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Abstract

Cognitive radio (CR) is the solution to the spectrum scarcity issue faced in
wireless communications. It allows unlicensed secondary users (SUs) to
opportunistically access the spectrum assigned to licensed primary users
(PUs), but unused, on a non-interfering basis. Spectrum sensing is the pro-
cess by which the CR node becomes aware of the spectrum occupancy,
in order to decide which frequency bands to use. It is therefore a critical
step in CR. The main goal of this thesis is to design robust spectrum sens-
ing algorithms for mobile cognitive radio systems. The contributions are
grouped in three parts.

In the first part, a new spectrum sensing algorithm is proposed for mo-
bile CR environments. It exploits the knowledge of the SU’s mobility pa-
rameters, by using the Bayesian changepoint detection theory. Moreover,
it works for practical scenarios where the PU’s signal power is unknown
to the SU. Simulation results show that the derived algorithm is a good
choice when the signal-to-noise ratio (SNR) is unknown and the SU could
be required to detect very low SNR signals.

In the second part, the issue of joint transmission and sensing is stud-
ied in mobile CR. Considering a scenario with multiple PU appearances
and disappearances, a new framework that uses changepoint detection for
spectrum sensing is introduced. The optimal system parameters (sensing
time, transmission time and detection threshold) that maximize the spec-
trum utilization are numerically computed and analysed.

In the last part, it is considered that some information about the existing
PUs is available in a geolocation database. Then, a new spectrum sensing
algorithm, that exploits this geolocation information by using the Bayesian

| v
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block-based detection theory, is introduced. An approximate closed-form
expression, based on Taylor series expansion, is provided. Numerical re-
sults show that the derived algorithm gives the minimum error probability
when compared with an algorithm that does not use geolocation informa-
tion.
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Introduction

EFINED as the transmission of information without the use of wires,

electrical conductors or any physical medium, wireless communi-

cation is one of the most groundbreaking sectors of the commu-
nication technology domain, with tremendous progress during these last
decades. Information is carried by an electromagnetic wave which is ra-
diated by a transmitting antenna through the air and then recovered by a
receiving antenna. If the propagation of electromagnetic waves was math-
ematically established by James Clerk Maxwell and experimentally con-
firmed by Heinrich Rudolf Hertz, transmission of information via these
waves was demonstrated thereafter. As their properties, behaviours (pro-
duction, detection, absorption, ...) and applications depend on their central
frequency, electromagnetic waves are categorized into several frequency
ranges and the overall frequency band is called the electromagnetic spec-
trum. The radio spectrum (3 Hz to 3000 GHz) is the part of the electromag-
netic spectrum used by various communication technologies. In practice,
only a small portion (10 MHz to 6 GHz) of the radio spectrum is of inter-
est for wireless communications purposes, because of its good propagation
properties, and the lower frequencies are the most suitable for large area
services or long-distance communications [1]. As the transmitted infor-
mation signal contains not a single frequency but a range of frequencies,
it should be ensured that the signals of two different communication sys-
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tems do not overlap, to avoid interference. The simplest way to achieve
this is to allocate a frequency band to each communication system, while
including guard bands between them. Hence, it becomes obvious that the
constant increase of the number of communication systems will cause the
radio spectrum to be crowded. Radio spectrum is therefore a finite and
valuable resource [2, 3] that should be efficiently managed by spectrum
regulators, in order to ensure fairness among services depending on their
bandwidth requirements.

Context and motivations

Some trends and issues concerning the spectrum utilization

These last years have witnessed a significant increase of the wireless data
traffic due to the proliferation of wireless devices and services [4] along
with the ever-growing need for multimedia data transmission requiring
high data rates, high reliability and low latency [5]. This trend is likely
to further increase. The global mobile traffic per month actually reached
around 78 Exabytes (EBs) in the third quarter of 2021, as stated in the Er-
icsson Mobility Report [6], while it is foreseen to grow to 5016 EBs in 2030
according to the International Telecommunication Union (ITU) [5, 7]. This
fast growth is highly influenced by the Internet of Things (IoT) explosion
and will be further impacted by the fifth generation of mobile networks
(5G) [8]. A direct consequence of this situation is, on the one hand, the
increasing need for higher communication channel capacity and, on the
other hand, the lack of spectrum to cater for this demand. Therefore, it be-
comes more than ever a big challenge to make an efficient utilization of the
already scarce radio spectrum resource [9].

The capacity C (in bits/s) of a communication channel is given by the
Shannon-Hartley theorem [10]
C = Blog,(1+SNR) (1.1)

and involves the available bandwidth B (in Hertz) and the signal-to-noise
ratio (SNR). It represents the maximum data rate that can be achieved over
a communication channel with an arbitrarily small error probability, by
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using an appropriate coding scheme [11, 12]. Therefore, for a practical
system transmitting at a rate R (in bits/s), we have

R<C. 1.2)

The spectral efficiency of a communication system is defined as the data
rate per unit of bandwidth R/ B (in bits/s/Hz). This is an important metric
to evaluate how efficiently the spectrum is utilized. Based on (1.1) and
(1.2), it is thus bounded as follows

R/B < log,(1+ SNR). (1.3)

The spectral efficiency can be increased by several means such as high or-
der modulations, adaptive modulations and multiple-input multiple-output
(MIMO) techniques [13, 14, 15, 16]. All these methods come with an in-
crease in hardware and signal processing complexity [16, 17]. As the Shan-
non bound is being approached by the various existing techniques, it be-
comes crucial to explore alternative methods for improving the spectrum
utilization. This could include new ways of assigning the available radio
spectrum by the use of efficient spectrum management and sharing tech-
niques, to allow more room for new wireless services.

Current spectrum management limitations

The traditional spectrum management approach consists in statically allo-
cating a spectrum band on an exclusive basis (through a licence), either to
a particular service or a particular operator, which is considered to be the
incumbent for this specific band in a specific geographical location. How-
ever, several measurement campaigns, carried out in many countries, have
shown that the assigned spectrum is usually underutilized [15]. In fact,
the spectrum is not fully exploited at all locations and times, and those
portions of the spectrum that are not used are generally called spectrum
holes or white spaces, as depicted in Fig. 1.1. Furthermore, the amount
of available white spaces can strongly vary from one country to another
(either developed or developing) and from one region to another (either
urban or rural) in the same country [15, 18, 19]. It also depends on the
intended spectrum usage (indoor or outdoor environment). For example,
a spectrum occupancy measurement conducted in Singapore showed that
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Fig. 1.1 Spectrum holes or white spaces (adapted from [1]).

the average spectrum utilization in the range of 30 MHz to 6 GHz is about
6.5% [20]. Another measurement campaign carried out in an indoor envi-
ronment in Lagos (Nigeria) showed that the used spectrum in the range of
700 MHz to 2.2 GHz varies from 0.4% to 64.4% depending on the sub-band
[21]. Several other measurement results, revealing the large availability of
unused spectrum, can be found in the literature [22, 23, 24].

The existence of dynamic and non-uniformly distributed licensed spec-
trum holes shows that the overall spectrum efficiency is still very low, and
this represents an untapped potential for wireless communications. There
is clearly a need for an alternative spectrum management to the current
static one.

Dynamic spectrum access and cognitive radio

The term dynamic spectrum access (DSA) has been given multiple defini-
tions over time, depending on the models or approaches proposed in the
research community. In a nutshell, DSA stands for the opposite of the cur-
rent static spectrum management policy [25]. It is a paradigm in which
the spectrum is dynamically shared among services, depending on their
needs or requirements and based on predefined rules. DSA is defined in
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the IEEE! Standard for Definitions and Concepts for Dynamic Spectrum
Access as "the real-time adjustment of spectrum utilization in response to
changing circumstances and objectives" [26]. It is intended to allow for
more flexibility and cleverness in the spectrum usage and to provide an
increased spectral efficiency.

Several models have been proposed for DSA in the literature [25, 27,
28], among which the hierarchical access model. In the hierarchical access
model, two kinds of users are defined. Primary users (PUs) are the incum-
bent users which have been granted the license or right to use specific fre-
quency bands. Secondary users (SUs) are users without licence, willing to
exploit the spectrum bands assigned to the PUs. They are allowed to use
the spectrum as soon as they do not (or only marginally) affect the per-
formance of the PUs. The hierarchical access model is also referred to as
unlicensed or license-exempt spectrum access model. This model can be
implemented using three approaches [1, 29, 15]:

¢ In the underlay approach, both the PU and the SU simultaneously
transmit over the same band. This is achieved by ensuring that the
transmit power spectral density (PSD) of the SU is so low that the inter-
ference on the PU receiver is below a certain threshold. An example
of underlay system is the Ultra Wide Bandwidth (UWB) communica-
tions system, where the transmitted signal is spread all over a wide-
band in order to obtain a PSD below the noise floor. Another way is
to keep the transmit power of the SU very low, thereby restricting the
secondary communication to a short-range communication.

¢ In the overlay approach, the SU still transmits in the same band as
the PU, but it chooses appropriate transmission strategies so that it
causes a minimum interference on the PU communication. The SU
must have knowledge about the data sequence transmitted by the
PU and the complete channel state information for both primary and
secondary systems, in order to perform interference cancelling tech-
niques. This approach thus clearly needs a strong cooperation be-
tween the PU and SU communication systems.

* The idea of the interweave approach is to transmit only in the spec-
trum holes, with the aim of avoiding any interference with the ex-
isting PUs. The SU identifies and exploits the unused parts of the

EEE: Institute of Electrical and Electronics Engineers.
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spectrum (in frequency, time and space). This approach is also called
opportunistic spectrum access (OSA) [25] because white spaces are con-
sidered as spectrum opportunities that could be used by the SU. To
make OSA possible, a SU should be able to accurately (with less er-
ror) detect the PU activities in order to transmit in an available spec-
trum hole or release it as soon as the PU becomes active. This requires
constant spectrum monitoring and spectrum agility.

We consider the interweave or opportunistic spectrum access approach
in this thesis. Opportunistic spectrum access is often associated to the term
cognitive radio (CR). Cognitive radio is a technology aiming at enforcing
DSA and particularly OSA, by giving wireless devices the capability to de-
tect spectrum holes and use them efficiently to communicate. Coined by
Joseph Mitola [30], a cognitive radio is a wireless equipment that is aware
of its electromagnetic environment and able to autonomously and auto-
matically adapt or adjust its transmission parameters (carrier frequency,
bandwidth, transmission times, transmit power, modulation scheme, ...)
accordingly [31, 32]. This intelligence and cognition capability of cognitive
radios can be made possible through several steps or functions: the CR has
to observe the environment, analyse, decide and adapt itself. The observa-
tion and analysis of the environment include the methods used to detect
existing spectrum opportunities. A CR can either make the observation it-
self, or alternatively it can take advantage of an external service to extract
information about existing PUs [33]. Three main methods are used in that
respect, namely

¢ the geolocation database method,
¢ the beacon-based sensing and

¢ the local spectrum sensing.

In the first two methods, the information about spectrum occupancy is
given by an external entity and transmitted to the SU, which is therefore
not fully autonomous. But in the last method, the SU directly senses the
spectrum band of interest, in order to find spectrum opportunities. These
methods are often grouped under the umbrella term spectrum sensing, but
it is actually a misnomer and only the last one can be called so. We only fo-
cus on local spectrum sensing in this thesis, and every mention of spectrum
sensing refers to this method. The three methods are further described in
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Chapter 2. In brief, spectrum sensing is thus the process by which the CR
(or SU) measures the existing PUs activities in a certain frequency band,
in order to detect potential spectrum holes. It is the first and most crucial
function in CR because all the other functions rely on its outcome. In fact,
spectrum sensing directly impacts the amount of interference that will be
caused on the existing PUs and the amount of spectrum that will be avail-
able for the SUs. It should therefore be carried out accurately.

TV white spaces and CR

In the radio spectrum, the television (TV) band (VHF? and UHF®) is very
attractive for long-range wireless communication services, because of its
favourable propagation characteristics that allow high coverage and better
penetration through obstacles [34]. Many measurement campaigns show
that most of the spectrum assigned to TV transmission is not used in many
geographical areas [1, 35]. The available TV spectrum portions, called TV
white spaces (TVWS), have been estimated to vary from a few tens of MHz
in dense urban areas, to hundreds of MHz in suburban and rural areas
[36, 37]. In developing countries, where there are few TV stations, and es-
pecially in sparsely populated rural areas, the amount of TVWS is likely
larger. Furthermore, the digital switchover (DSO), i.e., the transition to dig-
ital TV, has released a significant number of frequency bands, due to the
enhanced spectral efficiency of digital TV, thereby increasing the available
amount of TVWS.

For all these reasons, TVWS are seen as a significant opportunity to al-
leviate the spectrum scarcity issue, by offering the possibility to create new
and innovative wireless services such as smart grid, indoor localization,
public safety and medical applications [38, 39]. In particular, due to their
good propagation properties, TVWS are well-suited for delivering broad-
band access to rural and underserved areas, with minimal infrastructures
and at low cost [39, 37]. The decision of the United States federal communi-
cations commission (FCC) and the United Kingdom office of communications
(OFCOM) to allow access to TVWS on an unlicensed basis has made them
become the first spectrum portions where CR technology is used [38, 40].

2VHE: Very High Frequency (30 MHz to 300 MHz).
SUHF: Ultra High Frequency (300 MHz to 3000 MHz).
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1.1.5 Basics of spectrum sensing

Spectrum sensing is based on signal detection theory. In brief, signal de-
tection theory consists in detecting the presence or absence of an event, a
pattern or a signal, merged in a background noise. In spectrum sensing, it
is the presence or absence of the PU’s signal which needs to be detected, by
measuring the activity in a specific frequency band. To this end, a decision
statistic is computed with the measured data and compared to a detection
threshold. A detector is thus composed of both a decision statistic and a
detection threshold. A good spectrum sensing algorithm should compute
the optimal detector that can accurately detect the presence or absence of
any PU.

There are generally two paradigms in terms of optimality:

¢ the Bayesian paradigm, in which the detector has an a priori knowl-
edge about the environment, and

* the non-Bayesian paradigm, in which there is no existing a priori
knowledge.

In practice, a priori knowledge is hard to obtain, but if it is available, it can
result in better detection performance. One challenge of spectrum sensing
is to have a good trade-off between the amount of required a priori knowl-
edge and the performance.

In spectrum sensing, the observation time (or sensing time) before the
detection of the PU’s activity is an important parameter. On the one hand,
it affects the detection accuracy, in that the longer it is, the more accurate
the detection will be. But on the other hand, it should not be too long, in
order to allow the full use of spectrum opportunities. A detector that gives
a good balance between the sensing time and the sensing accuracy is thus
desirable.

In the same line, considering the way that the observed signal is pro-
cessed, there are two families of detectors:

¢ the block-based detectors which process the signal in block, and

¢ the sequential detectors which process the signal sample per sample.



1.2

Objectives and contributions | 1.2

Sequential detectors can achieve a lower sensing time than block-based
detectors, especially in situations where the SU should quickly detect the
PU’s activity. But block-based detectors ensure a good detection accuracy.
It is important to choose the best approach for spectrum sensing, depend-
ing on the CR scenario.

Besides the sensing time, another important aspect is the frequency at
which spectrum sensing is performed by the SU in order to vacate the
channel when the PU restarts its activity. If spectrum sensing is performed
frequently enough, the return of the PU will be quickly detected, but the
spectrum might not be fully used due to the time allocated to sensing. In
contrast, if it is performed less frequently, the PU’s return might be missed
and this will affect the performance of the licensed system, due to inter-
ference. This parameter highly depends on the PU activity statistics and
other environment characteristics, such as the mobility of the SU.

Finally, when a parameter of the signal to detect is not known, there are
basically two methods from the detection theory, to deal with that, i.e.,

o the generalized likelihood ratio test (GLRT), and

¢ the mixture-based test.

This is typical in spectrum sensing that the power of the signal to detect is
not known. These methods are thus very useful in practical CR scenarios,
but they come with additional complexity.

Objectives and contributions

The main objective of this thesis is to design robust spectrum sensing algo-
rithms for mobile cognitive radio systems. Two main research directions
are explored.

* Firstly, considering the Bayesian paradigm, we investigate the possi-
bility of using a priori knowledge of the environment characteristics
to derive new spectrum sensing algorithms, and we compare their

9



1|

Introduction

performance with non-Bayesian algorithms that do not use this a pri-
ori knowledge. More specifically, in a first scenario, we consider mo-
bility information as a priori knowledge and use the sequential detec-
tion theory, whereas in the second scenario, we consider geolocation
information as a priori knowledge and use the block-based detection
theory. Moreover, both cases deal with situations where the PU sig-
nal power is unknown, by using the GLRT in the first case, and the
mixture-based test in the second.

Secondly, we investigate the question of joint optimization of sensing
time and sensing frequency in a mobile cognitive radio scenario, de-
pending on the environment parameters. This is done by using the
sequential detection theory.

Some of the research questions we try to answer throughout this thesis
are the following:

Q.1

Q2

Q3

Q4

Is it possible to use environment parameters such as speed, mobility
patterns and geolocation information, known by the SU, to take bet-
ter and/or fast decisions about the spectrum occupancy? How could
these parameters be combined with the sensed data, and what would
be the resulting performance gain in different scenarios?

How to derive optimal spectrum sensing algorithms and provide
simple analytical expressions, when the PU signal power, or equiv-
alently the SNR, is not known? What is the induced loss in perfor-
mance with respect to situations where the SNR is known? What
about the resulting complexity? When some a priori knowledge about
the SNR is available, is there a trade-off between complexity, perfor-
mance and accuracy of a priori knowledge?

In mobile CR scenarios, what is the most suitable approach for spec-
trum sensing, between block-based detection and sequential detec-
tion? How often should the SU perform spectrum sensing in order
to be aware of a situation change? In a joint transmission and sens-
ing system, how to choose the various system parameters (transmis-
sion time, sensing time, detection threshold) in order to maximize the
spectrum usage?

How could we achieve the best trade-off between interference and
spectrum waste in order to maximize the overall spectrum usage, in
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a time-limited communication? What is the optimal threshold se-
lection criteria to achieve the maximum spectrum usage? How to
choose the optimal threshold in unknown-SNR situations?

Taking these research questions into account, the main contributions of
this thesis are listed below.

Ci1

C2

C3

C4

Considering a mobile CR environment, a new spectrum sensing al-
gorithm, called LC GLR-Shiryaev, is proposed to detect a change
in the spectrum occupancy when the SU is moving. It exploits the
knowledge of the SU’s mobility parameters, by using the Bayesian
paradigm of sequential changepoint detection. Moreover, LC GLR-
Shiryaev is derived from the optimal algorithm in this paradigm,
named Shiryaev algorithm, by using the GLRT approach when the
PU signal power is unknown to the SU. Simulation results show that
LC GLR-Shiryaev is a good choice of algorithm when the SNR is un-
known and the SU could be required to detect very low SNR signals.
This contribution addresses the research questions Q.1 and Q.2, and
it is detailed in Chapter 3.

Considering the scenario in contribution C.1, a new performance met-
ric, called the global penalty, is introduced to jointly minimize the
interference and spectrum waste durations, thereby maximizing the
overall spectrum usage, in a time-limited communication. Moreover,
based on the global penalty metric, different methods for setting the
optimal threshold in known-SNR and unknown-SNR situations, are
suggested. The research question Q.4 is addressed by this contribu-
tion, which is presented in Chapter 3.

The complexity of LC GLR-Shiryaev is compared with that of a nu-
merical resolution of the GLRT-based Shiryaev algorithm, which as-
sumes some a priori knowledge of the SNR. It is shown that the nu-
merical approach has a lower complexity than LC GLR-Shiryaev, but
it requires that the a priori knowledge be accurate, otherwise its per-
formance worsens. This contribution addresses the research question
Q.2, and it is elaborated in Chapter 3.

A new joint transmission-sensing framework is proposed for use in
mobile CR scenarios, where there may be multiple changes in the
spectrum occupancy, depending on the mobility of the SU. The frame-
work uses a changepoint detection algorithm to perform spectrum

| 11
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C5

sensing sequentially along several frames. Based on the contribution
C.2, a new performance metric, called the global cost, is introduced
to evaluate the framework performance, by allowing a trade-off be-
tween interference and spectrum waste. Using this metric, the op-
timal transmission time, sensing time and detection threshold are
computed and analysed through simulations. Moreover, intuitive
rules for choosing the optimal parameters are suggested. Finally, the
changepoint detection is replaced in the framework, with a block-
based algorithm, called energy detection (ED), and a performance com-
parison is provided. The results show the superiority of changepoint
detection. The research question Q.3 is addressed by this contribu-
tion, which is presented in Chapter 4.

Considering a CR scenario where the PUs are TV broadcasters and
assuming that some information about the transmitters is available
in a geolocation database, a new spectrum sensing algorithm is in-
troduced. The proposed algorithm uses the available information,
combined with the SU’s localization, to perform a mixture-based test,
as in practice the received PU signal power is not known. It is based
on the Bayesian paradigm of block-based detection, because no fast
spectrum change is assumed in the considered scenario, and the de-
tection quickness is not a great concern. Moreover, an approximate
closed-form expression is provided using Taylor series approxima-
tion, and it works well for medium to high average SNR values. The
geolocation information is also used to compute the prior probabil-
ities of presence or absence of PUs’ activities. Finally, the derived
algorithm is compared with ED, that does not use the geolocation in-
formation, and it gives the best performance in terms of minimum
error probability. This contribution focuses on the research questions
Q.1,Q.2, and Q.4, and it is presented in Chapter 5.

Outline of the thesis

The doctoral dissertation is structured as described below.

12

Chapter 2 provides a general literature review on existing spectrum
sensing techniques. Different methods for detecting primary users activ-
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ities in cognitive radio, i.e., geolocation database, beacon-based sensing
and spectrum sensing, are first presented. Then, the signal detection the-
ory, which is the basis for spectrum sensing, is introduced, including its
various approaches (block-based, sequential, hypothesis testing, change-
point detection) and sub-approaches (Bayesian, non-Bayesian). The exist-
ing approaches (GLRT, mixture-based test, etc.) to deal with an unknown
parameter (e.g., PU signal or noise power) are also reviewed. Then, some
challenges related to signal detection in a CR context (fading, low SNR,
sensing time, sensing frequency, detection time, lack of prior knowledge on
the PU signal) are highlighted. Moreover, some classical spectrum sensing
algorithms are presented and compared in terms of detection performance,
sensing time, complexity, and amount of required a priori knowledge of the
PU. Finally, some use cases scenarios of the spectrum sensing methods de-
veloped in the following chapters are underlined.

In Chapter 3, the new LC GLR-Shiryaev algorithm, proposed for spec-
trum sensing in mobile CR is introduced. It is based on the Bayesian
changepoint detection approach, reviewed in Chapter 2. First, the mobile
CR scenario is presented, and it is postulated that the a priori knowledge of
the spectrum change could be inferred from the mobility parameters of the
SU. Then, applying the GLRT to the optimal Shiryaev algorithm, the new
algorithm is derived for practical situations where the PU signal power is
unknown. It is compared with many other algorithms of the literature by
means of simulation and using the newly proposed global penalty metric.
Finally, some optimal threshold setting methods (adaptive and fixed) are
suggested when the SNR is unknown, and the computational complexity
of the proposed algorithm is discussed.

Chapter 4 introduces the new framework for joint transmission and
sensing in mobile CR. The mobile CR scenario of Chapter 3 is reused, but it
is stressed that multiple changes in the spectrum occupancy are now con-
sidered. Then, the framework and the spectrum sensing method, based
on changepoint detection, are presented. Thereafter, the global cost, that
serves as a performance metric for optimizing the system, is introduced.
The optimal sensing time, transmission time and detection threshold, that
minimize the global cost, are computed and analysed using numerical
simulations. Furthermore, a discussion is given about the mutual depen-
dence between the optimal parameters. Finally, a performance compari-
son is given, when energy detection is used for spectrum sensing instead
of changepoint detection.
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In Chapter 5, the Bayesian spectrum sensing algorithm, using a priori
geolocation information and based on the block-based detection theory, is
presented. Then, an approximate closed-form expression is derived. In ad-
dition, the prior probabilities of absence and presence are computed based
on geolocation information. The proposed algorithm is finally compared
with ED algorithm, which does not use the geolocation information.

Lastly, Chapter 6 gives a general conclusion to the thesis and highlights
directions for possible future research.
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State of the art

INCE the introduction of the idea of cognitive radio, the question

of how to detect existing primary users activities, or equivalently

existing spectrum opportunities, has been the subject of abundant
research. Several approaches have been proposed by researchers from
academia and industry, each with its advantages, drawbacks and chal-
lenges, with the ultimate goal of maximizing the spectrum usage while
avoiding deteriorating the performance of exiting PUs. In this chapter, we
provide an overview of the various techniques for detecting spectrum op-
portunities in interweave CR. We further focus on spectrum sensing by
introducing and comparing the different approaches of signal detection
theory that constitute the basis for spectrum sensing algorithms. Particu-
lar attention is given to the specificities of signal detection in the context of
spectrum sensing for CR. Then, some major spectrum sensing algorithms
are presented and compared. Finally, we present some TVWS parameters
and highlight potential applications of the spectrum sensing algorithms
proposed in this thesis.
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Different methods for PUs detection

The coexistence of unlicensed SUs and licensed PUs can be realized only at
the condition that the SUs do not disturb the primary communication sys-
tems. Hence, the SUs need to have an accurate overview of the available
spectrum opportunities. In opportunistic spectrum access, PUs activities
can be detected in various ways including the geolocation database method,
the beacon-based sensing or out-of-band sensing, and the local spectrum sensing
or in-band sensing. As explained in Chapter 1, in the local spectrum sens-
ing method, the decision about the spectrum occupancy is taken by the
SU, which directly senses the spectrum band of interest. In the geoloca-
tion database method, this decision is taken by an external entity, which is
the geolocation database. In the beacon-based sensing, the decision is also
external to the SU. It is actually made by the PU transmitter or receiver,
which sends the spectrum occupancy information to the SU via a control
channel. This is more detailed below.

Geolocation database method

Assuming that all the PUs transmitting in a certain geographical area are
perfectly known as well as their transmission parameters and locations, it
is possible to estimate the spectrum occupancy in this area. This informa-
tion can then be used by every SU willing to opportunistically access the
spectrum. This is the principle of the geolocation database method.

A geolocation database is a central node, administered by a regulator,
that is aware of the spectrum occupancy in a specific region. More pre-
cisely, it contains up-to-date information regarding the existing PU trans-
mitters in a certain area. This data includes location, carrier frequency,
bandwidth, transmit power, transmission times, antenna parameters (radi-
ation pattern, height), protection requirements, and other parameters [41].
The database inputs this information into a channel model, to estimate the
coverage area of the transmitters. With this, a protection contour is defined
for each PU, interference-free areas are determined and the spectrum oc-
cupancy at each point of the considered geographical area is obtained. A
SU that wants to use the spectrum should first retrieve its position through
a global navigation satellite system (GNSS) and then send it to the database.
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The database replies with a list of allowed frequency bands, the associated
transmit powers and the allowed duration of operation, depending on the
location of the SU. Then, the SU chooses a channel and notifies the database
with its transmission parameters, so that the availability of channels is up-
dated. Note that this method needs a cooperation between the SU and the
database, on the one hand, and a dynamic update of the database with the
PUs broadcasting parameters, on the other hand. This requires an extra
communication link, which is typically realized over the Internet. An ex-
ample of PU detection based on the geolocation database method is shown
in Fig. 2.1.

PU (TV Transmitter)

Geolocation
Database !
Broadcasting
parameters
<—

Location &
Other parameters Vacant channels &
Other parameters
-~
L]

- SU (CR Device)

GPS

4

Location
information

Fig. 2.1 Geolocation database method (adapted from [41])

The detection of PUs activities based on geolocation database depends
on several factors. First, this method is not suitable for dynamic primary
systems where the network (the locations and activities of the PU transmit-
ters) is quickly changing. It is more appropriate for static primary systems
such as TV broadcasting, where all the transmitters are fixed and their op-
erating parameters can be known a priori [15]. Actually, this method has
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been created to allow the opportunistic use of TVWS by CR. Second, a
reliable telecommunication infrastructure is needed to regularly transmit
updates between the PUs and the database on the one hand, and between
the database and the SUs on the other hand. Third, the database should
be regularly updated in order to keep ensuring accurate decisions. The
increase of the number of PUs and SUs that should communicate with
the database may increase the latency and the implementation complex-
ity [34, 15]. The fourth important factor is the accuracy of the propaga-
tion model. It undoubtedly impacts the outcome and thereby the perfor-
mance of the geolocation-based approach. The requirements for a reliable
telecommunication infrastructure, an up-to-date database and an accurate
channel model induce a high implementation, maintenance and adminis-
trative cost for the geolocation-based spectrum sensing [41]. While these
constraints might be easily tackled in some countries, it is not necessarily
the case in countries where the Internet backbone infrastructure is unre-
liable and accurate propagation models does not exist [41]. Finally, the
geolocation database method requires the SU to have a geolocation capa-
bility with good positioning accuracy. For example, the accuracy recom-
mended by the United States FCC and the United Kingdom OFCOM are
respectively 50 m and 100 m [42, 43, 44]. This specification is usually met
by existing Global Positioning System (GPS) devices [45, 44], and is not a big
challenge for the geolocation-based approach.

Beacon-based sensing

In beacon-based or out-of-band sensing, an out-of-band control channel is
dedicated for the detection of spectral opportunities. The sensing is ac-
tually done by the SU out of the band of interest. PU transmitters or re-
ceivers periodically send beacon signals on the control channel, to indicate
the presence or absence of PU systems [15]. Therefore, in this method, the
SU does not sense the channel of interest, but it senses another channel to
know the availability of the desired channel. Besides the spectrum occu-
pancy, other advanced features such as channel quality can be transmitted
to the SU [46]. This method can also be used to distinguish different types
of PU systems by employing different time slots or orthogonal codes [15].

The main shortcoming of beacon-based sensing is the use of additional
spectral resources and power for the transmission of beacon signals. Fur-
thermore, multipath fading and shadowing can cause strong attenuation
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to the beacon signals, yielding incorrect detections.

Local spectrum sensing

In local spectrum sensing or in-band sensing, the detection of PUs activi-
ties is directly performed by the SUs through measurements in the band of
interest. In the literature, local spectrum sensing is often simply referred
to as spectrum sensing because, unlike the other methods, it allows the
SUs to directly sense the desired spectrum. As the SUs work like detectors,
they can just detect what they see. For this reason, it is not possible to detect
primary receivers, which are passive devices, but only primary transmit-
ters can be detected through their transmissions [1, 15]. This situation can
lead to a critical issue depicted in Fig. 2.2. Actually, the SU may have a
deep fading channel with the PU transmitter, while having a good channel
with the PU receiver. In this situation, it would detect a free channel and
start transmitting, thereby causing interference to the PU receivers. This
issue is called the hidden node problem and cooperative spectrum sensing,
performed by several SUs, is seen as a solution for solving it [47, 15, 46].

o ——
- ~

1
el ]
\\
i
|
4
>

L

Fig. 2.2 Hidden node problem (adapted from [46]).
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Although it has many technical challenges, local spectrum sensing is
easier to implement and administer than geolocation-based detection. More-
over, it does not require additional spectrum as beacon-based sensing. It
allows SUs to find local spectral opportunities that may not be found by
the other methods. For these reasons, we only look into this technique
throughout this thesis. In the rest of the document, spectrum sensing is
used to designate local spectrum sensing. As spectrum sensing has its
roots in the signal detection theory, we introduce the basics of detection
theory in the next section.

Signal detection theory

Signal detection theory is the domain of signal processing that consists in
detecting the presence of an event or a pattern merged in noise, based on an
observed signal [48]. Two different approaches of detection theory can be
distinguished: the classical detection approach also called hypothesis testing
and the sequential changepoint detection approach.

In the hypothesis testing, the observed data belongs to a particular dis-
tribution among two or multiple hypotheses. The objective is then to dis-
tinguish the true hypothesis or, in other words, to find the identity of the
true distribution, based on observation [49]. Furthermore, there are two
types of hypothesis testing.

* The block-based hypothesis testing processes data in block, i.e., the
true hypothesis is decided considering a fixed number of observa-
tions, which is the block size. This size is fixed in advance.

¢ The sequential hypothesis testing processes data sample by sample
as they become available, i.e., the total number of observations is not
fixed in advance [50].

The changepoint (or quickest) detection approach is slightly different
from the hypothesis testing. In this approach, the observed samples are
not drawn from the same distribution. It is assumed that, at one moment,
there is a change in the distribution of the observed data. The objective of
changepoint detection is to detect the change as quickly as possible after its
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occurrence [49, 50]. The changepoint detection is thus a sequential process,
aiming at achieving a minimum detection delay.

While a block-based processing may be accurate, a sequential process-
ing may take faster decisions about the true hypothesis (hypothesis testing)
or the change (changepoint detection). In the next sections, these three de-
tection categories are introduced.

Block-based hypothesis testing

The classical signal detection problem is a hypothesis test, where we want
to decide among two possible hypotheses: whether a noisy signal is present
or if only noise is present [47]. Assuming that the received signal has been
sampled, the hypothesis test is mathematically formulated as

{ Ho: yln] = wln],
Hi: y[n] = x[n] +wn], (2.1)
n=12,...,N;

where

n is the time sample,

y[n] is the received (observed) signal sample,

w(n] is the noise sample,

x[n] is the sample of the signal to detect,

Hjy means "presence of noise only",

H; means "presence of signal and noise" and

N is the observation length.

The goal of the detection theory is thus to derive a decision statistic A,
which is a function of the observed data set (y = y[1], ..., y[Ns]), and make
a decision based on its value [48]. The detection rule is given by

Aly) s a (22)

where « is the detection threshold. It means that if the decision statistic is
strictly less than the threshold, then the hypothesis Hy is decided, other-
wise the hypothesis H; is decided, and if both are equal, nothing can be
decided. A detector is given by a specific expression of A(y) and a specific
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value of «. It is thus defined as
Q= (A(y),oc). (2.3)

As it can be noticed, this detection rule may result in four different scenar-
ios [47]

(a) H; is decided while H; is true
(b) Hj is decided while Hy is true
(c) Hy is decided while H; is true
(d) Hy is decided while Hy is true

—~ o~ —~
o
[y

~— ~— ~— ~—
~

Scenarios (a) and (d) are correct decisions cases, while scenarios (b) and (c)
are error cases. Usually in the literature, the error cases are of interest, and
they are attributed probabilities which help define the performance metrics
of the detector.

* Case (b) is called a false alarm and the probability of false alarm is de-
fined as P]:A = P(Hl | H())

* Case (c) is called a missed detection and the probability of missed detection
is defined as Pyp = P(Hy | Hy).

* As case (a) is complementary to case (c), the probability of (correct)
detection defined as Pp = P(H; | H1) = 1 — Pyp is also used as a
performance metric.

A good detector should obtain a low probability of missed detection Pyp
and a low probability of false alarm Prs. However, both error metrics are
related, and a specific detector cannot decrease the value of one metric
without increasing the value of the other. Therefore, a good trade-off has
to be found between Pyp and Pra by choosing an appropriate value of the
threshold «. This can be observed in Fig. 2.3. Usually, the function relat-
ing the detection probability to the false alarm probability (Pp = g(Pra))
is called the receiver operating characteristic (ROC) and used a performance
metric of a detector. By varying the threshold &, an operating point, i.e. a
couple (Pp, Pra), can be chosen along the ROC curve [51]. Similarly, the
complementary ROC is defined as Pyp = ¢'(Pra). There are various ap-
proaches or paradigms for designing an optimal detector, among which
the two famous Neyman-Pearson (NP) and Bayesian approaches [48].
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Fig. 2.3 Trade-off between Pyip and Pga.

Neyman-Pearson (NP) approach

As both Pyp and Ppa cannot be simultaneously decreased, a good idea
would be to fix one error probability and minimize the other. The NP ap-
proach aims to find the detector (), that minimizes Pyp (or equivalently
maximizes Pp) while constraining Pa to a value 8

argmin Pyp = P(Hy | Hy)
Q

(2.4)
st. Ppa = ﬁ
The optimal detector in the Neyman-Pearson sense is given by [48]
Qopt = (Ay),a)
(2.5)

where A(y) = flg) and « is derived from Pps = B.
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fi(y) and fo(y) are the probability density functions (PDFs) of the observed
vector y under the hypotheses H; and Hy. The optimal decision statistic
is thus the likelihood ratio of the observed data set, and the decision rule is
called a likelihood ratio test. Note that some variants of the NP detector set
the threshold for a fixed value of Pp.

Bayesian approach

In this approach, it is assumed that the a priori probabilities of occurrence
P(H;) and P(Hy) of both hypotheses are known. Moreover, a cost is as-
signed to each of the four possible scenarios. The goal of the Bayesian
approach is to minimize the Bayes risk defined as [48]

1 1
R =YY C;jP(H;)P(H; | H)
i=0j=0

(2.6)
= CooP(Ho)(1 — Pra) + Co1P(H1)Pwp
+ C10P(Hp)Pra + C11P(Hy)(1 — Pup)
where Cj; is the cost of declaring H; while H; is true.
The optimal detector in the Bayesian sense is given by [48]
Qopt = (A(y)/“)
2.7)

=

where A(y) = {13} and & = {Q=GipL.
The optimal decision statistic is the likelihood ratio of the observed vector,
as in the NP approach, but the threshold is set differently. It depends here
on the prior probabilities and the costs.
Usually, no cost is assigned to correct decisions and Cyp = Cy; = 0. More-
over, if the error costs are equal (Co; = C1p = 1), then the Bayes risk boils
down to the probability of error

P, = P(H1)Pwvip + P(Ho)Pra, (2.8)
and the detection rule is given by

f(y)
fo(y)

)

(Ho)
(Hyp)

2.9)

SVAE
)
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Let us denote by f(y), the PDF of the observed data set, regardless of the
true hypothesis. Using the Bayes rule

f1(y)P(Hy)
P(Hy |y) = O

it can be noticed that the minimum P, detection rule is equivalent to the
maximum a posteriori probability (MAP) detector

Hy
P(Hy | y) § P(Hy | y), (2.10)

1

which, for equal prior probabilities, is equal to the maximum likelihood (ML)

detector
Hp

fily) s fo(y). (2.11)

Hy

Composite hypothesis testing

In some practical scenarios, the PDFs of the signal and noise may have
unknown parameters (e.g., signal or noise power) and the likelihood ratio
is not fully defined. Assuming that the unknown parameter vectors under
Hp and H;j are respectively g and 61, the likelihood ratio test is written as
follows

Hp
Aly| 60, 61) = LT = 212)

where f1(y | 61) and fy(y | o) are the conditional PDFs of the observed
vector. This case is called the composite hypothesis testing problem, and two
main detection theory tools help deal with that [48, 52].

* The generalized likelihood ratio test (GLRT) replace unknown parame-
ters by their ML estimates (MLE) to obtain the decision statistic. The
decision rule is thus given by

supy, f1(y | 61) Ho

« 2.13)
supg, fo(y | 6o) ,

Acly) =

This approach is useful and works quite well, albeit suboptimal [48,
29, 51].
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¢ In the Bayesian approach of composite hypothesis testing (also called
the mixture-based test), it is assumed that the prior PDFs f(6g) and
£(61) of the unknown parameter vectors are known. The conditional
PDFs of the observed data are thus averaged over the unknown vec-
tors. The decision rule is given by

fily) Jo, fi(y | 61)f(61)d61 Pg“
foly) ~ o, foly | 60)f(60)d00 7,

Ap(y) = (2.14)

2.2.2 Sequential hypothesis testing

As stated earlier, unlike the block-based hypothesis testing, the sequential
hypothesis testing does not fix the number of observations in advance. The
aim of this approach is to identify the true hypothesis with a minimum
number of observations [29]. It is based on the fact that as the observations
come one by one, the knowledge of the true distribution becomes more
precise, and we may decide whether more data are needed to make a final
decision or not [50].

Let us assume an independent and identically distributed (i.i.d.) ran-
dom process y belonging to a certain distribution whose PDF is either
fo(y) or fi(y). Always considering the detection of a signal embedded
in noise, the sequential hypothesis testing is formulated as

{ Hy: y[n] =w(n],
H12 y

x[n] + wn], (2.15)
2,0
A decision is thus taken at each time sample, considering the samples ob-
served from the beginning until now.

S

=

"II

In sequential tests, there is a stopping time, which is the time when the
test takes a final decision about the true hypothesis. It is generally denoted
by T, here and in the rest of the document. We want this stopping time to
be minimal. The sequential probability ratio test (SPRT) developed by Wald
[53] is the optimal sequential test that decides between the two hypotheses
with the minimum number of observations. Actually it is shown that, for
given error probabilities (Pra and Pyp), this test minimizes the average
sample size under both hypotheses Hy and H; [54]. Denoting the sequence
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of observations, from the beginning up to the current time sample m, by
y!" = y[1], ..., y[m], the stopping time of the SPRT is given by [29]

Tsprr = inf{m > 1: Agprr(y]") < ag or Asprr(y]") > a1} (2.16)
where . W)
Asprr(y™) = TT 2 (2.17)
serr(') = L1

is the decision statistic and &g and «; are the lower and upper stopping
thresholds. This means that at each time sample, the joint likelihood ratio
of all the observations is computed and if Asprr(y]") < ag, Hp is decided,
but if ASPRT(y{”) > wg, Hy is decided. If ap < ASPRT(?J{”) < wq, the test
continues the observation. The thresholds &y and «; guarantee that the
probabilities of false alarm and missed detection are respectively bounded
by [29]

Pea < e

&1

and

Pvp < .

As for block-based hypothesis testing, unknown parameters in the PDFs
lead to composite hypothesis testing. To solve this issue, Wald suggested
the weighted SPRT (WSPRT), which use the same idea as the mixture-
based test, and the generalized sequential likelihood ratio test (GSLRT), fol-
lowing the GLRT logic [50].

Changepoint detection

As the sequential hypothesis testing, the sequential changepoint detection
pertains to the sequential analysis. The difference here lies in the fact that
the observed process is not homogeneous. At an unknown time, the distri-
bution changes and the objective is to detect the changepoint (i.e., the time
of change) with a minimum detection delay.

Assume that we want to detect a change from a "noise only" state to a
"signal plus noise" state. Denoting the changepoint by 7, the model is now
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given by [49]
Ho: yn] =wn], n=1,..m
Hq: 3t € [0,m], such that
y[n] = wln], n=1,.,1 (2.18)
ynl =xn]+wn], n=t+1,.,m

where we want to distinguish between two hypotheses. The first one, H,,
means that there has not been any change in the received sequence distri-
bution up to now, and the second one, 1, means there has been a change
at time sample 7. Note that this model considers that the first sample of the
post-change distribution is T 41, as in [50]. As in the sequential hypothesis
testing, we use the received sequence, y}* = y[1],...,y[m], up to the current
time sample m, to detect a possible change in the distribution. There are
two classical changepoint detection frameworks in the literature, namely
the minimax and Bayesian frameworks.

Minimax framework

The minimax approach of changepoint detection assumes that the change-
point is an unknown deterministic variable or a random variable whose
distribution is not known [50]. Let us recall that T is the stopping time of
the sequential changepoint detection procedure. If T < 7, there is a false
alarm event and the mean time to false alarm is defined as [49]

Tra = Eoo(T), (2.19)

where [y is the expectation under the assumption that the change happens
at time sample k. It is the average number of samples after which a false
alarm is made, i.e., the detection procedure stops while there has not been
any change. The conditional average detection delay is defined as' [49]

Dpc=E{(T-1)" |y]}. (2.20)

It is conditioned on the observed sequence up to the changepoint y{, and
it is a random variable. As the prior distribution of 7 is assumed not to be

Ixt = max{0, x}.
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known, Lorden defined the worst-case detection delay as [55]

Dpwe = supesssup E-{(T —1)" | 4 }. (2.21)
>0

The essential supremum (ess sup) of a random variable W is the smallest
number s such that P(W < s) = 1. Therefore, the metric Dpwc chooses the
changepoint value that gives the largest possible average detection delay
under the worst realization of y{ [56]. The goal of the minimax approach
is to look for the algorithm or procedure () that minimizes the worst-case
detection delay Dpwc, subject to a lower bound Tp on the mean time to
false alarm Tga. The optimization problem is stated as follows

argmin  Dpwc = sup,~qesssup E¢{(T — LNl yT'}
0 = (2.22)
st. Tga > Tﬁ'

Cumulative Sum (CUSUM)

Let us assume that the observed process is i.i.d. before the change and after
the change (i.i.d. model). The CUSUM algorithm, originally introduced by
Page [57], is shown by Lorden [55] and Moustakides [58] to be optimal in
the minimax framework. At each time sample m = n, CUSUM compares
the decision statistic A(y}") with the threshold « and an alarm is raised as
soon as A(y]") exceeds a. The stopping time of CUSUM algorithm is given
by [49]

TCUS = inf{m 2 1: Acus(yin) Z IX}, (2.23)

with?
m

Acus(yy') = max ) In(Ly), (2.24)
k<m A

n=

where L, = j% 8 m% is the likelihood ratio of the n" observation. A recur-

sive version [49] of the CUSUM decision statistic is given by
m m—1 *
Acus(yl') = (Acus(yl ™) +In(Lu) ) m > 1, (2.25)
with Acus(9) = Acus(y[0]) = 0.

2k is the time sample from which, In(L,) has consistently shown positive values, meaning
that a change has probably occurred [49].

| 31



2 | State of the art

GLR-CUSUM

When a parameter 6 of the likelihood ratio is not known, the GLRT can be
applied to the CUSUM algorithm. The new decision statistic is found by
replacing the unknown parameter by its MLE, giving

m

AGLR-CUS(yT) = sup max 2 ln(Ln‘g), (226)

6 ksm Tk

where L, g is the likelihood ratio conditioned on the unknown parameter
6. Note that the GLR-CUSUM algorithm cannot be written in a recursive
manner because, at each time sample m, the estimated value of 6 needs
to be recomputed considering all the observed data. For this reason, the
complexity of GLR-CUSUM grows with the number of available samples.

Bayesian framework

In the alternative Bayesian approach, it is assumed that the changepoint T
is a random variable with a known prior distribution. The false alarm risk
is measured by the weighted probability of false alarm> [50]

Pea = P(T <)
= Y2, P(t=kP(T <k), (2.27)

where P(7 = k) is the PDF of 7.

As T is random, the detection delay T — 7 is random, and the average
detection delay is defined as

_ E{(T-1)"}
Dp=E(T—-7|T = — 2.28
D (T—7|T>1) PT> 1) (2.28)
The Bayesian approach looks for the optimal algorithm that minimizes the
average detection delay Dp under a constraint on the false alarm probabil-
ity Pra, i.e. the optimal procedure ) which is the solution of the following

3Note that k starts from 1 because T > 1 so that P(T > 1) = 1.
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optimization problem

I
arg(r)nln Dp = TP(TsT) (2.29)

st. Ppa < :B’ ‘B 6}0,1[

Shiryaev

Assuming ani.i.d. model and a geometric prior distribution for 7, Shiryaev
solved this problem [59, 60, 50]. He assumed a zero-modified geometric
distribution

P(t=k) = (1—q)p(1—p)" k>0, (2.30)

where g = P(T < 0) is the probability that the change has occurred before
the first observation and p € |0, 1] is the probability of change at any given
time. The Shiryaev algorithm is optimal in the Bayesian framework. Its
stopping time is given by [50]

TShi = 1nf{m Z 1: AShi(y{n) Z oc}, (231)
with
Ly
—-p

Asui(y}') = 71 ]—mI In_, i ﬁ (2.32)
(1_‘7)]9 n:ll_p k:ln:k1

where « is selected* in such a way that Ppa < B. When L, is independent
of the changepoint T, a recursive version of the Shiryaev algorithm can be
written as follows [50, 29]

Ly
1-p

Aswi(wt") = (1+ Asni(y ™) ) 72 m > 1, (2:33)

with Agni(y?) = Asni(y[0]) = (1—qq)r"

GLR-Shiryaev

Once again, when some parameters of the distributions are unknown, the
Shiryaev algorithm can be extended either using the GLRT approach or the
mixture-based test approach. It is worth noting that these two approaches

4 Authors of [50] showed that a proper way to have Ppp < Bis to seta = %.
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of composite testing seek to identify a detection procedure that is simul-
taneously optimal under all possible values of the unknown distributions
[61, 62]. In general, it is difficult to find an optimal solution to this prob-
lem, and the exact solution can be mathematically intractable. Below, we
present other alternatives proposed in the literature to deal with unknown
parameters in changepoint detection theory.

The concept of the least favourable distributions (LFDs) is introduced in
[61], when the pre-change and post-change distributions are not known ex-
actly but belong to known uncertainty classes of distributions. Unlike the
GLRT, the objective of this approach is to minimize the maximum detection
delay over all possible distributions, while ensuring that the false alarm
constraint is satisfied for all possible pre-change distributions. It is demon-
strated that if the LFDs can be identified from the uncertainty classes, the
detection rule designed for the LFDs is an optimal solution for the problem.
It is also shown that the LFDs-based CUSUM and LFDs-based Shiryaev
algorithms are suboptimal when compared to CUSUM and Shiryaev al-
gorithms, which have a perfect knowledge of the distributions. Further-
more, because it can be computed recursively, the LFDs-based CUSUM is
shown to be simple and less complex to implement than the GLR-based
CUSUM. This work does not present a comparison between the LFDs-
based Shiryaev and the GLR-based Shiryaev.

Some authors point out that the GLR-based Shiryaev has disadvan-
tages, among which the challenging task of theoretically finding the false
alarm probability [50, 62] and its computational complexity due to the
complex optimization problems that should be solved at each time sam-
ple [62]. For this reason, another approach is introduced in [63, 62], where
a parameter of the post-change distribution is unknown but comes from a
known finite set 5 of M values. To solve this problem, two formulations
are taken into account. The first formulation considers that there is no
prior distribution of S and thus, the problem consists in finding a stopping
time that minimizes the average detection delay (over the changepoint)
simultaneously for the M candidate values, subject to a worst-case false
alarm constraint. The second formulation assumes that S has a prior dis-
tribution and therefore, the problem’s goal is to minimize the average de-
tection delay (over both the changepoint and the post-change parameter)
subject to an average false alarm constraint. To solve both problem formu-
lations, a new multi-chart algorithm named the M-Shiryaev procedure is
proposed [63, 62]. The algorithm consists in running M parallel Shiryaev
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procedures for each post-change parameter candidate value and declaring
a change when any one of the procedures stops. M-Shiryaev can be seen
as the numerical resolution of the GLR-based Shiryaev over the discrete
set S. A modified M-Shiryaev algorithm is also proposed, by replacing the
summation operation in M-Shiryaev by the maximum operation [62]. Both
algorithms are asymptotically (as the false alarm probability vanishes) op-
timal for post-change parameters within the discrete set 5. Moreover, as
the M algorithms are computed in a parallel manner, the recursive form of
Shiryaev algorithm can be used. Therefore, unlike the GLR-based Shiryaev
whose complexity grows with the number of observed samples, the pro-
posed algorithms have a constant complexity with respect to the number
of observed samples. Their complexity is linear with respect to M.

In Chapter 3, we derive a new algorithm by applying an approxima-
tion of the GLRT approach to the Shiryaev algorithm, when a parameter of
the post-change distribution is unknown. The derived algorithm is used
for spectrum sensing in a mobile CR scenario and compared with other
changepoint detection algorithms. As it is an approximation of the GLR-
based Shiryaev, the proposed algorithm is suboptimal but shows good
performance. Furthermore, its complexity is compared with that of M-
Shiryaev, and the trade-off between complexity, performance and required
a priori knowledge of the post-change parameter is discussed.

Comparison of CUSUM and Shiryaev algorithms

CUSUM and Shiryaev algorithms have both been proved to be optimal,
respectively in the minimax framework and the Bayesian framework, for
iid. observations. Moreover, their asymptotic optimalities have been
demonstrated in the general non-i.i.d. case. For example, when consider-
ing non-i.i.d. models and non-geometric prior distributions for the change-
point, Shiryaev algorithm is asymptotically optimal, i.e., it minimizes the
average detection delay as the false alarm probability tends towards zero
[64]. CUSUM is also asymptotically optimal for non-i.i.d. observations,
i.e., it minimizes the worst-case detection delay as the mean time to false
alarm tends towards infinite [65].

As each algorithm is optimal in its own framework, it is important to
take a closer look at how both algorithms perform in the same context,
i.e., the Bayesian framework. This has been done by few authors in the
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literature [64, 66, 50]. Let us introduce two important metrics used in these
texts.

Considering a general prior distribution for the changepoint 7, the ex-
ponential rate of convergence of the prior distribution is denoted as [66]

i lim In (P(T > k))

,d>0. 2.34
k—o0 k - ( )

If d > 0, then the prior distribution has an (asymptotically) exponential
tail, but if d = 0, the prior distribution has a heavy tail. For the geometric
distribution considered above (2.30), we haved = —In(1 — p), when g = 0.
Therefore, the metric d represents the amount of a priori knowledge about
the time of change [50].

The second metric is the difference between the pre-change and the
post-change distributions of the observation, measured as the Kullback-
Leibler (K-L) divergence (also called K-L distance). It is defined for i.i.d.
models as

y[n]

D(fi o) = By (in(1) = [0 (FUES iy @39
Alarge value of D(f1, fo) means that when the distribution of the observa-
tion changes, this can be highly noticeable in the observed data. Therefore,
D(f1, fo) represents the amount of information about the time of change
available in the observation.

Clearly, these two metrics have an impact on the performance of the
changepoint detection algorithm.

Comparing both algorithms from a theoretical point of view, it is shown
in [64] that CUSUM loses its asymptotic optimality in the Bayesian frame-
work, when the changepoint has a prior distribution with exponentially
decreasing tail (d > 0), but it remains asymptotically optimal for heavy-
tailed priors (d = 0). Moreover, it is shown that for d > 0, if D(f1, fo) > d,
the observations contain more information about the change than the prior
distribution and the performance of Shiryaev algorithm is determined by
D(f1, fo). Butif D(f1, fo) < d, the performance depends more on d [64]. In
addition, authors of [66] showed that Shiryaev algorithm performs much
better than CUSUM, in terms of average detection delay versus false alarm
probability, when D(f1, fp) and d have comparable values. This superior-
ity of Shiryaev algorithm is more pronounced for smaller values of false
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alarm probability. In contrast, CUSUM’s performance gets closer to that of
Shiryaev algorithm, when D(f1, fy) > d.

Applying the changepoint detection to a signal plus noise model, the
K-L divergence has been related to the SNR [66, 50]. It is important to
compare the performance of CUSUM and Shiryaev algorithms in a cogni-
tive radio context. Moreover, in practical situations where the level of the
signal to detect (or equivalently the SNR) is not known in advance, it is in-
teresting to see how the modified versions (GLR-based or mixture-based)
of both algorithms perform. This is carried out in our first contribution
(Chapter 3), where changepoint detection is used for spectrum sensing in
a mobile CR scenario.

Challenges of signal detection in CR context

So far, we have reviewed the basics of signal detection theory, on which
spectrum sensing is based. However, when it comes to the CR context,
signal detection has its own specificities and meanings for the various pa-
rameters. Here we discuss the particular aspects of signal detection in CR.

In the CR context, the signal to detect, x, is obviously the PU signal. The
effects (path loss, multipath fading, shadowing) of the wireless channel be-
tween the PU and the SU can be included by adding a channel gain h[n]
to the previous models. If the channel is stationary during the observa-
tion length N, the time-dependence of & can be removed. The presence of
channel effects brings some constraints on spectrum sensing in CR. Deep
fading and severe shadowing may cause the received PU signal to be very
weak and difficult to distinguish from noise. This may lead to the previ-
ously mentioned hidden node problem. Spectrum sensing could thus be
required to detect primary signals with very low SNR, as low as —20 dB, as
specified in the IEEE 802.22 wireless regional area network (WRAN) standard
[67], the first CR standard for the opportunistic use of TVWS.

Besides the SNR, the observation length Nj, called sensing time or sens-
ing period in CR, is also very important. A long observation time is useful
so that the detector can make accurate decisions because the more data is
available, the easier it is to distinguish the two hypotheses. However, in
the CR context, the channel cannot be sensed for an unlimited period of
time otherwise the SU may lose some spectral opportunities. For this rea-
son, the sensing time N; has to be carefully chosen to give a good trade-off
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between the sensing accuracy and the waste or lost of spectral opportunities.
This is especially true in fast-fading channels, where the channel quickly
changes with time. The sensing time should hence be shorter than the co-
herence time, to achieve good performance [29]. The choice of Nj is also
particularly critical in low-SNR situations. In fact, it is demonstrated that
under noise uncertainty, conventional detectors tend to increase the obser-
vation length to infinity, in order to achieve good detection accuracy, when
the SNR is below a certain threshold. This is called the SNR wall problem
[68, 69].

It is worth noting that in CR, the interference caused by the SU on
the PU is expressed by the probability of missed detection Pyp and the
waste of spectral opportunities by the SU is expressed by the probability
of false alarm Ppa. The acceptable thresholds for Pyp and Ppa are chosen
by country regulators and specified in standards. For example, the IEEE
802.22 WRAN standard requires that spectrum sensing be able to achieve
Pup < 0.1 and Pra < 0.1 for very low receiver sensitivity (—116 dBm)
[70, 71].

A previously vacant channel can be reoccupied by the PU. This involves
two aspects that should be carefully looked into. First, the detection time
should be short enough so that the SU could quickly free up the channel
to avoid interfering with the PU. Second, spectrum sensing should be real-
ized periodically in order to be able to detect the PU reappearance. Thus,
the sensing frequency is also an important metric. The FCC and the IEEE
WRAN recommend a detection time of no more than 2 seconds [44, 72]. Re-
garding the sensing frequency, the FCC requires that sensing be performed
every 60 second, while the OFCOM considers a tight sensing frequency of
1 second [44].

The lack of prior knowledge on the PU signal structure is typical of
practical CR systems because the SU might want to use a spectrum band
where multiple technologies coexist [47]. Hence, spectrum sensing should
be able to deal with that. In addition, the PU signal distribution (for ran-
dom signals) is not usually fully defined because one of its parameters
(e.g., signal power) is unknown to the SU. In this situation, optimal detec-
tors should be derived using the previously mentioned GLRT and mixture-
based test, depending on the available data.
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Spectrum sensing algorithms

Here, we present some classical spectrum sensing algorithms, which are
based on the block-based hypothesis testing theory, namely the energy de-
tection, the matched filtering and the cyclostationary spectrum sensing.

Energy detection

Energy detection or energy detector (ED) is the most famous spectrum sens-
ing algorithm because of its simplicity of implementation and low com-
putational complexity. Moreover, it does not require a priori knowledge of
the PU signal and is therefore suitable for detecting random signals. For
the latter reason, it is called a blind detector. To detect the presence of a
signal, ED computes the received signal energy for a specific time interval
and compares it with a threshold.

It is worth highlighting that ED is the optimal NP detector, for a white
Gaussian PU signal embedded in additive white Gaussian noise (AWGN)
[48, 51]. Let us consider the hypothesis test (2.1), and assume that the
PU signal vector « is modelled as a zero mean white Gaussian random
process with variance ¢ and the noise vector w is an AWGN process, in-
dependent of the signal, with variance c2. We thus have x ~ A(0, ¢2I)
and w ~ N(0, 02T), where I is the identity matrix. We recall that y =
y[1],...,y[Ns] is the vector of observed data. The optimal decision rule in
the NP sense (2.5) is the likelihood ratio test, given here by

Lo vl
N2 €XpP ( - ]
(2n(c3+0%)) 205 +ow) ) Ho
— > .
1 ex ( _ Zﬁ’iol yz[n]) Hl
(27102, )Ns /2 p 207,

Applying a log function to both terms, we obtain

N; o2 Ns—1
—1 L <1
2 n(a%+a§,)+202(02+02 Ey n ().

n=

The decision rule is finally formulated as

N;—1 H
Aep(y Z al (2.36)
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where o’ is found from the Pra constraint. Note that in the literature, some
authors use the power as decision statistic, instead of the energy.

The detection probability Pp and the false alarm probability Pra of ED
are well documented [48, 73] and follow from the fact that the decision
statistic is the sum of the squares of N; Gaussian variables, which hence
follows a chi-square distribution with N; degrees of freedom (X%\,S). From
[48], we have

Ppa = P(H; | Ho)

= P(A(y) > o' | Hy)

(2.37)
[x/
=Qu, (%)
and
Pp = P(H; | Hy)
0(/

where Q2 (u) = [° f(t)dt is the right-tail probability of a X%, Variable,

the PDF° being f(u) = Wul\@/z’l exp (—u/2),u > 0. For large
values of Nj, the chi-square distribution can be approached by a Gaussian
distribution, thanks to the central limit theorem, which is useful to simplify
the performance metrics derivations but obviously does not give accurate
results. Remark that the false alarm probability Prpa depends only on the
noise power ¢2, while the detection probability Pp depends on both the
noise power 0 and the signal power 2. As the threshold &’ is found from
the constraint on Pgs, ED does not require knowing the signal power ¢?2.

This is where its name of blind detector comes from.

While ED is a simple algorithm, it has some drawbacks. One of them is
its bad performance at low SNR. It can be seen from (2.38) that

o /o2,

Po = %
=0 (/027

)

and that when SNR = ¢2 /02 decreases, the argument of the right-tail prob-
ability increases and hence, Pp decreases. Moreover, the threshold ' is cho-

5The chi-square PDF is defined assuming that u is the sum of the squares of N; real Gaus-
sian variables ~ N/(0,1).
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sen assuming perfect knowledge of noise power, but in practical scenarios
this knowledge might not exist. If there is uncertainty in the noise power,
the performance will decrease, giving rise to the SNR wall phenomenon,
mentioned in Section 2.2.4.

Matched filtering

In certain scenarios, we may have some knowledge of the PU signal struc-
ture and this can be exploited to achieve better detection performance.
This prior knowledge of the PU signal consists in features such as modula-
tion format, pulse shapes, phase, data rate, statistical properties, or others
[29, 15]. Assuming the limiting case where the PU signal is fully known, its
presence can be detected by coherently demodulating the received signal.
This is the matched filtering (MF) algorithm, also called coherent sensing. This
spectrum sensing algorithm requires the PU to send preambles or periodic
pilots in order to allow timing and carrier synchronization [29, 15, 74, 46].
A less strong assumption is to consider that PU signal is not known, but its
pilot signal is deterministic and known by the SU. The MF thus focuses on
the pilot detection to detect the presence of the PU [68].

The MF is derived using the NP approach and assuming a deterministic
PU signal. Its decision rule is given by [48]

Ns—1 Hy
Apr(y) = ) y[n]x*[n] § o, (2.39)
n=0 1

where x*[n] is the complex conjugate of x[n] and &’ is found from the Pgs
constraint.

The MF correlates the known transmit signal x with the received signal
y. It is the optimal detector which maximizes the SNR over an AWGN
channel. It, therefore, performs well at low SNR and is more robust to
the SNR wall problem than ED [47, 68]. Moreover, it can achieve good
detection performance with lower sensing time than ED [15, 74].

Coming to practical CR aspects, the MF has some limitations. When
the SU wants to use a spectrum band where several distinct PU systems
are operating, it should be aware of all the possible pilots and PU trans-
mit signals, and it should provide a dedicated matched filter for each of
them. This is impractical, because as the number of different PU systems
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increases, the SU receiver complexity also increases [74, 47, 15]. The MF
is thus more suitable in spectrum bands where all the PU systems use the
same communication technology.

Cyclostationary Feature Detection

Obtaining a priori knowledge of the PU signal structure or its pilot sig-
nal may be difficult, as we have already seen, especially in environments
with different PU systems. Instead, one may wonder if it is possible to use
known features, common to most PU signals, to detect their presence. This
is what cyclostationary feature detection (CFD) does. Due to modulations,
carriers, cyclic prefixes, codes, hopping sequences, pilots, and other fac-
tors, most communication signals exhibit periodic statistics [47, 15]. More
specifically, their mean and autocorrelation function are periodic functions
of time, and these signals are said to be cyclostationary [29]. At the oppo-
site, noise is a wide-sense stationary process and does not show periodic
features. The presence of cyclostationarity can thus help differentiate PU
signals from noise. CFD looks for cyclostationarity by analysing the cyclic
autocorrelation function (CAF) of the received signal. The CAF of the re-
ceived signal y is defined as [51]

Ry(po, 1) = Y ryln, Tole727en, (2.40)

where p is the cyclic frequency and r,[n, 1] = E(y[n]y*[n + 1]) is the
autocorrelation function. The cyclic spectral density (CSD) of y is defined as
the Fourier transform of the CAF and is given by [51]

Sy(p, fo) = Y_Ry(p, To)e 20, (2.41)
0

The received signal is cyclostationary if a non-zero value of p exists such
that R, (p, 70) > 0. Equivalently, S,(p, fc) has peaks at cyclic frequencies
that are multiples of the fundamental frequency of the received signal [29].
CFD can thus be performed both in the time domain and the frequency
domain [51]. This spectrum sensing algorithm works well in low SNR
conditions compared to the previous ones, and it is more robust to noise
uncertainty. Note that CFD can also be used to distinguish between dif-
ferent types of PU systems that have different periods of cyclostationarity
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[46, 29]. The major drawbacks of this algorithm are the high complexity, the
requirement for high sampling rate and large amount of samples when the
received signal length increases, which results in long sensing time [15, 34].

Comparison of spectrum sensing algorithms

In summary, energy detection is the simplest spectrum sensing algorithm
in terms of implementation, with the lowest computational complexity,
and it does not require any a priori knowledge of the PU signal. Neverthe-
less, its performance drops at low SNR and under noise uncertainty. The
matched filtering is the most accurate algorithm in terms of detecting the
presence of a specific PU signal with minimum sensing time and under low
SNR conditions. However, it requires a precise knowledge of all the signals
to detect or at least their pilot signals, and should be able to perform coher-
ent demodulation for all of them, which does not come without an increase
in the complexity. The cyclostationary feature detection might appear to be
a good compromise between the performance and the requirements for a
priori knowledge of the PU signal. It is robust against noise uncertainties
and works well at low SNR. But the long sensing time of this algorithm is a
real disadvantage. Moreover, it is shown that cyclostationary features may
be lost due to severe channel fading, making CFD less efficient in these
conditions. This comparison is summarized in Table 2.1 below.

Table 2.1 Comparison of ED, CFD and MF.

| Algorithm | Advantages | Drawbacks

- Simple implementation - Bad performance at low

ED - Low complexity SNR
- No need for a priori know- | - Sensitive to noise uncertain-
ledge ty
- No need for a priori know- | Hioh complexit

CFD ledge (use known features) '8 prexity

. : - High sampling rate
- Robust against noise uncer- - .
: - Long sensing time

tainty
- Works well at low SNR

ME - Best performance - Requires precise knowledge
- Good at low SNR of signal or pilot
- Minimum sensing time - Increased complexity
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TVWS characteristics and some use case scenarios

As mentioned in Chapter 1, TVWS are the first spectrum portions where
CR has been used in many parts of the world. In this section, we present
some of their characteristics, as they are the bands of interest for the dif-
ferent algorithms designed in this thesis. Furthermore, we present some
potential applications of our work.

TVWS characteristics

TVWS bands are comprised between 470 MHz and 790 MHz. Depending
on the regulations in each country, some portions of the spectrum have
been allocated to licensed services. For example, in Benin, the upper band
(703 MHz — 790 MHz) is already allocated to cellular networks. In the
remaining portions (470 MHz — 703 MHz), only 4 channels of 8§ MHz are
allocated to digital TV. The digital terrestrial television (DTT) network con-
sists of 29 licensed users (broadcasting sites) grouped into 4 single frequency
networks (SFNs) distributed over the whole territory, as shown in Table 2.2.
Each SEN covers specific geographical areas and all the transmitters within
one SFN use a single channel.

Table 2.2 TV bands utilization by DTT in Benin.

| Network [ No of sites | Channel | Frequency band |

SFN1 12 33 (566 — 574) MHz
SFN2 4 24 (494 — 502) MHz
SFN3 8 35 (582 — 590) MHz
SFN4 5 29 (534 — 542) MHz

Considering the 470 MHz — 703 MHz band, which represents around
29 sub-bands of 8 MHz, spectrum sensing can be performed in the whole
band in two ways.

* Narrowband spectrum sensing: Channels of 8 MHz are sensed one by
one. This will need a low sampling rate but will result in a long
sensing time for the whole band.

» Wideband spectrum sensing: The whole band is sensed at a time in
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order to detect the available channels. This will need a high sampling
rate but will result in a short sensing time.

Throughout this thesis, we consider the narrowband spectrum sensing
approach and always assume looking at a single 8 MHz channel at a time.

Application scenarios

The various spectrum sensing algorithms developed in this thesis are gen-
eral, and they can be used in different mobile CR scenarios. Here, we in-
troduce some use case scenarios where they are applicable, i.e., vehicular
networks and wireless ad hoc networks.

Vehicular networks or vehicular ad hoc networks (VANETs) have emerged
as an innovative technology with promises of new and appealing services
that will improve road safety, drivers’ comfort and ubiquitous wireless
communications [75, 76]. Common applications in vehicular environments
can be classified in two categories, namely the safety applications (collision
warning, traffic monitoring, ...) and the non-safety applications (Internet
access, entertainments, ...). In the United States, the FCC has allocated 75
MHz in the 5.9 GHz dedicated short range communications (DSRC) for vehic-
ular communications. However, several studies show that the DSRC band
is not enough to cater for the increasing requirements of emerging vehicu-
lar services [77]. Moreover, in presence of traffic congestion, the spectrum
scarcity problem becomes more serious in this band, and this has a huge
impact on time-critical safety applications [78, 77, 79]. For this reason, it
has been proposed to opportunistically exploit the TVWS in addition to the
DSRC band, in order to increase the available bandwidth to support more
services and users. It thus becomes crucial to add cognitive capabilities to
vehicular networks. The cognitive radio for vehicular ad hoc networks (CR-
VANETs) technology constitutes an interesting and a fast-emerging appli-
cation domain of CR, where the spectrum sensing algorithms proposed in
this thesis can be implemented.

In vehicular networks, several topologies can be implemented, namely
the vehicle-to-infrastructure (V2I) communication, the vehicle-to-vehicle (V2V)
communication and the vehicle-to-person (V2P) communication. The first
one is a centralized topology, in which the communication happens be-
tween a vehicle and an infrastructure usually called a roadside unit (RSU).
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In the latter two topologies, the information is directly exchanged between
two vehicles or one vehicle and a pedestrian. Based on these architectures,
spectrum sensing can be performed in several ways in CR-VANETs.

e Firstly, the spectrum sensing task can be assigned to the RSU, which
is also in charge of channel allocation to the vehicles. The result is
then sent to the vehicles via a control channel. This is the centralized
sensing (Fig. 2.4).

Fig. 2.4 Centralized sensing [80].

® Secondly, the vehicles can perform spectrum sensing themselves and
share the results among them via a control channel. This approach is
the distributed cooperative sensing (Fig. 2.5).

¢ Another approach is to perform a centralized cooperative spectrum
sensing, where each vehicle performs spectrum sensing and then
sends the result to the RSU which aggregates all the results and takes
a final decision (Fig. 2.6).

In Chapters 3 and 4 of this thesis, we do not envisage the case where
spectrum sensing is done by the RSU, but we consider a mobile CR sce-
nario where spectrum sensing is done by the moving vehicles themselves.
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Fig. 2.5 Distributed cooperative sensing [80].

Fig. 2.6 Centralized cooperative sensing [80].

This relates to the distributed cooperative sensing and the centralized co-
operative sensing approaches (Fig. 2.5 and 2.6). However, we do not per-
form cooperative sensing in the proposed algorithms. We only consider
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the observations made by a single SU vehicle to take decisions about the
spectrum occupancy. Yet, our work could be extended to a cooperative
framework, where the sensing results of several vehicles are used to take
faster and more accurate decisions.

The geolocation-based spectrum sensing algorithm proposed in Chap-
ter 5 can be used in many scenarios where a user, knowing its localiza-
tion and having access to geolocation information of existing PUs, wants
to set up a new opportunistic communication. A typical example of such
scenarios is wireless ad hoc networks for disaster management or military
operations.



3.1

Spectrum Sensing Using
Bayesian Changepoint
Detection

Introduction

Spectrum sensing is more challenging in mobile environments. In fact,
when the SU is moving, the spectrum occupancy may become more dy-
namic and the spectrum sensing algorithm should deal with fast situa-
tion changes. Mobility raises some issues among which the best choice
of sensing frequency, the most suitable approach between hypothesis test-
ing and changepoint detection, and the possibility to use mobility param-
eters (speed, direction, ...) to make better decisions. The issue of sensing
frequency is more relevant to the joint transmission-sensing problem, be-
cause it involves the question of trade-off between the sensing time and
the time allocated for SU transmission. This is addressed in Chapter 4. In
this chapter, we only consider spectrum sensing and look at the last two
issues. As already discussed in Chapter 2, spectrum sensing algorithms
can use either the hypothesis testing approach or the changepoint detec-
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tion approach. Hypothesis testing gives the current channel state, i.e., the
PU is absent or present, while changepoint detection detects a change in
the channel state, i.e., the PU has appeared or disappeared. Changepoint
detection approach can be viewed as a method for tracking the channel
state. In mobility scenarios, it is preferable to track the spectrum occu-
pancy when the SU is moving, and to quickly detect the appearance or
disappearance of a PU. The goal is to limit the time during which a SU
would interfere after the PU appearance and the time it would waste after
the PU has vacated the spectrum. For this reason, we think that change-
point detection is a better alternative to hypothesis testing for spectrum
sensing in mobility scenarios, and we use this approach in this chapter.

Many works in the literature, apply changepoint detection to cogni-
tive radio and wireless sensor network using both minimax and Bayesian
approaches. Following the minimax approach, authors of [49] developed
a changepoint detection framework using CUSUM (when both noise and
signal power are known), GLR-based CUSUM (when only noise power is
known), and a nonparametric test (when both are unknown). The quickest
change detection over multiple independent channels is considered in [81],
using a Bayesian formulation, with an application to a spectrum sensing
scenario where a SU searches for idle channels in a wideband spectrum.
Another quickest wideband spectrum sensing is introduced in [82], where
the channels are considered to be correlated. Performance of CUSUM is
studied in a cognitive radio context, over various fading channels for one
[83] and multiple antennas [84]. Changepoint detection is also applied to
collaborative spectrum sensing, where CUSUM is used either at the fu-
sion center [85], or at the local nodes [86] or at both sides [87]. Further-
more, Bayesian and minimax changepoint detection schemes are applied
to wireless sensor networks (for single and multiple sensors, in central-
ized and decentralized frameworks) with an additional constraint on the
energy consumed by the sensing algorithm [88, 89, 90, 91, 92].

In this chapter, we consider a mobile cognitive radio scenario, and try
to evaluate whether some knowledge about the environment and the mo-
bility parameters of the SU can help in improving the detection of changes
in the spectrum occupancy. To do so, we assume that the mobility param-
eters of the SU can be summarized in some a priori knowledge on the av-
erage time of spectrum change, or in other words, the prior distribution of
the changepoint. We therefore use Bayesian changepoint detection meth-
ods in which this a priori knowledge can be included. Given that the SU
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does not usually know the signal power of the PUs or other SUs using the
spectrum, we apply the GLRT approach to the optimal Bayesian Shiryaev
algorithm. As the GLR-based Shiryaev involves a complex non-convex op-
timization problem, we use an approximation of the GLRT which results
in a low-complexity algorithm termed as low-complexity GLR-Shiryaev (LC
GLR-Shiryaev). The derived algorithm is compared with other existing
minimax (CUSUM, GLR-CUSUM) and Bayesian (Shiryaev, M-Shiryaev)
algorithms for realistic CR scenarios. In addition, unlike previous works
in the literature, we consider that both interference and spectrum waste
durations are important to evaluate the performance of detection algo-
rithms in a CR context. Hence, we introduce a new performance metric,
called the global penalty, which jointly evaluates the costs of interference
and spectrum waste induced by the changepoint detection algorithms, in
a time-limited communication context. Furthermore, correctly setting the
detection threshold is an important issue in spectrum sensing. We thus
suggest a new way of setting the optimal threshold based on the global
penalty metric, and this optimal threshold shows to depend on the SNR
value. It is therefore only useful when the SNR is perfectly known by the
SU. When the SNR is unknown, setting an optimal threshold is more diffi-
cult. We propose some adaptive-threshold methods which try to estimate
the SNR and a fixed-threshold method that works in average for a certain
SNR distribution. Finally, we perform a complexity analysis of the pro-
posed LC GLR-Shiryaev algorithm and the M-Shiryaev algorithm, which
was presented in Section 2.2.3 as a numerical GLRT Bayesian approach
over a finite set of values of the unknown parameter. The goal is to find
the trade-off between performance and complexity when choosing among
both algorithms.

The simulation results show that, albeit suboptimal because it is an ap-
proximation of the GLR-based Shiryaev, the LC GLR-Shiryaev algorithm
has a good performance. Moreover, it outperforms its non-Bayesian equiv-
alent (i.e., GLR-CUSUM) at low SNR. Hence, it is a good choice for a prac-
tical mobile CR, when the SU does not have any a priori knowledge about
the SNR and could be required to detect very low SNR signals. The simu-
lations also show that the optimal threshold does not depend on the SU’s
communication length, and that the adaptive and fixed methods give al-
most similar performance under certain conditions. The complexity analy-
sis shows that the recursive version of M-Shiryaev has a lower complexity
than LC GLR-Shiryaev. However, it requires an accurate a priori knowledge
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of the SNR, otherwise its performance decreases. Even if it adds some com-
plexity, LC GLR-Shiryaev has the advantage of not requiring any a priori
knowledge of the SNR.

To summarize, the main contributions of this chapter are:

* Derivation of the new LC GLR-Shiryaev algorithm,

¢ Introduction of the new global penalty metric that jointly considers
interference and spectrum waste,

* Performance comparison of LC GLR-Shiryaev and other changepoint
detection algorithms,

* Optimal threshold setting in known-SNR and unknown-SNR cases,

¢ Complexity analysis of LC GLR-Shiryaev and M-Shiryaev.

The rest of this chapter is organized as follows. The system model is
introduced in Section 3.2. In Section 3.3, the LC GLR-Shiryaev algorithm
is derived. Then, numerical results are given in Section 3.4, to evaluate
and compare the performance of the considered algorithms, under differ-
ent conditions. The computation of optimal thresholds in unknown-SNR
situations is presented in Section 3.5. In addition, Section 3.6 shows the
complexity analysis of LC GLR-Shiryaev and M-Shiryaev. Finally, Section
3.7 concludes the chapter and Section 3.A gives some proofs.

System model

Scenario

We consider the mobile CR scenario depicted in Fig. 3.1. Some fixed PUs
are transmitting in the same frequency band, each having its coverage area.
They could be, for example, TV transmitters in a TV broadcasting network
or base stations in a mobile network. A mobile SU (vehicle SU1) is looking
for opportunities to use the same spectrum band in order to set up a sec-
ondary vehicle-to-vehicle (V2V) communication with the vehicle SU2 or
a secondary vehicle-to-infrastructure (V2I) communication with the road-
side unit (RSU). The presence of another secondary system already using
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the spectrum is possible, but, for simplicity, a PU and another SU (from a
distinct secondary system) are called PU below, without distinction. It is
assumed that, initially, a first spectrum sensing has been performed and
the frequency band of interest is free. Hence, the SU tunes to the available
band and starts using it. As it is moving, the spectrum occupancy may
change, due to getting in the range of a PU. In order to detect a potential
change in the given band, the SU is continuously measuring the activity in
this band.

()
ARSU PUTx1
vzn% 2

N vav N

=0 <= =0

SuU 2 su1l

b M

PUTx2

Fig. 3.1 Mobile CR scenario.

Signal model

The observed signal sample at time 7 is denoted by y[n]. When there is no
PU activity, it is given by y[n] = w[n], where w[n] is the Additive White
Gaussian Noise (AWGN) sample. When the PU transmits a signal, the SU
observes y[n] = x[n] + w(n], x[n| being the transmitted signal affected by
fading. It is assumed that x[n] and w[n| are independent circularly sym-
metric complex Gaussian, x[n] ~ CN(0, 02), w[n] ~ CN(0, 02), and inde-
pendent of each other.
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As said previously, we assume that, initially, the SU is outside of the
ranges of PUs. Thus, the observed samples y follow a complex Gaussian
distribution with variance ¢2, whose PDF is denoted by fo(y). At an un-
known time sample T, a PU appears while the SU is moving, and the distri-
bution changes to a complex Gaussian distribution with variance 02 + 03,
whose PDF is denoted by f1(y). At each time sample m, the SU tries to de-
tect the possible change in the distribution, based on the received sequence
yi* = y[1], ..., y[m] up to the current time sample. The SU should thus dis-
tinguish between the two hypotheses of the changepoint detection model
(2.18), that we recall below

Ho: y[n] = w(n], n=1,.,m
Hi: 3Tt € [0,m], such that
y[n] = win], n=1,..,T
yln] = x[n]+wln], n=t+1,.,m

Note that in our model, we consider the detection of a PU appearance, but
the detection of a PU disappearance can be performed following the same
logic.

To include mobility in the model, we make the assumption that the
probability of spectrum change is linked with the mobility parameters of
the SU. For this reason, we consider the Bayesian framework, in which it
is assumed that the time sample of PU appearance, 7, is a random vari-
able with known prior distribution. Like in the literature, we consider the
geometric prior distribution (2.30). This choice is motivated by the fact
that the experience of detecting the PU appearance can be viewed as a se-
quence of trials with a certain number of failures (no appearance) before
the first success (appearance). Considering the probability that the PU has
appeared before the first observation, to be null (7 = P(t < 0) = 0), the
prior distribution is written as follows

P(t=k) = p(1—p), k>0 (3.1)

It thus depends on only one parameter p € |0, 1], which is the probability
that a PU appears at each time sample or, in other words, the average num-
ber of PU appearances per unit of time (sample). We postulate that if the
speed of the SU and other characteristics of its environment are known, p
can be known with a certain degree of accuracy. In the next section, we
give more details about this.
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3.2.3 Link between the parameter p and the mobility of the SU

Intuitively, a high speed of the SU may correspond to a high value of p be-
cause the spectrum situation may change more frequently. It should also be
mentioned that p depends on the sampling frequency of the SU. In fact, the
average number of time samples before the PU appearance, represented by
1/p, does not have the same value depending on how fast the SU takes and
processes samples. If the sampling rate is high, the SU will observe several
samples before the PU appearance and the value of p will be small. But a
low sampling rate will result in few samples observed before the PU ap-
pearance and the value of p will be higher. Clearly, all this will impact the
detection performance of the system. Processing a lot of samples will give
a high resolution for observing the time of spectrum change, but will in-
duce a high complexity. Processing few samples will give a low resolution
but will induce a low complexity.

In a practical mobile CR scenario, the SU is expected to be able to trans-
mit for some reasonable amount of time, so the value of p is rather small.
As highlighted in Section 2.4, we consider in this thesis that the PU is trans-
mitting on a 8 MHz TV channel and that we are performing narrowband
spectrum sensing on a single channel. With a sampling frequency of 8
MHez, it follows that the sampling period is equal to 125 ns. An average
time of change of 10 s thus corresponds to observing 8.10” samples in aver-
age before the PU appearance, and results in p = 125.10710. Actually this
value of p is very low. As said above, in a practical system, processing too
many samples with a sequential spectrum sensing algorithm may result in
a high complexity. Moreover, a computer simulation with such value of p
will take too much time to run. For this reason, we assume that the sam-
ples used for sensing are collected at a lower frequency than the sampling
frequency. Assuming for example that they are collected every 50 ms, an
average time of change of 10 s corresponds to observing 200 samples in
average before the PU appearance, and results in p = 0.005. Considering a
vehicle moving at the speed of 30 km/h, according to the scenario of Fig.
3.1, these parameter values imply that a spectrum change occurs in aver-
age after a distance 83 m. These example values are summarized in Table
3.1



3.3

3.3.1

3 | Spectrum Sensing Using Bayesian Changepoint Detection

Table 3.1 Example of parameters values

| Parameter | Value |
Bandwidth 8 MHz
Sampling period 125 ns
Sensing sampling period 50 ms
Average time before change 10s
p 0.005
Speed 30 km/h
Average distance before change | 83 m

Low-complexity GLR-Shiryaev algorithm

Let us assume now that the PU’s signal power 02 is unknown to the SU.

This is actually the case for practical CR scenarios. In this section, we pro-
ceed to the derivation of the LC GLR-Shiryaev algorithm to solve this issue.
It is obtained by applying an approximation of the GLRT approach to the
optimal Bayesian Shiryaev algorithm.

GLR-Shiryaev

Let us remind the Shiryaev algorithm whose stopping time (2.31) is given

by
TShi = 1r1f{m Z 1: Asm(y{”) Z IX} (32)

with the decision statistic, where g is set to zero in (2.32),

m m L
n

Asi(yi') = Y T1 T (3.3)
k=tn=k + P
L, being the likelihood ratio of the n'" observation, given here by
fly[n]) i lyln)|* o2
Lo _ , 3.4
=t~ 22 (G e oy

As (T,% is not known, the likelihood ratio is not defined, but it is con-
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ditional to ¢2. It is denoted now as L, s2- The Shiryaev statistic can be
rewritten as a function of 02, as follows

Aspi(y]', o Z H nlgx

2
B ; 1:[ ( P) UZ(TEUUZ =P (Uz%[y(EZ%] |+(fz%)).

The GLRT approach consists here in maximizing the statistic Agni(y}", 02)
over the set of possible values of ¢2. The GLR-Shiryaev statistic is thus
given by

Acirsni(¥7') = SUP Asni(y, 02)

‘7)(
T (L % ly[n]|® o3
= Su a— ex -5 5
%p,;g(l—p) 02 + 02, p(az%(a§+(7§}))
~aup i 1 < 0'520 >mk+l (35)
17% k:l 1 _ p)ffl*k‘l’l 0—% + (7120

exp(az(02+0% ng,h/ ))

We thus have to solve the following optimization problem

m 1 0_2 m—k+1
max  Agni(yl",02) = ( L )
0320 i) kzzl (1—p" T\ +

o [ Tyl
PU2(2+02) ) )

The objective function Agyi (y}", o ) can be shown to be a non-concave func-
tion and its derivative is a nonhnear function whose zeros are hard to find
analytically (proof is given in Section 3.A.1). To relax the optimization
problem, we make an approximation in the following section.

(3.6)
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3.3.2 Approximation of GLR-Shiryaev

Instead of directly maximizing the sum Agpi(y}", 02), each term of the sum
is maximized independently, makmg the problem easier to solve. In other
words, rather than computing the (7 that maximizes Agpi(y{", o ) we com-
pute for each term of the sum, the o k that maximizes this term. The new
decision statistic is thus

m 0_2 m—k+1

w

AGLR Shi yl Z m o m—k+1 P ( <0_2 + 0_2 )
71 xk xk w

P (W 3 i >>

n=k

(3.7)

Looking at one term at a time, the logarithm of the k' term is redefined
as hi(c2,), and the optimization problem that needs to be solved is the

following
max h ((72 )—(m—k—ﬂ—l)ln(i)
02,>0 ok 07+ 03
' 2 ’ N (3.8)
xk 2

This problem can be easily solved using the Lagrangian method. The La-
grangian is defined as

L(0F 1, A) = (05 ,) = AM(—02)
2 2

[
=m—-k+1)1 &
( * )H(U§k+(f%,)+02(a +03)

>+ Ao
(3.9)

Ms

n=k

where A is the Lagrange multiplier. Its first derivative is given by

2
ULU

(‘7k+aw> xk_‘_o— _Ukzn k|y[]|
(2 +e3) %

oL (0? Ok A)
E)ax’k

=(m—k+1) +A

x,k +‘7w

Oy m—k+1

+ A.
(U;%k +0’%,)2 ‘Tik + 03
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The Karush-Kuhn-Tucker (KKT) conditions for this problem are given by

LN _ syl moktl 4 ) =

905y (02, +02)" it
AL(02, N '

= >0 = 05, >0 (3.10)
A>0 <~ A >0
Ao, =0 & A=0orcz, =0.

The solutions can be split in two cases:

e Casel: 02, >0 — A=0,0%, = w 2,
WthhlSObtalnedle e lyln ]| > (m—k+1)03

(m—k+1)02 — X", ly[n]|?

w

U Case2:0§k=0 = A=

which is obtained for the reversed inequality, and thus satisfies A > 0.

e 52 Soelylnll® o : 2
To verify if o7, = =275~ — 07, is a maximum of /(07 ), we compute

the second-order derivative at this value. It is given by

O%hy (02) = —(m—k+1)°
xk/) —
G (it P)

Consequently, the solution to the optimization problem (3.8) can be com-
pactly written as

<0.

m nll? +
52 = (%ik Iky[+]1| —a2) . (3.11)
Inserting it in (3.7), we obtain the approximation of the GLR-Shiryaev de-
cision statistic. As the approximation has a lower complexity than the
original GLR-Shiryaev, we call it low-complexity GLR-Shiryaev (LC GLR-
Shiryaev) algorithm and its decision statistic is

m 1 0_2 m—k+1

Arccrrshi (Y1) Z ( = )

m—k+1 52 2
k=1 p) Ux,k + UZU

O3k - 2
exp (‘W Zk\?/[nﬂ ))

n=

(3.12)

In summary, at each time sample m, the SU just has to compute the decision
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statistic Apcgrrshi(%]') in (3.12) and compare it with the threshold «, to
decide of the PU appearance.

Numerical results

In this section, we perform some simulations in order to assess the perfor-
mance of LC GLR-Shiryaev in comparison with other changepoint detec-
tion algorithms. More specifically, the comparison is made with the op-
timal Bayesian Shiryaev algorithm which has a perfect knowledge of the
PU’s signal power and will serve as benchmark to evaluate the loss due to
this lack of knowledge of LC GLR-Shiryaev. Then, in order to evaluate the
precision of the approximation (3.7), done in deriving LC GLR-Shiryaeyv,
a comparison can be made with a numerical solution using a grid search
over a finite set of values for 2. This is equivalent to the M-Shiryaev al-
gorithm and therefore, M-Shiryaev is added to the comparison. We also
make the comparison with the non-Bayesian algorithms which do not use
the knowledge about the PU appearance, i.e., the mobile environment pa-
rameters. We simulate the performance of the optimal minimax CUSUM
and the GLR-CUSUM, which is the non-Bayesian equivalent of LC GLR-
Shiryaev, in order to evaluate the gain of knowing the mobility parameters
in practical CR scenarios.

Simulation setup and performance metric

Simulation setup

It is assumed that the SU has a limited amount of time, defined by the
number N of measurement samples, for secondary communication and
the time sample of PU appearance 7 is geometrically generated with pa-
rameter p. The PU may not appear until the end of the SU communication.
We are interested in the performance of each algorithm during the limited
time frame N.
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Global penalty performance metric

In CR, it is desirable to reduce the interference with the PU as much as pos-
sible, but also to maximize the spectrum usage. For this reason, we define
anew criterion that tries to take both effects into account. The criterion also
has to take into account for how long the interference or spectrum waste is
present with respect to the duration of the communication. For this reason,
the average detection delay, representing the interference duration, is first
redefined as

Dp) = IE{ (min{T, N} — min{r,N}) ! } (3.13)

This varies from the usual average detection delay definition of the liter-
ature (2.28) in two ways. First, it is no longer conditional to the correct
detection event {T > 7}, but the average is done over all cases (correct de-
tection and false alarm) since the cases with {T < T} must be counted as
creating no interference penalty. Moreover, it also handles the cases where
there is no detection until the end of the frame {T = N}, and the cases
where the PU does not appear during the frame {7t > N}. Similarly, the
average false alarm duration is defined as the average time between a false
alarm decision and the changepoint, and it is written as follows

Dia = IE{ (min{T, N} — min{T, N}) ’ } (3.14)

This metric represents the average time of spectrum waste during the time

frame of communication. Depending on the specific CR application, one
may want to specify a cost or a penalty for the interference induced by
the SU, and a different one for spectrum waste. For example, the PU can
be privileged by giving a high penalty to interference or conversely, the
quality of service of the SU can be prioritized by giving a high penalty
to spectrum waste. The penalties induced by interference and waste of
spectral opportunity are respectively denoted by P;,;; and Psyy. Finally, the
overall global penalty induced by the detection algorithm during the time
frame N can be defined as

Gp = Pyt Dpi+ Psow Dea. (3.15)

This new performance metric allows to define the relative importance of
interference time and spectrum waste time, and thereby, to obtain the de-
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sired trade-off between them.

Penalties computation

To compute the penalties values in this work, we first make a simple as-
sumption of a multi-band transmission with uniform power allocation. We
assume that the SU wants to opportunistically use the whole band, but
it performs spectrum sensing independently in each sub-band. Then, we
compute the loss in the total channel rate (in bits/sample) when the SU
fails in detecting the PU activity on a sub-band, which represents the inter-
ference penalty P;;;. And finally, we compute the loss in the total channel
rate (in bits/sample) when the SU releases a sub-band before the PU ap-
pearance, which represents the spectrum waste penalty Psor. As the penal-
ties are expressed in bits/sample, the global penalty stands for the average
total number of bits lost during the time frame N. This is more elaborated
in Section 3.A.2.

Simulations results & Discussion

The simulation parameters are given the following values: p € {0.005,0.05},
received SNR = ‘7* € {—10,—5,0,5} dB when the PU is present, SU com-

munication duratlon N = 1000 samples, penalties P;,; = 0.5 bits/sample
and Pso = 0.14 bits/sample.

In order to concurrently visualize the interference and the spectral op-
portunity waste induced by each algorithm, the Dpy vs Dpa curve, obtained
by varying the threshold, is represented in Fig. 3.2 to 3.5. It can be viewed
as a kind of complementary receiver operating characteristics (ROC) curve
for changepoint spectrum sensing algorithms. The curve is plotted for
p = 0.005 and different SNR values. It can be noticed that Shiryaev algo-
rithm has the best performance at every SNR value, i.e., for a given average
false alarm duration, it has the smallest average detection delay. Its non-
Bayesian equivalent, CUSUM algorithm, has a comparable performance
at high SNR values, but performs worse for low SNR values. Concerning
the GLR-based algorithms, GLR-CUSUM has better performance than LC
GLR-Shiryaev and M-Shiryaev at high SNR, whereas it is outperformed
by both algorithms at low SNR. It is also interesting to note that at very
low SNR (—10 dB), LC GLR-Shiryaev and M-Shiryaev, which do not know
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the SNR, perform better than CUSUM, which perfectly knows the SNR.
Intuitively, we can say that Bayesian algorithms outperform non-Bayesian
ones at low SNR, because they use the prior information about the change,
which is more useful at low SNR than at high SNR.
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Fig. 3.2 Dp) vs Dga for p = 0.005 and SNR = 5 dB.
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Fig. 3.4 Dp; vs Dga for p = 0.005 and SNR = -5 dB.
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Fig. 3.5 Dp; vs Dga for p = 0.005 and SNR = -10 dB.

It is worth noting that for all the algorithms, the average detection de-
lay Dpy, obtained for a constant average false alarm duration Dy, signifi-
cantly increases when the SNR decreases. The explanation for that is sim-
ple. Actually, false alarms do not depend on the presence of a PU and
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thus, a threshold can be set to obtain a constant Dga at every SNR. This
is shown in Fig. 3.6, where we also see that Dga is a decreasing function
of the threshold. For a constant threshold value, a low-SNR signal is ob-
viously detected more slowly than a high-SNR signal, and yields a larger
Dp;. Note also that the performance gap between GLR-CUSUM and LC
GLR-Shiryaev is higher in low-SNR regions, as presented in Fig. 3.7.
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Fig. 3.6 Dga vslog,(a) for p =0.005 and SNR = {—5,5} dB.

As it can be seen in the previous figures, LC GLR-Shiryaev and M-
Shiryaev have comparable performance in every case, showing that LC
GLR-Shiryaev is a good approximation of GLR-Shiryaev. The performance
of M-Shiryaev is impacted by the choice of the range of possible values
of 02. It is shown with further simulations that when a narrower range
of possible values of 02 is chosen around the true value, the M-Shiryaev
algorithm approaches the optimal Shiryaev algorithm. For example, the
performance of M-Shiryaev is shown in Fig. 3.8 and 3.9 when the true
SNR value is 0.5 dB and the considered ranges of possible SNR values are
respectively {—5,—4,..,5} dB and {2, —1,...,2} dB. A performance gain
can be noticed in the last case. Hence, obtaining a good performance for
M-Shiryaev requires an accurate a priori knowledge of the range, which is
usually not available. In practice, a wider range will be chosen with mul-
tiple possible values of ¢2, in order to avoid missing the true value and to
keep reasonable performance. But this will come at a cost of increased com-
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Fig. 3.7 Dp; vs Dga for p =0.005 and SNR = {—5,0} dB.

plexity, as it will be shown in Section 3.6. The derived LC GLR-Shiryaev,
for its part, has the advantage of not requiring any a priori knowledge as
it uses an analytical form. It also does not require to compute multiple
parallel procedures.

Shiryaev
22 g —+&— LC GLR-Shiryaev
| M-Shiryaev
20
> 18 [
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Fig. 3.8 M-Shiryaev performance for p = 0.005, true SNR = 0.5 dB and
possible SNR € {—5,—4,...,5} dB.
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Fig. 3.9 M-Shiryaev performance for p = 0.005, true SNR = 0.5 dB and
possible SNR € {—2,—1,...,2} dB.
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The choice of the threshold « is an important issue, and choosing a spe-
cific value will put the spectrum sensing algorithm at a specific operating
point on the Dpj vs Dpa curve. As it is not possible to simultaneously min-
imize Dp; and Dr, it is desirable to choose a threshold that gives a good
compromise between them. We suggest to fix this threshold with the help
of the Gp vs log,,(a) curves plotted in Fig. 3.10 — 3.13.
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Fig. 3.10 Gp vslog,,(a) for p = 0.005 and SNR = 5 dB & 0 dB.
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Fig. 3.11 Gp vslog,,(a) for p = 0.005 and SNR = —10 dB.

First, it can be seen that, for every algorithm, a minimum global penalty
exists, and the corresponding threshold depends on the SNR and the value
of p. By comparing Fig. 3.10 and Fig. 3.11, the same tendency as before
can be noticed: LC GLR-Shiryaev and M-Shiryaev yield lower minimum
global penalties than CUSUM and GLR-CUSUM at low SNR, for p = 0.005.

3.6 —+— CUSUM

—6— GLR-CUSUM
34 Shiryaev

—&— LC GLR-Shiryaev
3.2 M-Shiryaev

w
T

N
©
T

Global Penalty
NN
> o

22

-0.5 0 0.5 1 1.5 2 25 3 3.5 4
log10(Threshold)

Fig. 3.12 Gp vslog,,(a) for p = 0.05 and SNR = 5 dB.



Numerical results | 3.4

The same trend is observed when p is increased tenfold (p = 0.05) in
Fig. 3.12 and Fig. 3.13. Moreover, looking at Fig. 3.10 and Fig. 3.11, it
can be noticed that CUSUM and GLR-CUSUM are more sensitive to the
threshold variation, i.e., small variations of the threshold around its opti-
mal value can result in high variations of the global penalty

—+— CUSUM

—©6— GLR-CUSUM
Shiryaev

—&— LC GLR-Shiryaev

M-Shiryaev

3.4

w
w IN)
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Global Penalty
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2.6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
log10(Threshold)

Fig. 3.13 Gp vslog,,(a) for p = 0.05 and SNR = —10 dB.

These results show that Shiryaev-based algorithms work better than
CUSUM-based algorithms at low SNR. This can be explained by the fact
that at low SNR, the PU’s signal becomes more difficult to distinguish from
noise and the prior knowledge of the PU appearance, obtained through the
mobility parameters, can help increase the detection performance. These
results are consistent with the literature on changepoint detection theory,
since a low value of the Kullback-Leibler divergence (2.35) corresponds to
alow value of the SNR in a CR context [66, 50]. This advantage of Shiryaev-
based algorithms over CUSUM-based algorithms in low SNR ranges is
valuable in practical mobile CR. In fact, multipath fading and shadowing
can happen very frequently and the SU could be required to detect pri-
mary signals with very low SNR (low as -20 dB, according to IEEE 802.22
WRAN standard) [67]. Moreover, when the SU does not know the SNR,
the derived LC GLR-Shiryaev is a good spectrum sensing algorithm can-
didate.
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3.4.3 Optimal threshold setting

In the literature, the optimal threshold is classically chosen so that the
false alarm probability is below or equal to a given value. In the current
work, this would be equivalent to define a threshold for a constant average
false alarm duration, as mentioned in the previous paragraph. But instead,
we suggest choosing the optimal threshold as the one that minimizes the
global penalty. It is already underlined that the minimum global penalty,
and therefore the optimal threshold, depends on p and the SNR. Further-
more, it can be noticed that it is approximately independent of the SU time
frame duration N. This can be seen in Fig. 3.14, where the Gp vs log;,(«)
curves are plotted for two different SU communication lengths. If the SNR

—+— CUSUM

—©&— GLR-CUSUM
Shiryaev

—+&— LC GLR-Shiryaev

M-Shiryaev

30

N
o

Global Penalty

20 -

. . f TN=3007 . .
-0.5 0 0.5 1 1.5 2 25
log10(Threshold)

Fig. 3.14 Gp vs log,,(a) for p = 0.005, SNR = —5dB, N € {300,1000}
samples.

is known, the optimal thresholds can be pre-computed offline and recov-
ered from a table during the actual sensing. Based on simulations, the
optimal thresholds have been computed for a set of given SNR values. The
results are presented in Table 3.2 below. It can be noticed for each algo-
rithm that when the SNR increases, the optimal threshold increases too. To
better understand how the optimal threshold is chosen, we also plot the
average detection delay, the average false alarm duration and the global
penalty of LC GLR-Shiryaev at the optimal thresholds, with respect to the
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Table 3.2 Optimal thresholds computed through simulations.

SNR (dB)
Algorithm -10 = 0 >
p=0.005
CUSUM 0.4516 1.8248 4.8819 7.9771
GLR-CUSUM 1.6521 2.9753 6.3437 7.9771
Shiryaev 52.2811 | 171.9072 | 966.7053 4.4367e+03
LC GLR-Shiryaev 117.8190 | 258.0862 | 6.0174e+03 | 3.3839e+04
M-Shiryaev 574652 | 258.0862 | 3.2712e+03 | 3.383%e+04
p=0.05
CUSUM 0.0179 0.1317 0.5987 1.9684
GLR-CUSUM 0.0179 0.1838 0.6471 1.9684
Shiryaev 5.4419 6.0174 6.7289 22.0537
LC GLR-Shiryaev 6.5786 9.3193 10.3830 70.7107
M-Shiryaev 5.4419 5.3150 9.2552 62.3929

SNR, in Fig. 3.15. We can see that D and Gp are monotonically decreas-

150

T
—&— Avg Detect Delay
—&— Avg False Alarm Dur

—%— Global Penalty

DDI (sample) / DFA (sample) / GP (bits)

SNR (dB)

Fig. 3.15 Dpj, Dra, Gp vs SNR at optimal thresholds, for LC GLR-
Shiryaev (p = 0.005).

ing functions of the SNR, while Dp initially increases and then decreases.
This way of setting the threshold ensures that the average total number of
bits lost during the communication is always kept to the minimum. This
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may require to increase a bit the interference in order to substantially de-
crease the waste of spectral opportunity, as it can be seen for SNR values
ranging from —10 dB to 0 dB. Note that at high SNR (from 0 dB to 10 dB),
both can be decreased and this results in a considerably decreased global
penalty. The monotonic decrease of Gp means that we can make the most
effective use of the spectrum when the PU signal power is the highest.

As the GLR-based algorithms do not know the SNR, it is problematic
to set the optimal threshold (with minimum global penalty) for them. To
deal with that, the SNR could be estimated first or a fixed threshold, in-
dependent of the SNR, could be used. This is more detailed in the next
section.

Optimal threshold setting in unknown-SNR situations

Here, we suggest different methods to compute the optimal threshold for
changepoint detection-based spectrum sensing algorithms which do not
have the knowledge of the SNR (GLR-CUSUM and LC GLR-Shyriaev). We
suggest two (02) ways to do that: an adaptive-threshold method and a fixed-
threshold method.

Adaptive threshold

The first method tries to estimate the SNR, or equivalently the PU signal
power 02, at each time sample 1, based on the observations. Then, the op-
timal threshold corresponding to the estimated value is drawn from Table
3.2 and used at this time sample. As the optimal threshold can be pre-
computed only for a finite number of ¢2 values, we choose the one cor-
responding to the o2 value that is the closest to the estimated value. Let
us designate by 72, the estimated PU signal power. This method is called
adaptive, as 77 is sequentially refined and the threshold is updated accord-

ingly. To compute &2, we suggest four (04) different approaches.
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First approach

In the first approach, we suggest reusing the value of 2, used to compute
the decision statistic.

Let us first consider the GLR-CUSUM decision statistic (2.26) which,
according to our signal model, is given by

2

2 2
(et

2 (52 - o2 2 2 )
UZU (O—X + UZU) UX + Uw

m
A = sup max
GLR- CUS(y1 ) P s rg{

2 o ) (3.16)

:maxz( "oy %% )

k<m ‘= \og (02 +03) 0%+ 03

Here, (“7,% is the value that maximizes the decision statistic. In other words,
considering the observation vector yi", the likelihood ratios of the m sub-
vectors yi, for k = 1,...,m, is computed, and the signal power value that

gives the maximum likelihood ratio is chosen as &2.

Let us now consider the LC GLR-Shiryaev statistic (3.12)

m 1 0_2 m—k+1
Arccrrshi(y1") Z — ( " )
p)m k+1 Up%,k + o-zZU

exp (U(i:) :k Iy[n]|2)>,

where we compute, for k = 1,...,m, the &2 v that maximizes each term (the
terms contain also the hkehhood ratios of observation sub- -vectors). Here,
the statistic uses all the m values of & (T « for the summation, but we are in-
terested in one value to compute the threshold Followmg the same idea as
the GLR-CUSUM statistic, we suggest using the O’X’k that gives the highest
term, as the most reliable value of ¢2. Note that the only difference with
GLR-CUSUM is the 7 expression that multiplies each likelihood

( p)m k+
ratio.

Second approach

Furthermore, we suggest a second approach with the aim of improving the

&2 computed in the first approach. It simply consists in averaging the &2
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computed at the current time sample, with the ones computed at previous
time samples, and use the average for the threshold computation.

Third approach

In the third approach, we suggest computing &2, by maximizing the likeli-
hood ratio, but considering only the last observed sample (k = m). The
&2 obtained in this approach is similar for GLR-CUSUM and LC GLR-
Shiryaev.

Fourth approach

Similarly to the second approach, the fourth approach performs an aver-
age over time of the 62 computed in the third approach. In other words,
the maximum likelihood estimate of ¢2, using only the last observation is
averaged with the ones previously computed.

Fixed threshold

Secondly, we suggest a fixed-threshold method, where the threshold is not
adaptively computed, but it is set to give the optimal performance in av-
erage. More specifically, we assume a certain SNR distribution. Then, by
means of simulations, we compute the optimal threshold that minimizes
the average global penalty Gp for this distribution. The fixed threshold
is used for spectrum sensing, independently of the true SNR. Note that
the obtained optimal threshold and the corresponding performance will
clearly depend on the distribution parameters.

Simulation results and discussion

Here, we evaluate the performance of the algorithms, when the unknown-
SNR thresholds are used, compared to the optimal known-SNR thresholds.
Using Monte Carlo simulations, the global penalty is computed at various
SNR values. The following parameters values are used: p = 0.005, SNR €
[—10,10] dB, N = 1000 samples, P;,;; = 0.5 bits/sample and Psy,, = 0.14
bits/sample.
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Adaptive threshold

The performance of the four adaptive-threshold approaches is conditioned
by the accuracy of the PU signal power estimation performed in each ap-
proach. For this reason, we first plot the mean squared error (MSE) of the
estimation with respect to the time sample, at various SNR values, for each
approach. For T = 200 samples, SNR € {—10,0,10} dB, we obtain the
results shown in Fig. 3.16 — 3.23, for the four approaches. We can no-
tice in Fig. 3.16 and 3.17 that the first and second approaches give slightly
similar performance for GLR-CUSUM and LC GLR-Shiryaev. As already
mentioned, the third and fourth approaches result in the same estimates
for both algorithms. Thereafter, we compare the different approaches irre-
spective of the algorithm.

120
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Fig. 3.16 MSE of the first adaptive approach, for T = 200 samples and
SNR = 10 dB.
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Fig. 3.17 MSE of the second adaptive approach, for T = 200 samples and
SNR = 10 dB.

For SNR = —10 dB, the performance of the four approaches are shown
in Fig. 3.18 and 3.19. The performance improves slowly after T, in the first
and second approaches. Instead, the performance deteriorates after 7, in
the third approach. The second and fourth approaches which average over
time have almost the same and the best performance.
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Fig. 3.18 MSE of the first and second adaptive approaches, for T = 200
samples and SNR = —10 dB.
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Fig. 3.19 MSE of the third and fourth adaptive approaches, for T = 200
samples and SNR = —10 dB.

For SNR = 0 dB, the performance of the four approaches are shown in
Fig. 3.20 and 3.21. Now we observe a fast improvement of the estimation
after 7, in the first, second and fourth approaches. The third approach
always has the worst performance.

Adapt thresh approach 1
Adapt thresh approach 2

Mean Squared Error

0 100 200 300 400 500 600 700 800 900 1000
Time (samples)
Fig. 3.20 MSE of the first and second adaptive approaches, for T = 200
samples and SNR = 0 dB.
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Fig. 3.21 MSE of the third and fourth adaptive approaches, for T = 200
samples and SNR = 0 dB.

For SNR = 10 dB, the performance of the four approaches are shown
in Fig. 3.22 and 3.23. While the second and fourth approaches still have
the same performance and a slow improvement after 7, the first approach
is the best that gives good estimation few samples after 7.
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Fig. 3.22 MSE of the first and second adaptive approaches, for T = 200
samples and SNR = 10 dB.
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Fig. 3.23 MSE of the third and fourth adaptive approaches, for T = 200
samples and SNR = 10 dB.

Based on the MSE curves, we can conclude that for middle to high
SNR values, the first approach can give a good estimation of the PU sig-
nal power, few samples after the PU appearance. The second and fourth
approaches, which perform an average over time, improve the estimation
only when the SNR is low. The third approach has the worst performance
certainly because it only considers one sample, which is not enough to get
an accurate estimation

We then plot the global penalty curves obtained with the adaptive thresh-
olds for GLR-CUSUM and LC GLR-Shiryaev. The performance of GLR-
CUSUM is shown in Fig. 3.24. It can be seen that the first approach gives
good results at high SNR, but very poor results at low SNR. This is con-
sistent with the MSE curves analyses. The bad performance at low SNR is
due to the fact that the estimation is very inaccurate, even many samples
after the PU appearance. We plot the average detection delay and average
false alarm duration corresponding to this approach in Fig. 3.25 and 3.26.
We can observe that the high global penalty at low SNR is mostly due to
large detection delays. The average false alarm duration is constant at ev-
ery SNR because, before the PU appearance, the estimation always gives
the same result (in average), and thus the same threshold is used, indepen-
dently of the true SNR.
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Fig. 3.24 Comparison of unknown-SNR adaptive thresholds and optimal
known-SNR threshold for GLR-CUSUM.
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Fig. 3.25 Dp vs SNR for adaptive threshold approach 1 and optimal
known-SNR threshold (GLR-CUSUM).
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Fig. 3.26 Dra vs SNR for adaptive threshold approach 1 and optimal
known-SNR threshold (GLR-CUSUM).
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The second approach, which averages the estimated &2 obtained in the
first approach, improves the global penalty at low SNR, but slightly de-
grades it at high SNR (Fig. 3.24). In fact, averaging over time decreases
the detection delays at every SNR value, while it increases the false alarm
duration. This is shown in Fig. 3.27 and 3.28.
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Fig. 3.27 Dp vs SNR for adaptive threshold approach 2 and optimal
known-SNR threshold (GLR-CUSUM).
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Fig. 3.28 Dra vs SNR for adaptive threshold approach 2 and optimal

known-SNR threshold (GLR-CUSUM).

The third approach, unsurprisingly, gives the worst global penalty per-
formance at high SNR, but it seems to perform well at low SNR (Fig. 3.24).
This bad performance at high SNR is mostly due to large false alarm dura-
tions, as shown in Fig. 3.29.
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Fig. 3.29 Dga vs SNR for adaptive threshold approach 3 and optimal
known-SNR threshold (GLR-CUSUM).
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The detection delays are relatively low, as depicted in Fig. 3.30. This
suggests the idea that in this approach, the PU signal power is almost al-
ways underestimated after the PU appearance. The seemingly good result
at low SNR is not due to accurate estimation, but to the fact that the bal-
ance between detection delays and false alarm durations results in global
penalties closer to the optimal ones.

T T T
GLR-CUSUM opt thresh
—6— GLR-CUSUM Approach 3 | -

Average Detection Delay (samples)

SNR (dB)
Fig. 3.30 Dp vs SNR for adaptive threshold approach 3 and optimal
known-SNR threshold (GLR-CUSUM).

The fourth approach, which averages the estimated 2 obtained in the
third approach, slightly improves the global penalty at high SNR, but de-
grades it at low SNR (Fig. 3.24). We can see that it is closer to the second
approach.

The performance of LC GLR-Shiryaev, when using the four adaptive
approaches, is shown in Fig. 3.31. At low SNR, the first approach gives a
performance closer to the optimal one, but at high SNR the global penalty
does not decrease enough. This is in contrast with the GLR-CUSUM case,
whereas the estimation in this approach gives almost similar results for
both algorithms. Looking at the average detection delay and average false
alarm duration, depicted in Fig. 3.32 and 3.33, we see that the bad per-
formance (with respect to the optimal one) observed at high SNR is mostly
due to the high false alarm duration, which is much lower for GLR-CUSUM.
This large false alarm duration of LC GLR-Shyriaev is explained by the
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fact that its decision statistic grows faster than the GLR-CUSUM decision
statistic. This can be noticed in Fig. 3.34, where the average ratio of the
decision statistic over the threshold is plotted in the first approach for both
algorithms.

35
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Fig. 3.31 Comparison of unknown-SNR adaptive thresholds and optimal
known-SNR threshold for LC GLR-Shiryaev.

20 T T

LC GLR-Shiryaev opt thresh
18 —6— LC GLR-Shiryaev Approach 1 | |

S

Average Detection Delay (samples)

SNR (dB)
Fig. 3.32 Dp vs SNR for adaptive threshold approach 1 and optimal
known-SNR threshold (LC GLR-Shiryaev).
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Fig. 3.33 Dra vs SNR for adaptive threshold approach 1 and optimal
known-SNR threshold (LC GLR-Shiryaev).
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Fig. 3.34 Average ratio of decision statistic over threshold (approach 1)
for GLR-CUSUM and LC GLR-Shiryaev.

The second approach, which averages over time the &2 of the first one,
improves the global penalty at high SNR but degrades it at low SNR.

For the third and fourth approach, the same trend is observed as in the
GLR-CUSUM case.
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The performance obtained with the first and second approaches, for
both algorithms, is shown in Fig. 3.35. The best performance at low SNR
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Fig. 3.35 Comparison of unknown-SNR adaptive thresholds (approach
1 & 2) for GLR-CUSUM and LC GLR-Shiryaev.

is obtained with LC GLR-Shiryaev, while at high SNR, it is obtained with
GLR-CUSUM. The very poor performance of GLR-CUSUM at low SNR
can be explained by its high sensitivity to the threshold, that has been pre-
viously mentioned. In fact, this sensitivity is more pronounced at low SNR
and an error on the optimal threshold (resulting from an estimation error)
can considerably degrade the global penalty.

In summary, it is challenging to obtain a very good performance with
adaptive-threshold methods that try to estimate the SNR while detecting.
In fact, a reliable estimate of the SNR cannot be obtained before the PU
appearance time T and this will necessarily add a delay to the detection.
Moreover, even if at high SNR, the estimation becomes accurate few sam-
ples after T (approach 1), the estimated values before T may result in very
large false alarm durations. At low SNR values, a good estimation needs
more samples and results in larger detection delays. Averaging the esti-
mated values over time is a good option but does not profit both low SNR
and high SNR regions at the same time.
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Fixed threshold

We compute the optimal fixed threshold in this section, by making the as-
sumption that the PU signal amplitude is Rayleigh distributed and thus
that the received power, or the SNR, is exponentially distributed. When
we respectively choose the values —5 dB, 0 dB and 5 dB as the mean SNR,
the computed optimal fixed thresholds for GLR-CUSUM and LC GLR-
Shiryaev are shown in Table 3.3 below.

Table 3.3 Unknown-SNR fixed thresholds computed through simula-
tions for p = 0.005.

SNR (dB)
Algorithm N 0 >
GLR-CUSUM 2.2758 3.0599 4.4773
LC GLR-Shiryaev 193.0698 | 449.8433 | 2.8118e+03

The obtained performance in comparison with the optimal thresholds
is plotted in Fig. 3.36 and 3.37. As might be expected, the fixed thresholds
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Fig. 3.36 Comparison of optimal threshold with unknown-SNR fixed
thresholds (mean SNR = {—5,0,5} dB) for GLR-CUSUM.

cannot work well at every SNR. Depending on the average SNR chosen for
the computation, they might perform better at high SNR and worse at low
SNR, or vice versa.
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Fig. 3.37 Comparison of optimal threshold with unknown-SNR fixed
thresholds (mean SNR = {—5,0,5} dB) for LC GLR-Shiryaev.

To compare them for both GLR-CUSUM and LC GLR-Shiryaev, we plot
the curves shown in Fig. 3.38. In contrast with the adaptive-threshold
approaches where the best performance is obtained at low SNR with LC
GLR-Shiryaev and at high SNR with GLR-CUSUM, we can see here that
LC GLR-Shiryaev has the best performance at almost every SNR value,
when the same distribution parameters are used.
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Fig. 3.38 Comparison of unknown-SNR fixed thresholds (mean SNR =
{-5,0,5} dB) for GLR-CUSUM and LC GLR-Shiryaev.
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In brief, a fixed threshold can work well depending on the available a
priori knowledge about the SNR, translated into the distribution parame-
ters used for the threshold computation.

Adaptive versus fixed threshold

Comparing the fixed-threshold method with the first and second adaptive-
threshold approaches, we obtain the results presented in Fig. 3.39 and 3.40.
Let us first consider the GLR-CUSUM case (Fig. 3.39). The fixed threshold
computed with a mean SNR of 5 dB performs closely to the first adaptive-
threshold approach, even if it is slightly worse for SNR € [—10, —5] dB
and SNR € [5,10] dB. The fixed threshold computed with a mean SNR
of 0 dB, and constraining the SNR to be within the range [—10,10] dB,
performs closely to the second adaptive-threshold approach. It is better
than the adaptive method at low SNR, but slightly worse at high SNR. Let
us now consider the LC GLR-Shiryaev case (Fig. 3.40). The fixed thresh-
old computed with a mean SNR of —5 dB performs better than the first
adaptive-threshold approach at every SNR. The same is observed for the
fixed threshold computed with a mean SNR of 0 dB with respect to the
second adaptive-threshold approach.
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Fig. 3.39 Comparison of optimal threshold, unknown-SNR adaptive
thresholds and unknown-SNR fixed thresholds (mean SNR = {0,5} dB)
for GLR-CUSUM.
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Fig. 3.40 Comparison of optimal threshold, unknown-SNR adaptive
thresholds and unknown-SNR fixed thresholds (mean SNR = {—5,0} dB)
for LC GLR-Shiryaev.

In summary, a simple fixed threshold can perform closely to the pro-
posed adaptive-threshold methods and even perform better in certain cases,
if the distribution parameters, assumed for the threshold computation, are
appropriately chosen. Obviously, if the SNR is a priori known to belong to a
smaller range, this could help increase the performance of both threshold-
setting approaches in this range.

Complexity analysis of LC GLR-Shiryaev and M-Shiryaev

In this section, we evaluate the computational complexity of the derived
LC GLR-Shiryaev and the M-Shiryaev algorithm, for hardware implemen-
tation. As already noticed, LC GLR-Shiryaev is an analytical solution to
the scenarios where the SU does not know the PU signal power o2. It does
not require any a priori knowledge of ¢2, but at each time sample m, it has
to compute m 2, values, to obtain the dec1510r1 statistic (3.12). Regarding
the M-Shiryaev algonthm it is rather a numerical solution. It assumes that
the SU knows M possible values of o3 (termed here as 02 ; for i € [1, M),
and consists in running M parallel Shiryaev algorithms for each of these
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values. The PU appearance is declared when any one of the parallel algo-
rithms exceeds the threshold. So, M-Shiryaev has to compute M Shiryaev
decision statistics for known values of the PU signal power. Considering
our signal model, we can write them as follows

m 1 o2 m—k+1
Asnii(yl") =) << = >

2 2
oyt 0%

( T 1|2)
ex _ n
P\, +a) ="

fori € [1,M]. (3.17)

Using the recursive implementation of Shiryaev, the statistics become

2 2
1 o2 ly(m)|” oy ;
) =00 (1) o (2,
X,1 X,1
fori € [1, M].
(3.18)

We thus want to compare the complexities in computing the decision statis-
tics (3.12, 3.17, 3.18) at each time sample m, for both algorithms.

Computational complexity calculation

We express the complexity in terms of the number of elementary opera-
tions needed to run the algorithms at each time sample m. The most used
elementary operations are real summation (RS), real multiplication (RM), real
division (RD), real exponential function (RE). A real exponentiation ab can be
expressed in terms of RM, assuming that fast exponentiation algorithms
use at most 2log, (b) RM.

LC GLR-Shiryaev’s complexity

The complexity of LC GLR-Shiryaev depends on both the computations of
the 5'§Ik and ALC GLR-Shi(y{n) (312)

To compute each (Tik, we need (2m — 2k +2) RM, (2m — 2k +4) RS and
1 RD. Thus, the computation of the m &;%,k needs
Y (2m—2k+2) = (m®+m) RM, Y7 (2m — 2k +4) = (m® +3m) RS
and m RD.
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As the term Y [y[n] |? is already computed in 5’)%’,(, it can be reused in
the computation of the decision statistic. Thus, the k™" term of ALc GLr-Shi (y1")
needs (4 + 4log,(m —k +1)) RM, 7 RS, 3 RD and 1 RE. To compute and
add the m terms, we need
Yii,(4+4log,(m —k+1)) = (4m +2mlog,(m)) RM, (7m+m — 1) RS,
3m RD and m RE.

In total, at each time sample m, we need (m? + 5m + 2mlog, (m)) RM,
(m2 +11m — 1) RS, 4m RD and m RE, to run LC GLR-Shiryaev.

M-Shiryaev’s complexity

Following the same reasoning, the complexity of both implementations of
M-Shiryaev is computed. At each time sample m, M statistics are com-
puted.

In the direct implementation (3.17), the terms )", |y/[n] |2 and (1)%
-Pp

can be computed once and reused in the M — 1 other statistics. In total, it
needs (m?* + (4M + 1)m + (M + 1)mlog,(m)) RM, (m? + (4M + 3)m) RS,
((2M +1)m) RD and (mM) RE.

The recursive implementation (3.18) needs (5M +2) RM, (3M + 2) RS,
(2M +1) RD and M RE.

The complexity analysis can be summarized in Table 3.4, where the
LC GLR-Shiryaev, the direct M-Shiryaev and the recursive M-Shiryaev al-
gorithms are respectively designated by their decision statistics equations
numbers (3.12, 3.17, 3.18).

Table 3.4 Complexity analysis of LC GLR-Shiryaev and M-Shiryaev.

No. of RM No. of RS No. of RD | No. of RE
7 7
m- 4+ 5m m
(312) +2mlog,(m) +11m —1 A "
2 2
m*+ (4M + 1)m m
(3.17) +(M +1)mlog,(m) | +(4M +3)m (2M + 1)m | mM
(3.18) [ BM + 2 3M +2 2M +1 M
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3.6.2 Numerical results of the complexity

Numerical comparisons are shown in this section by analysing the be-
haviour of the complexities for different values of m and M. For a fixed
value of M, we plot the complexity with respect to the current number
of time samples m. We just focus on the number of real multiplications,
as the other operations have almost the same trend. As it can be seen in
Fig. 3.41, the complexities of LC GLR-Shiryaev and the direct M-Shiryaev
grow quadratically (O(m?)) when the number of samples increases, but
the recursive M-Shiryaev has a constant complexity (O(M)). The direct
M-Shiryaev is worse than LC GLR-Shiryaev when M is high, but has a
closer complexity when M is very low. As shown in Fig. 3.42, the only
case when LC GLR-Shiryaev and the recursive M-Shiryaev have compara-
ble complexity is when M is high and the number of observed samples is
low.

—6— LC GLR-Shiryaev
—+— Direct M-Shiryaev
Recursive M-Shiryaev

5000

N
o
o
S

3000 -

; 2000

No. Real Multiplications

1000 -

I | 1 I i
5 10 15 20 25 30 35
Current time sample m

Fig. 3.41 Complexity in terms of No. of Real Multiplications for M = 20.

To conclude, the recursive M-Shiryaev has the lowest complexity for
relatively moderate values of M. However, this requires an accurate a priori
knowledge of the SNR, otherwise the performance will degrade. LC GLR-
Shiryaev has the advantage of not requiring any a priori knowledge, but it
adds some complexity, especially when the number of observed samples
is large. Therefore, to make a choice between both algorithms, we should
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Fig. 3.42 Complexity in terms of No. of Real Multiplications for M =
200.

consider the accuracy of existing knowledge about the SNR, the perfor-
mance and the complexity induced.

Conclusion

In this chapter, Bayesian changepoint detection is used for spectrum sens-
ing in mobile cognitive radio. Assuming that the mobility parameters of
the SU can be translated into an a priori probability of PU appearance, a
low-complexity algorithm, called LC GLR-Shiryaev, is introduced. Based
on the Shiryaev algorithm, it uses an approximation of the GLRT approach
for situations where the PU’s signal power is unknown to the SU. Even if
it is suboptimal, LC GLR-Shiryaev has a good performance and shows a
reduced complexity, when compared with the GLR-based Shiryaev, which
needs to solve a complex non-convex optimization problem at each time
sample. Moreover, thanks to the prior knowledge of the PU appearance, it
gives a better performance than the GLR-based CUSUM in low SNR situa-
tions, which are very typical in CR.

In addition, through the introduction of the new global penalty metric,
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a new way of setting the optimal threshold is introduced. It minimizes
the average loss in the overall channel usage during a time-limited com-
munication of the SU, by appropriately balancing between the interference
time and the spectrum waste time. As the optimal threshold depends on
the SNR, some adaptive and fixed threshold methods are suggested in
unknown-SNR situations. Under certain parameters values assumptions
for the fixed threshold, both methods give almost the same performance.

Finally, a complexity analysis of LC GLR-Shiryaev and M-Shiryaev al-
gorithms is performed. While being less complex than the proposed LC
GLR-Shiryaev, the recursive implementation of M-Shiryaev needs an accu-
rate a priori knowledge of the SNR, which is usually not available, to give
a good performance. In contrast, albeit more complex, LC GLR-Shiryaev
does not require any a priori knowledge of the SNR and performs quite
well.
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Appendix

3.A.1 Proof of non-concavity of the GLR-Shiryaev statistic

Let us recall the optimization problem (3.6)

m 1 0_2 m—k+1
max  Agpi(yf’ ( @ )
0250 0 ; P)mkarl 0-% + 0'2%

0% Lo lyln)
exp ( x 2 n 2k 5 ,
UIU (Ux + U—'CU)
that needs to be solved for the GLR-Shiryaev algorithm derivation. We can
write

) 1 m . 0_2 m—k+1
Asni(y", 02) = ———— Y (1— w
wlofed) = e 3 -0 (%)

(1
2 «m 2
Oy n:kh/[””
e"P( 2 (2+a2) ) )

and, as W is a positive constant, the optimization problem can be
—P

equivalently written as follows

m . 0_2 m—k+1

min  A(c?) = — 1-— ( L )
min (3 = -3 (1-p) ( T

2
o7 L ly(n]]

exp P )
O_ZU (Ux + UZU)
The function Aghi (y}", 0 02) is concave in 02 if A(¢?2) is convex. We can

write
m
=Y ocgi(o7)
k=1

(3.19)

k 2\ (BTl
with gy = (1 — p)* > 0and g (c2) = — <02‘1”02> exp (%)

If each g;(02) is convex, then A(0?2) is convex. The second order derivative
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of gx(c2) is given by

Pgi(07) _  gil(o3) ((m—k+1) B i |y[n]|2)

02> (02+02)* o’

(m—k+1) = 3 yn)+2(2 + 03).
n=k

2
AsVo? >0, % < 0, gx(02) is convex if for every possible realization

of the observation y*, we have

((m—k+1)—é|y[n]|2><m k+1) - Z|y P +2(c2 +02)) <0,

By means of simulations, we can observe that for several realizations of y;*
and different parameters values, there are several values of k, for which this
is not true. Therefore, gx(c2) is a non-convex function and accordingly, the
GLR-Shiryaev statistic Aghi(y{", o 02) is non-concave.

Another way to prove the non-concavity of the GLR-Shiryaev statistic
could be to plot the statistic opposite, —Agpi(y{", 0 ) for several observa-
tion realizations and parameters values, to check for non-convexity cases.
An example of that is shown in Fig. 3.43, where the curve —Ashi(y{”,a,%)
vs 02 is plotted for the following parameters values p = 0.005, T = 123,
m = 125, and y!" is generated for 02 = 5 and 02 = 1. The existence of a
local minimum can be observed, showing that the function —Agp;(y{", 02)
is non-convex.

Penalties computation

Let us assume a multi-band transmission for the secondary user. We de-
note the total available number of sub-bands and power for secondary
transmission respectively by Nj, and 0Z. The noise power in each sub-band
at the SU receiver is denoted by 0%. Assuming a uniform power allocation
and a constant SNR at every sub-band, the channel rate at each sub-band
can be obtained from the Shannon capacity in AWGN channel [11] and is
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Fig. 3.43 Typical realization of the GLR-Shyriaev statistic opposite

—Agni(y}", 02) with respect to the PU signal power o2.

given by

1 o2 .

Ry = 3 log, (1 + N, frlz\]) bits/sample, (3.20)
2
where N:fT > is the SNR at each sub-band. The total channel rate is given by
N

Nb (75 .

R = - log, (1 =+ m) bits/sample. (3.21)

Assume that a PU is transmitting in one sub-band and the SU did not
detect this activity. This will result in an interference and the data trans-
mitted in this sub-band will be lost. The total channel rate will become

N, —1 2
Ript = b2 log, (1 + N;TZZ ) bits/sample. (3.22)
N

The interference penalty is the loss in the total channel rate, caused by the
interference. It is given by

Pint =R- Rint

1 2N (3:23)
=3 log, (1 + N, 012\]) bits/sample.
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If the SU vacates a sub-band, thinking it is occupied by a PU, while it
is not (false alarm), this will result in spectrum waste. The available power
o will be redistributed among the N}, — 1 other sub-bands and the total
channel rate will now become

Ny —
2

2
! log, (1 + L) bits/sample. (3.24)
(Nb - 1) 0'12\,

The penalty due to spectral opportunity waste is the loss in the total chan-
nel rate given by

Rsow =

Psow =R- Rsow
2

N, o2 N, —1 o2 ,
=5 log, (1 + N 012\]) 5 log, (1 + m) bits/sample.
(3.25)
Using as numerical values N, = 29 sub-bands (taken as example from
2
Section 2.4) and SNR = N;Tfr > = 0 dB, we obtain the values P;,;; = 0.5 and
N

Psoww = 0.14, which are used in the simulations.






4.1

Joint Transmission and
Sensing Framework

Introduction

A cognitive radio network is reliable by the ability of the secondary user
to maximize the spectrum usage while minimizing the interference on the
primary user. This strongly depends on how sensing and transmission are
scheduled by the SU. It is impossible for a SU hardware that does not use
full duplex techniques to simultaneously transmit data and sense the spec-
trum. For this reason, the current CR hardwares use an approach based on
periodic sensing [93]. Time is split into blocks or frames, where an amount
of time is allocated to spectrum sensing and another to data transmission.
Obviously, the longer the sensing time, the more accurate the spectrum
sensing outcome will be. However, there will be too much spectrum waste
if the sensing time is too long. In contrast, the shorter the sensing time, the
more time will be available for transmission, but a too short sensing time
will induce too much interference because of sensing inaccuracy. There-
fore, there should be a trade-off between the sensing duration and the
transmission duration [94].
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This topic is abundantly covered in the literature. Most of the existing
works assume a sense-then-transmit strategy [94]. The CR frame begins
with the sensing period, and if the PU is detected to be absent, the trans-
mission period is used for transmitting. If the PU is detected to be present,
there is no transmission until the next frame, where spectrum sensing is
performed again. Energy detection (ED) is often used as spectrum sens-
ing method because of its simplicity. While some authors derive the op-
timal sensing time for a fixed frame duration [95], others jointly optimize
the sensing and transmission durations [96, 97]. For example, the opti-
mal sensing time that maximizes the SU throughput, with a constraint
on the interference to the PUs, is derived in [95]. Authors of [96] pro-
pose a periodic sensing scheduling scheme and found the optimal sens-
ing frequency and sensing time that minimize the sensing overhead and
average detection time. In [97], a joint optimization of sensing and trans-
mission times is performed to maximize the energy efficiency, subject to
spectrum sensing accuracy and limited interference. Unlike the previous
works that only use a block-based sensing (ED), authors of [94] inves-
tigate the throughput-sensing trade-off for CR networks when quickest
sensing (or changepoint detection) is used. Always assuming a sense-then-
transmit strategy, they compute the optimal frame length that maximizes
the throughput and conclude that quickest sensing could achieve higher
throughput than block-based sensing, while requiring shorter frame length
and sensing time. Note that an independent quickest sensing is carried out
in each frame.

In this chapter, we investigate the issue of joint transmission and sens-
ing in a mobile CR scenario. We consider the same scenario as in Chapter
3, but here we assume that multiple changes in the spectrum occupancy
may occur when the SU is moving. We always assume, as in Chapter 3,
that the SU has a limited amount of time for communication, and that the
a priori probabilities of PU appearance and disappearance can be deduced
from the SU’s mobility parameters. Taking all this into consideration, a
new joint transmission-sensing framework is introduced. Unlike previous
works in the literature, that perform a new spectrum sensing at the begin-
ning of each frame to detect the current channel state, we suggest sensing
the spectrum sequentially along several frames, in order to detect changes
in the channel state. For this, we use a changepoint detection algorithm
over successive frames. This choice is motivated by the fact that if the spec-
trum occupancy does not change too quickly, we can combine observations
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at successive frames to rapidly detect a change. This will result in less time
allocated for sensing per frame than in the case of independent sensing at
each frame. To achieve this, not only the duration of observation in each
frame, but also the frequency of observation, should be carefully chosen.
Our goal is thus to find the optimal parameters (sensing time, transmis-
sion time, frame size) for the joint transmission-sensing framework. To
compute the optimal sensing and transmission times, we introduce a new
performance metric, called the global cost, that gives a trade-off between
interference and spectrum waste times during a time-limited communica-
tion of the SU. This metric is inspired from the global penalty presented in
[98] and Chapter 3. In most of the existing works, the detection threshold
is not optimized together with sensing time and transmission time, but it
is fixed for a desired detection performance or to meet a certain interfer-
ence constraint. In this work, we suggest to jointly optimize the detection
threshold with sensing time and transmission time, to satisfy an overall
minimum global cost. By means of simulations, the optimal parameters
values are studied in detail, with respect to the SNR and the SU mobility
parameters, translated into the a priori probabilities of PU appearance and
disappearance. Our main contributions in this chapter are the following:

* We introduce a new joint transmission-sensing framework, based on
sequential changepoint detection.

* We also introduce the global cost metric that jointly evaluates the
costs of interference and spectrum waste induced by the framework.

¢ Then, we use the global cost metric to compute the optimal parame-
ters.

— Firstly, we optimize the parameters one by one, by fixing the
others. Hence, for fixed frame size and threshold, we compute
the optimal sensing time for given SNR values, and we suggest a
simple method to derive a range of optimal sensing times when
the SNR is unknown but lies within a certain interval. Then,
for fixed sensing time and threshold, we compute the optimal
transmission time (or equivalently the optimal frame size).

- Secondly, always with a fixed threshold, we perform a joint opti-
mization of the sensing time and the transmission time by using
exhaustive search, and we suggest a simple algorithm that is
more time-efficient than exhaustive search for the optimization.
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— Thirdly, we jointly optimize the detection threshold with the
sensing and transmission times, using exhaustive search.

The numerical results show that all the parameters (frame size, sens-
ing time, transmission time and threshold) are interrelated and by
jointly choosing optimal values, we can achieve a better global cost
than when only some parameters are optimized. Furthermore, the
optimal parameters distinctively depend on the SNR and the SU mo-
bility parameters. It is actually noticed that the optimal sensing time
strongly depends on the SNR and slightly on the threshold, while the
optimal transmission time strongly depends on the mobility param-
eters and the threshold. The optimal threshold, for its parts, depends
on both the SNR and the SU mobility parameters. Therefore, based
on these results, we give intuitive rules to choose the optimal param-
eters.

¢ Finally, for comparison purposes, we replace the changepoint detec-
tion algorithm with the classical ED, and perform spectrum sensing
firstly frame by frame and secondly over a block of frames. The su-
periority of changepoint detection is shown.

The rest of the chapter is organized as follows. The system model of the
joint transmission-sensing framework, including the scenario description
and the spectrum sensing method, is introduced in Section 4.2. Section 4.3
presents some performance metrics and formulates the optimization prob-
lem. Then, in Section 4.4, the numerical results for the joint optimization of
sensing time, transmission time and threshold, are given. The comparison
with ED algorithm is presented in Section 4.5. Finally, Section 4.6 concludes
the chapter.

System model

System description
As stated in the introduction, the scenario considered in this chapter is sim-

ilar to the one of Chapter 3 (Fig. 3.1), except some differences. We assume a
CR system with multiple geographically-separated fixed PUs transmitting

104 |



System model | 4.2

in a frequency band, and a mobile SU, which tries to access the same band
opportunistically. As it moves, the SU may enter or leave the coverage
area of different PUs, and the spectrum occupancy will change. We con-
sider that the SU is communicating for a certain amount of time N, during
which there may be several PU appearances and disappearances. Let us
denote by Ti(l) the i PU appearance time and TZ-(O> the i PU disappear-
ance time, which are both assumed to be a priori geometrically distributed
with parameter p. The parameter p thus represents the average number of
PU appearances or disappearances per unit of time sample. As in Chap-
ter 3, it is assumed that p can be inferred from the mobility parameters of
the SU. The SU should not only quickly detect each spectrum release in
order to start the secondary communication, but it should also quickly de-
tect each PU appearance to avoid interference. For this reason, it should
be continuously measuring the activity in the band, to maximize the use of
spectrum opportunities and minimize interference on PUs. Without loss
of generality, we assume that the SU looks at only one band, but the same
reasoning applies for a multi-band system.

We consider the joint transmission-sensing scheme shown in Fig. 4.1,
where the communication time N is split into Ny frames of duration Ty
(N = N¢ Ty). Unlike the existing works that sense the spectrum on a frame
by frame basis (one frame at a time, irrespective of the other frames), we
suggest to sequentially perform spectrum sensing over successive frames.
This means that we do not take an independent decision at each frame, but
we sequentially combine observations at several frames, to detect a change
in the spectrum. The SU has two operation modes. The sensing-only mode
(SOM) is turned on when the spectrum has been detected to be busy. In this
mode, the whole frame is used for spectrum sensing until the next change
detection. When the spectrum is detected to be free, the SU switches to the
transmission mode (TM). In the transmission mode, each frame is composed
of a transmission block of time T; and a sensing block of time Ts.. They
are separated by guard blocks of times T, and T, to allow switching
between both operations, as only one half-duplex radio frequency chain is
used. A frame duration is thus given by

Tf = Ty + Tse + Taa + Tap-
It is supposed that initially, the SU is not covered by any PU signal, and

it turns on the transmission mode until it detects a PU appearance and
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switches to the sensing-only mode.

Ab:eunce PU Presence PU Absence

PU

Tgn T50) | |

s T \ i
11 LI 1

T | T : : : L
Tf
Frame 1 Frame 2 ‘ Frame 3 | Frame4  Frame5 Frame N;
Transmission Mode Sensing-Only Mode Transmission Mode
0 SU communication duration N

Fig. 4.1 Joint transmission-sensing system model.

4.2.2 Spectrum sensing

The signal observed by the SU is denoted by y;[n], where I = 1,2,..., Ny is
the frame index, and # is the sensing sample index within the frame. When
the SU is out of the PUs ranges, y;[n] = w;[n], where w,[n] is the Additive
White Gaussian Noise (AWGN) sample at the frame /. When it is within
a PU range, y;[n] = x;[n] + w;[n], where x;[n] is the transmitted signal
affected by the channel. It is assumed that x;[n] and w,[n] are indepen-
dent circularly symmetric complex Gaussian variables, x;[n] ~ CA(0, 02),
wy[n] ~ CN(0, 03), and independent of each other.

It is worth mentioning that our goal in this work is to find the opti-
mal performance that can be achieved by our framework in case of perfect
knowledge of the SU’s mobile environment and the PU signal. For this
reason, we decide, as a first step, to keep the model simple by assuming
that the received signal power ¢ is constant for all the PUs and that it is
perfectly known by the SU. Thus, the spectrum sensing algorithm assumes
this knowledge. Moreover, we do not use a Bayesian detection approach,
that includes the SU mobility parameters, as in Chapter 3. But any change-

106 |



System model | 4.2

point detection algorithm could be used in the framework, and Bayesian
algorithms could be considered thereafter, to observe the effect of using the
SU mobility parameters on the framework performance.

For spectrum sensing, we use the CUSUM changepoint detection algo-
rithm [57, 49] over several frames. As a reminder, a changepoint detec-
tion algorithm observes a data sequence and has to decide when there is
a change in the distribution of the observed samples. A decision statistic
is computed at each time sample, based on the previous samples, and is
compared with a threshold. In this work, we use the CUSUM algorithm as
presented in Chapter 2, but with a slight modification. Instead of comput-
ing a decision statistic at the sample scale, we do it at the frame scale. We
do this to avoid the complexity of taking multiple decisions per frame and
to take advantage of the combination of several samples within one frame.
Thus, depending on the current mode, the sensing samples of each frame !
W[, -, y1[Tse] in the TM and y;[1], ..., y;[Ty] in the SOM) are combined to
form one single sample z;, which is then input to the CUSUM algorithm.
We compute z; by doing the average power of the sensing samples of the
frame . This is a simple combining scheme that helps reduce the noise
power. Note that, either for PU appearance detection or PU disappearance
detection, the frames involved in spectrum sensing are the frames of the
current mode. Hence, spectrum sensing is restarted when the SU switches
to another mode. The spectrum sensing scheme is depicted in Fig. 4.2. At

CUSUM
algorithm

", T

Yi-1 "H 2= Z|y, n \ ® 2, = Z|g[+1[n )

[ J
n=1 \ “ n=1 5(' n=1 \

Zl-1 =

yl—1[1]7 7y171[TS€] 91[1]7 -,y/[Ts'e] yl—f-l{ } 7yl+1{ ]
'Y I ) o0 - 0 e - ©
T€€ TSE TSC
Frame /-1 Frame / Frame /+1

Fig. 4.2 Spectrum sensing scheme in the transmission mode.
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the end of each frame, the CUSUM algorithm computes a decision statistic
Cj, where j refers to the current frame, and compares it with a threshold a.
The detection time is given by [49]

Tcus = inf{j > 1: C; > a}, with C; = max ZlnL z1), (4.1)
<] =

where L(z;) is the likelihood ratio of z;.
In the transmission mode, z; = - ZTSL ly;[n] |? follows a central chi-square
distribution with 2T, degrees of freedom, because it is the sum of the

squares of 2T;, real Gaussian variables. Each of these variables has a zero

(o (7'
mean and a variance of 271” in case of PU absence and "J: © in case of

PU presence. The PDFs of z; in cases of PU absence and presence are thus
respectively given by (from equation (2.32) in [99])

Tse—1

Z] Z]
form(z) = — exp (——) (4.2)
TS
and _
_ Zl se _ Zl
(@) = (U%;U%)Tser(Tse) P o405 ) (43)

where I'(Ts,) is the gamma function? of T, [99]. In the sensing-only mode,
z] = Tif sz: 1 lviln] | follows a central chi-square distribution with 2Tf de-
grees of freedom. The PDFs fysom(z;) and fi som(z;) are the same as in
the TM, except that T, is replaced with Tf. As in the TM, we try to detect
the PU appearance, and in the SOM, we try to detect the PU disappear-
ance, the likelihood ratios in both modes are differently defined. They are
given by

2 Tse 2 )
L(z) j%;ﬁg;; = (U%ﬁuaz% ) exp (%) if TM ws
N=1475 A Z |
hon(eh — (<E2k)” exp (71, i SOM.

1k is the frame sample after which, In L(z;) has consistently shown positive values, mean-
ing that a change has probably occurred [49].
T (Tee) = (Toe — 1)L
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4.3  Optimal joint transmission-sensing framework

4.3.1 Performance metrics derivation

In this section, we introduce some metrics in order to evaluate the per-
formance of the joint transmission-sensing framework. It has been estab-
lished so far that in CR, the amount of interference caused on the PUs and
the amount of spectrum opportunities used by the SU are two important
criteria to assess how robust the sensing is. It is profitable to maximize
the SU spectrum usage while minimizing the interference on the PUs. Be-
cause both situations are antagonist, as already stated, a good compromise
should be found in the context of joint transmission-sensing.

PU PU
Absence PU Presence Absence PU Presence
@ 4‘ frl(l) Missed ;[50)
i i i appearance i
“ ' Detection I:I I:I ) I:I :
time P e
Interference ; '\ X /- :
: Interference
PU Presence PU Absence
0!
T

False /<—>

alarm [

Interference

Fig. 4.3 Interference scenarios.

As multiple changes in the spectrum occupancy may occur, and they
may not be perfectly detected, the detection errors (on PU appearance
and disappearance) will generate interference and spectrum waste. On
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one side, interference can be created by three kinds of errors. When a PU
appearance is detected with a delay or completely missed until the next
disappearance, this will induce interference with the PU during the trans-
mission time of each frame of the SU. Furthermore, when there is a false
alarm on a PU disappearance, this will result in interference, due to an ear-
lier switching to the transmission mode while the PU is still present. These
three scenarios are depicted in Fig. 4.3.

On the other side, spectrum waste can be created by several scenarios.
When a PU disappearance is detected with a delay, or it is missed, the
SU remains in the sensing-only mode while it could transmit data, and
the entire portion of the frames, since the disappearance time, is wasted.
Moreover, a false alarm on a PU appearance will cause the SU to release
the spectrum and switch to the sensing-only mode, while it could continue
transmitting. Finally, the time blocks allocated for sensing and guard times
when the PU is absent, should also account for spectrum waste because
they could be used for transmission. These four scenarios are shown in
Fig. 4.4.

PU Presence PU Absence PU Presence PU Absence

NOJ i ey MO} Missed
vt : i+l disappearance

L

H i

' Spectrum | Detection Spectrum
waste time waste
PU Absence PU Presence PU Absence
i : : ; (1)
T : P I L

EE

False ‘ \ / o
iSpectrum : :
alarm ; Spectrum :

waste

waste

Fig. 4.4 Spectrum waste scenarios.
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All this considered, we define the total interference time during the SU
communication time N, taking into account the various types of interfer-
ence, and total spectrum waste time similarly. Let us denote the average
total duration of interference and spectrum waste by T, and Tsp. Aiming
to simultaneously minimize the total interference on the PU and maximize
the spectrum opportunity, we suggest a new performance metric, called
the global cost. Similarly to the global penalty introduced in [98] and (3.15),
it is obtained by assigning a cost Cj;; to Tint, and another cost Cspy t0 Tsorw.
The global cost G¢ is thus given by

Ge = Cint Tint + Csow Tsow- (4.5)

While the global penalty metric considers only one PU appearance de-
tection, the global cost considers the detection of multiple PU appearances
and disappearances. Moreover, it accounts for the joint impact of sens-
ing time and transmission time to compute the interference and spectrum
waste times. This metric will help derive the optimal parameters that give
a good balance between interference and spectrum waste.

Optimal transmission-sensing

We define the optimal transmission-sensing scheme as the one that mini-
mizes the global cost induced by the framework. It is given by the follow-
ing optimization problem

arg min GC (Tse/ Ttr/ D‘)‘ (46)
Tse, Tty

We thus want to find the optimal transmission duration T}, sensing dura-
tion T, and detection threshold «, that minimize the global cost G¢. Ob-
viously, the frame duration Tf is indirectly optimized when T, and T}, are
optimized.
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Simulations & numerical results

In this section, we compute the optimal parameters through numerical
simulations. Foremost, the frame size is fixed and the optimal sensing time
(and indirectly the optimal transmission time) is studied for various values
of p and SNR. Then, for a fixed sensing time, the optimal frame size (and
indirectly the optimal transmission time) is studied. Thereafter, the opti-
mal couple of transmission and sensing times is computed and analysed.
Finally, the three parameters, i.e., sensing time, transmission time and de-
tection threshold, are jointly optimized. A small discussion about the mu-
tual dependence between the optimal parameters concludes the section.

Optimal sensing time and transmission time for fixed frame size and
threshold

Initially, we assume that the frame size Ty and the threshold are fixed, and
we try to find the optimal sensing time T;, (and thus the optimal transmis-
sion time T},) that gives the minimum global cost. We consider the follow-
ing parameters values for the simulations®: N = 2500 samples, Ty =50
samples, N = 50 frames, Tg, = Tgp = 1 sample, « = 3.5, SNR = 0dB,
Cint = 0.5 bits/sample, Cspp = 0.14 bits/sample and p = 0.003. We com-
pute the averages of the performance metrics by using Monte Carlo simu-
lations with 10000 realizations. We first plot the average total interference
and spectrum waste metrics with respect to the sensing time. On one side,
the average total duration of interference is a monotonically decreasing
function of the sensing time (Fig. 4.5). This is due to two reasons. First,
when more samples are used for sensing, the PU appearances are quickly
and well detected so that the interference time is reduced. Second, increas-
ing T, leads to a decrease of the transmission time T; and consequently
a decrease of the potential time of interference with PUs. On the other
side, the average total duration of spectrum waste is an increasing func-
tion of T;. (Fig. 4.6), because using more samples for sensing decreases
the time allocated for transmission and inevitably increases the amount of
time wasted while the spectrum was free.

3The costs are defined similarly as the penalties in [98] and Chapter 3.
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Fig. 4.5 Average interference time T;,; versus sensing time Tg,.
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Fig. 4.6 Average spectrum waste time Tsow Versus sensing time Ts,.

The optimal sensing time is the one that gives a good compromise be-
tween interference time and spectrum waste time. To obtain it, we plot the
Gc vs T curves for a fixed frame size. The optimal sensing time varies
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with respect to the received SNR, as it can be noticed in Fig. 4.7, where the
simulation is done for SNR € [0,15] dB. When the SNR increases, the op-
timal Ts. decreases, meaning that the higher the SNR is, the fewer samples
are needed for reliable spectrum sensing and the more time is available for
interference-free transmission.

=== SNR=0dB

220 ==©— SNR=5dB

=& SNR=10dB
SNR=15dB

200

Global Cost

Sensing time (sample)

Fig. 4.7 Global cost (G¢) versus sensing time (T;,).

As assumed in Section 4.2, the SNR is perfectly known by the SU. The
optimal sensing times for different SNR values can thus be pre-computed
and stored in a table, and then recovered during the joint transmission-
sensing operation. However, in more practical situations where the SNR
is unknown by the SU, it can be problematic to choose the optimal sensing
time. To solve this issue, we propose a simple method when the SNR is un-
known but belongs to a certain interval. First, we suggest deriving a range
of optimal sensing times that keep the global cost to the minimum, with a
certain margin e (Fig. 4.8). Then, the intersection of the derived ranges for
different SNR values is computed. The resulting range is the optimal range
of sensing times that always keep the global cost to the minimum, with a
margin ¢, when the SNR lies between the considered values. Considering
an upper margin ¢ = 10 bits over the minimum global cost, and a SNR
ranging from 0 to 15 dB, we obtain the optimal ranges plotted in Fig. 4.9.
We can observe that if SNR € [3,15] dB, the optimal T;, can be chosen in
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Fig. 4.8 Computation of optimal range of sensing times.
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4.4.2 Optimal frame size for fixed sensing time and threshold

Beside the optimal time allocated for sensing, it is important to consider
the sensing frequency (or the frame size) which also has an impact on the
performance of the framework. For this reason, we investigate the optimal
frame size T¢ for fixed Ts, and a. We perform some simulations for fixed
values of sensing time T, and total communication time N, while varying
the frame size Ty. For T;, = 5 samples, N = 2500 samples, « = 3.5 and
p = 0.003, we plot the G¢ vs T curves for various SNR values. As we can
see in Fig. 4.10, the optimal frame size Ty varies slightly with respect to the
SNR value. We then plot the same curves for a fixed SNR value (5 dB) but

260 T T T
=—f=—= SNR=0dB

=——©— SNR=5dB
=—f— SNR=10dB
SNR=15dB
SNR=20dB

240

220

200

180

160

Global Cost

140
120
100
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10 20 30 40 50 60 70 80 90 100 110
Frame size or Sensing Period (sample)

Fig. 4.10 Gc vs T for different SNR values with p = 0.003.

varying p (p € [0.001,0.01]). It can be noticed in Fig. 4.11 that the optimal
frame size Ty decreases when the probability of PU appearance and dis-
appearance p increases. This means that the more frequent it is expected
to get PU appearances and disappearances, due to mobility, the more fre-
quent the SU should perform spectrum sensing and the shorter should be
the frame size Ty. To summarize, the optimal frame size depends more on
the SU mobility parameters than the SNR value. In the next section, we
jointly compute the optimal frame size and sensing time.
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Fig. 4.11 Gc vs Ty for different p values with SNR = 5 dB.

4.4.3  Joint computation of optimal transmission time and sensing time
for fixed threshold

In the two previous sections, we compute the optimal sensing time by fix-
ing the frame size and vice versa. Here, we jointly optimize both parame-
ters using numerical simulations. It is also equivalent to the joint optimiza-
tion of sensing and transmission times.

Exhaustive search

We use exhaustive search to find the optimal (Ts, Ttr) couple. The three-
dimensional curve of the global cost G¢ versus Ty, and T}, is shown in Fig.
4.12. We can see that when T}, is increased too much with a small T,
the global cost is increased, obviously, due to interference. The same is
observed when T, is increased too much with a small T}, due, this time,
to spectrum waste. It is also noticed that there is a minimum global cost,
and it is obtained for (T, = 4 samples, T;, = 17 samples), when p = 0.003
and SNR = 5 dB.
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Fig. 4.12 Gc vs (Te,Tyy) for p = 0.003 and SNR = 5 dB.

With further simulations, we can observe how the optimal (Ts,, T+) cou-
ple varies with respect to SNR and p values. On the one hand, the SNR is
varied from 0 dB to 20 dB for p = 0.003, and the optimal parameters are
shown in Table 4.1. It can be seen that the optimal Ts, varies a lot (from 12
to 1 samples), while the optimal T}, slightly varies (from 17 to 14 samples).

Table 4.1 Optimal sensing and transmission times for p = 0.003.

SNR (dB) 0 5 10 20
Parameter
T (sample) 12 4 2 1
Ty (sample) 17 17 14 14
Gc (bit) 129.2 | 85.32 | 67.64 | 56.54

On the other hand, when p is varied from 0.001 to 0.01 for SNR = 5 dB,
the optimal T}, varies a lot (from 35 to 9 samples), while the optimal Ts. has
a constant value (4 samples), as shown in Table 4.2.
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Table 4.2 Optimal sensing and transmission times for SNR= 5 dB.

P 10001 | 0.003 | 0.005 | 0.007 | 0.01
Parameter
T (sample) 4 4 4 4 4
Ty (sample) 35 17 12 9 9
Gc (bit) 57.78 | 85.32 | 101.7 | 113.96 | 127.7

This result confirms what was already observed in the previous section
and leads us to conclude that the optimal sensing time depends more on
the SNR value, while the optimal transmission time (or equivalently the
optimal frame size) depends more on the probability of appearance and
disappearance of the PU, inferred from the SU mobility parameters. A
similar result is found in [100], where energy detection is used in a context
of joint transmission-sensing. It is highlighted that the optimal sensing
time is much less sensitive than the optimal transmission time when the
primary activity parameter changes.

Simple algorithm

Here, we propose a simple strategy to find the joint optimal parameters
values, because of the time complexity of exhaustive search. We suggest
the following steps:

¢ Initialize the optimal sensing time at Ts, = 1 sample.

* Then, for the initial Ts, value, find the optimal transmission time T},
using Monte Carlo simulations.

¢ For the optimal T} computed, find the corresponding optimal sens-
ing time Ts,, using Monte Carlo simulations.

* Repeat the process as long as the global cost decreases.

* Use the last (Ts, T};) couple as the optimal one.

This method is more time-efficient than the exhaustive search (about one
third of the simulation time), and shows comparable performance. It is
depicted in Fig. 4.13, that for p = 0.003 and SNR = 5 dB, the exhaustive
search gives (T, = 4 samples, T;, = 17 samples, G¢ = 85.32 bits) and the
algorithm gives (Ts, = 3 samples, T;» = 14 samples, G¢c = 85.43 bits).
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Fig. 4.13 Optimal (Ts,Tt) for p = 0.003 and SNR = 5 dB, with both
methods.

Joint optimization of sensing time, transmission time and detection
threshold

In the previous sections, we assumed a fixed threshold to simplify the anal-
ysis. However, beside the sensing and transmission times, the detection
threshold also has a significant impact on the performance of the joint
transmission-sensing framework. For this reason, it is important to ver-
ify if we can further decrease the global cost by appropriately choosing an
optimal threshold. In this section, we jointly optimize the threshold & with
the sensing time T, and the transmission time T}, using exhaustive search.

Firstly, we compute the optimal (T, Ty, &) triplet for p = 0.003 and
SNR € {0,5,10,15} dB. The minimum global cost obtained at each thresh-
old value and the corresponding optimal (T, T}) couple are shown in Fig.
4.14 — 4.17. The optimal threshold « and the corresponding (Ts.,T}) are in-
dicated with green color. At first glance, we can notice that the minimum
achievable global cost can vary a lot from one threshold value to another.
Therefore, the performance of the joint transmission-sensing framework
is clearly sensitive to the threshold variation. Note that this sensitivity is
higher at low SNR than at high SNR. For SNR = 0 dB (Fig. 4.14), the
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optimal (Ts,Ttr) couple changes a lot (from (T, = 10 samples, Ty, = 32
samples) to (T, = 11 samples, Ty, = 20 samples)) by varying the threshold
«. But for SNR € {5,10,15} dB (Fig. 4.14 and 4.15), the optimal (Ts,, T;r)
couple remains almost unchanged in the considered range of thresholds.
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Fig. 4.14 Minimum G¢ vs « and corresponding (Ts, Tyr) for p = 0.003
and SNR € {0,5} dB.
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The optimal (T, Ttr, &) triplets and corresponding Gc for the consid-
ered SNR values, are shown in Table 4.3. It can be seen that the optimal
threshold a increases with the SNR. It is also observed that the optimal
sensing time T, decreases a lot with the SNR (from 9 to 1 samples) simi-
larly to the previous results. However, the optimal transmission time Ty,
also decreases a lot with the SNR (from 30 to 14 samples) unlike the case of
fixed threshold (Table 4.1), where T}, is almost constant for a fixed value of
p. In fact, this change in T}, value is more noticed at low SNR. This is due
to the following reasons. First, to be able to detect a low SNR signal, we
obviously need to increase T;,. But if the frame size Tris kept constant, this
may induce too much spectrum waste and thus an increase of the global
cost G¢. Thus, Tf, and consequently T}, needs to be increased. This situ-
ation is more perceived when the threshold is optimized, simply because
by varying the threshold, we gain more degrees of freedom. For example,
if Ts, and T}, are increased due to low SNR, the threshold « can also be de-
creased to keep a good balance between quick detections and false alarms,
resulting in a lower G¢. But when « is constrained to be constant, T, is
further increased while Ty, is slightly increased and G¢ has a larger value.
This can be seen by comparing Table 4.1 and Table 4.3, for SNR = 0 dB. The
second reason for an increase of T; at low SNR is related to the detection
of PU disappearances, which is also taken into account by G¢. In fact, the
frame size Ty is also the sensing duration for PU disappearance detection
in our model. And as at low SNR, it is more profitable to increase the sens-
ing time, the system tends to increase the optimal Ty and thus the optimal
Tir.

Table 4.3 Optimal (Ts, Ty, a) triplets for p = 0.003.

SNR (dB) 0 5 10 15
Parameter
Tse (sample) 9 3 2 1
T (sample) 30 17 17 14
% 0.41 0.82 1.12 1.33
Gc (bit) 113.53 | 78.19 | 65.63 | 59.19

Secondly, we compute the optimal (T, Ty, &) triplet for SNR = 5 dB
and p € {0.001,0.003,0.007,0.01}. The minimum global cost obtained are
shown in Fig. 4.16 and 4.17. We can first notice that the minimum Gc is
more sensitive to the threshold variation for higher values of the proba-
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bility of PU appearance and disappearance p. Furthermore, the optimal
(Tse, Ttr) couple slightly changes for lower values of p (from (Ts, = 3
samples, Ti, = 32 samples) to (Ts, = 4 samples, Ty, = 38 samples), for
p = 0.001), while it remains almost unchanged for higher values of p.
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Fig. 4.16 Minimum G¢ vs a and corresponding (T, Ttr) for SNR = 5 dB
and p € {0.001,0.003}.
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Fig. 4.17 Minimum G¢ vs a and corresponding (Ts.,Tt,) for SNR = 5 dB
and p € {0.007,0.01}.
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The optimal (T, Ttr, &) triplets and corresponding Gc for the consid-
ered values of p, are shown in Table 4.4. It can be seen that the optimal
threshold «a decreases with p, which intuitively means that with fast PU
appearances and disappearances, the detection threshold should be de-
creased to get fast detections. Similarly to the case of fixed « (Table 4.2),
we can notice that the optimal T, is constant for every value of p and the
optimal T} decreases a lot when p increases.

Table 4.4 Optimal (T, T}, &) triplets for SNR = 5 dB.

P 10001 | 0.003 | 0.007 | 0.01
Parameter
Tse (sample) 3 3 3 3
Tir (sample) 32 17 12 9
o 133 | 0.82 | 0.30 0.20
Gc (bit) 55.21 | 78.19 | 104.11 | 116.29

To recap, the joint optimization of the threshold with the sensing and
transmission times allows us to conclude the following:

¢ The optimal sensing time T, depends more on the SNR. It slightly
varies with the threshold « for a fixed SNR value, but when it is
jointly chosen with the optimal g, it is always constant at fixed SNR.
Therefore, in a practical system, we suggest choosing Ts. according
to the SNR.

* The optimal transmission time T}, is clearly dependent on the proba-
bility of PU appearance and disappearance p. But also, at low SNR,
it becomes very sensitive to the threshold variation. Both parameters
(Tt and &) should be carefully and jointly chosen to avoid degrad-
ing the performance because G is more sensitive to the threshold at
low SNR (Fig. 4.14). Moreover, when p is low, the optimal T}, also
depends on «, even if this time, a small variation of (T}, ) will not
be that harmful to the performance because G¢ is less sensitive to the
threshold (Fig. 4.16). For higher values of p, T}, is slightly depen-
dent on the threshold «, and G¢ is very sensitive to a. To sum up, we
suggest to jointly choose Ty and « according to p and the SNR.
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4.4.5 Discussion on the optimal parameters

In sum, we see that by playing with detection accuracy, detection quickness
and sensing frequency, which are obtained for a given (T, Ty, «) triplet,
we can achieve an overall optimization of the spectrum usage. Further-
more, all the parameters, Tf, Tse, Tty and a, are interrelated, which makes
the analysis difficult. We have just seen in the previous section that the
optimal T}, is very dependent on a while the optimal T, is slightly de-
pendent on a. In addition, we have seen that at low SNR, not only T, is
increased, but also T}, is increased (because of the sensing frequency Ty)
in order to avoid too much spectrum waste. This mutual dependence is
accentuated by the fact that our model accounts for both PU appearances
and disappearances. In fact, the frame size, or sensing frequency T for
appearance detection, is also the sensing time for disappearance detection,
as the SU switches to the sensing-only mode. And it is obviously linked to
the detection threshold, which is the same threshold for both appearance
and disappearance detection. It might be easier to independently study
appearances and disappearances, but in a real scenario, they are intercon-
nected because an error on the detection of a PU appearance will certainly
impact the detection of the next PU disappearance and so on. Our model
has the advantage of considering all this.

In order to further improve the joint transmission-sensing model, we
may increase the number of degrees of freedom by:

* Using distinct thresholds for appearance and disappearance detec-
tions,

¢ Performing spectrum sensing sample per sample, instead of frame
per frame, for the sensing-only mode (disappearance detection). This
would first avoid the dependence on the frame size Ty and may result
in faster detection of PU disappearances.
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Comparison with energy detection

Methodology

In this section, the performance of the proposed joint transmission-sensing
framework is evaluated, when energy detection algorithm is used against
CUSUM algorithm. Let us note some differences that come up in the frame-
work when using ED. First, ED is an hypothesis testing algorithm, and it
cannot detect changes in the channel state (PU appearance or disappear-
ance), but it can detect the current channel state (PU presence or absence).
So, unlike the CUSUM case where the algorithm applied depends on the
current mode (TM or SOM), both hypotheses (PU presence or absence)
are periodically tested for ED. Second, ED is a block-based spectrum sens-
ing algorithm. Thus, the total sensing duration (sum of sensing times per
frame) is fixed in advance, unlike for CUSUM where we do not know in
advance after how many frames the algorithm will stop. Moreover, even
if the current mode does not change, a new sensing is performed periodi-
cally.

According to this, we suggest two approaches to insert ED in the frame-
work:

* Firstly, we perform ED independently frame by frame. The total
sensing duration in this case is thus Ts,.

e Secondly, we define a block as the set of frames after which a new
spectrum sensing is performed, and By is the number of frames in-
side each block. ED is performed independently block by block. The
total sensing duration here is B¢ Ts.. The first approach is thus a spe-
cial case of the second, when B =1

Simulation results

For comparison with CUSUM, we perform the simulations using the op-
timal (Ts,, Ttr) couple in CUSUM case when p = 0.003 and SNR = 5 dB
(Table 4.4), and compare the global cost obtained for different threshold
values. The results obtained with both approaches are presented in Fig.
4.18. As it can be noticed, the minimum global cost obtained with frame by
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frame ED (B; = 1) is closer to that of CUSUM. But when ED is performed
over a block of two frames (B; = 2), the obtained performance is worse
than CUSUM performance. This is not surprising. In fact, even though we
perform spectrum sensing sequentially over frames with CUSUM, the al-
gorithm is somewhat constrained to take decisions only at the end of each
frame. Despite the fact that the initial objective was to combine data per
frame, this may not result in the fastest detection. This is the reason why
a simple ED, that also takes decisions at the end of each frame, performs
closer even without combining data over several frames. We see that when
ED is done over a longer period of time (just a block of two frames), the
performance worsens.

—e— CUSUM ﬁ;
125 | =—B—ED with B; =1\ | 1
= 3=~ ED with B; =2 ‘\ d
120 F ‘h ﬂl p
15 \ ‘

\R ”F

@ 110
8 R Gc=101.56 j‘
® 105 w a
&
8 Bgp g o
S 100
Qo
o
O o5}
90 [
851 Gc=78.25 Gc=79.15
80¢
I ! ‘ | |
0 05 1 15 2 25

Threshold

Fig. 4.18 Gc vs a curves of CUSUM, frame by frame ED and block by
block ED, for (Tze = 3 samples, Ty, = 17 samples), SNR = 5dB and p =
0.003.

This result reinforces our idea that performing the CUSUM algorithm
sample per sample for the sensing-only mode (PU disappearance detec-
tion) could result in faster detections and improve the performance. This
implies that the frames would have no more a constant size in the SOM.
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Conclusion

In this chapter, a new joint transmission-sensing framework is introduced
for mobile cognitive radio systems where the SU is moving for a certain
period of time, and multiple PU appearances and disappearances may oc-
cur. Using the CUSUM changepoint detection algorithm, spectrum sensing
is performed sequentially over successive frames, instead of independent
frame by frame sensing suggested in the literature so far. Using the idea of
the global penalty metric proposed in the previous chapter, a new perfor-
mance metric, named the global cost, is suggested to evaluate the total loss
in the channel usage due to the joint effect of interference and spectrum
waste caused by the framework.

Then, the optimal system parameters, namely the sensing time, the
transmission time and the detection threshold, that minimize the global
cost are computed and analysed by means of simulations. The optimal pa-
rameters depend on the received SNR and the mobility parameters of the
SU. The optimal sensing time shows to strongly depend on the SNR, while
the optimal transmission time is very sensitive to the mobility parame-
ters, and the optimal threshold depends on both. Moreover, the threshold
should be jointly chosen with the transmission time, which is also the sens-
ing frequency.

Finally, the performance of ED is compared with that of CUSUM in
the context of the proposed framework. It is found that frame by frame
ED performs closer to CUSUM because in the framework, CUSUM is, in
some ways, forced to take decisions at end of frames. On its side, block by
block ED has the worst performance due to the fact that spectrum sensing
is forced over a longer time period.

128 |



5.1

Geolocation-based Bayesian
Spectrum Sensing

Introduction

In heterogeneous cognitive radio networks, it is difficult to have an a priori
knowledge of the existing primary systems. For this reason, blind spec-
trum sensing algorithms, that does not need any prior information about
the PUs, are highly desirable. However, the performance of blind detection
algorithms is limited, and they do not make the most use of the available
spectrum. As it has been seen throughout this thesis, the maximum utiliza-
tion of the spectrum can be achieved only when the PUs’ parameters are
perfectly known. This is noticed in Chapter 3, where the optimal threshold
depends on the received SNR, and in Chapter 4, where both the optimal
threshold and the optimal sensing time per frame are sensitive to the SNR.
Therefore, if some a priori knowledge of the PUs is available to the SU, it
can be used to increase the performance of spectrum sensing algorithms.
As discussed in Chapter 2, a good detector should make a good compro-
mise between the amount of required prior knowledge and the achieved
performance.
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Due to the challenges of spectrum sensing to meet their very tight re-
quirements, many regulators around the world consider that this technol-
ogy alone is not yet reliable enough to guarantee the protection of channel
incumbents [44, 101, 102]. For this reason, geolocation database is con-
sidered as the most feasible method [103, 102]. However, the geolocation
database implementations are too conservative because a large range of
protection contour is defined to avoid interference with the PUs [104, 102].
This results in a huge waste of spectrum opportunities. Instead of using ge-
olocation database alone, another approach is to combine it with spectrum
sensing. This could be done in two ways [102]. Firstly, spectrum sensing
results could help in adjusting the protection contour and fine-tuning the
various parameters used in the geolocation database method. In view of
this, a technique to build and improve geolocation database from sensed
data, and using statistical algorithms, is presented in [105]. It helps to cal-
culate the emission limits of SUs. Secondly, geolocation database informa-
tion could be used to adjust the sensitivity of spectrum sensing, in order
to improve the detection performance. Considering a wideband sensing of
the TV band, the authors in [106] and [107] use simple methods that con-
sist in performing spectrum sensing only in the TV channels considered
available by the geolocation database method. This speeds up the sensing
process, thereby reducing the sensing time for the whole band, and also
relaxes the sensitivity and processing capabilities required for SUs. Fur-
thermore, authors in [108, 109, 110] use a geolocation-assisted compressive
spectrum sensing approach to reduce the number of required samples in
a wideband spectrum sensing context. In fact, the prior information ob-
tained from the geolocation database is used to infer the sparse nature of
the wideband spectrum, and by using this sparsity, spectrum sensing is
performed at lower sampling rates than Nyquist rates. This has the effect
of improving the detection accuracy and lowering the computational com-
plexity. Finally, assuming a heterogeneous CR network with one PU and
multiple existing SUs, a non-coherent spectrum sensing scheme, based on
energy detection, is suggested to simultaneously and distinctively detect
the PU signal and the SUs signals in [111]. Using the available geolocation
information about the PU and the SUs, the adjacent channel interference
and the co-channel interference induced by the SUs are distinguished from
the received PU signal power and the noise power. Then the noise power is
used to compute the detection threshold, and the signal powers of the PU
and the SUs are used for detection, resulting in an improved performance.
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In this chapter, we consider a CR scenario where the primary system
is composed of multiple TV transmitters. Assuming that some informa-
tion about the transmitters is available in a geolocation database, we use
this information as a priori knowledge to derive a new spectrum sensing
algorithm. Unlike the previous chapters where sequential changepoint de-
tection theory is used, we consider the block-based detection theory in this
chapter. The reason is that we do not assume fast changes in the spectrum
occupancy. We consider the Bayesian approach of block-based detection,
where the optimal decision rule (2.9) compares the likelihood ratio of ob-
servation to the ratio of both hypotheses prior probabilities. In a real-world
scenario, the received signal power is not deterministic, but it is distributed
according to fading statistics, and the likelihood ratio should be computed,
either using the GLRT or the mixture-based test if the fading distribution
is known. Assuming a Rayleigh fading, we compute the average received
power based on the geolocation information and use this to obtain the
prior distribution of the received power. Then, using this geolocation-
based prior distribution, we perform a mixture-based test to derive a new
detection rule. As it is difficult to directly solve the integral involved in
the detection rule, an approximate closed-form expression is derived us-
ing Taylor series approximation. With few terms of the Taylor series, the
approximation is accurate for medium to high average SNR values, when
a long enough sensing time is chosen. The derived algorithm is compared
with energy detection, which does not use the available a priori geolocation
information, and it gives the best performance in terms of minimum error
probability. Additionally, we suggest computing the prior probabilities of
presence and absence, and thus the threshold, by using the geolocation
information. By doing so, the detection and false alarm probabilities of
the derived algorithm increase quickly with the SNR, but it always keeps
the minimum error probability. All these results show that by using a pri-
ori geolocation information about the PUs, we are able to achieve a better
compromise between false alarms and good detections than without this
information, even if the received power signal is not perfectly known.

The main contributions of this chapter are:

e Introduction of a Bayesian spectrum sensing algorithm based on ge-
olocation information,

¢ Derivation of a closed-form approximation that is accurate for medium
to high average SNR values,
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¢ Computation of prior probabilities based on geolocation information,

* Performance comparison of the derived algorithm with energy de-
tection.

The remainder of the chapter is structured as follows. The system model,
including the considered scenario and the signal model, is introduced in
Section 5.2. Then, the Bayesian detection rule, based on prior geoloca-
tion information, is derived in Section 5.3. The approximate closed-form
expression of the detection rule is also given. A numerical comparison
between the derived algorithm and energy detection algorithm is done in
Section 5.4. Finally, a conclusion is given in Section 5.5 and some proofs
are presented in Section 5.A.

System model

Scenario

We consider a CR scenario with multiple fixed PUs transmitting in differ-
ent bands and a SU that wants to opportunistically use the available bands
(Fig. 5.1). It is assumed that the PUs are TV transmitters of a digital ter-
restrial television (DTT) network. Their respective broadcasting parame-
ters, i.e., location, carrier frequency, bandwidth, transmit power, antenna
height, minimum admissible power by a PU receiver, etc., are assumed to
be available in a geolocation database. The SU has a geolocation capability,
and it is assumed that it can retrieve the PUs’ parameters from the geolo-
cation database. To do this, the SU first sends its location to the database
which replies with the geolocation information G of each existing PU. Let
G = (Pr, fe, D, Pyay, ), where Pr is the PU transmit power, f. is the carrier
frequency, D is the distance between the PU transmitter and the SU (com-
puted using the locations), and P, is the minimum power admissible by
a PU receiver. Our goal is to derive a Bayesian spectrum sensing algorithm
that uses the geolocation data G as a priori information to improve the de-
tection.

Due to the fading channel between the PUs transmitters and the SU, the
received signal power is unknown and random. But we assume that it has
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a certain prior distribution, and we propose to compute this distribution
using the available geolocation information G. Then, the prior distribution
is used to derive the Bayesian detector. The signal model is presented in
the next section.

GPS

PUTx 1

Broadcasting
Parameters

G=Pr,fc,D,Pum) (( ))

Location Information

! Geolocation SU Tx/Rx
Database

PU Tx 2

Fig. 5.1 Geolocation-based spectrum sensing scenario

5.2.2 Signal model

We assume that spectrum sensing is performed in one band at a time, but
this could be done simultaneously in multiple bands, as already stated in
the previous chapters. Looking at one band, let us recall the block-based
signal detection problem (2.1) given by

{ Hy: y[n] =wn],
Hy: y[n] = x[n] +wn], (5.1)
n=12,...,N;
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where

n is the time sample,

y[n] is the received (observed) signal sample,

w(n] is the noise sample,

x[n] is the PU transmitted signal sample affected by fading,
Hy means "presence of noise only",

Hj means "presence of PU signal and noise" and

N; is the sensing time.

As in the previous chapters, we assume that x[n] and w|n] are indepen-
dent circularly symmetric complex Gaussian, x[n] ~ CN(0, 02), w[n] ~
CN (0, ¢%), and independent of each other. The PDFs of the observed vec-
tor! y under the hypotheses H; and H are respectively given by

1 Ny 2
fily) = 2+ 2 QXP(—M) (5.2)
and N 5
o(0) = oy oo~ Eo L2 63)

The noise power 0?2 is assumed to be perfectly known. Moreover, we as-

sume that the PU signal is affected by a Rayleigh fading channel and thus

the received power 02 is exponentially distributed, with the following PDF

1 2
flod) =2 exp(—%» (5.4)

where 1 is the average received power. The distribution of the received

power depends on only one parameter, which is the average received power
v. We suggest computing this average received power, by using the geolo-

cation information G. In practical scenarios, 7 is obtained either from em-

pirical or deterministic channel models. Here, we use a simple free-space

path loss model, that takes G as input, to compute . Obviously, another

more robust channel model could be used. The average received power

computed based on geolocation information G is given by

16 = PT(M;CD)Z (5.5)

1y =y[1],...,y[Ns].
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where c is the speed of light. The PDF of the received power can thus be
written as

1
fo(oz) = o exp( 'YG). (5.6)

Now, assuming the Bayesian approach of classical hypothesis testing,
the two hypotheses can be assigned a priori probabilities P(Hy) and P(Hy).
We think that it is realistic to infer the a priori probabilities of PU signal
absence and presence by combining geolocation information with channel
models. For this reason, we suggest computing them using fg(c?) and the
minimum power admissible by a PU receiver P,;,,. The geolocation-based
prior probabilities are defined as

PG (Hy) = P(02 > Pagm)

= oxp (- faim) o0
and ety — 1 ' Pum
c (Ho exp( o~ ) (5.8)

Basically, P(Hy) is the value of the cumulative distribution function of the
received power at P,;,,, and P(Hj) is the complementary value.

Geolocation-based Bayesian detector

In this section, we derive a Bayesian detection rule that uses the geoloca-
tion information G, with the aim of improving the spectrum sensing accu-
racy.

Problem formulation

We know from (2.8) and (2.9) in Chapter 2, that the optimal detector in the
Bayesian sense, minimizes the error probability, which is given here by

P, = Pg(H1)Pup + Pg(Ho) Psa, (5.9)
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and the detection rule is given by

(5.10)

Obviously, the optimal detector requires to perfectly know the distribution
of the received signal and that of noise. However, due to the fading channel
between the PU and the SU, the received signal power ¢?2 is not constant
and hence the decision statistic of the Bayesian detector (the likelihood ra-

tio) cannot be defined. It is now conditioned on ¢2 and can be written as

fo(y)

As already known, this is the composite hypothesis testing problem, which
can be solved either by using a GLRT or a mixture-based test (Bayesian ap-
proach to composite hypothesis testing). The GLRT does not need any
a priori knowledge of the unknown signal power o2, but it tries to esti-
mate it based on the observed data. In the current work, we adopt the
mixture-based test that uses the geolocation information G to compute the
prior distribution of the unknown signal power 2. The geolocation-based
Bayesian detection rule can thus be written as follows

o0 2 Hy
.

In other words, we suggest the geolocation-based Bayesian detector given

by

Q= (Aca(y), &) (5.13)
where . N )
Acp(y) = PiEH;; i fl;’:(y‘;") fo(0?)do? (5.14)
and

a=1. (5.15)

Derivation of a closed-form expression

In this section, we derive a closed-form expression for the proposed de-
tector, by solving the integral involved in the computation of the decision
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statistic Agg(y). By replacing the PDFs in (5.14), we obtain

1 o5 yln])?
Pe(Hy) /°°(7r(¢72+02))1\fsexp(_02+02) 0F\ o
A — x 0w x 0w  exp(——% dU'
GB(y) PG(H()) 0 1 ex (7Zfi1|y[””2) G P( ')’G) g
(o2 P 7
_ Teli) v g
v6Pc(Ho) Jo \o2+ 03
oy il | ot il a2y,
exp(— ) 2 2 _7) doy.
0%+ 0% 03 YG
Moreover,
Pg(Hy) /°° 1 N
A p—
68(y) Y6Pc(Ho) Jo <U§/Uz%+1)

2 2 N, 2 2
Ux/Uw = 2 _ UX /Uw 2
P (/o L il = 270 ) dek

_ 03P (Hi) /”( 1 )N
YcPc(Ho) Jo \o2/0%+1

o2/0d TNyl o2/02 N | o2
)3

ex — .
p(w,%/ag,m 72 vola3) a2

By performing the change of variable v = Z—g + 1, we have

w

02Po(Hy) [ /1\Ns 0155yl o-1
N =“’7/ 1 n1 _ do.
ca(y) ~voPa(Ho) ( ) eXp( v o2 ')’G/(Tz%> °

v
Furthermore, we can write

03P (Hy) Ty o2
A =Y ex n=1 + -1 (5.16)
65(y) v6Pc(Ho) p( oz ’YG)
with N )
© Yoo lylnll" 1 o3
I= Ns —em=l S D Ty do. 17
/1 v exp( o] 0 7 v) v (5.17)
The integral I can be rewritten as
1= / ¥(0) do (5.18)
1
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where
P(v) =0 Nexp (—6/v)exp (—k ) (5.19)

Ns 2
with § = w and x = 7 . Note that « is the inverse of the average

SNR at reception and ¢ includes the energy of the observed signal.

A closed-form solution does not actually exist for I and we need to find
an approximate solution. The function 1(v) is the product of three terms,
and we can try to approximate one of them, using Taylor series expansion
around a carefully chosen point. For example, if we are able to prove that
the term exp(—x v) does not change too quickly around the maximum v,
of the function ¢(v), in the interval [1, co[, this term can be approached with
few terms of its Taylor series expansion around v,;. We can numerically
prove that under certain conditions, this approximation can be done. We
make the following propositions.

Proposition 5.1. The maximum of (v) in the interval [1, 00, is given by

(5.20)

Uy = max (

Proof. See Section 5.A.1. O

Proposition 5.2. For 1/x > 0.3162, and a large enough value of N;, we can
obtain an accurate approximation of the function (v) by replacing exp (—x v)
with its first Ny Taylor series terms (Ny > 4) around the maximum vy, of P(v).
This range of values for x corresponds to average received SNR values greater than
or equal to —5 dB. The minimum value of N, for which the approximation works,
decreases with the average received SNR.

Proof. See Section 5.A.2. O

The Taylor series expansion of exp (—« v) around v, is given by
Y
exp (—xv) = exp (—k vy (1 + Z K)r>. (5.21)

Therefore, for Z—E > 0.3162, or average received SNR greater than or equal

w
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to —5 dB, we can write

I—/Oo N exp (=6/v) exp (—kv) do
Ni

N/ v N exp (—6/v) exp (—k v (1+ZW(—KY) do

r=1

~ exp (—Kkvy) /loo o Nsexp (—6/0) (1 + ri‘{ (U_ri'vm)r (—K)r) do
~ exp (—« vm){ </100 v N exp (=6 /v) do

+ % (=x)" /1°° 0N (v — v,) exp (—6/0) dv) }

|
r=1 r

Using the Binomial expansion, we can write
r

(v—om) =), (:) o' (—om)", (5.22)

=0

By inserting (5.22) into I, we have

where

I ~ exp (—Kvm){ (/100 v N exp (—6/v) dv

A exp (—Kvm){ (/100 o N exp (—6/v) do

+rt (_r’!‘)r ;O (:)(_vm)”/lw o Noof exp (=6/0) dv)}

I~ exp(—Kkvn) { <11 + Z Z nIe _; vm)f—r'lz) }

L=

r=1i=
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with

I = /1 oM exp (—6/0) dv, (5.23)

and

I = /1 " 0N exp (=5/0) do. (5.24)

The integrals I; and I, can be easily solved using closed-form solutions
(2.33.10) or (2.33.11) in [112]. The solutions are given as follows

T(Ns —1,0) — T(Ns — 1,6)

I = - (5.25)
or .
UL (1 ~exp (~0) (NZ_OZ ‘;)) (5.26)
and . .
o TN L0 TN r 1 627)
or . .
- Mei o2 <1 SIS ) 6528)

where I'(., .) is the incomplete gamma function given by

I(n,u) = /uoo exp (—t)t71dt.

Finally, an approximate closed-form expression of the geolocation-based
Bayesian decision statistic is given by

a0 (2,2“;1 > o2 )
Acs(y) ~ Y6 Pc(Ho) P (Tzzu +’Yc(1 om)
o2 7 (5.29)
J & (7')’712) r—r
(e SR e
where

Ns 2
I and I, are obtained from (5.25 — 5.28), with 6 = Z”:lg%,
N; > 4 is the number of Taylor series terms considered for the approxima-
tion,
i

and vy, is obtained from (5.20), with x = T
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Numerical results

In this section, we numerically evaluate the performance of the geolocation-
based Bayesian detector introduced in the previous section. In the first in-
stance, we verify the precision of the derived approximate closed-form ex-
pression, when it is used for spectrum sensing. In the second instance, we
compare the proposed detector to the classical energy detection algorithm.

Precision of the closed-form expression

Here, we check the correctness of the decision statistic closed-form expres-
sion (5.29), by comparing it with the numerical resolution of (5.16). To do
this, we plot the detection and false alarm probabilities versus the average
received SNR, obtained through simulations. For each average SNR value,
the PU signal power is exponentially generated, and the performance is
computed using Monte Carlo simulations. Using fixed prior probabilities
P;(Hp) = Pg(Hp) = 0.5 and sensing time N; = 100 samples, the curves
are plotted for the numerical resolution and the approximate closed-form
expressions obtained respectively with N; = 4 and N; = 12. As it can be
seen in Fig. 5.2 and 5.3, with N; = 4, the closed-form expression is a very
good approximation of the detector when the average SNR is greater than
—5 dB. With an increased number of Taylor series terms (N; = 12), the
approximation can be accurate down to —10 dB. For lower SNR values,
the approximation does not give accurate performance. It can thus be con-
cluded that the derived closed-form expression is a good approximation of
the geolocation-based Bayesian detector, for medium to high average SNR
values, when the sensing time N; is long enough.

| 141



5 | Geolocation-based Bayesian Spectrum Sensing

o
©
@

T
L

Lo

I
©
|

o

3

a
T

|

o
©

o
3

L \ 4

Detection probability
o
~
(%)

06 f 4 ,

0.55 Num detector
) ——— Closed-form detector with N, =4
—-=¢—-- Closed-form detector with N; = 12

0.5 1 I
-15 -10 -5 0 5 10 15
Average received SNR (dB)

Fig. 5.2 Detection probability vs average received SNR of both numerical
and analytical detector.

: Num detector
1 ——— Closed-form detector with N, = 4
\ —-%—-- Closed-form detector with N, = 12

o
©
T

Y

o o o
o ~ [e-]
—

<
3
L

k= \

False alarm probability
o
~

o
©w
T

.

<
N
L

o
.

0k . , | X
-15 -10 -5 0 5 10 15
Average received SNR (dB)

Fig. 5.3 False alarm probability vs average received SNR of both numer-
ical and analytical detector.

142 |



Numerical results | 5.4

5.4.2 Comparison with energy detection

To evaluate the gain of combining geolocation information with spectrum
sensing, we compare our algorithm with energy detection (ED) that does
not use any a priori knowledge of the PU signal power, and therefore makes
no use of G, but ensures the maximum detection probability (Pp) for a fixed
false alarm probability (Pra).

As a first step, we make the comparison by fixing the prior probabilities
P;(Hp) = Pg(H;p) = 0.5 and setting the sensing time to N5 = 100 samples.
ED is computed with target Prs = 0.1. The probabilities of detection, false
alarm and error obtained through numerical simulations are respectively
presented in Fig. 5.4 — 5.6. The geolocation-based algorithm has the best
detection probability at low SNR, but gets slightly worse at high SNR. This
trend is reversed for the false alarm probability. However, the geolocation-
based algorithm always keeps the error probability to the minimum.

—e— ED
~—— Geolocation-based detector

Detection probability

-15 -10 -5 0 5 10 15
Average received SNR (dB)

Fig. 5.4 Detection probability vs average received SNR for the compared
algorithms, when target Ppa = 0.1 for ED.
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Fig. 5.5 False alarm probability vs average received SNR for the com-
pared algorithms, when target Prs = 0.1.
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Fig. 5.6 Error probability vs average received SNR for the compared al-
gorithms, when target Ppa = 0.1.
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When the target Pra of ED is increased (Fig. 5.8), it shows a higher
detection probability at every SNR value (Fig. 5.7), but still has a poor total
error probability (Fig. 5.9).
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Fig. 5.7 Detection probability vs average received SNR for the compared
algorithms, when target Ppa = 0.475 for ED.
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Fig. 5.8 False alarm probability vs average received SNR for the com-
pared algorithms, when target Ppa = 0.475.
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Fig. 5.9 Error probability vs average received SNR for the compared al-
gorithms, when target Ppa = 0.475.

As a second step in the performance comparison, we compute the prior
probabilities Pg(H;) and Pg(Hp), using the suggested expressions (5.7)
and (5.8). Note that the prior probabilities are computed with the aver-
age received power and the minimum admissible power. For the simula-
tions, in order to give a sense to the computed P;(H;) and Pg(Hp), the
hypothesis about the presence H; or the absence Hy is conditioned on the
actual received power ¢2. In other words, the cases where 02 < P, are
considered as Hj and the reversed cases are considered as H;. The sens-
ing time is always N5 = 100 samples and the minimum SNR admissible
by a PU receiver (P4, / 02) is set to —15 dB. The results are shown in Fig.
5.10 — 5.12. As it can be seen, the detection probability of the geolocation-
based algorithm quickly increases with the SNR, and it is better than that
of ED. However, the false alarm probability also increases very fast, while
ED keeps a constant false alarm because its threshold does not change. The
reason for this is that when the average received power ¢ exceeds a bit
the minimum admissible power P,;,,, the probability of presence Pg(Hj)
quickly increases and the detection threshold decreases. This results in a
fast increase of Pp and Pra. To avoid this, a solution may be to add some
costs to appropriately counterbalance P;(H;) and Pg(Hp). Nonetheless,
the geolocation-based algorithm always keeps the minimum error proba-
bility.
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Fig. 5.10 Detection probability vs average received SNR when P (Hj)
and Pg(Hy) are computed using the geolocation information.
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Fig. 5.11 False alarm probability vs average received SNR when P;(Hj)
and Pg(Hp) are computed using the geolocation information.
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Fig. 5.12 Error probability vs average received SNR when P;(H;) and
P;(Hy) are computed using the geolocation information.

Conclusion

In this chapter, we consider the block-based hypothesis testing framework
and introduce a new spectrum sensing algorithm that makes the use of
prior knowledge about the PUs to improve the detection. The information
concerning the PUs is retrieved from a geolocation database and used to
compute the prior fading distribution of the received power, depending
on the location of the SU. Then, using the Bayesian approach of composite
hypothesis testing, a new detector, that does not require the perfect knowl-
edge of the actual PU signal power, is derived. Moreover, an approximate
closed-form expression is derived for the detection algorithm, and it shows
to be an accurate approximation for medium to high average SNR values.
In addition, a new way of computing the prior probabilities of presence
and absence is suggested.

When compared with the energy detection algorithm, the derived al-
gorithm gives the minimum error probability. Therefore, having an a pri-
ori geolocation information about the PUs, a good trade-off between false
alarms and good detections can be achieved, by using the Bayesian detec-
tion theory.
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5.A Proofs

5.A.1 Proof of proposition 5.1

Let us recall the expression (5.18) of I as follows

1:/1°°¢(v)dv

where
P(v) =0 N exp (—6/v)exp (—k D).

We want to find the maximum of ¢(v) in the interval [1, oo, which is equiv-
alent to solve the following

1)
max ¢(v) = —=N;In (v) — 5 Ko (5.30)

with ¢(0) = In (lp(v)).

This can be easily done using the Lagrangian method. We define the
Lagrangian for this problem as

L(v,A) =¢(v) —A(—v+1)
5 (5.31)
= —N;In (v) — 5 —Kv+Av—A

where A is the Lagrange multiplier. Its first derivative with respect to v is
given by
aﬁ (Z), /\) _NS

1)
90 = o +?*K+)\

Let us find the zeros of this derivative. We have

9L (v, A) PN —N;
v v
(A—x)v> = Njo+0

02 B
— (A—x)v* = N;v+46=0.

+%—K+)\:0
v

— 0
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We obtain two zeros as follows

N; — \/Ns? — 4(A — x)é

2(A —x)

N; 4 /Ns? — 4(A — )6

and v, = 20— n)

01 =

The Karush-Kuhn-Tucker (KKT) conditions for the optimization problem
(5.30) are given by

L(vA) _ _ Ns—+/Ns2—4(A—x)0 _ Ns+v/Ns2—4(A—x)o
- =0 = v= 20—x) orv = 20—x)
LA > 0 = v-1>0

A>0 <~ A >0
AM—-v4+1)=0 <= A=0orv=1.
(5.32)
The solutions can be split in two cases:

/ 2 /NT 2
e Casel:v>1 = A:O,v:%Morv:—W
The second zero is discarded because it gives a negative value which
/ 2
contradicts v > 1. We keep v = W which is obtained for
V/ Ng? + 4x6 > 2k + N; or simply Ns +x — & < 0.

e Case2:v =1 = N;—/Ns> —4(A —x)J = 2(A — ), considering
only the first zero. By developing the equation, we obtain A = « or
A = Ns; +x —J. As x is always a positive quantity, this case is thus
obtained for A = Ny +x — ¢ > 0.

2 N
To verify if v, = 7”\]5;%’@% is a maximum of ¢(v), we compute the
second-order derivative at this value. The second order derivative of ¢(v)
is given by

d%(v)  Nov-—26
w2 3

As the denominator is always positive in the interval [1, o[, we just check
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the sign of the numerator. By inserting v, in the numerator, we obtain

W)

(Jﬁ Ns_w)
<<m>< %>—¢<Ns+4;f>¢<ws+4;f>>

because N; < N; + 4NLS‘5.

Nsvy — 26

|2

Nsvy — 26 <0,

Consequently, the solution to the optimization problem (5.30) can be
compactly written as

(5.33)

Uy = max <

Proof of proposition 5.2

We remind below the expression (5.18) of I

I:/lootp(v)dv

where
P(v) =0 Nexp (—6/v) exp (—k D).

Here, we numerically prove that for 1/« > 0.3162, and a large enough
value of N;, we can obtain an accurate approximation of the function ¢(v)
by replacing exp (—x v) with its first N; Taylor series terms (N; > 4) around
the maximum vy, of P(v).

2
We recall that N; is the observation length, x = % is the inverse of

Lty lyln]?
2

w

the average received SNR, and 6§ = . Typical values of N;s ranges
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from 1 to 100 samples or higher. Considering an average SNR range from
-20 dB to 20 dB, x ranges between 0.01 and 100 in reverse order. Finally, &
depends on the observation and thus is a random variable, but we can have
an idea of its average value. Let us denote by E; and [Ef, the expectations
under the hypotheses Hy and H;. We have

usfo(zs):uz<

ooy B <|W[n} \2) (5.34)

Yot |w[n]|2>

and

Yoy |x[1] +W[n]|2>

Ej, () :]E( =

D Bl + wln) )

o2

w ) , (5.35)
Ns
Tnty ([ () + [w[n] )
< N; (0 + ‘Tzzu)_
Ey (6) is random, and we have
E(Ef, (6) < N (75 + 1) = Ne(1/x+1). (5.36)
w

According to (5.34) and (5.36), the minimum value of J in average is equal
to Ns, which is obtained when there is only noise, and its maximum value
in average is N5(1/x + 1), which is obtained when the PU signal is present.
At very low SNR, even in case of PU presence, the value of ¢ is closer to
the noise-only case. To summarize, the minimum value of J is typically
between 1 and 100, or higher depending on N;. Its maximum value is
obtained for the minimum value of x (high average SNR) and is in average
equal to 101 N, i.e., between 101 and 10100.

In the interval of interest [1, 0o, exp (—k v) is an exponentially decreas-
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ing function. The decay rate is higher for high values of x and lower for
low values of k. This shown in Fig. 5.13, where the exp (=« v) curve is
plotted for ¥ € {0.03,0.3} or average received SNR € {15.2,5.2} dB. For
very low decay rate (x — 0), this function tends to be a straight line. Note
that exp (—x v) can be more accurately approximated with few of its first
Taylor series expansion terms if the decay rate is low, i.e., for low values of
x (high average SNR).

0.25

0.2

0.15 Average SNR=15.2 dB

exp (—Kv)

0.1

0.05 | t Average SNR=5.2 dB
0 . . .

20 40 60 80 100 120 140
v

Fig. 5.13 exp (—«xv) vs v for x € {0.03,0.3} or average SNR € {15.2,5.2}
dB.

In the same interval, the power function v~ is a decreasing function
which decreases at a higher rate for high values of N; and always has the
value 1 at v = 1. Knowing that in block-based spectrum sensing, the higher
N; is, the better the detection performance is, the decay rate of v~ may
often be high.

The function exp (—d/v) exhibits two parts, as depicted in Fig. 5.14.
It first shows a rapid (exponential) increase for v € [1,5/2] and then a
slow (logarithmic) increase for v € [§/2, co[, with an asymptotic increase
towards 1 when v — co. Note that there is a change of concavity atv = 6/2
(the zero of the second order derivative). Moreover, if ¢ is low, the first part
of the curve is short, the growth rate is high and exp (—¢/v) converges
more quickly towards the value 1. But if J is high, the first part of the curve
is long and the growth rate is low. For very low values (around 0.02) of
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5, exp (—d/v) can be assimilated to the asymptote in the interval of [1, 00,
but in practice J will not have such lower values as already shown. As the
typical values of 6 considered in our model are large, the first part will be
rather long (low growth rate). Nevertheless, the change of concavity can
make the approximation difficult by requiring a lot of terms.

pu—

20 40 60 80 100 120 140 160 180

AlH ]
0 d =50
0 | | | | 4 =100

0 200 400 600 800 1000 1200
v

Fig. 5.14 exp (—6/v) vsv foré € {50,100}.

Based on the above analysis, exp (—« v) is the function that can be easily
approximated because it does not vary too quickly in the interval [1, oo[, but
only for low values of x, which corresponds to high values of the average
SNR. For high values of x (low SNR), the approximation of exp (—x v) will
become inaccurate, and it will require too many terms. The worst is that
by increasing the number of terms, the approximation will quickly diverge
after a certain interval and lead to large errors and inaccuracy. Moreover,
this inaccuracy will be amplified if the maximum v,, of ¥(v), around which
the approximation is done, has a low value (i.e., is around the fast decay
area of exp (—«x v)). This is actually the case, as shown in Fig. 5.15, where
it can be seen that v;, has a low value, for high values of « (it approaches
1 as k grows). Hence, the approximation of i(v) may be more difficult for
low SNR values. For this reason, we need to know the parameters (x, N,
and N;) values for which the function ¢(v) can be accurately approximated
by approximating exp (—x v). In what follows, we show some numerical
results to check this. The Taylor series expansion of exp (—« v) around vy,
is given by
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Fig. 5.15 Maximum v, of i(v) vs average SNR inverse « for Ny = 20
and ¢ computed with (5.36).

exp (—xv) = exp (—k vm) (1 + i (v_rifjmy (—K)r>. (5.37)

The approximations of exp (—xv) and v~ exp (—5/v) exp (—x v), for
k = 0.1 (average SNR = 10 dB), N; = 10 and N; € {2,4} are shown in Fig.
5.16 and 5.17.

Exact function
O  Approximation with N, = 2 terms
Approximation with N; = 4 terms

. n
30 40 50 60
)

Fig. 5.16 Approximation of exp (—xv) for x = 0.1 (average SNR = 10
dB), N; = 10and N; € {2,4}.
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Fig. 5.17 Approximation of v~ Ns exp (—6/v) exp (—«x v) for x = 0.1 (av-
erage SNR = 10dB), N; = 10 and N; € {2,4}.

We can observe that with 4 terms of the Taylor series expansion, we
obtain a very good approximation of (v). For the same observation length
N; and number of terms, we plot the approximations for ¥ = 1 (average

SNR = 0 dB) in Fig. 5.18 and 5.19.

T T T T T
Exact function

06 O  Approximation with N; = 2 terms
Approximation with N; = 4 terms

v

Fig. 5.18 Approximation of exp (—«x v) for x = 1 (average SNR = 0 dB),
N; =10 and N; € {2,4}.
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Exact function
O Approximation with N; = 2 terms
Approximation with N; = 4 terms

Vexp (—d/v) exp (—kv)

Fig. 5.19 Approximation of v~ ™ exp (—4/v) exp (=« v) for x = 1 (aver-
age SNR = 0dB), N; = 10 and N; € {2,4}.

We see that the approximation becomes less accurate because of the
high decay rate of exp (—« v) around the maximum vy, of {(v). By increas-
ing the number of terms (N; € {6,8}), we can see in Fig. 5.21 that even
if the approximation of exp (—«x v) becomes more accurate around v, af-
ter a certain interval, there is a large divergence which has a great impact
on the accuracy of (v). But when we keep N; € {2,4}, and increase the
observation length to N; = 25, we obtain a much better accuracy than pre-
viously. This can be seen in Fig. 5.20. Thus, the approximation seems to
work better for high values of N;, when the average SNR decreases. Fur-
thermore, always for average SNR = 0 dB, we plot the approximation for
Ns; = 15and N; € {6,8}, and we can observe in Fig. 5.22 that we obtain a
much better result than in Fig. 5.21, just by increasing a bit Ns. This sug-
gests the idea that the approximation at a certain average SNR can become
accurate when increasing the number of terms N;, only for a minimum ob-
servation length N;. Actually, this is due to the fact that for high values
of N, the function 1(v) quickly vanishes when v increases (because of the
v~ Ns term) and even if higher order approximations of exp (—x v) quickly
diverge from a certain value of v, the effect on ¢(v) is nullified.
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Fig. 5.20 Approximation of v~ ™ exp (—3/v) exp (—k v) for x = 1 (aver-
age SNR = 0dB), N; = 25and N; € {2,4}.
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Fig. 5.21 Approximation of v~ exp (—46/v) exp (—«x v) for k = 1 (aver-
age SNR = 0 dB), N; = 10 and N; € {6,8}.
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Fig. 5.22 Approximation of v~ ™ exp (—4/v) exp (—« v) for x = 1 (aver-
age SNR = 0 dB), N; = 15and N; € {6,8}.

With further simulations, we notice that for x = 10 (average SNR =
—10 dB), a good accuracy is obtained for Ny = 100 and N; = 12. At lower
average SNR, it becomes more difficult to obtain a good approximation
even when N; and N; are increased. At this point, we can conclude that
the suggested approximation works quite well for medium to high aver-
age SNR values (average SNR > —5 dB or ¥ < 3.162), by using N; = 4
terms and N; > 55 samples. Note that N; = 55 is the minimum observa-
tion length for average SNR = —5 dB. It can be decreased for higher SNR
values.
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Conclusion

In this chapter, we summarize the main contributions of this thesis and
give some perspectives for future works.

Summary

The goal of this thesis was the design of new spectrum sensing algorithms
for cognitive radio access to unlicensed TV white spaces. Our first objective
was to use some a priori information about the environment characteristics,
such as mobility and geolocation information, to propose new algorithms
that would perform better. Secondly, these algorithms should work when
the PU signal power is unknown to the SU, or when a few a priori knowl-
edge was available. We also looked into how a good compromise could be
obtained between interference and spectrum waste, in a context where the
SU has a limited time for communication. Finally, we focused on the best
system parameters (sensing time, transmission time, threshold), to maxi-
mize the spectrum usage. In a nutshell, our contributions are the following.

In Chapter 3, we investigated the use of changepoint detection theory
for spectrum sensing in mobile CR environments. Unlike the hypothesis
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testing approach, where the goal is to detect the current channel state as-
suming that it does not change during the observation, the goal of change-
point detection approach is to detect, with a minimum detection delay, a
change in the observation. Our motivation for using changepoint detection
was that in a mobile environment, there may be fast spectrum changes.
It is thus preferable to continuously track the spectrum occupancy when
the SU is moving, in order to detect the appearance or disappearance of
the PU. Assuming that the mobility parameters of the SU could be trans-
lated to some a priori knowledge on the average time of spectrum change,
we considered the Bayesian framework of changepoint detection, which
includes this a priori knowledge. Based on this, we derived a new al-
gorithm (LC GLR-Shiryaev) for situations where the PU signal power is
not known, by applying an approximation of the GLRT approach to the
optimal Bayesian changepoint detection algorithm. The derived LC GLR-
Shiryaev algorithm shows better performance at low SNR, when compared
with its non-Bayesian equivalent, which does not use the mobility param-
eters. LC GLR-Shiryaev is thus a good candidate for mobile CR systems,
where the SU does not know the PU signal power, and it could be required
to detect very low SNR signals. This is, indeed, the case in practical mo-
bile CR scenarios, due to the presence of multipath fading and shadowing
effects. Moreover, to better evaluate the performance of spectrum sensing
algorithms in a time-limited communication context, we introduced a new
performance metric, called the global penalty, that allows a trade-off be-
tween both interference time and spectrum waste time. This metric helped
derive the optimal detection threshold, which depends on the SNR and
the prior knowledge of the time of spectrum change. As LC GLR-Shiryaev
works without the SNR knowledge, we suggested two approaches to pro-
vide the optimal threshold in unknown-SNR situations. The first approach
consists in adaptive-threshold methods which estimate the SNR, and the
second approach consists in a fixed-threshold method that is optimal in av-
erage, considering a certain SNR distribution. It was shown that the fixed-
threshold method is almost equivalent to the adaptive-threshold methods
under certain conditions. Finally, we performed a complexity analysis of
the LC GLR-Shiryaev algorithm in comparison with the M-Shiryaev algo-
rithm, which is a numerical resolution of the GLRT approach to the opti-
mal Bayesian changepoint detection algorithm, and assumes some a priori
knowledge of the PU signal power. It was noticed that M-Shiryaev had
the lowest complexity, but required an accurate a priori knowledge, which
might be difficult to obtain in practice.
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In Chapter 4, we investigated the problem of joint transmission and
sensing in a mobile CR scenario with multiple PU appearances and dis-
appearances. We considered a system where the communication time is
split into several frames, with a time period allocated to sensing and an-
other to transmission. Our motivation was to find the best combination
of sensing time, transmission time and detection threshold that should be
chosen for a maximum spectrum usage, and to analyse how they depend
on the environment (mobility parameters and SNR). Stemming from the
idea of Chapter 3 that changepoint detection is more appropriate in mo-
bile environments, we proposed a new framework that uses the CUSUM
changepoint detection algorithm to perform spectrum sensing. The nov-
elty of our framework is that in addition to use a changepoint detection
algorithm, spectrum sensing is performed sequentially by combining ob-
servations frame by frame and then inputting them into the CUSUM algo-
rithm over successive frames. In previous works, spectrum sensing was
done independently frame by frame. To compute the optimal system pa-
rameters, we introduced a new performance metric, called the global cost,
that gives a trade-off between the interference and spectrum waste dura-
tions during a time-limited communication of the SU. This metric is almost
identical to the global penalty of Chapter 3, but it considers the joint effect
of sensing time and transmission time, and also accounts for the detec-
tion of multiple PU appearances and disappearances. The optimal system
parameters, i.e., sensing time, transmission time and threshold, that mini-
mize the global cost, were jointly computed and analysed through numer-
ical simulations. It was found that the optimal sensing time is strongly
dependent on the SNR and slightly on the threshold, while the optimal
transmission time was strongly sensitive to the mobility parameters and to
the threshold. Concerning the optimal threshold, it depends both on the
SNR and the mobility parameters. Based on these results, intuitive rules
were given to choose these optimal system parameters. Lastly, we com-
pared CUSUM and ED algorithms, in the context of our framework. It
was found that the superiority of CUSUM over ED is more pronounced
when ED is performed over more than one frame. This suggested the idea
that performing CUSUM sample per sample over successive frames would
yield a better system performance than performing it frame by frame, as
it is currently done in our framework. In fact, this would allow CUSUM
to take detection decisions as quickly as possible, especially for PU disap-
pearances detections.
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In Chapter 5, we investigated the use of available a priori information
from a geolocation database, to derive a new spectrum sensing algorithm.
Assuming that the PUs are TV transmitters, and that the environment is
not subject to fast spectrum changes, we considered the Bayesian paradigm
of the block-based hypothesis testing, unlike in previous chapters. As the
received PU signal power is not deterministic in a real-world scenario, it is
difficult to get an optimal decision statistic. To solve this, we computed the
distribution of the PU signal power, by using the a priori geolocation infor-
mation. Then, using the mixture-based test, we suggested a new Bayesian
detection rule that includes the geolocation information. As there was no
existing closed-form expression for the detector, we provided an approx-
imate closed-form expression, by using Taylor series approximation. The
obtained approximation is quite accurate with few terms of the Taylor se-
ries, for average received SNR greater than or equal to —5 dB, when the
sensing time is long enough. By increasing the number of terms, it is pos-
sible to get a good accuracy down to —10 dB. Additionally, we suggested
computing the prior probabilities of PU presence and absence, by using the
geolocation information. The comparison of our algorithm with energy de-
tection, that does not use the a priori geolocation information, showed that
by using the geolocation information about the PUs, we can achieve the
minimum error probability, even if the received power signal is not per-
fectly known.

Future works

The various research directions of this thesis have paved the way for novel
avenues and research problems. Some of them are listed below.

* In Chapter 3 and 4, we assumed that the a priori probability of spec-
trum change could be inferred from the mobility parameters of the
SU. However, we did not consider any specific model relating them
in this thesis. Such a model could be derived either mathematically,
using stochastic geometry, or experimentally, by means of field mea-
surements. This might be an interesting subject to investigate, in or-
der to allow the use of LC GLR-Shiryaev in real-world CR systems.
Moreover, it is important to study the effects of a misestimation of
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this a priori probability over the system performance.

Another potential direction concerning the LC GLR-Shiryaev algo-
rithm, derived in Chapter 3, is to reduce its computational complex-
ity, which grows quadratically with the number of samples (Table
3.4). This could be done in two ways. First, a window-based GLRT
could be proposed. It consists in performing the GLRT only over a
limited-number of observation samples and not all the observed sam-
ples. Obviously, the choice of optimal window size would depend on
the SNR and the SU’s mobility, and this will have an impact on the
system performance. Adaptive likelihood ratios are also a very at-
tractive alternative to GLRT, in order to reduce the complexity.

Instead of using the GLRT proposed in Chapter 3, the mixture-based
approach of Chapter 5 could be used in a Bayesian changepoint de-
tection model, by using a fading distribution.

As discussed in Chapter 4, Bayesian changepoint detection could be
considered in the joint transmission-sensing framework. It would
thus be interesting to evaluate the framework performance when us-
ing for example the LC GLR-Shiryaev algorithm. Moreover, as it was
highlighted, the framework performance could be improved if spec-
trum sensing was performed sample per sample, for disappearances
detections. This should be verified. The effect of different probabili-
ties of appearance and disappearance should also be investigated.

The approximate closed-form of the Bayesian spectrum sensing al-
gorithm proposed in Chapter 5 is not accurate for very low average
SNR values (less than —10 dB). It would be interesting to provide an-
other closed-form for this SNR region. Another direction would be to
use a more general fading model than the Rayleigh fading, to derive
the algorithm. This would result in a robust spectrum sensing algo-
rithm for any kind of fading channel. For more practical scenarios,
the interference between the PUs could also be considered to derive
a new algorithm. Finally, the computation of the prior probabilities
of presence and absence could be improved to avoid obtaining such
a high false alarm probability.

| 165






Bibliography

[1] A. E Molisch, Wireless Communications. Wiley-IEEE Press, 2nd ed.,
Dec. 2010.

[2] W. Webb and P. Marks, “Pricing the ether [radio spectrum pricing],”
IEE Review, vol. 42, no. 2, pp. 57-60, 1996.

[3] L.Botong, L. Jing, N. Zhi, G. Xiaoying, and X. Youyun, “An improve-
ment on opportunistic spectrum access mac protocol,” in 2009 15th
Asia-Pacific Conference on Communications, pp. 766-769, 2009.

[4] D. Bethanabhotla, O. Y. Bursalioglu, H. C. Papadopoulos, and
G. Caire, “Optimal user-cell association for massive mimo wireless
networks,” IEEE Transactions on Wireless Communications, vol. 15,
no. 3, pp- 1835-1850, 2016.

[5] M. Alsabah, M. A. Naser, B. M. Mahmmod, S. H. Abdulhussain,
M. R. Eissa, A. Al-Baidhani, N. K. Noordin, S. M. Sait, K. A. Al-
Utaibi, and F. Hashim, “6G wireless communications networks: A
comprehensive survey,” IEEE Access, vol. 9, pp. 148191-148243, 2021.

[6] Ericsson, “Ericsson mobility report,” tech. rep., Nov. 2021.

[7] ITU, “IMT traffic estimates for the years 2020 to 2030,” tech. rep.,
2015.

[8] U. Cisco, “Cisco annual internet report (2018-2023) white paper,”
tech. rep., 2020.

[9] B. Al Homssi, A. Al-Hourani, R. J. Evans, K. G. Chavez, S. Kan-
deepan, W. S. T. Rowe, and M. Loney, “Free Spectrum for IoT: How

| 167



x|

(10]
(11]
(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

168

Bibliography

Much Can It Take?,” in 2018 IEEE International Conference on Commu-
nications Workshops (ICC Workshops), pp. 1-6, 2018.

C. Shannon, “Communication in the presence of noise,” Proceedings
of the IRE, vol. 37, no. 1, pp. 10-21, 1949.

J. Proakis and M. Salehi, Digital Communications. McGraw-Hill,
5th ed., 2008.

B. Sklar, Digital Communications: Fundamentals and Applications. Up-
per Saddle River, NJ: Prentice Hall, 2nd ed., Jan. 2017.

T. Nechiporenko, P. Kalansuriya, and C. Tellambura, “Performance
of Optimum Switching Adaptive M-QAM for Amplify-and-Forward
Relays,” IEEE Transactions on Vehicular Technology, vol. 58, no. 5,
pp- 2258-2268, 2009.

G. Amarasuriya, M. Ardakani, and C. Tellambura, “Output-
threshold multiple-relay-selection scheme for cooperative wireless
networks,” IEEE Transactions on Vehicular Technology, vol. 59, no. 6,
pp- 3091-3097, 2010.

S. Kusaladharma and C. Tellambura, An Overview of Cognitive Radio
Networks, pp. 1-17. John Wiley Sons, Ltd, 2017.

N. N. Kisel, H. E. A. Mahyoub, and S. G. Grishchenko, “Spectral ef-
ficiency of channel for wireless communication systems with MIMO
technology,” in 2016 IEEE East-West Design Test Symposium (EWDTS),
pp- 1-3, 2016.

P. K. Singya, P. Shaik, N. Kumar, V. Bhatia, and M.-S. Alouini, “A
Survey on Higher-Order QAM Constellations: Technical Challenges,
Recent Advances, and Future Trends,” IEEE Open Journal of the Com-
munications Society, vol. 2, no. 2, pp. 617-655, 2021.

M. T. Masonta, M. Mzyece, and N. Ntlatlapa, “Spectrum decision in
cognitive radio networks: A survey,” IEEE Communications Surveys
Tutorials, vol. 15, no. 3, pp. 1088-1107, 2013.

J. van de Beek, J. Riihijarvi, A. Achtzehn, and P. Mahonen, “UHF
white space in Europe — A quantitative study into the potential of
the 470-790 MHz band,” in 2011 IEEE International Symposium on Dy-
namic Spectrum Access Networks (DySPAN), pp. 1-9, May 2011.



(20]

(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

Bibliography | *

M. H. Islam, C. L. Koh, S. W. Oh, X. Qing, Y. Y. Lai, C. Wang, Y.-C.
Liang, B. E. Toh, F. Chin, G. L. Tan, and W. Toh, “Spectrum survey
in Singapore: Occupancy measurements and analyses,” in 2008 3rd
International Conference on Cognitive Radio Oriented Wireless Networks
and Communications (CrownCom 2008), pp. 1-7, 2008.

E. Paulson, K. Adedeji, K. MY, J. Popoola, ]. B.D, and S. Kamilah,
“Spectrum occupancy measurement: A case for cognitive radio net-
work in lagos, Nigeria,” ARPN Journal of Engineering and Applied Sci-
ences, vol. 12, no. 4, pp. 951-955, 2017.

M. Lopez-Benitez, A. Umbert, and F. Casadevall, “Evaluation of
spectrum occupancy in Spain for cognitive radio applications,” in
VTC Spring 2009 - IEEE 69th Vehicular Technology Conference, pp. 1-5,
2009.

D. Makris, G. Gardikis, and A. Kourtis, “Quantifying TV white space
capacity,” IEEE Communications Magazine, vol. 50, no. 9, pp. 145-152,
2012.

M. D. Zulfiqar, K. Ismail, N. U. Hassan, S. Hussain, and M. Zhang,
“Radio Spectrum Occupancy Measurement from 30MHz-1030MHz
in Pakistan,” 2019 UK/ China Emerging Technologies (UCET), pp. 1-5,
2019.

Q. Zhao and B. M. Sadler, “A Survey of Dynamic Spectrum Access,”
IEEE Signal Processing Magazine, vol. 24, no. 3, pp. 79-89, 2007.

IEEE, “IEEE standard for definitions and concepts for dynamic spec-
trum access: Terminology relating to emerging wireless networks,
system functionality, and spectrum management,” IEEE Std 1900.1-
2019 (Revision of IEEE Std 1900.1-2008), pp. 1-78, 2019.

Q. Zhao and A. Swami, “A survey of dynamic spectrum access: Sig-
nal processing and networking perspectives,” in 2007 IEEE Interna-
tional Conference on Acoustics, Speech and Signal Processing - ICASSP
07, vol. 4, pp. 1349-1352, 2007.

M. M. Buddhikot, “Understanding Dynamic Spectrum Access: Mod-
els, Taxonomy and Challenges,” in 2007 2nd IEEE International
Symposium on New Frontiers in Dynamic Spectrum Access Networks,
pp. 649-663, 2007.

| 169



* | Bibliography

[29] E. Biglieri, A. ]J. Goldsmith, L. J. Greenstein, N. B. Mandayam, and
H. V. Poor, Principles of Cognitive Radio. Cambridge University Press,
2012.

[30] J. Mitola and G. Maguire, “Cognitive radio: making software ra-
dios more personal,” IEEE Personal Communications, vol. 6, pp. 13-18,
Aug. 1999.

[31] J. Mitola, Cognitive radio an integrated agent architecture for software de-
fined radio. PhD thesis, 2000.

[32] S. Haykin, “Cognitive radio: brain-empowered wireless communi-
cations,” IEEE Journal on Selected Areas in Communications, vol. 23,
pp- 201-220, Feb. 2005.

[33] L. E. Doyle, Essentials of Cognitive Radio. The Cambridge Wireless
Essentials Series, Cambridge University Press, 1st ed., 2009.

[34] Y. Arjoune and N. Kaabouch, “A Comprehensive Survey on Spec-
trum Sensing in Cognitive Radio Networks: Recent Advances, New
Challenges, and Future Research Directions,” Sensors, vol. 19, no. 1,
2019.

[35] P.Setoodeh and S. Haykin, Fundamentals of Cognitive Radio. Hoboken,
NJ, USA: Wiley, 1st ed., July 2017.

[36] M. Calabrese and B. Scott, “Measuring TV White Space Available for
Unlicensed Wireless Broadband,” New America Foundation and Free
Press Analysis, 2006.

[37] W. Zhang, J. Yang, G. Zhang, L. Yang, and C. Kiat Yeo, “TV white
space and its applications in future wireless networks and commu-
nications: a survey,” IET Communications, vol. 12, no. 20, pp. 2521-
2532, 2018.

[38] J. Wang, M. Ghosh, and K. S. Challapali, “Emerging cognitive ra-
dio applications: A survey,” IEEE Communications Magazine, vol. 49,
2011.

[39] S. Roberts, P. Garnett, and R. Chandra, “Connecting africa using the
TV white spaces: from research to real world deployments,” in The
21st IEEE International Workshop on Local and Metropolitan Area Net-
works, pp. 1-6, 2015.

170 |



[40]

[41]

[42]

[43]

(44]

[45]

[46]

(47]

(48]

(49]

Bibliography | *

F. C. Commission et al., “In the matter of unlicensed operation in the
TV broadcast bands: Third memorandum opinion and order,” ET
Docket, no. 04-186, 2012.

H. Mauwa, A. Bagula, M. Zennaro, E. Pietrosemoli, A. Lysko, and
T. X. Brown, “Systematic analysis of geo-location and spectrum sens-
ing as access methods to TV white space,” in 2016 ITU Kaleidoscope:
ICTs for a Sustainable World (ITU WT), pp. 1-8, 2016.

F. C. Commission et al., “Unlicensed operation in the tv broadcast
bands, final rule,” http://edocket. access. gpo. gov/2009/pdf/E9-3279. pdf,
2009.

C. Song, M. A. Rahman, and H. Harada, “Digital dividend: Cogni-
tive access statement on licence-exempting cognitive devices using
interleaved spectrum digital dividend: Cognitive access statement
on licence-exempting cognitive devices using interleaved spectrum,
2009,” IEICE transactions on communications, vol. 95, no. 4, pp. 1276~
1285, 2012.

D. Noguet, M. Gautier, and V. Berg, “Advances in opportunistic ra-
dio technologies for TVWS,” EURASIP Journal on Wireless Communi-
cations and Networking, vol. 2011, pp. 1-12, Nov. 2011.

S. Wang, J. Min, and B. K. Yi, “Location based services for mobiles:
Technologies and standards,” in IEEE international conference on com-
munication (ICC), vol. 19, 2008.

T. Yucek and H. Arslan, “A survey of spectrum sensing algorithms
for cognitive radio applications,” IEEE Communications Surveys Tuto-
rials, vol. 11, no. 1, pp. 116-130, 2009.

Y. Zhang, J. Zheng, and H.-H. Chen, Cognitive Radio Networks: Archi-
tectures, Protocols, and Standards. USA: CRC Press, Inc., 1st ed., 2010.

S. M. Kay, Fundamentals of Statistical Signal Processing: Detection The-
ory, Volume II. Prentice Hall PTR, 1998.

L. Lai, Y. Fan, and H. V. Poor, “Quickest detection in cognitive radio:
A sequential change detection framework,” in GLOBECOM - IEEE
Global Telecommunications Conference, pp. 29572961, 2008.

| 171



* | Bibliography

[50] A. Tartakovsky, I. Nikiforov, and M. Basseville, Sequential Analysis.
Chapman and Hall/CRC, 1st ed., Aug. 2014.

[51] E. Axell, G. Leus, E. G. Larsson, and H. V. Poor, “Spectrum Sensing
for Cognitive Radio : State-of-the-Art and Recent Advances,” IEEE
Signal Processing Magazine, vol. 29, no. 3, pp. 101-116, 2012.

[52] A. Mariani, A. Giorgetti, and M. Chiani, “Effects of noise power es-
timation on energy detection for cognitive radio applications,” IEEE
Transactions on Communications, vol. 59, pp. 3410-3420, Dec. 2011.

[53] A. Wald, “Sequential Tests of Statistical Hypotheses,” The Annals of
Mathematical Statistics, vol. 16, no. 2, pp. 117 — 186, 1945.

[54] A. Wald and J. Wolfowitz, “Optimum Character of the Sequential
Probability Ratio Test,” The Annals of Mathematical Statistics, vol. 19,
no. 3, pp. 326 — 339, 1948.

[55] G. Lorden, “Procedures for Reacting to a Change in Distribution,”
The Annals of Mathematical Statistics, vol. 42, pp. 1897-1908, July 1971.

[56] Y. Xiang, M. Akcakaya, S. Sen, and A. Nehorai, “Target Detection
via Cognitive Radars Using Change-Point Detection, Learning, and
Adaptation,” Circuits, Systems, and Signal Processing, vol. 40, pp. 233—
261, Jan. 2021.

[57] E. S. Page, “Continuous Inspection Schemes,” Biometrika, vol. 41,
pp- 100-115, June 1954.

[58] G.V.Moustakides, “Optimal stopping times for detecting changes in
distributions,” Annals of Statistics, vol. 14, no. 4, pp. 1379-1387, 1986.

[59] A. N. Shiryaev, “On optimum methods in quickest detection prob-
lems,” Theory of Probability and Its Applications, vol. 8, pp. 22-46, 1963.

[60] A. N. Shiryaev, Optimal Stopping Rules, vol. 8 of Stochastic Modelling
and Applied Probability. New York, NY: Springer New York, 1978.

[61] J. Unnikrishnan, V. V. Veeravalli, and S. P. Meyn, “Minimax robust
quickest change detection,” IEEE Transactions on Information Theory,
vol. 57, pp. 1604-1614, Mar. 2011.

[62] ]J. Geng, E. Bayraktar, and L. Lai, “Multi-Chart Detection Procedure
for Bayesian Quickest Change-Point Detection with Unknown Post-
Change Parameters,” tech. rep., 2017.

172 |



Bibliography | *

[63] J. Geng and L. Lai, “Bayesian quickest detection with unknown
post-change parameter,” in ICASSP, IEEE International Conference
on Acoustics, Speech and Signal Processing - Proceedings, vol. 2016,
pp- 41694173, May 2016.

[64] A. G. Tartakovsky and V. V. Veeravalli, “General asymptotic
Bayesian theory of quickest change detection,” Theory of Probability
and its Applications, vol. 49, pp. 458497, Oct. 2005.

[65] T. L. Lai, “Information bounds and quick detection of parameter
changes in stochastic systems,” IEEE Transactions on Information The-
ory, vol. 44, no. 7, pp. 2917-2929, 1998.

[66] A. G. Tartakovsky and G. V. Moustakides, “State-of-the-art in
bayesian changepoint detection,” Sequential Analysis, vol. 29,
pp- 125-145, Apr. 2010.

[67] S. Atapattu, C. Tellambura, H. Jiang, and N. Rajatheva, “Unified
Analysis of Low-SNR Energy Detection and Threshold Selection,”
IEEE Transactions on Vehicular Technology, vol. 64, pp. 5006-5019, Nov.
2015.

[68] R. Tandra and A. Sahai, “SNR Walls for Signal Detection,” IEEE Jour-
nal of Selected Topics in Signal Processing, vol. 2, no. 1, pp. 4-17, 2008.

[69] D. He, X. Chen, L. Pei, L. Jiang, and W. Yu, “Improvement of noise
uncertainty and signal-to-noise ratio wall in spectrum sensing based
on optimal stochastic resonance,” Sensors, vol. 19, no. 4, 2019.

[70] S. J. Shellhammer, “Spectrum sensing in ieee 802.22,” IAPR Wksp.
Cognitive Info. Processing, pp. 9-10, 2008.

[71] S. Atapattu, C. Tellambura, and H. Jiang, “Spectrum Sensing via En-
ergy Detector in Low SNR,” in 2011 IEEE International Conference on
Communications (ICC), pp. 1-5, 2011.

[72] C. R. Stevenson, G. Chouinard, Z. Lei, W. Hu, S. J. Shellhammer,
and W. Caldwell, “IEEE 802.22: The First Cognitive Radio Wireless
Regional Area Network Standard,” IEEE Communications Magazine,
vol. 47, no. 1, pp. 130-138, 2009.

[73] S. Atapattu, C. Tellambura, and H. Jiang, Energy Detection for Spec-
trum Sensing in Cognitive Radio, vol. 6. Springer, Mar. 2014.

| 173



x|

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

174 |

Bibliography

D. Ariananda, M. Lakshmanan, and H. Nikookar, “A survey on spec-
trum sensing techniques for cognitive radio,” in 2009 Second Inter-
national Workshop on Cognitive Radio and Advanced Spectrum Manage-
ment, pp. 74-79, 2009.

X. Qian and L. Hao, “On the performance of spectrum sensing in
cognitive vehicular networks,” in 2015 IEEE 26th Annual Interna-
tional Symposium on Personal, Indoor, and Mobile Radio Communications
(PIMRC), pp. 1002-1006, 2015.

K. D. Singh, P. Rawat, and J.-M. Bonnin, “Cognitive radio for
vehicular ad hoc networks (CR-VANETs): approaches and chal-
lenges,” EURASIP Journal on Wireless Communications and Network-
ing, vol. 2014, p. 49, Mar. 2014.

Y. Han, E. Ekici, H. Kremo, and O. Altintas, “Throughput-efficient
channel allocation algorithms in multi-channel cognitive vehicular

networks,” IEEE Transactions on Wireless Communications, vol. 16,
no. 2, pp. 757-770, 2017.

M. Di Felice, K. R. Chowdhury, and L. Bononi, “Cooperative spec-
trum management in cognitive vehicular ad hoc networks,” in 2011
IEEE Vehicular Networking Conference (VNC), pp. 47-54, 2011.

A. Arteaga, S. Céspedes, and C. Azurdia-Meza, “Vehicular commu-
nications over tv white spaces in the presence of secondary users,”
IEEE Access, vol. 7, pp. 53496-53508, 2019.

X. He, W. Shi, and T. Luo, “Survey of cognitive radio VANET,” KSII
Transactions on Internet and Information Systems, vol. 8, pp. 3837-3859,
Nov. 2014.

Q. Zhao and J. Ye, “Quickest detection in multiple on-off processes,”
IEEE Transactions on Signal Processing, vol. 58, pp. 5994-6006, Dec.
2010.

A. Tajer and J. Heydari, “Quickest Wideband Spectrum Sensing over
Correlated Channels,” IEEE Transactions on Communications, vol. 63,
pp- 3082-3091, sep 2015.

E. Hanafi, P. A. Martin, P. J. Smith, and A. J. Coulson, “Performance
of quickest spectrum sensing over various fading channels,” in 2013



(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

Bibliography | *

Australian Communications Theory Workshop, AusCTW 2013, pp. 69—
74,2013.

E. Hanafi, P. A. Martin, P. J. Smith, and A. J. Coulson, “Quick-
est spectrum sensing with multiple antennas in rician and corre-
lated rayleigh channels,” IEEE Communications Letters, vol. 18, no. §,
pp- 1455-1458, 2014.

T-C. Hsu, T-Y. Wang, and Y.-W. P. Hong, “Collaborative Change
Detection for Efficient Spectrum Sensing in Cognitive Radio Net-
works,” in 2010 IEEE 71st Vehicular Technology Conference, pp. 1-5,
July 2010.

O. Hadjiliadis, H. Zhang, and H. V. Poor, “One shot schemes for de-
centralized quickest change detection,” IEEE Transactions on Informa-
tion Theory, vol. 55, no. 7, pp. 3346-3359, 2009.

V. Sharma and A. Jayaprakasam, “An Efficient Algorithm for Co-
operative Spectrum Sensing in Cognitive Radio Networks,” ArXiv,
Sept. 2008.

A. G. Tartakovsky and V. V. Veeravalli, “Asymptotically optimal
quickest change detection in distributed sensor systems,” Sequential
Analysis, vol. 27, pp. 441-475, Oct. 2008.

V. Raghavan and V. V. Veeravalli, “Bayesian quickest change process
detection,” in IEEE International Symposium on Information Theory -
Proceedings, pp. 644-648, 2009.

T. Banerjee and V. V. Veeravalli, “Bayesian quickest change detection
under energy constraints,” in 2011 Information Theory and Applications
Workshop, ITA 2011 - Conference Proceedings, pp. 435-444, 2011.

J. Geng and L. Lai, “Bayesian quickest detection with stochastic en-
ergy constraint,” in ICASSP, IEEE International Conference on Acous-
tics, Speech and Signal Processing - Proceedings, pp. 18461850, 2014.

X. Ren and L. Shi, “Bayesian quickest change detection under en-
ergy constraints over wireless sensor networks with correlated fad-
ing channels,” in IEEE International Conference on Control and Automa-
tion, ICCA, pp. 1192-1197, 2014.

| 175



x|

[93]

[94]

[95]

[96]

(971

(98]

[99]

[100]

[101]

176

Bibliography

M. Guerrini, L. Rugini, and P. Banelli, “Sensing-throughput tradeoff
for cognitive radios,” in 2013 IEEE 14th Workshop on Signal Processing
Advances in Wireless Communications (SPAWC), pp. 115-119, 2013.

S. Zarrin and T. J. Lim, “Throughput-sensing tradeoff of cognitive
radio networks based on quickest sensing,” 2011 IEEE International
Conference on Communications (ICC), pp. 1-5, 2011.

Y.-C. Liang, Y. Zeng, E. C. Peh, and A. T. Hoang, “Sensing-
throughput tradeoff for cognitive radio networks,” IEEE Transactions
on Wireless Communications, vol. 7, no. 4, pp. 1326-1337, 2008.

H. Du, Z. Wei, Y. Yang, and D. Yang, “Sensing overhead and average
detection time mitigation for sensing scheduling algorithm,” in 2011
18th International Conference on Telecommunications, pp. 216-220, 2011.

Z. Shi, K. C. Teh, and K. H. Li, “Energy-Efficient Joint Design of
Sensing and Transmission Durations for Protection of Primary User
in Cognitive Radio Systems,” IEEE Communications Letters, vol. 17,
pp- 565-568, 2013.

A. S. V. Chede, E Rottenberg, M. Dossou, and J. Louveaux, “Use
of Bayesian Changepoint Detection for Spectrum Sensing in Mobile
Cognitive Radio,” in 2021 IEEE 93rd Vehicular Technology Conference
(VTC2021-Spring), pp. 1-5, Apr. 2021.

M. Simon, Probability distributions involving Gaussian random variables
: a handbook for engineers and scientists. Springer, 2006.

W. Zhou, J. Wang, and S. Li, “Sensing efficiency in cognitive radio
networks,” in 2013 International Conference on Communications, Cir-
cuits and Systems (ICCCAS), vol. 1, pp. 12-16, 2013.

H. Tran, Y. D. Alemseged, C. Sun, and H. Harada, “Technical and
operational requirements for the possible operation of cognitive ra-
dio systems in the’white spaces’ of the frequency band 470-790 mhz
technical and operational requirements for the possible operation of
cognitive radio systems in the’white spaces’ of the frequency band
470-790 mhz, 2011,” IEICE transactions on communications, vol. 95,
no. 4, pp. 1230-1240, 2012.



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Bibliography | *

S. W. Oh, Y. Ma, M.-H. Tao, and E. Peh, TV white space: The first step
towards better utilization of frequency spectrum. John Wiley & Sons,
201e.

S.]. Shellhammer, A. K. Sadek, and W. Zhang, “Technical challenges
for cognitive radio in the TV white space spectrum,” in 2009 Informa-
tion Theory and Applications Workshop, pp. 323-333, 2009.

D. Gurney, G. Buchwald, L. Ecklund, S. L. Kuffner, and J. Grosspi-
etsch, “Geo-Location Database Techniques for Incumbent Protection
in the TV White Space,” in 2008 3rd IEEE Symposium on New Frontiers
in Dynamic Spectrum Access Networks, pp. 1-9, 2008.

J. Ojaniemi, ]. Poikonen, and R. Wichman, “Effect of geolocation
database update algorithms to the use of tv white spaces,” in 2012
7th International ICST Conference on Cognitive Radio Oriented Wireless
Networks and Communications (CROWNCOM), pp. 18-23, 2012.

J. C. Ribeiro, J. Ribeiro, ]J. Rodriguez, R. Dionisio, H. Esteves,
P. Duarte, and P. Marques, “Testbed for combination of local sens-
ing with geolocation database in real environments,” IEEE Wireless
Communications, vol. 19, no. 4, pp. 59-66, 2012.

A. Fanan, N. Riley, M. Mehdawi, and O. Alfahad, “Implementation
of combined geolocation database and infrastructure sensing in tv
bands using different spectrum devices,” in 2017 25th Telecommuni-
cation Forum (TELFOR), pp. 1-4, 2017.

Z.Qin, Y. Gao, and C. G. Parini, “Data-assisted low complexity com-
pressive spectrum sensing on real-time signals under sub-nyquist
rate,” IEEE Transactions on Wireless Communications, vol. 15, no. 2,
pp- 1174-1185, 2016.

Y. Gao, Y. Ma, W. Zhang, and R. Cepeda, “Data-assisted sub-nyquist
spectrum sensing,” in 2016 IEEE International Conference on Commu-
nication Systems (ICCS), pp. 1-5, 2016.

Y. Ma, X. Zhang, and Y. G. Q. Mary, “An efficient joint sub-nyquist
spectrum sensing scheme with geolocation database over tv white
space,” in 2017 IEEE International Conference on Communications (ICC),
pp. 1-6, 2017.

| 177



* | Bibliography

[111] B. Zhao and S. Sasaki, “Geo-location assisted spectrum sensing for
cognitive coexistent heterogeneous networks,” in 2013 IEEE Inter-
national Conference on Communications Workshops (ICC), pp. 347-351,
2013.

[112] I. S. Gradshteyn and I. M. Ryzhik, Table of integrals, series, and prod-
ucts. Elsevier/Academic Press, Amsterdam, 7th ed., 2007.

178 |



	Acknowledgments
	Abstract
	Contents
	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Context and motivations
	Some trends and issues concerning the spectrum utilization
	Current spectrum management limitations
	Dynamic spectrum access and cognitive radio
	TV white spaces and CR
	Basics of spectrum sensing

	Objectives and contributions
	Outline of the thesis
	List of publications

	State of the art
	Different methods for PUs detection
	Geolocation database method
	Beacon-based sensing
	Local spectrum sensing

	Signal detection theory
	Block-based hypothesis testing
	Sequential hypothesis testing
	Changepoint detection
	Challenges of signal detection in CR context

	Spectrum sensing algorithms
	Energy detection
	Matched filtering
	Cyclostationary Feature Detection
	Comparison of spectrum sensing algorithms

	TVWS characteristics and some use case scenarios
	TVWS characteristics
	Application scenarios


	Spectrum Sensing Using Bayesian Changepoint Detection
	Introduction
	System model
	Scenario
	Signal model
	Link between the parameter p and the mobility of the SU

	Low-complexity GLR-Shiryaev algorithm
	GLR-Shiryaev
	Approximation of GLR-Shiryaev

	Numerical results
	Simulation setup and performance metric
	Simulations results & Discussion
	Optimal threshold setting

	Optimal threshold setting in unknown-SNR situations
	Adaptive threshold
	Fixed threshold
	Simulation results and discussion

	Complexity analysis of LC GLR-Shiryaev and M-Shiryaev
	Computational complexity calculation
	Numerical results of the complexity

	Conclusion
	Appendix
	Proof of non-concavity of the GLR-Shiryaev statistic
	Penalties computation


	Joint Transmission and Sensing Framework
	Introduction
	System model
	System description
	Spectrum sensing

	Optimal joint transmission-sensing framework
	Performance metrics derivation
	Optimal transmission-sensing

	Simulations & numerical results
	Optimal sensing time and transmission time for fixed frame size and threshold
	Optimal frame size for fixed sensing time and threshold
	Joint computation of optimal transmission time and sensing time for fixed threshold
	Joint optimization of sensing time, transmission time and detection threshold
	Discussion on the optimal parameters

	Comparison with energy detection
	Methodology
	Simulation results

	Conclusion

	Geolocation-based Bayesian Spectrum Sensing
	Introduction
	System model
	Scenario
	Signal model

	Geolocation-based Bayesian detector
	Problem formulation
	Derivation of a closed-form expression

	Numerical results
	Precision of the closed-form expression
	Comparison with energy detection

	Conclusion
	Proofs
	Proof of proposition 5.1
	Proof of proposition 5.2


	Conclusion
	Summary
	Future works

	Bibliography

