreover, they did not

perform optimization for other network resources rather than nodes power.



1.6 Thesis Structure

This dissertation is organized in five chapters; the first one, the introduction,

gives a smooth entrance to the topics studied throughout the rest chapters.

Chapter 2 describes the CR technique, shows its main contributions, common network
architecture, characteristics, advantages, drawbacks, and the current main applications of

this technique.

In Chapter 3, a brief background of the OFDM technique and the relaying networks is

presented.

Chapter 4 describes the system model, problem formulation, the optimal and
suboptimal algorithms that perform the resource allocation, and finally the simulation

results and discussion.

Chapter 5 comes to a conclusion that summarizes the important issues drawn out from

this study and the recommendations on future work to be carried on this subject.

A paper out of this thesis is submitted to IEEE International Workshop on
Cognitive Cellular Systems (CCS 2014), attached at the end of the thesis.



Bibliography

[1] Vu, H. N.; Kong, H-Y., "Joint subcarrier matching and power allocation in
OFDM two-way relay systems,” Journal of Communications and Networks, vol.
14, no. 3, pp. 257-266, June 2012.

[2] Xiong, K.; Fan, P.; Letaief, K.B.; Yi S.; Lei, M., "Joint subcarrier-pairing and
resource allocation for two-way multi-relay OFDM networks," IEEE Global
Communications Conference (GLOBECOM), pp. 4874-4879, 3-7 Dec. 2012.

[3] He, F.; Sun, Y.; Xiao, L.; Chen, X.; Chi, C-Y.; Zhou, S., "Capacity region
bounds and resource allocation for two-way OFDM relay channels,” IEEE
Transactions on Wireless Communications, vol. 12, no. 6, pp. 2904-2917, June
2013.

[4] Jang, Y-U.; Jeong, E-R.; Lee, Y. H., "A two-step approach to power allocation
for OFDM signals over two-way amplify-and-forward relay,” IEEE Transactions
on Signal Processing, vol. 58, no. 4, pp. 2426-2430, April 2010.

[5] Ubaidulla, P.; Aissa, S., "Optimal relay selection and power allocation for
cognitive two-way relaying networks," IEEE Wireless Communications Letters,
vol. 1, no. 3, pp. 225-228, June 2012.

[6] Alsharoa, A.; Bader, F.; Alouini, M., "Relay selection and resource allocation for
two-way DF-AF cognitive radio networks,” IEEE Wireless Communications
Letters, vol. 2, no. 4, pp. 427-430, August 2013.

[7] Lu, W. D.; Gong, Y.; Ting, S. H.; Wu, X. L.; Zhang, N-T., "Cooperative OFDM
relaying for opportunistic spectrum sharing: protocol design and resource
allocation,” IEEE Transactions on Wireless Communications, vol. 11, no. 6, pp.
2126-2135, June 2012.

[8] Shaat, M.; Bader, F., "Joint subcarrier pairing and power allocation for DF-
relayed OFDM cognitive systems,” IEEE Global Telecommunications
Conference (GLOBECOM 2011), pp. 1-6, 5-9 Dec. 2011.

[9] Li, Y.; Zhang, X.; Peng, M.; Wang, W., "Optimal power allocation for OFDM-

based two-way relaying in cognitive radio networks,” IEEE Wireless



Communications and Networking Conference (WCNC), pp. 528-532, 7-10 April
2013.
[10] Jayasinghe, L.K.S.; Rajatheva, N.; Latva-aho, M., "Optimal Power Allocation
for PNC Relay Based Communications in Cognitive Radio,” IEEE
International Conference on Communications (ICC), pp. 1-5, 5-9 June 2011.



CHAPTER TWO

COGNITIVE RADIO SYSTEMS

2.1 Introduction

As the demand of enormous data rates in the wireless communication systems
and applications grows rapidly, the requirement of efficient spectrum usage becomes an
insistent need considering the natural frequency spectrum limitations. Surveys from the
Federal Communications Commission (FCC) confirmed that 90 percent of the time,
many licensed frequency bands remained idle [1]. Moreover, a large portion of the
assigned spectrum is used intermittently as shown in Figure 2.1. Independent studies
held in some countries confirmed this surveys, and concluded that spectrum utilization
depends strongly on time and place. So that it becomes obvious that the current
conventional static frequency allocation schemes cannot meet the actual needs of the
increasing number of higher data rate devices, especially, considering that the recent
communication systems are no longer voice only systems, but also includes multimedia

applications.

As a result, CR networks have been proposed as a very useful and smart solution
to a great extent that has the ability to overcome these spectrum barriers. In CR
networks, SUs are permitted to use the same spectrum of the PUs in an opportunistic
manner by dynamically senses for frequency holes, frequency channels that are not
occupied by the PU, and then use the best available channel to establish their

communication.

The CR concept has many definitions in several contexts but in this study, we
use the definition adopted by Federal Communications Commission (FCC) [2]:
“Cognitive radio: A radio or system that senses its operational electromagnetic

environment and can dynamically and autonomously adjust its radio operating
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parameters to modify system operation, such as maximize throughput, mitigate

interference, facilitate interoperability, access secondary markets.”.

Maximum Amplitudes

Heavy Use

a |
g i | L
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|
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al .. ndl

Frequency (MHZ)

Figure 2.1 Spectrum utilization [3].

The main functions for CR networks can be summarized as follows:

+ Spectrum sensing: Detecting idle channels in the licensed band and sharing the
spectrum without causing harmful interference to the other users.

* Spectrum decision: Allocating the best available channels to meet user communication
needs.

« Spectrum mobility: Guarantee soft transition to better spectrum (spectrum handoff).

« Spectrum sharing: Provide the best and fair spectrum scheduling among coexisting CR
users.

These functions are to be discussed in details later in this chapter.

2.2 Cognitive Radio Network Characteristics

The CR systems must gain necessary information from the radio environment
before they adjust their operating mode to environment variations. This is referred as the
cognitive capability, which enables CR systems devices to be aware of the transmitted
waveform, radio frequency (RF) spectrum, communication network type, geographical

information, locally available resources and services, user needs, security policy, and so
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on then the CR devices can dynamically change their transmission and operating
parameters according to the sensed environment variations and achieve optimal

performance, which is referred to as reconfigurability [4].

2.2.1 Cognitive Capability

Cognitive capability refers to the ability of the radio technology to capture or
sense the information from its radio environment. This capability cannot simply be
realized by monitoring the power in some frequency bands of interest but more
sophisticated techniques are required in order to capture the temporal and spatial
variations in the radio environment and avoid interference to other users. Through this
capability, the portions of the spectrum that are unused at a specific time or location can
be identified. Consequently, the best spectrum and appropriate operating parameters can
be selected [3].

The cognitive capability relies on the adaptive operation in open spectrum task,

referred as the cognitive cycle, which will be discussed later in this chapter.

2.2.2 Reconfigurability

Reconfigurability is the ability of tuning the operating and transmission
parameters, on the fly, without any need of modifications on the hardware components.
Reconfigurability provides the basis for the following features [5]:

a) Adaptation of the radio interface so as to accommodate variations in the
development of new interface standards.

b) Incorporation of new applications and services as they emerge.

¢) Incorporation of updates in software technology.

d) Exploitation of flexible heterogeneous services provided by radio networks.

The most important challenge, in CR networks is to share the licensed spectrum without
causing harmful interference to the licensed users. As shown in Figure 2.2. The CR
enables the usage of temporally unused spectrum, which is referred to as spectrum hole
or white space [6].
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Figure 2.2 lllustration of spectrum white space [3].

2.3 Network Architecture and Applications

In CR systems, the network components include both SUs and PUs in the same

geographical area, as shown in Figure 2.3 [4].
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Figure 2.3 CR network architecture [4].
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A secondary network is a network that consists of a set of SUs with or without a
secondary base station (BS). SUs can only access the licensed spectrum when it is not
engaged by a PU while a primary network is consists of a set of PUs and one or more
primary BS. Primary network users have the right to use specific licensed spectrum

bands under the coordination of primary BS.

It should be noted that the PUs and the BSs are not, in common, equipped with
CR functions. As a result, the secondary network is required to detect, immediately, the
presence of a PU and transform the transmission to another available band so as to avoid
interfering with primary transmission. This will be discussed later in details the spectrum
mobility subsection. The spectrum broker is a central network component that has a
main role in sharing the spectrum resources among different CR networks. It can be
connected to every network and serve as a spectrum manager to enable coexistence of

multiple CR networks.

2.4 Cognitive Cycle

The idea of cognitive cycle was first described by Mitola in [7]. The cognitive
cycle, Figure 2.4, is continually run by the CR to observe spectral opportunities, create
plans to adapt itself, decide, and act to explore the best opportunities. The main stages of
a perfect cognitive cycle are: the spectrum sensing, spectrum decision, spectrum sharing

and spectrum mobility.

2.4.1 Spectrum Sensing

The spectrum sensing function enables the CR to monitor the available spectrum
bands, captures their information, and then detects the spectrum holes. There are,
generally, three different aspects of spectrum sensing, the interference temperature
model, transmitter detection model and cooperative detection model. The chart in Figure

2.5 summarized the spectrum sensing techniques.
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Figure 2.5 Spectrum sensing techniques.

2.4.1.1 Interference Temperature Model

The interference temperature model, shown in Figure 2.6, is a common way to

measure and limit the interference perceived at PUs [8]. The interference temperature

model manages interference at the PU receiver through the interference temperature

limit, which is represented by the amount of new interference that the receiver could
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tolerate [3]. As long as the SUs do not exceed this limit by their transmissions, they can

use this spectrum band.

Licensed Signal Minimum Service
Range with

Interference Cap
New Opportunities

for Spectrum Access Service Range at

Original Noise Floor

\

Power at Interference
Receiver | Temperature Limit

L M eMliga Yl A AN N ey

Original Noise Floor

=

Distance from licensed transmitting antenna

Figure 2.6 Interference temperature model [9].

The interference temperature model main limitation that affects its sensing ability are
1. No practical way for a CR to measure or estimate the interference temperature
i.e. CR users cannot distinguish between actual signals from the PU and
interferences.
2. Interference temperature limit should be location dependent of the PUs which is
not easy to determine.
3. Increasing the interference temperature limit will affect primary network’s

capacity and coverage.

2.4.1.2 Transmitter Detection

The sensing, in this scheme, is performed over the weak signal received at the
CR terminal from the primary transmitter. The increasing in the distance between the
CR terminal and the primary transmitter as well as the shadowing degrades the

performance of this type of sensing [10].
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There are three different schemes, generally, used for the transmitter detection approach.
The matched filter detection, energy detection and cyclostationary detection.

a) Matched filter detection

The matched filter detection technique, shown in figure 2.7, is obtained by
correlating a known signal, also called a template, with an unknown signal to decide the

presence of the template in the unknown received signal.

Sample at t=T
Threshold Device

Received Signal Matched Filter
rO= OO Decide
- Hyor Hy

s(t): The transmitted signal of the primary user
n(t): AWGN

T: Symbol interval

A : Threshold

Figure 2.7 Matched filter detection technique.

To be applied, this technique requires a prior knowledge of the PU signal such as the
modulation type and order, the pulse shape, and the packet format. Consequently, if this
information is not accurate, then the matched filter performance is poor. However,
owing to the knowledge that most of the wireless network systems have pilot,
preambles, synchronization word or spreading codes, these can be used for the coherent
detection. The main advantage of the matched filter detection is the less time required to

achieve high processing gain due to coherency.

b) Energy detection

Energy detection is the most common type of spectrum sensing because of its simple

implementation and the fact that no prior knowledge about the PU signal is required. In
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order to measure the energy of the received signal, the output signal of a bandpass filter,

r(t), with bandwidth W is squared and integrated over the observation interval T, that is

T
— 2
Y = fo r4(t) dt (2.1)

where T is the observation (sensing) time.

Finally, the output of the integrator, Y, is compared with a threshold, A, to decide

whether a licensed user is present or not [11].

Let P; be the probability of detection and P the probability of false alarm, then if
P, is low then the probability of missing the presence of the PU is high which increases
the interference to the PU while a high Pr would result in low spectrum utilization since

false alarms increase the number of missed opportunities (white spaces).

The main drawbacks of the energy detector are the inability to differentiate signal
types as it can only determine the presence of the signal, its prone to the false detection
triggered by the unintended signals and the need to longer sensing time than the matched

filter technique.

c) Cyclostationary detection

In general, modulated signals are coupled with sine wave carriers, pulse trains,
repeating spreading, hopping sequences, or cyclic prefixes, which result in built-in
periodicity. Therefore, cyclostationary detection uses the periodicity advantage in PU
signals to detect the PU transmitter utilizing the spectral correlation function. It is robust
to the noise power and uncertainty but it has a high computational cost and requires long
time of observation [12].

The main limitations of the transmitter detection technique are the receiver
uncertainty problem and the shadowing problem, Figure 2.8. The receiver uncertainty
implies that the CR user cannot avoid the interference due to the lack of information of
the primary receiver. The shadowing problem occurs when the CR user is located in the

transmission range of the primary transmitter, but may not has the ability to detect the
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transmitter due to the shadowing, as shown in Figure 2.8 (b), which causes the received
signal power to fluctuate about the path loss by a multiplication factor, thereby resulting

in “coverage” holes.

CR transmitter Interference

range

CR transmitter

Interfere

- range
/ u CR user g
- ~ Primary
Primary . transmitter
transmitter range
range i i
L

Primary Base-station 3 . e .
| / it Cannot detect i / Primary Base-station ¥
u Cannot detect

the transmitter Baima
: Ty user the transmitter
Primary user

@ ®
Figure 2.8 Transmitter detection problems: (a) Receiver uncertainty and (b)

shadowing uncertainty [3].

2.4.1.3 Primary Receiver Detection

In this technique, the advantage of the fact that all RF receivers local oscillator
(LO) emit leakage power is exploited to allow CRs to locate these receivers so the CR
users detect the LO leakage power for the detection of PUs instead of the transmitted
signals.

The LO leakage power can be detected following the same methods introduced
to the transmitter detection [13], i.e., matched filter detection, energy detection or
cyclostationary detection. Currently, the LO method is only feasible in the detection of
the TV receivers [3].

The main advantage of the primary receiver detection is the ability to solve the
receiver uncertainty problem inherited in the transmitter detection technique but the LO
leakage signal weakness make the implementation of a reliable detector is not trivial.
Table 2.1, [10] and [20], summarizes and compare between the advantages and
drawbacks of the interference temperature, transmitter and primary receiver detection

sensing techniques.
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2.4.2 Spectrum Decision

CR networks needs the capability to decide the best spectrum band among the
available sensed bands; this is what so called spectrum decision, which depends,
essentially, on the quality of service (QoS) requirements, spectrum characteristics and
the PU activity. Considering the QoS and spectrum characteristics, the CR system have
to be aware of data rate, acceptable error rate, delay bound, the transmission mode, and
the bandwidth of the transmission. Additionally, the CR users have to follow the PU
activity and take into account the number of spectrum handoffs, that happens in a certain
spectrum band to be considered in spectrum decision. Moreover, the spectrum decision
involves three main functions: spectrum characterization, spectrum selection and CR

reconfiguration.

Many parameters such as the channel interference level, error rate, path loss,
delay and holding time are important for efficient spectrum characterization. Once
spectrum holes are characterized, the next major step is to select the best available
spectrum suitable for the user’s specific QoS requirements. In CR networks, the set of
channels available for each node is not static due to dynamically changing topologies
and varying RF propagation characteristics. This implies that spectrum selection
techniques in CR networks should be closely coupled with routing protocols [15].

Based on spectrum characterization and spectrum selection, reconfiguration of
parameters occurs. The radio parameters that commonly reconfigured in CR networks
are modulation and coding scheme, transmission power, operating frequency, channel

bandwidth and communication technology.

2.4.3 Spectrum Sharing

The idea of the spectrum sharing in CR networks is similar to the medium access
control (MAC) principle in the existing classical systems. However, the case in CR
networks differs in the fact of the coexistence with the licensed system in the same

geographical area. The main three aspects of the spectrum sharing stage are the
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architecture assumption, spectrum allocation behavior, and spectrum access technique as

Allocation
Behavior

depicted in the chart, Figure 2.9.

Architecture

r n [ 2 ] —_——

Access
Technique

Centralized j@Ditributed Non-Cooperative Underlay

Figure 2.9 Spectrum sharing in CR networks.

The CR networks are divided, considering architecture, into centralized and

distributed networks.

a) Centralized spectrum sharing

In this topology, a centralized unit controls the processes of the spectrum allocation
and access in which each CR user in the network forwards their spectrum allocation data

to the central unit which then constructs a spectrum allocation map [16].

b) Distributed spectrum sharing

When the infrastructure is not available each CR user performs the task of the

spectrum allocation and the access is based on local protocols.

The next classification of the spectrum sharing techniques in CR networks is based
on the allocation behavior where the spectrum can be cooperatively or non-cooperatively
allocated.

a) Cooperative spectrum sharing

CR users, in this scheme, exchange their information with other neighboring users.
In other words, the interference information of each CR user is shared among other users
[17].
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b) Non-cooperative spectrum sharing

Also referred as selfish spectrum sharing since it considers the node itself rather than
any other user’s parameters by selecting the channel with the objective of achieving
maximum throughput. The main disadvantage of the non-cooperative networks is that it

may result in reduced spectrum utilization.

The third, and final, classification of spectrum sharing in CR networks is based on

the access technology described as

a) Spectrum Overlay

In this technique, the CR node accesses the network using only the portions of the
spectrum that is not occupied by any PU [18]. Consequently, the interference to the

primary system is minimized.

b) Spectrum Underlay

The SU, in this scheme, is permitted to transmit over the full licensed spectrum band
such that the interference to the PU is less than the interference threshold tolerated by
the primary system. This technique can utilize increased bandwidth compared to overlay

techniques.

Figure 2.9 depicts the idea of the spectrum overlay and spectrum underlay access
techniques.

A Primary band /\ CR Transnission

A A
Spectrum Overlay Spectrum underlay
= -
o )
z z
£ ~
Frequency Frequency
(a) (b)

Figure 2.10 a) Spectrum overlay. b) Spectrum underlay
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2.4.4 Spectrum Mobility (Spectrum Handoff)

In the classical cellular wireless networks, the handoff process occurs when the
signal power becomes weak. This usually happens at the cell boundary when the mobile
user moves from one cell to an adjacent one. In this case, the transition to a new suitable
base station becomes an insistent need in order not to drop the call. On the other hand, in
CR systems the handoff process, called spectrum handoff, takes place when a PU re-
appears in the licensed band or the channel conditions become worse in order to provide
the SU with smooth frequency transition with low latency. The transmission of the SUs
is suspended during a spectrum handoff; so that they will experience longer packet
delay.

A good way to alleviate the performance degradation due to long delay is to
reserve a certain number of channels for potential spectrum handoff [18].
The main steps of the spectrum handoff are
1- PU detection: Accomplished following one or more, if possible, of the
approaches described in spectrum sensing, subsection 2.4.1.
2- PU notification.
3- Channel switching: This depends, essentially, on the hardware switching
efficiency.
4- Resume communication: By one of the sharing techniques depicted in subsection
2.4.3.

The spectrum handoff could be classified into two main categories, reactive and
proactive handoff.
a) Reactive handoff: In this scheme, the CR user performs the handoff after
detecting the PU.
b) Proactive handoff: The handoff is performed when the CR user predicts that a

PU will access the current channel.

The main challenge in spectrum mobility techniques is to apply algorithms guarantee
that no severe performance degradation is caused to the applications during the handoff

process.
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2.5 Applications

The ability of real-time decisions in networks decreases the burdens of
centralized spectrum management. Therefore, CR networking can be used in different
applications. It can provide military with adaptive, seamless, and secure
communications. Moreover, a CR network can also be implemented to enhance public
safety and homeland security. A natural disaster or terrorist attack can destroy existing
communication infrastructure, so an emergency network becomes indispensable to aid
the search and rescue [4]. Another important and promising application is the sensor

networks such as home monitoring, factory automation and disaster relief operations.

2.5.1 Public Safety Networks

Public safety networks are one of the applications that can exploit CR technique.
Police officers and fire and paramedic personnel use such networks for communication
among them. The public safety personnel do not have the technology to dynamically
operate across the different spectrum segments. Recall that public safety licensees have a
wide variety of bands available (VHF-Low, VHF-Hi, UHF below 800, UHF-800, etc.)
[21]. The CR technique can offer public safety networks more bandwidth through
opportunistic spectrum access. Moreover, a public safety CR network can provide a
substantial communication improvement by allowing the interoperetability across
different public safety services while adapting, smartly, to the high peak-to-average

nature of the traffic carried out by such networks.

2.5.2 Disaster Relief and Emergency Networks

The communications infrastructure, usually, collapsed as a result of natural
disasters such as hurricanes, earthquakes, wild fires, or other unpredictable phenomena.
This results in partially or fully damaged networks. Therefore, there is an urgent need
for a means of communications to facilitate the rescue team’s duty to be well organized

help. The CR networks can be used for such emergency networks [22].
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The use of CR technique in disaster relief networks can provide a significant
amount of bandwidth that can deal with the expected huge amount of voice and
multimedia traffic e.g. transmitting videos locate a specific position of a survivor. It is
worth to mention the contribution of using wireless local access network (WLANS) in
the relief of the Haiti earthquake. However, the communication over such a network was

unreliable and suffered significant delays [23].

26



Bibliography

[1] S.P.T. Force, “Spectrum policy task force report,” Federal Communications
Commission ET Docket 02, vol. 135, 2002.

[2] “Notice of proposed rule-making and order: Facilitating opportunities for
flexible, efficient, and reliable spectrum use employing cognitive radio
technologies,” Federal Communications Commission ET Docket , No. 03-108,
Feb. 2005.

[3] Akyildiz, I. F. Lee, W-Y. Vuran, M. C.; Mohant, S. “Next generation/ dynamic
spectrum access/cognitive radio wireless networks: A survey,” Computer
Networks Journal (Elsevier), vol. 50, no. 13, pp. 2127-2159, September 2006.

[4] Wang, B.; Liu, K. J. R., "Advances in cognitive radio networks: A survey," IEEE
Journal of Selected Topics in Signal Processing, vol. 5, no. 1, pp. 5-23, Feb.
2011.

[5] Dillinger, M.; Madani, K.; Alonistioti, N., “Software defined radio:
Architectures, systems and functions,” John Wiley & Sons, 2005.

[6] Haykin; Simon, "Cognitive radio: brain-empowered wireless communications,"
IEEE Journal on Selected Areas in Communications, vol. 23, no. 2, pp. 201-220,
Feb. 2005.

[7] Mitola, J.; Maguire, G. Q., Jr., "Cognitive radio: making software radios more
personal," IEEE Personal Communications, vol. 6, no. 4, pp. 13-18, Aug 1999.

[8] “Establishment of interference temperature metric to quantify and manage
interference and to expand available unlicensed operation in certain fixed mobile
and satellite frequency bands,” Federal Communications Commission ET
Docket, 03-289, Notice of Inquiry and Proposed Rulemaking, 2003.

[9] “Notice of inquiry and notice of proposed Rulemaking”, Federal
Communications Commission ET Docket, No. 03-237, November 2003.

[10] Shaat, M.; “Resource Management in Multicarrier Based Cognitive Radio
Systems,” PhD’s thesis, Universitat Polit'ecnica de Catalunya (UPC), Spain,
2012.

27



[11] Digham, F. F.; Alouini, M-S.; Simon; Marvin K., "On the energy detection of
unknown signals over fading channels,” IEEE International Conference
on Communications, 2003. ICC '03, vol. 5, pp.3575-3579 vol. 5, 11-15 May 2003.

[12] Du, K-L; Mow, W-H., "Affordable cyclostationarity-based spectrum Sensing for
cognitive radio with smart antennas,” IEEE Transactions on Vehicular
Technology, vol. 59, no. 4, pp. 1877-1886, May 2010.

[13] Wild, B.; Ramchandran, K., "Detecting primary receivers for cognitive radio
applications,” First IEEE International Symposium on New Frontiers in Dynamic
Spectrum Access Networks, DySPAN 2005, pp. 124-130, 8-11 Nov. 2005.

[14] Krishnamurthy, S.; Thoppian, M.; Venkatesan, S.; Prakash, R., "Control channel
based MAC-layer configuration, routing and situation awareness for cognitive
radio networks," IEEE Military Communications Conference, 2005. MILCOM
2005, pp. 455-460 Vol. 1, 17-20 Oct. 2005.

[15] Masonta, M. T.; Mzyece, M.; Ntlatlapa, N., "Spectrum Decision in Cognitive
Radio Networks: A Survey," IEEE Communications Surveys & Tutorials, vol. 15,
no. 3, pp. 1088-1107, Third Quarter 2013.

[16] Seyed, Z. A.; Li, X., "User-central wireless system: ultimate dynamic channel
allocation,” IEEE International Symposium on New Frontiers in Dynamic
Spectrum Access Networks, 2005. DySPAN 2005, pp. 82-87, 8-11 Nov. 2005.

[17] Ma, L.; Han, X.; Shen, C-C., "Dynamic open spectrum sharing MAC protocol
for wireless ad hoc networks," IEEE International Symposium on New Frontiers
in Dynamic Spectrum Access Networks, 2005. DySPAN 2005, pp. 203-213, 8-11
Nov. 2005.

[18] Papadimitratos, P.; Sankaranarayanan, S.; Mishra, A., "A bandwidth sharing
approach to improve licensed spectrum utilization,” IEEE Communications
Magazine, vol. 43, no. 12, pp. supl. 10, supl. 14, Dec. 2005.

[19] Li, C.; Li, C., "Opportunistic spectrum access in cognitive radio networks," IEEE
International Joint Conference on Neural Networks(IEEE World Congress on
Computational Intelligence). IJCNN 2008, pp. 3412-3415, 1-8 June 2008.

28



[20] Akan, O. B.; Karli, O.; Ergul, O., "Cognitive radio sensor networks," IEEE
Network, vol. 23, no. 4, pp. 34-40, July-August 2009.

[21] Gorcin, A.; Arslan, H., “Public safety and emergency case communications:
Opportunities from the aspect of cognitive radio,” IEEE DySPAN, Chicago, IL
2008.

[22] Rehmani, M. H.; Viana, A. C.; Khalife, H.; Fdida, S., “A cognitive radio based
internet access framework for disaster response network deployment. Research
Report” http://hal.inria.fr/inria-00482593/en/ (2010). Accessed 25 July 2012.

[23] Goldstein, H., “Engineers help NGOs get online after Haiti quake” IEEE
Spectrum, 2010.

29


http://hal.inria.fr/inria-00482593/en/%20(2010).

CHAPTER THREE

OFDM TECHNIQUE AND RELAYING NETWORKS

3.1 Introduction

CR networks require efficient physical layer. Therefore, the OFDM technique,
known to be suitable for the physical architecture, has been recommended for the CR
systems because of its capability to perform underlying sensing besides the ability to
occupy the empty gaps left by the primary system users. The OFDM flexibility provides
opportunities to be used in advanced systems such as CR networks.

OFDM divides the target spectrum into orthogonal narrowband subchannels
where the signal values are modulated on the subchannels in frequency domain.
Interference to the PUs is avoided by simply nullifying the subchannels in the occupied
spectrum segments and modulating only the subchannels in the unused spectrum
segments. With a sufficient number of subchannels, an OFDM-based CR system can

operate efficiently in any target PU spectrum regardless of its channelization scheme [1].

Employing OFDM technique in the CR environment decreases the overall
sensing time since if a PU appears at a single carrier, sensing in other carriers is not
necessary. Furthermore, OFDM based CR networks have the ability to use multiple

spectrum bands, simultaneously, for the transmission.

Another factor that, significantly, increases the OFDM based CR network
efficiency when coupled with the cooperative networks principal. Cooperative
communications emerged to exploit the spatial diversity gains inherited in the multiuser
wireless systems without the need of multiple antennas at each node. This is achieved by
having the users relay each other’s messages and thus forming multiple transmission

paths to the destination [2].
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The relay-assisted wireless networks ensure better channel conditions, increase
coverage and less transmission power than the direct link transmission case which

means low level of interference is caused to PUs.

In this study, the CR principal is deployed in an OFDM based two-way multiple-

relay network.

3.2 Orthogonal Frequency Division Multiplexing (OFDM) System
3.2.1 OFDM System Design and Benefits

The concept of OFDM dates back to 1960s. In OFDM, the entire band is divided
into many narrowband orthogonal subchannels, which are transmitted in parallel to
maintain high data rate transmission and, at the same time, increase the symbol duration
to combat ISI, a form of distortion of a signal in which one symbol interferes with
subsequent symbols because of multipath fading, [3]-[6]. Additionally, orthogonal
subcarriers offer the ability to be decoded separately.

The basic idea of OFDM modulation is to divide the transmitted bitstream into
many different substreams and send these over many different subchannels. Typically

the subchannels are orthogonal under ideal propagation conditions. The orthogonality
requires that the sub-carrier spacing is Af =§ Hertz, where T is the symbol duration,

and k is a positive integer, typically equal to 1. Moreover, the data rate on each of the
subchannels is much less than the total data rate, and the corresponding subchannel
bandwidth is much less than the total system bandwidth [7].

The duration of the OFDM symbol is longer than the single carrier modulation
and its bandwidth is narrower. Consequently, the OFDM systems are more robust to
frequency-selective fading, in which different frequency components of the signal
experience uncorrelated fading, by driving each subcarrier to be exposed to flat fading
rather than frequency selective fading. On the other hand, OFDM is more sensitive to

the time-varying impairment of channels.
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In OFDM systems, the frequency spectrum of the subcarriers are overlapped
with minimum frequency spacing and the orthogonality is achieved between the
different subcarriers [8]. As shown in Figure 3.1, the QAM modulated OFDM input
symbol stream is passed through a serial to parallel converter to be splitted into N
parallel symbol stream. The parallel data is then passed through an inverse fast Fourier

transformer (IFFT) to generate time sequence of the symbol stream.

The OFDM symbol obtained by applying the IFFT algorithm consists of the
sequence x[n] = x[0],...,x[N — 1] of length N, where [8]:

x[n] = Xy Tiez Xi1gr(n — IT)ef2m = 1T=Ok/N (3.1)
serial- [ : 'Eyc:',c
i i refix Up
i to | ]
Bli QAM Symbol St N i IFET : and D/A .
Mod. arafle ] i | Parallel
Lt i ' | toSerial
] i Conv.

Figure 3.1 OFDM transmitter.

where k is the subcarrier indices and is a subset of the set {0,1,---,N — 1}, C is the
length of the cyclic prefix (CP), N is the number of subcarriers, T = C + N is the
length of the OFDM symbol, [ denotes the [, OFDM symbol and gy (n) is a
rectangular pulse shape where gr(n) =1 if n€ {0,1,.....,T — 1} and equals 0
otherwise.

Furthermore, a CP, a copy of the last part of the symbol determined by the
expected duration of the multipath channel in the operating environment such that C is

greater than the channel delay spread, is then added to the beginning of the OFDM time
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sequence which acts as guard interval to combat ISI from the previous symbol. The
cyclic prefix serves to eliminate ISI between the data blocks, because the first C samples
of the channel output affected by this ISI can be discarded without any loss relative to
the original information sequence. Moreover, it allows the linear convolution of a
frequency-selective multipath channel to be modeled as circular convolution [7]. The
resulting digital signal is ordered by a parallel to serial converter then turned into an
analog signal, through digital to analog converter, upconverted and finally passed to the

antenna to be transmitted through the channel.

At the OFDM receiver, Figure 3.2, the received signal is downconverted then
sampled by the analog to digital converter (A/D) to get the digital form again and
filtered to remove the high frequency components. The CP is then removed. The
resulting signal is serial to parallel converted and passed through the FFT. The output
parallel signal of the FFT is then gathered into a serial stream, as the original transmitted

signal, which passed through a demodulator to extract the required signal.

> >

Cyclic

Prefix ; > |>

remov. i i Parallel
Down and i i QAM Symbol St.
com. [F M PP serial- |1 | 77| ;:rial | pemos. [

to i i Conv.

Parallel | "~ S

Conv.

Figure 3.2 OFDM receivers.

3.2.2 Peak to- Average Power Ratio

One of the main OFDM system problems is the peak to average power ratio
(PAPR) which caused because of the linear combination of the transmitted symbols

which means a Gaussian like form, from the central limit theorem. The OFDM
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transmitted signal has a very large PAPR compared with the single carrier modulation.
The PAPR problem may cause nonlinear distortion of the amplifier at the transmitter.
Many approaches have been proposed to reduce the PAPR of OFDM signals.
Back off the operating points of nonlinear power amplifiers is a classical method of
reducing the large PAPR. However, this method severely reduces the efficiency of the
power amplifiers. Clipping and filtering, [9], selected mapping (SLM), [10], and partial
transmit sequence (PTS) are also another methods that reduce the PAPR problem. The
clipper method could be, directly, used to reduce the PAPR of an OFDM signal but it
may cause in-band distortion and out-of-band radiation due to nonlinearity [11].
The SLM and PTS techniques are distortionless compared with the clipping and filtering

techniques but they are with heavy computational complexity.

3.2.3 OFDM Applications

OFDM has been applied in several wireless communication applications,
because of its efficient features, such as terrestrial digital video broadcasting and
European digital audio broadcasting. Moreover, OFDM has been exploited in many
IEEE standards, e.g. IEEE 802.11a/g/n, IEEE 802.15.3a, and IEEE 802.16d/e.
Furthermore, the orthogonal frequency division multiple access (OFDMA), achieved by
allocating a group of subcarriers to a specific user, is considered, currently, as one of the
most promising radio transmission techniques for long term evolution (LTE) wireless

communication systems.

In this thesis, we apply the OFDM technique in a CR two-way multiple-relay
network which supports the underlying sensing that decrease the overall sensing time of
the system. The OFDM can be used to construct the transceiver of CR networks by

virtue of its flexibility for subchannel assignment and power allocation [12].

3.3 Relaying Networks

Relay communication systems are important, in general, when reliable

communication cannot be guaranteed by using a conventional direct link
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communication. The spatial diversity of relay networks and space-time codes, both, can
be used to improve the transmitted signal quality, thereby enhancing the channel
capacity. Moreover, the relay communications are a promising technique that combat
signal fading due to multipath radio propagation. It also improves the system

performance and coverage area.

The concept of relaying has also been integrated into major specifications for
next generation wireless communications such as the IEEE 802.16j [18]. The relay
networks are divided, generally, into two categories: one-way and two-way relay
networks, which will be discussed in sections 3.3.1 and 3.3.2, respectively. In the relay
networks, the relay node retransmits the signal received following two basic schemes,
[13]-[16], AF and DF. Inthe AF scheme, the relay received a signal in the first time slot
and then retransmits an amplified version of the received signal in the second time slot.
The main advantage of this technique is the simple implementation and significant
efficiency in high signal to noise ratio (SNR) regimes. On the other hand, the main
drawback is the amplification of the noise signal which degrades the performance in low
SNR regimes. In DF the relay decodes the received signal, in the first time slot, before
transmitting a fresh version of the signal in the second time slot. The DF technique is
efficient in low SNR regimes.

3.3.1 One-Way Relay Networks

Consider the three-node relay system shown in Figure 3.3. Let S be the source
node that intends to transmit a message to the destination node D while R is an
intermediate node serves as relay node. There is no direct link between S and D due to
poor channel conditions. Consequently, the relay R assists the source to destination

transmission in order to increase the system coverage and achievable capacity.

In the first time slot, S transmits its signal to R. The received signals at the relay

node, Y, can be expressed as [17]:

Yz = hsgy[Ps Xs + Zg, (3.2)

35



where, Xs is the source transmitted symbol, Ps is the source transmitted power, hgg is
the complex channel coefficient of the S — R link and Zy is the independent complex

Gaussian noise.

Figure 3.3 One-way Relay Network.

In the second time slot, the received signal is retransmitted to the destination
following one of the schemes discussed, previously in this chapter, AF or DF

techniques.

If the AF is adopted, the received signal at the relay node has to be multiplied by
an amplification factor g, Then, the received signal at the destination node, Y,, can be

expressed as:

Yp = ﬁhRD\/P—RYR +Zp, (3.3)

Where, hgp is the complex channel coefficient of the R — D link and Zj, is the
independent complex Gaussian noise at the destination side. The destination is then

extracts the desired signal.

On the other hand, if the DF scheme is adopted the received signal at the

destination edge is expressed as [18]:
YD = h’RD\/P—RXR + ZD, (34)

where X is the relay transmitted symbol. No amplification factor is needed and the only

noise presented is the destination receiver noise.
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3.3.2 Two-Way Relay Networks

Two-way relay wireless communication networks has attracted a great deal of
concern because of using the relaying principal with two-way transmission, [14]-[16], to
exchange information between two transceiver nodes T; and T, as shown in Figure 3.4.
This strategy may enhance the overall system capacity and coverage due to the fact that
two time slots, only, are required for full transmission which doubles the capacity
compared to one-way approach.

The system in Figure.3.4 consists of two transceiver nodes T; and T,, and one
relay node R in the first time slot, also denoted as the multiple access phase (MA), T;

and T, transmit their messages to R. The signal received at the relay can be expressed as:
YR = hl—\/PTl X1+h2ﬂPT2 X2+ZR, (35)

where, X; k € {1,2} is the unit power transmitted symbol of the terminal node Ty, Py is
the average transmission power, and Zj is the independent complex Gaussian noise with

zero mean and variance a2.

Second time slot trans. ---->

First time slot trans. e

Figure 3.4 Two-way relay network.

Again, if the AF scheme is deployed, the signal received at T1 and T2 are:

Yl = Ag:lW,PRYR + Zl' (36)
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Y, = AgZ\/P_RYR + 23, (3.7)

where, Py denote the average transmission power of the relay node R and Zj is the
independent complex Gaussian noise with zero mean and variance o k € {1, 2}.

A is the amplification factor expressed as

1

Y, P1h1+P2h2+O'2

After receiving the signals, each transceiver node is then extracts the desired

A= (3.8)

signal by canceling the self-interference.

Now, if the DF scheme is applied, the received signal at each node edge is given

by:
Yy = hy\[PrXg + Z4, (3.9)
Yy = hy/PrXg + Z3, (3.10)

where Xy denotes the unit-power transmitted symbol. No amplification factor is used

and the only noise faced is the independent complex Gaussian noise Zy, k € {1,2}.
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CHAPTER FOUR

RESOURCE ALLOCATION IN OFDM-BASED COGNITIVE TWO-
WAY MULTIPLE-RELAY NETWORKS

4.1 Introduction

This chapter presents the main contribution of this thesis where a joint resource
allocation problem in AF OFDM based two-way multiple-relay CR network is
considered. Two transceiver nodes exchange information via relay nodes due to large
distance, existence of obstacles or worse channel conditions, between the two
transceiver nodes. The full transmission occurs in two phases MA and BC phases.
Considering individual power and interference constraints, the power allocation,

subcarrier pairing and relay assignment are jointly optimized to maximize the sum-rate.

In this study, the dual decomposition technique is applied to obtain the optimal
resource allocation. Additionally, suboptimal algorithms are introduced to perform the
allocation with much less complexity, compared to the optimal solution, and small
performance degradation. Simulation results and discussion are shown at the end of this
chapter to demonstrate the performance gain of the proposed algorithms.

4.2 Constrained Optimization
4.2.1 Duality Theory

In the communication systems, the duality theory concept is frequently used. The
main benefit of the dual algorithm is that it can be used to bound a non-convex problems
or decompose the main problem into a number of subproblems. Consider the following
primal problem:
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max f(x)
subject to (4.1)
gx) <A

The functions f and g are not necessarily convex or concave functions, A is a constant

and x is the variable to be optimized and p* is the optimal value.

The first step in the dual problem construction is finding the Lagrangian function

of a dual variable A:
L(x,4) = f(x) — A(g(x) — 4) (4.2)

Then, the maximum value of the Lagrangian function is called the Lagrange dual

function which can be expressed as:
D(x,A) = max, L(x,A1) (4.3)

The Lagrange dual function gives an upper bound on the optimal value p* of the
problem (4.1) for every A > 0. Therefore, to find the lowest upper bound, the dual

problem is formed by minimizing the Lagrangian dual function as follows [4]:

D° = m/linD(x, A)

s.t A>0 (4.4)

Thus, the inequality D° > p* is always holds even if the original problem is not convex.

The duality gap is defined as the difference D° — p* = 0 which defines the
gap between the optimal solution of the primal problem and the lowest upper bound on it
that can be obtained from the Lagrange dual function. The duality is called weak duality
when the original primal problem is not convex. The strong duality takes place if D° =
p*, i.e. the optimal duality gap is zero. If the primal problem is convex, the strong

duality usually holds.
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For problem (4.1), when f(x) is concave and g(x) is convex, and there exists a
strictly feasible point in the constraints set, the primal and dual problems have the same
solution [5]. When the primal problem is not convex, the zero duality gap cannot be
guaranteed but if a non-convex problem satisfies the time sharing condition, the strong

duality holds.

4.2.2 Time Sharing Condition

Theorem 1 in [3] indicates that if an optimization problem satisfies the time-
sharing condition, then it has a zero duality gap, i.e., the primal problem and the dual

problem have the same optimal value.

The time sharing condition can be summarized as follows [3]: Assume that x*
and y* are the optimal solutions of the optimization problem (4.1) with A = A, and
A = A, respectively. The optimization problem (4.1) satisfies the time sharing
condition if foranyA = A,, A = Ayandforany0 < b < 1, there is always exists a
feasible solutionc, such that g (c) < bA, + (1 — b)A, andf (c) = bf (x) +
1 -=b)f».

For many practical optimization multicarrier problems, the time-sharing
condition is satisfied. Our problem, in this study, is satisfying the time sharing condition
for, sufficiently, large number of subcarriers regardless of the problem convexity implies
that the duality gap approaches zero. The dual problem can be solved instead of the
primal one when it is easier to be solved or when a closed form solution cannot be
found. Thus, in section 4.4 the dual method is used to solve the primal problem by

discussing its dual problem rather than itself.

4.2.3 Subgradient Method

The subgradient method is a very simple algorithm for minimizing a non-
differentiable convex function. The subgradient method can be used to solve inequality

constrained optimization problems e.g.
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min f°(x)
gi(x) <0, i=1,.....m

where g; are convex.

The subgradient of any function f at the point x is any vector v that satisfies the
inequality [8]:
fOzf@+v (- x,Vy (4.6)

When f is differentiable, v is the gradient of f atx, i.e. Vf (x)

In order to solve (4.5) the subgradient performs the following update, at each

iteration, on the maximization variable x

xF+l = xk + apv(xh), (4.7)
where k denotes the number of iterations, a;, is the k" step size, and v is a subgradient
of the objective or one of the constraint functions at x* and is given by [8]:

(k) = {afo(x") g <0, i=1,...,m 48

af,, (x*) for some u’s such that f,,(x*) > 0

where df (x) denotes the set of subgradients of f at x. From (4.5), if it is found that the
current point is a feasible solution, the objective subgradient is used. On the other hand,

if it is infeasible the subgradient of any violated constraint is chosen.

Moreover, the step size, which has to be set before the algorithm starts, has many
different types like constant step size with «;, = a, Vk, and diminishing step size rule

a

e.g. example of the diminishing step size rule is a;, = =, where a > 0.
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4.3 OFDM-Based CR Two-way Relay System Model and Problem
Formulation
4.3.1 System Model

In this section, an OFDM-based two-way multi-relay CR network will be
investigated. As shown in Figure 4.1 a CR relay system coexists with the primary
system in the same geographical area. Due to the bad channel conditions, large distance
or the existence of obstacle, there is no direct link between the two transceiver nodes T;
and T, so they try to exchange their information through M relay nodes. The network
frequency spectrum is divided into N orthogonal subcarriers each having a Af
bandwidth. Perfect channel state information (CSI) of all links is available and the
subcarriers and power can be feasibly allocated by a centralized scheduler or by one of
the transceiver nodes. Moreover, all sub-channels are assumed to experience

independent, frequency-selective fading.

Transmission ———>
- —>

Interference -- PU

R1 --

T1
RM!

(a) (b)

Figure 4.1 two-way relaying OFDM based CR network System model
a) Multiple-access phase (MA) b) Broadcast phase (BC)

The CR system can use the temporarily unused primary system bands guaranteeing that
the total interference introduced to the PUs does not exceed the maximum interference

threshold described by the primary system I;;,.
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The relay is assumed to be half-duplex, thus receiving and transmitting in two
different time slots. To complete a full exchange of information, two phases are
considered, the MA phase and the BC phase. In the MA phase, T; and T, transmit their
data, simultaneously, to the selected m®" relay using the same subcarrier. In the BC
phase, the selected relay amplifies the received signals, and broadcasts them to the two
transceiver nodes. Once received, T; and T, can extract the required information by

canceling self-interference.

The relay node, R,,, receives the combined signal on subcarrier i in the MA
phase and then amplify and broadcast it on another subcarrier j in the BC phase so
subcarrier-pairing scheme between the two phases is deployed where subcarrier i in the
first time slot and its corresponding subcarrier j in the second time slot will form a
subcarrier pair (i,j). Let Al and h}; denote the channel coefficients over the it"
subcarrier from T; and T, to the relay node R,,, respectively. Similarly g7} and g}
denote the channel coefficients over the j* subcarrier from the selected relay node to T;
and T, respectively. Moreover, Q& and Q) k= {1,2} are channel complex coefficients
between the transceiver nodes T;, relay node R,,, and the PU, respectively. In order to
avoid the interference among the relays, each subcarrier pair is only allowed to be
allocated to one relay node, but not vice versa. Accordingly, more than one pair of
subcarriers may be assigned to a relay node.

In the MA phase, the received signal at the m‘" relay over subcarrier i Y,,; can

be expressed as:

mi = hﬁv piril Xli + hg%\/ pgil XZi + Zmi; (4-9)

where Xy;, k € {1,2}, is the unit power transmitted symbol of the terminal node T} over
subcarrier i, py; is the average transmission power, and Z,,; is the independent complex

Gaussian noise with zero mean and variance o;%;.
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The received signal by the m®" relay is then multiplied by amplification factor D

expressed as [1]:

1

(4.10)

D =
mym2,. m;m2, o
\/plihli t0yihy +o

The signal is then broadcasted to the transceivers. Once received the signals, the

transceiver nodes extract the desired signals by cancelling self-interference.

The received signals at the terminal nodes T; and T, over subcarrier j in the BC

phase are given by

Where pg} denote the average transmission power of the relay node R, over
subcarrier j. Moreover, Z; is the independent complex Gaussian noise with zero mean
and variance a,fj at Ty, k € {1,2} on each subcarrier includes the noise caused by the

PUs transmission. Based on the central limit theorem, the PUs noise could be considered
as Gaussian noise. Without loss of generality, the noise variance is assumed to be

constant for all subcarriers, i.e. o;; = a;; = o2

The received end-to-end signal to noise ratio (SNR) at T; and T, through R,,, over

the subcarrier pair (i, j) can be given by the following equations [2]

pgp%fzfs
SNR, = 4.13
1 az(p,’?jfswﬁfﬁp;'}fzwz) ( )
mom
SNR, = PuiPRJ1Ts (4.14)

o2(pI fat D1 +D fr +02)

. 2 2
respectively. Where f; = |hy;1?, f, = |hail?, f3 = |g1;]" and f; = |g25]"
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The total end-to-end AF data rate on a given subcarrier pair (i, j) that is allocated

to the m" relay, R:{},'i’j , Is expressed as [9]
RjEY =2 log,(1 + SNRy) +3log,(1+ SNR;) (4.15)

The pre-log factor of (¥2) in equation (4.15) above, is due to the fact that two times slots

are required for the complete transmission process.

4.3.2 Problem Formulation

Let p = (pi%, Py, p{{lj-) represents the average transmission power of nodes Ty, T,
and the selected relay R,,, respectively. All channel gains for the network can be adopted
by assuming classical channel estimation approach and all the noise variances assumed to

be equal g2. Denote ,,;; € {0,1} as the relay selection indicator with ,,;; =1
represents that the subcarrier pair (i, j) is allocated to the relay R, otherwise i,,,; ; = 0.
Moreover, denote 6; ; € {0,1} as the subcarrier-pairing indicator, that is, if subcarrier i in
the first time slot is paired with subcarrier j in the second time slot, then 6, ; =1

otherwise 6; ; = 0.

Our objective is to jointly optimize the power, relay assignment and subcarrier
pairing to maximize the throughput of the multi-relay two-way OFDM CR system,
previously described, such that the instantaneous interference introduced to the primary
system is below the maximum tolerable threshold, I;;,. The primal optimization problem

of our system is expressed as:

N M
m,i,j
max E E 0; iVmiiRap
0i,jWm,i,jP>0 L £ ST

L

T
=
~.
T
Y
~ 3
T
=

- (C1:Subcarrier pairing constraint):

N N
ZGU = 1, VJ, and ZBU = 1, Vi
j=1

i=1
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- (C2:Relay assignment constraint):

M
Dy =1, Vi
m=1

- (C3:Transceivers T; and T, power constraint):

N M

Zzpkl@k, k= (1.2)

i=1m=

- (C4:Relays individual power constraints):

N
ZpZ}SPR , Vm
j=1

- (C5:Interference constraint at the first time slot (MA)):

Z Z (9119173 2P21) <hLn, k= {1,2}

i=1m=

- (Ce6: Interference constraint at the second time slot (BC)):

Z Z‘Q‘R pR] < Ith

m=1 j=

0=1{0:},.v ¥ =¥mij}, ey 304 P = {PT}, 03 PR;} are the total variables to be
optimized. (C1) expresses the subcarrier pairing constraint implies that each subcarrier in
the MA phase paired with one, and only one, subcarrier in the BC phase. (C2) represents
the relay selection constraint which indicates that each subcarrier pair can be assigned to
one relay only. (C3) and (C4) express the individual power constraints in the transceivers
and different relays, respectively. I, is the maximum tolerable interference to the PUs

expressed by constraints (C5) and (C6).

4.4 Optimal Resource Allocation Based On Dual Method

4.4.1 Optimal Resource Allocation

The dual problem of the primal problem, which satisfies the time sharing

condition for large number of subcarriers N, is expressed as
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min D(A) (4.16)

A20
with A4 = [Ar, Ar,, AR,y won oo Ay A1, Al is the dual variables vector, where
(ATl, /1T2) and (Ag,, «- - , Ar,,) are non-negative dual variables associated with individual

power constraints (C3) and (C4). Moreover, the dual variables (4,,,4,,) are associated

with the tolerated interference to the PU constraints (C5) and (C6).

The dual function D (4) is defined as

D(A) = max L 4.17
@ 01 Ym,ijp>0 ( )

where L is the Lagrangian function of the primal problem, given by (4.18).

In order to solve the dual problem (4.16), a two phase solution is presented. First
we need to solve the Lagrangian in (4.18) to optimize the resources variables {6, y, p}
for a given feasible dual variables vector A, then a subgradient method is applied to

optimize A where each of the resource variables is refined at every iteration.

m=1i=1 j=1 k=1 i=1m=1
M N N M
m=1 Jj=1 i=1 m=1
M N
+ 2, [ [ 1 - Z Z Q) o (4.18)
m=1j=1

1- Optimizing the transmit power p*:

Starting by assuming initial feasible values of the dual variables assuming that (i, j)
is an available subcarrier pair that is already matched and assigned to a relay node R,,, so
that ei’jl/)m'i'j =1.
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Then, the dual function in (4.17) can be rewritten as follows

N N M 2 M
D(A) = max zz z Hi,jl/)m,i,ij,i,j + z ATkPk + z ARmPR
me] i,j,p>0 ] —

i=1 j=1m=1

m=
+ Ien(A, + 44,) > (4.19)

where

Winij = le] Z AT,{PQ} - ARmp}g;' - /111 (Qgpﬁ'l + Q%Pgil) - Alzﬂfqmpgs' (4.20)
k=1

Therefore, the optimal power allocation can be determined by solving the following sub-

problem (4.21) for every (m, i, j).

Jmax Wy
p11p21 R]

s.t (4.21)
P1i P21 PR = 0

The power allocation problem in (4.21) is neither convex nor concave, so that
finding a closed form solution is not trivial. Furthermore, the multicast users which share
the same resources are subject to different radio link conditions. For this reason, there
are several possibilities for performing the power allocation, e.g., according to the best
or worst user within each subchannel, or taking into consideration the requirements of
each individual user [6]. Based on that, the optimal power allocation can be obtained via
exhaustive search over the power of T;, T, and R,, taking into consideration that each
takes discrete values over a number of power levels L and that the interference constraint

does not violated.

51



2- Optimal Relay Selection y*

The optimal relay selection ensures that the transceiver nodes T; and T, choose the
best relay node that have the preferable channel conditions. Substituting the optimal
power values p* = {p1;, p2;, Pr;}, Calculated in stepl, in equation (4.20). The optimal
relay selection can be obtained solving the following maximization sub-problem

max Wi j
mt,j

s.t (4.22)
M

:E: ¢Hnjj = 1' V'Lj

m=1

Based on the maximization problem (4.22) we determine the optimal relay
selection ¥* at every possible subcarrier pair (i, j), so that8; ; = 1. The optimal relay

should be selected for (i,j) pair that maximizes W,,;; therefore; the optimal relay
selection can be expressed as

. 1, m=m(i,j) = argmax Wi j» Y(i, )
lpm,i,j = { m (4.23)

0, othewise
3- Optimal subcarrier pairing 6*

The optimal subcarrier pairing is considered as a linear assignment problem which
can be solved, efficiently, by the Hungarian algorithm, summarized in Table 4.1, with a
complexity of O(N?3) [12]. Substituting each of p* and Ym,i,; into (4.20), we obtain:

max W,
LJj
s.t (4.24)
N N
Zel,=1, Y j; and ZBU 1, Vi
i=1 j=1
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where

Wij = argmaxWy,;; , V(i j) (4.25)
m

Let W be a matrix such that:

W1,1 W1'2 “ee Wl,N

W1 Wy, o Won (4.26)

Wi Wiz ... Wan

where W isa N x N profit matrix. The objective in (4.24) can be maximized by picking

elements from the matrix W such that the sum of profits is as large as possible.

Table 4.1 Hungarian Algorithm

Hungarian Algorithm

1.

Subtract the elements in each row from the maximum number in the row, and subtract
the minimum number in each column from the whole column.

Cover all zero-elements in W as few lines as possible;

If the number of lines equal to the size of W, the optimal solution is found. Otherwise,
find the minimum number that is uncovered. Subtract this minimum number from all

uncovered elements and add it into values at the intersections of lines, then go to Step 2.

The optimal subcarrier pairing can be expressed as

. _ (1, j=j@), Vi
9= {0, otherwise (4.27)

The next stage is to optimize the dual variables A taking the advantage of the

three steps described above. As we have seen in subsection 4.2.1, the dual function is

always convex so that iterative method, such as subgradient method can be used to

minimize (4.16) with guaranteed convergence.
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4.4.2 Subgradient Method to Calculate the Optimal A*

Through the steps described in subsection 4.4.1, the optimal resource allocation
{p*, ¥, 0"} have been obtained, for a given initial values of the dual variable vector A.
Substituting each of {p*,y*, 8"} into (4.17), we obtain the dual function then solving the
optimization problem of the dual problem in (4.16), the optimal dual vector A* can be
found by the subgradient method. The sub-gradient method can be used to solve the dual
problem with guaranteed convergence, [8], since a dual function is always convex. Based
on initially selected dual variables vector, 2° = [19,,1%,,2%,, ..., 1%,,,12,2%.], 4 can

be updated at the (¢t + 1)" iteration by as shown in the equations (4.28)-(4.31) below

N M
AT =20 — 50 <Pk - z z p,’{f); vk € {1,2} (4.28)
i=1m=1
D = 20 _ 5@ pp -y pmt | 4.29
Rm ~ "Rnm R pR] ) vm ( . )
j:
N M
1 * . *
A = 20— 5 <Z Z (@il + ipp )) (4.30)
i=1 m=1
N M
a0 =2 = 60| 1y - Z Z Ok, PR (4.31)
j=1m=1

Where 6¢, step size of the t" iteration which can be updated according to the non-
summable diminishing step size policy [8].

The iterations are repeated until convergence. As a result, the optimal solution of
the primal problem is achieved. It should be noted that all the resources {p*, ", 6"} have

to be recalculated for every single iteration, under A®, in terms of the steps described in

subsection 4.4.1.
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4.5 Suboptimal Algorithms

In fact, the significant weight of complexity in the optimal solution is, essentially,
in the power allocation and in the Hungarian algorithm. As a result, three suboptimal
algorithms are proposed based on this knowledge. In the three algorithms, the power of
the relays and transceivers is fixed to be uniformly distributed over subcarriers, rather
than the optimal allocation obtained in the previous section. Moreover, it is assumed that
the interference introduced to the PU by every subcarrier is uniform. Therefore, the single
subcarrier maximum allowable power should be the minimum between the interference

threshold and the node power upper bound divided by the total number of subcarriers, i.e.

* PK Ith
m=min|—,— , k=1{1,2 4.32
Pii mm(N Q;ﬂ) (12} (432)
Similarly,
* PR Ith
Prj =min|——,— (4.33)
Y (N ﬂémN>

In the first suggested suboptimal, a greedy suboptimal algorithm is proposed in
which the subcarriers are matched by ordering the subcarriers in the first and second time
slots according to maximum achieved rate R,r. The subcarrier pairing, in the next
suggested algorithm is obtained using the Hungarian method. Finally, in the third
suboptimal algorithm the pairing is done using the same subcarrier in, both, the first and

second time slots.

4.5.1 Proposed Suboptimal Greedy Algorithm (Proposed Suboptimal)

The subcarrier matching in this algorithm is performed in an efficient way

depending on the value of the rate Rﬁ'i"' in (4.15). Once the power levels are determined,
equations (4.32) and (4.33), the algorithm searches for the best second time slot

subcarrier, j, and relay m that maximizes the product of SNR; and SNR, in the rate

equation (4.15). By defining A and B sets that include all the non-assigned subcarriers in
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the MA and BC phases, respectively. This is an efficient greedy suboptimal algorithm
that equivalent, in complexity, to a sort type algorithm. The proposed suboptimal

algorithm is summarized in table 4.2.

Table 4.2 Proposed Suboptimal Algorithm

1- Perform the power allocation of the transceivers T; and T, using distribution pi""

min (P—K ’f—h) , k={12}.

N’oiN

2- For every subcarrier j and relay m, evaluate the relays power

. * . P 1
viapp;” = min (—;,n—jth )
N
Rm

3- For every subcarrier j € B and relay m, evaluate the product of the SNRs, Q = SNR; *

SNR, where both of SNR, and SNR, are given by (4.13) and (4.14), respectively.
4- Determine j* € B and m" satisfying (j*,m*) = argmax; ,, Q.

5- Remove j* from the set B and repeat the previous procedures until the set A is empty.

4.5.2 Hungarian Pairing Suboptimal Algorithm (Suboptimal + Hungarian)

In this algorithm, the optimal relay selection and subcarrier paring are obtained
in the same methods described in the previous section while the nodes power is
uniformly distributed over the subcarriers. Now, each of the calculated p}*" and p,’{‘j* is
substituted in the rate equation (4.15) then we proceed to steps 2 and 3 in subsection
4.4.1 to determine ¥, ; ; and evaluate the optimal subcarrier pairing matrix 6; ; using the
Hungarian algorithm. Compared with the optimal algorithm, the main benefit of this
suboptimal is that there is no need of the optimal power allocation calculations and
consequently, no need to calculate or update the dual variables while its drawback is the

high complexity of the Hungarian method especially for high number of subcarriers.
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4.5.3 Fixed Pairing Suboptimal (Suboptimal + Fixed)

The subcarrier matching, in this algorithm, is prefixed instead of obtaining the
optimal subcarrier pairing. Without loss of generality, the subcarrier pairing is denoted
by

j@ =i, Vi, (4.34)

This indicates that the signals from transceivers T; and T, transmitted over one subcarrier
in the MA phase is retransmitted over the same subcarrier in the BC phase. Once the
pairing is done, we proceed to the relay assignment as detailed in subsection 4.4.1. This
algorithm is of very much low complexity than the optimal but on expense of

performance, where it is poor compared to the other algorithms.

4.6 Complexity Computations

The optimal solution for the nonlinear primal problem is sometimes difficult to be
obtained due to its high computational complexity, especially, when the number of N is
significantly large. In each iteration, (M + 4) dual variables have to be updated.
Therefore, in order to solve the problem efficiently low complexity suboptimal
algorithms are proposed to find a suboptimal solution of the primal problem, which will
be compared to the optimal one at the last section of this chapter through a simulation

process.

The primal problem is decomposed into N(NM + 1) sub-problems where each
sub-problem requires O(NLN~1) complexity to obtain its corresponding power
allocation. Afterwards, the relay assignment is determined by performing M functions
evaluations for N! Subcarrier matching possibilities. Finally, the Hungarian algorithm is
performed with a complexity O(N3). Accordingly, the optimal solution has a
complexity of O(T(N3(MLN~!+ 1) + N2LE"1 + MN!)) where T is the number of

iterations required to converge which is usually high.
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In the proposed scheme, suboptimal algorithm 3, every subcarrier in the MA requires no
more than 2(NM + 1) function evaluations to be paired and assigned to the best relay.
Therefore, the complexity of the proposed algorithm is 0(2N2M + 2N?).

The computational complexity comparison between the optimal and suboptimal

algorithms is summarized in table 4.3.

Table 4.3 Computational complexity comparison

Algorithm Complexity
Optimal O(T(N3(MIN=! + 1) + N2[L~1 + MN!))
Proposed Suboptimal O(2N?M + 2N?)
Suboptimal + Hungarian O(MN? + 2N + N3)
Suboptimal + Fixed O(MN?)

4.7 Simulation Results

In this section a simulations process is performed under the scenario given in Fig. 4.1
to reveal the performance of the introduced and proposed algorithms. An OFDM system
of N = 16 subcarriers, which is sufficient to have a zero duality gap [3] and M = 6
relays are assumed. The noise variance is assumed to be 0 = 5 x 10~ and the channel
gains are outcomes of independent Rayleigh distributed random variables with unity

mean.

The simulation is held in two phases. First, we fix the value of the interference
threshold level I, = —10 dBm and calculate the rate of the optimal and suboptimal
algorithms over node power constraint values of -10 to 15 dBm while in the second
phase of simulation, we fix the power on a middle value, —2.5 dBm and sweep I,
over —10 to 2 dBm. The resulting figures of the two phases simulations are shown in

Fig. 4.2 and Fig. 4.3, respectively.

Fig. 4.2 depicts the achieved capacity of the optimal and suboptimal schemes versus

the transceivers and relays power constraints when the interference threshold is fixed
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to —10 dBm. It can be noted that the capacity of all schemes increases with the power
constraint. This increase in the capacity continues until it becomes constant at a certain
value of the power constraints regardless of the power constraint increase. This is because
the induced interference results from transmitting with the available power reaches the
prescribed threshold and the system cannot use more power. Additionally, the dual
decomposition based solution has the highest performance with the best data rate that
outperforms the other algorithms as it is an optimal solution and it works as an upper
bound of the rest of the suboptimal schemes. The closest performance to the optimal

solution is achieved by the Suboptimal+ Hungarian algorithm.
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Figure 4.2 Achieved capacity vs power constraint

With a significant reduction in the computational complexity of the optimal
scheme, the proposed efficient suboptimal algorithm achieves a good performance with
much less complexity compared with the optimal and less than the Suboptimal +

Hungarian. The complexity of the Suboptimal + Hungarian algorithm grows large as the
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number of subcarriers is significantly large which reveals the benefit of the proposed
suboptimal for high number of subcarriers. The Suboptimal + Fixed algorithm has the

lowest performance.

Fig. 4.3 shows the achieved capacity of the optimal and suboptimal schemes
versus the interference constraint when the power constraints are fixed to 2.5 dBm. It can
be noted that the capacity of all schemes are increased with the interference constraint.
This can be justified by increasing the ability of the transceivers and different relays to

transmit with higher power levels.
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Figure 4.3 Achieved capacity vs interference threshold

Normally, this increase in the capacity with the increase of the interference constraint
continues until the value of the interference becomes high with respect to the power
constraints as the induced interference results from transmitting with the maximum

power levels is below the prescribed threshold. The performance comparison between the
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different simulated algorithms follows the same behavior described for Fig. 4.2 where the
complexity and performance has a tradeoff relationship.
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CHAPTER FIVE
CONCLUSION AND FUTURE WORK

5.1 Conclusion

Chapter 2

In this chapter, an overview of the CR technique was presented. A description of
the cognitive networks characteristics was introduced; include the cognitive capability
and reconfigurability. Moreover, the network architecture and cognitive cycle were also
discussed, where the main cycle stages, spectrum sensing, spectrum decision, spectrum
sharing and spectrum mobility, are viewed in details. Finally, some of the current CR

applications were exhibited.

Chapter 3

The OFDM technique features, advantages and drawbacks were showed in this
chapter. Additionally, the important fields of OFDM applications were presented.
Furthermore, we continued in the chapter by a brief entrance to the relaying networks
showing its main transmission schemes, AF and DF. The common network types, one-
way and two-way relaying networks where mathematically detailed. At the end of
chapter 3, a recall of the main works in literature that is related to this dissertation

approach was presented.

Chapter 4

In this chapter, the main contribution of this thesis was presented where a joint
resource allocation problem in AF two-way multiple-relay OFDM CR system has been
investigated where power allocation, subcarrier pairing and relay assignment were
jointly optimized. The main optimization problem is formulated in order to maximize

the total end-to-end throughput of the system subject to individual power and
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interference constraints. The dual decomposition approach is applied to solve the mixed
integer programming problem and achieve an optimal solution. Due to the high
computational complexity of the optimal scheme, calculated to be O(T(N3(MLN~1 +
1) + N2LL=1 + MN?)), suboptimal algorithms were proposed based on distributing the
power uniformly over the total number of subcarriers, considering the interference
constraints, to achieve acceptable performance with much less complexity than the
optimal one. A greedy suboptimal algorithm was introduced where the subcarrier pairing
was done by searching for the best second time slot subcarrier. The proposed greedy
suboptimal was of complexity 0(2N?M + 2N?) which has much less than the optimal

with efficient performance as demonstrated in the simulation results subsection.

5.2 Future Works

In this dissertation, a scenario that gathers CR, OFDM technique and two-way
relaying has been considered. To the best of our knowledge, there is no significant work
in such scenario. However, there are still many open issues to analyze. In the following,

some important future research directions are listed

e The decode an forward (DF) scenario is considered as a possible and attractive
future work extension where the rate expression has to be modified to suit this
technique and the rest of the power allocation, relay assignment and subcarrier
pairing can be optimized using similar approach.

e In this thesis, it is considered that the resource allocation is performed in a
centralized way. The distributed allocation algorithms are of a considerable
interest. According to the formulation of the problem. The distributed allocation
algorithm might be derived from the centralized one [1]-[3]. The user, in this
approach, reserves the channel by sending a flag packet to all other the users.
Alternatively, game theoretic approaches can be used in the design of such
algorithms [4-6].
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In fact, the assumption of perfect CSI and channel occupancy information
knowledge is not realistic. There is always exists some uncertainty in this
information due to the sensing errors or due to the unreliable feedback channel.
As a result, the effect of this lack of perfect information should be taken into
consideration and analyzed in order to determine the appropriate algorithms
required. In [7], the imperfect CSI and sensing information is considered to find
the optimal power allocation in OFDM based CR systems. The extensions of
these results to consider the two way relay scheme are a good step forward. The
CSI imperfection issues besides the way of exchanging the channels information
between the PUs and the SUs are still open problems that need more search and
investigation.

In this study, the dual-hop DF scenario was considered. The multiple-hop
network is a natural extension. More relaying protocols may have to be studied
like the adaptive relaying. In the adaptive relying [8-10], the relay node decides
the forwarding scheme based on the instantaneous channel quality and the

decoding ability.
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Abstract—In this paper, a joint resource allocation problem
in amplify and forward (AF) OFDM based two-way multiple-
relay cognitive radio network is considered, where two transceiver
nodes exchange information via a relay node. The full trans-
mission happens in two phases: Multiple Access (MA) phase
and the Broadcast (BC) phase. Considering individual power
and interference constraints, the power allocation, subcarrier
pairing and relay selection are jointly optimized in order to
maximize the sum-rate. The dual decomposition technique is
applied to obtain the optimal solution. Additionally, an efficient
suboptimal algorithm is proposed to reduce the computational
complexity of the optimal solution with a small performance
degradation. Finally, simulation results are shown to demonstrate
the performance gain of the proposed algorithm.

Keywords—Cognitive Radio, OFDM, Two-way relaying, re-
source allocation.

I. INTRODUCTION

Cognitive radio (CR), nowadays, is considered as one of
the most promising techniques which enables flexible usage
of radio spectrum and improves the spectral efficiency by
enabling unlicensed users to exploit the licensed spectrum in
an opportunistic manner. In Cognitive radio (CR) networks, a
secondary user (SU) coexists in the same geographical area
with a primary user (PU) exploiting the spectrum holes in the
licensed spectrum band. The SUs are allowed to communicate
using these frequency slots as long as they do not cause
harmful interference to the PUs. The CR principle can be
applied in a relay network specially when there is no direct
link between nodes that need to exchange information. Instead,
intermediate nodes act as relays such that they guarantee better
channel conditions and less transmission power, implies low
level of interference caused to PUs than the direct transmission
case.

Relay networks main contribution is the utilization of the
spatial diversity gains inherited in multiuser systems without
the need of multiple-antenna per node The relying schemes
are divided, generally, into two main categories: one-way and
two-way relay networks. In one-way relaying, the relay nodes
receive a signal from a source node in the first time slot
and retransmit it to a destination node in the second time
slot, using the common cooperative schemes like decode and
forward (DF) or amplify and forward (AF), which takes two
time slots for one direction transmission. Consequently, in one-
way relaying, four time slots are needed if two nodes want
to establish full transmission since they cannot transmit at the
same time. On the other hand, in the two-way relaying scheme

the relay nodes receive signals from transceivers in the first
time slot, also called multiple access phase (MA), and then in
the second time slot -broadcast phase (BC)- they broadcast the
received signals to the transceivers. This overcomes the one-
way relay scheme and doubles the spectral efficiency since two
time slots, only, are needed to full exchange of information
between the two nodes. Employing the OFDM technique
increases the spectral efficiency by transmitting information
over multiple orthogonal narrowband subcarriers besides being
very effective in mitigating inter-symbol interference (ISI) and
combating frequency selective fading.

Resource allocation in relay communication networks has
extensively discussed in literature. In [1], Shaat and Bader
discussed the joint power and subcarrier allocation in OFDM
based cognitive one-way relay network. Vu and Kong studied
in [2] the optimal power allocation in non-cognitive two-way
decode-and-forward OFDM relay network where three time
slot transmission is considered. In [3] , a joint resource alloca-
tion was designed in AF OFDM based two-way non cognitive
system where power allocation, subcarriers assignment and
relay selection are jointly optimized. Jang et al. showed in [4] a
two-step approach to power allocation for OFDM two-way AF
network where a total power constraint scenario is proposed.
In [5], Ubaidulla and Aissa proposed a joint relay selection
and optimal power allocation among the SU nodes in a two-
way relay CR network achieving maximum throughput under
transmit power and PU interference constraints. Multiuser two-
way AF relay methods for beamforming systems were dis-
cussed in [6] where multiple-input multiple outputs (MIMO)
relay transceiver processing was proposed. Ho et al. in [7]
considered an AF scheme for two-way relaying over OFDM, in
which two nodes exchange information via a relay where they
performed power allocation for the relay and transceiver nodes.
The work in [2], [6], and in [7] discuss two-way relaying
systems in non-cognitive environment which is not efficient in
cognitive one due to the additional interference constraint. A
two-way relay network in CR system was adopted in [8], where
linear signal processing is done at the relay station to remove
inter-pair interference for SUs and a power control algorithm is
employed to maximize the sum rate of the secondary network
while ensuring no harmful interference is introduced to PUs.
The work in [5] and [8] is not valid for the multicarrier
systems.

The main contribution of this paper is to jointly optimize
the power, for transceivers and relay nodes, subcarrier pairing
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Fig. 1: System model of a two-way relaying OFDM cognitive radio
network.

and the relay assignment that achieves the best capacity with
minimal interference to PUs in OFDM-based cognitive two-
way relay network. An optimal solution based on the dual
method is proposed. An efficient suboptimal scheme is also
presented to achieve a near optimal performance with a less
computation complexity.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this paper, an OFDM-based two-way relay CR network
with multiple relays is investigated. As shown in Fig. 1, a
CR relay system coexists with the primary system in the same
geographical area. Due to the bad channel conditions, large dis-
tance and/or the existence of obstacles, there is no direct link
between the two transceiver nodes 77 and T5. The transceivers
try to exchange their information through M relay nodes.
The network frequency spectrum is divided into N orthogonal
subcarriers each having a A f bandwidth. Perfect channel state
information (CSI) of all links is available and the subcarriers
and power can be feasibly allocated by a centralized scheduler
or by one of the transceiver nodes. Moreover, all sub-channels
are assumed to experience independent, frequency-selective
fading. The CR system can use the temporarily unused PU
bands guaranteeing that the total interference introduced to
the PUs does not exceed the maximum interference threshold
previously described by PU, I,.

The relay nodes are assumed to be half-duplex, thus receiv-
ing and transmitting in two different time slots. To complete
a full information exchange, two phases are considered, (MA)
phase (BC) phase. In the MA phase, 7% and 75 transmit their
data, simultaneously, to the selected m!” relay using the same
subcarrier. In the BC phase, the selected relay amplifies the
received signals, and broadcasts them to the two transceiver
nodes. Once received, 71 and 72 can extract the required

information by canceling self-interference.

The relay node, R,,, receives the combined signal on sub-
carrier ¢ in the MA phase and then amplifies and broadcasts it
on another subcarrier j in the BC phase. The subcarrier-pairing
scheme between the two phases is deployed where subcarrier
¢ in the first time slot and its corresponding subcarrier j in the
second time slot form a subcarrier pair (7, 7). Let A} and h3}
denote the channel coefficients over the i*" subcarrier from
T'1 and T2 to the relay m respectively. Similarly g7 and g3;
denote the channel coefficients over the i*" subcarrier from
the selected relay node to 7} and 75, respectively. In order to
avoid the interference among the relays, each subcarrier pair
is only allowed to be allocated to one relay node, but not vice
versa. Accordingly, more than one pair of subcarriers may be
assigned to a relay node.

In the MA phase, the received signal Y(,, ;) at the mth
relay over subcarrier ¢ can be expressed as

Yoni = hin/pTi X1 + R/ 05 Xoi + Zim, (1

where Xy;(k € {1,2}) is the unit power transmitted symbol
of the terminal node T}, over subcarrier 7, pj; is the average
transmission power, and Z;,, is the independent complex
Gaussian noise with zero mean and variance o2,,.

The received signal by the m!”* relay is multiplied by am-
plification factor D = 1/\/pJth{ + p3thit + o2 and broad-
casted to the transceivers. Once received the signals, the
transceiver nodes extracts the desired signals by canceling self-
interference. The received signals at the terminal nodes 7} and

Ts over subcarrier j in the BC phase are given by

Yij = Dgijy /PR Ymi + Z1; (2)
Yaj = Dy /DR Ymi + Z2j 3)

Where Xr; and p%; denote the unit-power transmitted symbol
and the average transmission power of the relay node R,,, over
subcarrier j, respectively, and Z,,; is the independent complex
Gaussian noise with zero mean and variance o7, ;(n € {1,2}).
Without loss of generality, the noise variance is assumed to be

constant for all subcarriers, i.e. 02, = 0720 = g2,

The received end-to-end signal to noise ratio (SNR) at
T, and T; through R,, over the subcarrier pair (i,j) can be
expressed as [3]

SNR, — (Pg}pn}zljh%ig%j) @
1=
02(p}§‘jgfj + pTth?, + pghgl +02)
m m,h2. 2,‘
SNR2 _ (plsz] llg2J) (5)

‘72(p71§j9§j +piihi; + pg;hgz +0?)
The end-to-end AF data rate on a given subcarrier pair

(i,7) that is allocated to the m'" relay, Rfjﬁ’j , is expressed
as [5]

Ry = - logy (14 SNRy) + ; logy (1+ SNRa) - (6)

The pre-log factor of (1/2) in equation (6) above, is due
to the fact that two time-slots are required for the complete
transmission process.



Let p = (p7%, pit, Plk;) represents the transmission power
of nodes 17, T, and the selected relay R, respectively. All
channel gains for the network can be adopted by assuming
classical channel estimation approaches and all the noise
variances assumed to be equal 02. ¢, ; ; € {0, 1} is the relay
selection indicator with 1), ; ; = 1 when the subcarrier pair
(i,7) is allocated to the relay R,,. Moreover, §; ; € {0,1} is
the subcarrier-pairing indicator, that is, if subcarrier ¢ in the
first time slot is paired with subcarrier j in the second time
slot, then ¢; ; = 1 and otherwise 0; ; = 0.

Our objective is to jointly optimize the power, relay as-
signment and subcarrier pairing in order to maximize the
throughput of the multi-relay two-way OFDM CR system and
guarantee that the instantaneous interference introduced to the
primary system is below the maximum tolerable threshold I;h.
The optimization problem can be formulated as follows

N N M m
max 0; ;¢ i
Ym,i,j0i,5,P>0 ZX:UX% mZE i3 Pmig B

s.t.
- (C1: Subcarrier pairing constraint)

ZG,J—I Vj; and ZGJ—IVZ
i=1
- (C2: Relay assignment constramt)

E Um,ij = 1Vi, j
- (C3: Transcervers T1 and 15 power constraint):
N M (7)
> P <Py, k={1,2}
i=1m=1

- (C4: Relays individual power constraints):
N
> PRy < Pr, VYm

j=1
- (C5: Interference at the first time slot (MA)):

N M
> >0 QT+ Q5ip3;) < L
i=1m=1

- (Ce: Interference at the second time slot (BC)):

Zr Z QR;pRy < Iin

m=1j=

(C1) expresses the subcarrier allocation constrain. It implies
that each subcarrier in the MA phase paired with one, and
only one subcarrier in the BC phase. (C2) represents the relay
selection constraint which indicates that each subcarrier pair
can be assigned to one relay only. (C3) and (C4) express
the individual power constraints in the transceivers and the
different relays, respectively. I;; is the maximum tolerable
interference to the primary users expressed by constraints (C5)
and (C6) where %, k = {1,2} and QF, are the subcarrier
gains between the PU and the transceivers and relay nodes,
respectively.

III. OPTIMAL RESOURCE ALLOCATION BASED ON DUAL
DECOMPOSITION

The optimization problem is satisfying the time sharing
condition described in [9] and hence, the duality gap of the
problem approaches zero as the number of subcarriers is
sufficiently large regardless of the problem convexity. Thus, in
this section the dual decomposition technique is used to find
the optimal solution of the optimization problem. The dual
problem is expressed as

r)\n>1n D(X) (3)

with A = [)\Tl,)\T2,/\Rl, BN )\RJ\47)\117)\I2]’ where (/\Trv)‘Tz)
and (Ag,, -, ARr,,) are non-negative dual variables associated
with individual power constraints (C3) and (C4). Moreover,
the dual variables (A7,, \7,) are associated with the tolerated
interference to the PU constraints (C5) and (C6). The dual
function D () is defined as
ISNE max L
tm.i,5,0i,5,p>0 )
s.t. (C1),(C2)

where the Lagrangian £ is given by

M N N m.i, N M
SR B eyt fon (-8 5 )

i AR, (PR - Z PR7> + An, <Ith - ( 21 2 ngﬁ%j))

N ]W
+)‘Il Iin — Z:l Zl (leplz + Q2zp21)>)

The dual function in (9) can be rewritten as follows

D(A) = o, max

mijeijp>

N N
Z: Z_: 0i.5%0m,i,i VW, ij+

14

Z Aty Pr + Z A PR+ LIth (A1, + A1)
m=1

(11)
where
Wm,i,j = R’Zlg 7 )‘Tk sz - )\RmPRJ - )‘11 (leplz 21p22)
_)\IZQR]pRJ
(12)

A two phase solution of the dual problem is adopted. First,
the resources variables {t.,; ;,0; ;,p} are optimized for a
given feasible dual variables vector A and then a sub-gradient
method is applied to optimize A where each of {¢., ; ;,0; ;, P}
is refined at each iteration. Therefore, starting by assuming
initial values for the dual variables and assuming that the
subcarriers (i,j) are already matched and allocated to the
m'" relay. Accordingly, the optimal power allocation can be
determined by solving the following sub-problem for every

(m,1,j) assignment

Wm,z’,j S.t.

m m m

PE?I}Q%?;HJ‘ P1isP2is PR >0 (13)

The power allocation problem does not have a trivial
solution, since the multicast users, which share the same
resources, are subject to different radio link conditions. For this
reason there are several possibilities for performing the power
allocation, e.g., according to the best or worst user within
each subchannel, or taking into account the requirements of
each individual user [10]. Based on that, the optimal power
allocation can be obtained via searching over the power of
Ty, T and R,, taking into consideration that each takes
discrete values over a number of power levels L and that the
interference constraint does not violated.

By substituting the solution of (13) into (12), the power
variable can be evaluated and the best relay assigmnet can
be determined for every (i,j) pair by solving the following
optimization problem

max Wi j s.t.

myi,j

(€2) (14)



Therefore, the optimal allocation strategy is achieved by allo-

cating each (i,7) pair to the relay which maximizes W, ; ;.

Accordingly, ¥, ;; = 1 if m = argmaxW,,;; and zero
m

otherwise.

Once the power levels as well as the best relay are
determined for all the subcarrier pairs, the optimal subcarrier
pairs is determined by solving the following problem

max Wm,i,j S.t.
i
The problem in (15) is a linear assignment problem which
can be solved, efficiently, by the Hungarian algorithm with a
complexity of O(N?) [11].

The sub-gradient method can be used to solve the dual
problem with guaranteed convergence [12] since a dual func-
tion is always convex. Based on initially selected dual variables
vector, the different dual variables can be updated at the
(i + 1)t" iteration by
/\(H-l) o /\(l) 7 6(7,) P — NoM *m | .
T, = ATy, e — > > Pt ) Vk e {1,2}

i=1m=1

. . . N
A Z A, — o) (PR =5 i) v
J=

(i+1) () (2) N m,_xm m,_xm
AL, T =AL—6 I — | 20 >0 (P + Q5ips™)
i—1m=1
(+1) _ () _ 5() S S Qe
AL, [ =AL — 0 Ien — 21 Zl QR PR;
me1 ;=
(16)

where 6(") is the step size that can be updated according to
the nonsummable diminishing step size policy [12]. With the
updated values of the dual variables, the different optimization
variables are evaluated again. The iterations are repeated until
convergence.

IV. PROPOSED SUBOPTIMAL ALGORITHM

The optimal solution derived previously has high com-
putational complexity. (M + 4) dual variables are up-
dated in every iteration. The primal problem is decom-
posed into N(NM + 1) sub-problems. Each sub-problem
requires O(NLYN~1) complexity to obtain its correspond-
ing power allocation. Afterwards, the relay assignment is
determined by performing M functions evaluation for the
N! subcarrier matching possibilities. Finally, the Hungar-
ian algorithm is performed with a complexity of O(N?).
Accordingly, the optimal solution has a complexity of
O (T (N3(MLN=' + 1)+ N2L*~' + MN!)) where T is
the number of iterations required to converge which is usually
high.

In order to solve the problem efficiently, a low complex-
ity suboptimal algorithm is proposed. Significant weight of
complexity is, essentially, required in the power allocation
and in the Hungarian algorithm. Focusing on these two parts,
the proposed algorithm tries to simplify the computational
complexity and get an efficient algorithm. The proposed al-
gorithm is started by distributing the power of the relays and
transceivers uniformly over the subcarriers and also assuming
that the interference introduced to the PU by every subcarrier
is uniform. Therefore, the power allocation in the transceivers
can be found using the following relation

m . (Pr L
pki_mm(N’Q};N k=1,2 (17)

while that of the relays can be found according to the following

formula
m . [ Pr Iy
pRj:mm <N,Q§% N) (18)

Once the power levels are determined, the algorithm searches
for the best second time slot subcarrier, i.e. j, and relay m that
maximize the product of the SINR; and SN Ry, i.e. searching
for j and m that maximizes R'};:”. By defining A and B to
include all the non-assigned subcarriers in the MA and BC
phases,respectively, the assigning procedures of a particular
subcarrier ¢ are detailed in Algorithm 1.

Algorithm 1 Proposed Sub-optimal Algorithm

1) Evaluate the power allocated to the transceivers 77 and
T5 using (17).

2) For every subcarrier j and relay m, evaluate the relays
power using (18).

3) For every subcarrier j € B and relay m, evaluate the
product of the SNRs Q = SN Ry % SN Ry where SN Ry
and SN R, are given by (4) and (5) respectively.

4) Determine j* € B and m* satisfying (J*,m*) =
arg max;,m, Q.

5) Remove j* from the set B and repeat the procedures until
the set A is empty.

Every subcarrier in the MA phase requires no more than
2(NM + 1) function evaluations to be paired and assigned
to the best relay. Therefore, the complexity of the proposed
sub-optimal scheme is O(2N2M + 2N?).

V. SIMULATION RESULTS

The simulations are performed under the scenario given in
Fig. 1. An OFDM system of N = 16 subcarriers, which is
sufficient to have a zero duality gap [9] and M = 6 relays are
assumed. The noise variance is assumed to be 02 = 5 x 1076
and the channel gains are outcomes of independent Rayleigh
distributed random variables with unity mean. All the results
have been averaged over 1000 iterations. In the simulations,
the following algorithms are considered

1) Optimal: apply the solution based on the dual decompo-
sition technique presented in Sec. III.

2) Suboptimal: apply the proposed suboptimal algorithm
described in Sec. IV.

3) Suboptimal+Hungarian: the power are allocated accord-
ing to (17) and (18) while the relay assignment and
subcarrier paring are performed by solving equations (14)
and (15) respectively.

4) Suboptimal+Fixed: the power are allocated according to
(17) and (18) while the relay assignment is found by
solving (14). The subcarrier used for the transmission in
MA phase is fixed and used again for the BC phase.

The computational complexity of the algorithms are sum-
marized in Table. L.

Fig. 2 depicts the achieved capacity of the optimal and
suboptimal schemes versus the transceivers and relays power
constraints when the interference threshold is fixed to —10
dBm. It can be noted that the capacity of all schemes are
increased with the power constraint. This increase in the



TABLE I: Computational complexity comparison

Algorithm Complexity

Optimal o (T (NS(MLN’I +1)+ N2LE- MmN ))

Proposed suboptimal O(2N?M + 2N?)

Suboptimal+Hungarian O(]WN2 + 2N + N3)

Suboptimal+ Fixed O(MN?)
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Fig. 2: Achieved capacity vs power constraint.

capacity continues until a certain value of the power con-
straints after which the capacity becomes constant with the
power constraint. This is because the induced interference
results from transmitting with the available power reaches the
prescribed threshold and the system cannot use more power.
Additionally, the dual decomposition based solution has the
highest performance as its an asymptotically optimal solution
and it works as an upper bound of the rest of the suboptimal
schemes. The closest performance to the optimal solution is
achieved by the Suboptimal+Hungarian algorithm. With a
significant reduction in the computational complexity of the
optimal scheme, the proposed efficient suboptimal algorithm
achieves a good performance.

Fig. 3 shows the achieved capacity of the optimal and
suboptimal schemes versus the interference constraint when
the power constraints are fixed to 2 dBm. It can be noted that
the capacity of all schemes are increased with the interference
constraint. This can be justified by increasing the ability of
the transceivers and different relays to transmit with higher
power levels. Normally, this increase in the capacity with
the increase of the interference constraint continues until the
value of the interference becomes high with respect to the
power constraints as the induced interference results from
transmitting with the maximum power levels is below the
prescribed threshold. The performance comparison between
the different simulated algorithms follows the same behavior
described for Fig. 2.

VI. CONCLUSION

In this paper, resource allocation problem in AF two-way
multiple-relay OFDM CR system has been investigated where
power allocation, subcarrier pairing and relay assignment are
jointly optimized. The main optimization problem is formu-
lated in order to maximize the total end-to-end throughput
of the system subject to individual power and interference
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Fig. 3: Achieved capacity vs interference threshold.

constraints. The dual decomposition approach is applied to
solve the mixed integer programming problem and achieve an
asymptotically optimal solution. Due to the high computational
complexity of the optimal scheme, suboptimal algorithms are
proposed to achieve acceptable performance with much less
complexity than the optimal one. We are currently working on
the extension of this work to consider the decode-and- forward
two-way relaying.
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