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Summary:

In this thesis, we propose and investigate different relay selection algorithms
in underlay cognitive radio networks. Firstly, we consider a multiple relay
selection scheme. This scheme is an attempt to reduce the outage probability
of the secondary cognitive network. For each channel realization, we allow
for multiple relay selection in case the best relay, which provides the highest
signal to noise ratio among those that satisfy the interference constraint, does
not satisfy the desired signal to noise ratio. A cumulative density function for
the signal to noise ratio for two relays is deduced. Secondly, we analyze the
bit error rate performance of a secondary cognitive network with a source and
multiple decode and forward relays using different modulation levels sharing
the spectrum with a nearby primary user. We obtain a closed form expression
for the bit error rate for two scenarios.
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Abstract

In underlay cognitive networks, the unlicensed (secondary) user is allowed to share
the spectrum with the licensed (primary) user under the constraint that the interference at
the primary user should be below a specific threshold. This constraint forces the cognitive
network to apply power control techniques, which typically result in limited transmission
power and hence limited coverage area. As a solution to reach the intended far destinations,
relaying techniques can be used to improve the performance of underlay cognitive networks
in terms of signal-to-noise ratio (SNR). In this thesis, we propose several enhanced
relaying algorithms to improve the performance of the secondary cognitive network while
guaranteeing minimum interference at the primary user through predefined interference
constraints. Firstly, we propose a multiple relay selection scheme, where at each channel
realization, we allow for multiple relay selection to satisfy a desired SNR at the secondary
destination. In particular, we select the least number of relays whose sum of their individual
SNR’s achieves the desired level. This scheme leads to a reduced outage probability
especially for low SNR. Secondly, we analyze the BER performance of a secondary
cognitive network with a source and multiple decode and forward (DF) relays using
different modulation levels sharing the spectrum with a nearby primary user. We obtain a
closed form expression for the BER for two scenarios. In the first scenario the relays have
fixed transmission power. In the second scenario the relays adjust their transmission power
such that the interference at the primary user is below a certain threshold with a defined

tolerable error. This latter scenario is referred to as the interference outage scenario.
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Chapter 1: Introduction

Due to the increase of the demand for additional bandwidth, communication technologists
and spectrum policy setters are striving to come up with solutions for the obvious scarcity
of the spectrum [36], [47]. In the meantime, researchers have proved, through measurement
studies, numerous frequency and time slots do not relatively use the licensed spectrum [33].
As a solution for the spectrum under utilization and spectrum scarcity, Cognitive Radio
(CR) technology is suggested. The CR is an adequate solution because of its capability to
separately and rapidly change its operating parameters according to the varying conditions
and requirements [30]. CR’s emerged due to the inefficient utilization of the spectrum and
the scarceness of the spectrum. The continuous pursuit of higher data rates rises day by day
due to the increase of wireless applications, wireless multimedia and interactive wireless
services. This lead to the emergence of more and more wireless technologies every day.
These technologies have occupied almost all the usable spectrum as illustrated by Fig.1.1.
According to reports published by the Federal Communications Commission (FCC) [14],
temporal and geographical variations in the utilization of the assigned spectrum range
from 15% to 85%. This very low utilization of the spectrum forced regulators across the
globe, industry and the academic world to search for and develop methods to access this
low utilized spectrum in a cognitive manner [19], [29]. In 2003, a Notice of Proposed
Rule making concerning CR was issued by the FCC [14] that necessitates reconsidering
the architectures of wireless communication so that these type of radios can share the
spectrum with primary user without affecting the primary user’s performance through
interference [30].

In an unprecedented work by Mitola and Maguire [35], they stated that “radio etiquette
is the set of RF bands, air interfaces, protocols, and spatial and temporal patterns that
moderate the use of radio spectrum. CR extends the software radio with radio-domain
model-based reasoning about such etiquettes.”

Haykin, in his paper [19], stated that” cognitive radio is an intelligent wireless commu-
nication system that is aware of its surrounding environment (i.e., its outside world), and
uses the methodology of understanding-by building to learn from the environment and
adapt its internal states to statistical variations in the incoming radio frequency (RF) stimuli
by making corresponding changes in certain operating parameters (e.g., transmit power,
carrier frequency, and modulation strategy) in real time, with two primary objectives in
mind: 1) Highly reliable communications whenever and wherever needed; and 2) Efficient
utilization of the radio spectrum.”

Another explanation of CR is stated by Jondral [26] ”an SDR that additionally senses
its environment, tracks changes, and reacts upon its findings.”

To be more specific, users, through the CR technology, will be able to [1]:



e apply spectrum sensing to detect the available portions of the spectrum and deter-

mine the presence of licensed users in a licensed band;
e apply spectrum management for the selection of the best available channel,

e apply spectrum sharing in order to organize the access to this channel with other

users;

e apply spectrum mobility in order to evacuate the channel when a licensed user is
detected.

IEEE has also strived to originate a new wireless air interface standard based on CR.
The goal of the IEEE 802.22 working group is to promote wireless regional area network
PHY and MAC layers to be used by unlicensed devices in the frequency band allocated to
TV [11].
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Figure 1.1: Spectrum utilization [1]

1.1 Cognitive Radio models

Since CR was first introduced in [27], its definition has evolved throughout the years. As
a result, several visions for the future of CR’s and numerous interpretations exist today.
Many communication models have been suggested for CR’s of which we discuss a few.

The three famous models are the overlay, interweave and underlay models.



1.1.1 Overlay model

For the overlay model to operate correctly, the cognitive transmitter must know the
primary users’ messages and codebooks [46]. Obtaining the codebook is done in one of
two methods. Either the primary users broadcast their codebooks from time to time or these
users follow a uniform standard for communication based on a revealed codebook [4]. As
for the message, it can be obtained through decoding at the cognitive receiver. A setback
for this model is that the cognitive transmitter is assumed to know the primary user’s
message when the primary user starts to transmit. For an initial transmission, this may be
impractical. On the other hand, the assumption is true for message retransmission where
the cognitive user receives the first transmission and decodes it. Another solution is for
the primary user to transmit its message to the cognitive user before its transmission. On
the bright side, this information can be exploited to entirely eliminate the interference
of the primary users at the cognitive receivers using, for example, DPC [12]. Another
advantage is that the cognitive users can make use of this information in splitting their
power between transmitting their own signal and relaying (assisting) the primary users.
Through careful choice of splitting the power, the increase in the SNR of the primary user
due to relaying by the cognitive users can be precisely used to offset the decrease in the
SNR of the primary user due to the interference caused by the portion of the power used
to transmit the cognitive user’s message. This guarantees that the performance and rate of
the primary user are unchanged allowing the cognitive user to allocate power for its own
transmission. It is worthy to note that the overlay model can be applied in both unlicensed
and licensed communication bands. In unlicensed bands, interference is reduced through
making use of message and codebook knowledge allowing higher spectral efficiency.
While in licensed bands, both types of users are allowed to share the spectrum because no

interference occurs.

1.1.2 Interweave model

This model was the initial motivation for cognitive radio [34] and opportunistic commu-
nication is the basic idea of this model. Due to the under-utilization of the spectrum as
the studies of the FCC has shown, the idea of this model was suggested. Spectrum holes,
which are temporary unoccupied space-time frequency voids and not always in use in both
licensed and unlicensed bands, were the main motivation behind the interweave model.
Cognitive users can exploit these time-varying and location-dependent gaps. Therefore,
the opportunistic frequency reuse of these spectrum holes can enhance the utilization
efficiency of the spectrum. The interweave scheme needs to apply spectrum sensing to be

able to detect the spectrum holes and also to determine when the primary users need to



reuse their licensed spectrum.

To sum up, the interweave cognitive radio is defined as ”an intelligent wireless com-
munication system that periodically monitors the radio spectrum, intelligently detects the
occupancy in the different parts of the spectrum and then opportunistically communicates

over spectrum holes with minimal interference to the active users” [4].

1.1.3 Underlay model

From the above discussion, it is obvious that the overlay and interweave models may
be a bit difficult to apply and implement. On the one hand, the overlay manner the
cognitive user avoids interference to the primary user by using advanced signal processing
techniques. On the other hand, the interweave approach requires spectrum sensing and
detection. The simpler method is the underlay approach. In this approach, both cognitive
and primary users can coexist given that the interference of the cognitive transmitter at the
primary receiver is below a certain threshold. This dictates that the cognitive users are
aware of the interference they generate the the primary users to ensure that the interference
constraint is not violated. In order to satisfy the interference constraint, the cognitive
users can either use multiple antennas to guide away their signal away from the primary
receivers or through spreading the cognitive user’s signal over a wide bandwidth to be
below the noise floor. The latter method is the basis of SS and UWB communications.

The interference can be approximated through reciprocity if the cognitive transmitter
can overhear a primary user’s transmission. Alternatively, the cognitive transmitter can
transmit with a very low power to make sure that the interference of the cognitive user is
below the predetermined limit. In this latter case, the communication range is short and
relaying must be introduced in order to lengthen the communication range. Consequently,
in this thesis, we address the relaying problems in underlay cognitive networks, how to
enhance the performance of the relaying techniques in an underlay setting, and introduce
some novel relaying techniques as well. Relaying in cognitive radio networks in discussed
in details in chapter 3.

In this thesis, We firstly discuss the cognitive radio networks. We explain the difference
between the overlay, interweave, and underlay coexistence techniques between the primary
and secondary users. We focus on the underlay coexistence technique and how relays are
used to forward the signal between the source and the destination. We also discuss the
different types of relays. In addition, we propose relaying algorithms that are convenient

for the underlay setting and analyze their performance.



