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ABSTRACT

REALISTIC PERFORMANCE CONSIDERATIONS FOR COMBINATIONAL
COOPERATIVE DETECTION METHOD

RAMEEZ AHMED SAMO
Master of Science in Electronics Engineering
Advisor: Assoc. Prof. Dr. Serhat ERKUCUK

September, 2016

Combinational cooperative detection (CCD) method is different from the conventional
cooperative detection method in the sense that each user may reach a different decision
for the activity of the primary user. In the CCD method, the locations of the secondary
users (SUs) were fixed and selected near the border points of the communication area.
The detection performance for SUs at random locations was not considered earlier. The
CCD method’s practical implementation was explained with observing different system
parameter’s effects on the detection performance for those fixed locations. Carrying
previous work done forward, in this thesis some realistic performance considerations for
the CCD method are assessed. In accordance with that, firstly, the effect of SUs random
locations on the detection performance is considered and compared with the performance
for fixed locations. Secondly, the effect of distance variations between master and primary
user is tested. Finally, the effect of different propagation environments on the detection
performance of CCD is examined. The results are important to assess the realistic

performance of the CCD method.

Keywords: Conventional cooperative detection, Combinational cooperative detection,

Cognitive radio.
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OZET

KOMBINASYONEL ISBIRLIKLI ALGILAMA YONTEMI ICIN GERCEKCI
PERFORMANS SONUCLARI

RAMEEZ AHMED SAMO
Elektronik Miihendisligi Yiiksek Lisans
Danigman: Dog. Dr. Serhat Erkugik

Eyliil 2016

Kombinasyonel isbirlikli algilama (CCD) yontemi, her kullanicinin birincil kullanicinin
aktivite durumu hakkinda farkli karar verebilme 6zelliginden dolayr klasik igbirlikli
algilama yonteminden farklidir. CCD yontemini kullanan ¢aligmada ikincil kullanicilarin
lokasyonlar1 sabit ve sinir bdlgelerinde kabul edilmistir. Ikincil kullanicilarin rastgele
dagilimindaki sistem performansi dikkate alimmamistir. CCD yoOnteminin pratik
gergeklestiriminde degisik sistem parametrelerinin  performansi sabit noktalarda
degerlendirilmistir. Onceki ¢alismay: ileri gotiirerek, bu tezde baz1 gercekci kosullar
dikkate alinmig ve CCD ydnteminin performansi 6lgiilmiistiir. Buna uygun olarak, ilk
olarak ikincil kullancilarin rastgele dagilimlarimin algilama performansina etkisi
incelenmis ve sabit noktalardaki performanslar ile karsilastirilmustir. Ikinci olarak Master
ve birincil kullanict arasindaki uzakligin etkisi incelenmistir. Son olarak degisik yayilim
ortamlarinin algilama performansina etkisi incelenmistir. Bu tezin sonuglart CCD

yonteminin ger¢ekci performansini sunmasi agisindan énemlidir.

Anahtar Kelimeler: Klasik igbirlikli algilama, Kombinasyonel isbirlikli algilama, Bilissel
radyo.
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Chapter 1

Introduction

1.1 Overview

In this modern world of wireless communication systems, the demand of wireless
applications is growing day by day, which has constrained the use of the radio spectrum
available, which is a very rare and important resource. The policy of radio spectrum’s
static allocation results in some part of the spectrum being underutilized. Also, the
assignment of an exclusive license to every single user for the operation in a certain
frequency band results in an inflexible spectrum management. It is hard to locate empty
bands for allocating it to new users or for enhancing the service to the ones existing
because of the already allocation of major part of the radio spectrum. In order to solve this
issue, there is a need for better utilization of the spectrum by dynamic allocation of
spectrum access [1-3].

The efficient utilization of the spectrum has become a major topic of interest because of
wireless communication’s increased usage in personal, commercial and governmental
activities. The usage of the spectrum and allocation of specific ranges to licensed users is
governed by regulatory agencies worldwide. However, in the allocation, some spectrum
ranges have become overcrowded, while some are under-utilized. The overall quality of
service for the users in the allotment of overcrowded spectrum is reduced. As a result,
reduced data transmission rates, low latencies and increased error probabilities have

occurred.

A viable solution to this underutilization problem of the spectrum is Cognitive Radios
(CR). The design of a CR facilitates the network’s users with highly reliable
communication and more effective usage of the radio spectrum. Two major tasks are
performed by cognitive radio, first one is the sensing of spectrum, which determines the

spectrum parts that are not in use. The second one is the assignment of unoccupied

1



spectrum bands to the secondary users without causing any trouble to the primary user’s
communication. By the dynamic allocation of the spectrum usage, future methods of
operation of wireless communication can be changed very much using cognitive radios

and in the end providing the users with a better quality of service [4].

1.2 Literature Review

An extensive range of literature on the technology of cognitive radio can be found to
overcome the wastage of the unused spectrum with different sensing techniques that have
evolved with time. There are many technical papers that explain in detail the different
aspects of management of the spectrum including the sensing of the spectrum, decision of
spectrum, sharing of the spectrum and mobility of spectrum. Most part of the literature
that exists includes the detailed description of the spectrum sensing techniques and
different detection methods and how they work. Among them, cooperative detection
methods, which show improved performance through cooperation have been described in

this thesis in detail.

In cooperative detection, the presence or the absence of a primary user’s decision is made
by a fusion center with the help of the information received from each secondary user
(SV) [5,6]. A new scheme of cooperative detection is proposed in [7] which provides an
individual decision for each CR user against one common decision for all users. Different
algorithms for the spectrum sensing in a cooperative setup based on machine learning are
discussed in [8]. In [9], the algorithm of optimization for cooperative detection in a
cognitive radio to improve the system performance is proposed. Different cooperative
spectrum sensing techniques and the benefits of cooperation including the reduction in the
interference and detection time and improvement in the agility gain are explained in [10].
A distributed cooperative detection scheme based on sequential detection algorithms is
defined in [11] that uses the previous information of the CR users. In [12], a description
of different fusion schemes in fusion center for cooperative sensing are given. A

multichannel cooperative sensing scheme is proposed in [13] in which SUs have



heterogeneous sensing ability instead of homogeneous and improvement in performance
is shown. The selection for the optimal number of CR users under different scenarios for
an efficient cooperative sensing scheme is explained in [14]. It is proved in [15] that the
throughput of the spectrum sensing is not always increased by an increase in the SUs
number. For the highest throughput, the optimal number of users also depends on the

sensing duration.

Among the methods of cooperative detection, the method of conventional cooperative
detection and the evolvement of the combinational cooperative detection method are
explained here, which are important models in this thesis. In the method of conventional
cooperative detection, the information from all the SUs is collected and gathered by a
fusion center, which then makes a decision of either a primary user (PU) is present or
absent and passes this single decision made to all the SUs. The conventional cooperative
detection approach ignores the SU’s locations, due to which a user situated far away from
the primary user will have to remain quiet also. To overcome this issue, another method
which was later called as the method of combinational cooperative detection (CCD) was
proposed in [16]. That method of CCD worked on combining the received signals from
multiple users, making the decision tables and giving a decision for each user individually
rather than a collective decision. In spite of the promising results that the CCD method
showed initially, the implementation of that method practically was still doubtful. This
problem of the practical implementation was later addressed in [17] along with
investigating the SU’s location and distribution’s effects on the performance of detection
in terms of different parameters of the system. Note that the locations of the SUs were
fixed in [17], where as in practice, SUs could be at different locations.

1.3 Thesis Contribution

Motivated by the work done in [17], where the CCD method’s practical implementation

was explained in detail, some advancements have been carried out. In this thesis, cognitive

radio networks, different spectrum sensing techniques, conventional and combinational



cooperative detection methods have been studied and analyzed in detail and some realistic
performance considerations for the CCD method have been carried out. The SU’s random
distribution’s effect on the CCD method’s performance of detection is investigated. By
allocating the locations of the users randomly instead of fixed locations and comparing it
to the previously obtained fixed location results in [17], the performances are obtained.
Also, the CCD method’s performance for different propagation environments is obtained

for comparison. In brief, this thesis investigates two main issues:

e Effect of random locations on CCD method

e Effect of different propagation environments on CCD method

1.4 Thesis Outline

This thesis is organized into five main chapters which are listed as below:

Chapter 1 provides the introduction including the literature overview of the previous
studies done on the cooperative detection method and the contribution that this thesis
provides. Also, the basic structure of this thesis is provided in this chapter.

Chapter 2 describes the cognitive radio network in detail with its structures and explains

different spectrum sensing techniques and some related algorithms.

Chapter 3 is about the conventional and combinational cooperative detection methods and
CCD method’s implementation with observing different system parameters effect on the

performance of detection.

Chapter 4 presents the simulation results of the random locations of the SUs, the effect of
distance variations between secondary users (SU) and primary user (PU) and the effect of

different propagation environments.



Finally, chapter 5 presents the concluding remarks and results of the overall thesis work.

Also, possible extensions of the work are suggested in this chapter.



Chapter 2

Cognitive Radios and Spectrum Sensing

Wireless communication has brought a revolution to our lives. Today's wireless devices
offer more innovative services along with the data rates that are a lot higher. Different
types of wireless services have the access to the licensed and unlicensed spectrum. The
availability of the unlicensed band is becoming rare due to the increasing demand of the
wireless communication services and their use around the world [18][19]. The licensed
spectrum is allocated to some dedicated service while the unlicensed spectrum, also
referred to as ISM band (i.e. Industrial, Scientific and Medical), can be accessed by all the
wireless services and can also be availed for the research purposes. The availability of the
bandwidth in the unlicensed spectrum is becoming rare too fast whereas on the other hand,
for licensed spectrum major portion of the band goes underutilized. This is because of the
implementation of spectrum allocation policy as static [20][21]. The Federal
Communications Commission (FCC) report published in 2002 [22], also confirmed the
fact that the utilization of the licensed band is very low whereas unlicensed bands are over
utilized. The part of the licensed band that is not used is referred to as white space. The
inefficient utilization of the spectrum is a result of the spectrum allocation policy being
static, adopted by the governments worldwide. Dynamic spectrum access and allocation
is the solution to this inefficient utilization problem. Encouraged by the FCC report
statistics about the ineffective utilization of the spectrum, researchers looked towards the

development of new spectrum sharing methods.

In wireless communication’s early days, fixed radios were used in which the operators
used to fix and set up the transmitter parameters. Software Defined Radio (SDR) evolved
in the new era of communication. SDR is a radio whose transmitter’s operating parameters
can be altered by making a change just in the software and no any changes required in the
hardware [23]. The use of SDR minimizes the hardware requirements by giving a reliable
and cheaper solution to the user but it will not account for the availability of the spectrum.

6



SDR’s newer version is Cognitive Radio (CR), which operates like SDR with an addition

of the change of parameters also according to the availability of the spectrum.

A revolution of new opportunities has been brought in the wireless communication by the
use of SDR and CR technologies. The main motivation behind this technology is to
maximize the spectrum usage and to optimize the resource use of the radio. Based on
SDR, CR is looked for as a viable solution for many of the wireless communication
problems such as under-utilization of the spectrum, geo-location and networking
applications [24][25].

2.1 Cognitive Radio

Cognitive Radio [26], in recent times, has been receiving great attention in search of better
technology for the management of spectrum. Joseph Mitola named the technology as
“Cognitive Radio’’, to explain the devices that had the ability to sense their environment
and after sensing, based on the observations it received, it can then make a decision on

how to act without any interference to primary users.

Cognitive radios are intelligent enough to sense its environment for some changes and
based on those changes it can then change the different operating parameters like
frequency, power, coding techniques, modulation techniques etc. which makes the

utilization of the available resources efficient.

2.1.1 Characteristics of Cognitive Radios

The frequency of operation and the transmission parameters in a cognitive radio are

adjusted dynamically. Cognitive radio’s main characteristics are as follows:



Cognitive Capability

Sensing of information from its surrounding and making the required parameters changed
by a CR, is known as the Cognitive capability. The characteristic of cognitive capability
includes three main tasks. The task of sensing of the spectrum is to monitor and find the
spectrum holes. Spectrum analysis will be then used to determine the characteristics of the
spectrum found unused. In spectrum decision, a decision is taken for the selection of the
best spectrum by the determination of the parameters like data rate, transmission mode

etc.

Re-configurability

CR’s ability to make the changes to its parameters without the need of making any changes
to the components of its hardware, is referred to as Re-configurability. By doing so, all
the layers of communication are changed dynamically as shown in Figure 2.1. Different

technologies can be used with the same hardware depending on the availability of their

spectrum.

APPLICATION

TRANSPORT

DATA LINK

[ |
[ |
( NETWORK )
| )
[ |

PHYSICAL

DYNAMIC SPECTRUM ALLOCATION

Figure 2.1 Dynamic changes in all Layers



2.1.2 Cognitive Radio’s Functions

Cognitive Radio’s functions are described as below:

Sensing of Spectrum

CR’s major goal is to sense and locate the best spectrum opportunity for the user.
Considering the fact of the shortage of spectrum, sharing the spectrum that is licensed
without creating any interference to the transmission of the primary user is a big challenge,
as Figure 2.2 illustrates. The use of the spectrum that is not being utilized temporarily,
known as spectrum hole or white space [27], is enabled by the cognitive radios. In the case
of a primary user willing to use the spectrum, the CR has to look for some other spectrum

hole or by avoiding the interference to the primary user, it can remain in the same band.

Power Spectrum in Use
& Frequency / o LS
o o
—

® Dynamic
Spectrum
5 Access
H i __.-".

.. : B e -

N vy o Time
“Spectrum Hole™

Figure 2.2 Spectrum hole concept [27]



Management of Spectrum

The selection of the best spectrum opportunity that is available keeping into consideration
the user and QoS needs, is called spectrum management [28]. Spectrum management is
cognitive radio's main function because it selects the best spectrum that can be used for
the SUs.

Mobility of Spectrum

Mobility of spectrum is the frequency changing process of cognitive user from one to
another frequency. The frequency is changed by the cognitive user because of either the
detection of primary user on same spectrum or the availability of some other spectrum
that is better than the current one. The frequency transition process is carried out
seamlessly by the cognitive radio because of its dynamic spectrum access working policy
[28].

Sharing of Spectrum

Spectrum scheduling by a Cognitive radio is referred to as Spectrum sharing [28]. The
efficient utilization and sharing of the used licensed spectrum by cognitive radio users is
enabled by the spectrum sharing. Among the major challenges of open spectrum access,

spectrum sharing is also included.

2.2 Approaches for the Sensing of Spectrum

The techniques of spectrum sensing can be categorized into two approaches as the
frequency domain and time domain. In the method of frequency domain, the estimation
of the signal is carried out directly in the frequency domain, hence it is also called as direct

method. In time domain method, signal’s autocorrelation is used for performing the
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estimation. Depending on the need of spectrum sensing, it can be classified in other ways
as below [29]:

2.2.1 Sensing for Spectrum Opportunities

There are two main approaches:

(i)

(i)

Detection of primary user: In this approach, the signal received at the CR users,

makes a decision on whether a PU is present or absent. This approach is also
called as non-cooperative detection. The sub-methods of detection based on
matched filter, detection based on energy, detection based on cyclostationary
and the detection based on radio identification are included in this approach.

Cooperative or collaborative detection: In this approach, the combination of

multiple cognitive radio user’s information makes the decision of primary
user’s presence or absence. This approach includes either the distributed

approach or an approach of giving the control of the access to a central server.

2.2.2 Spectrum Sensing for Interference Detection

The approaches for this method are:

(i)

(i)

Interference temperature detection: The secondary users with lower power

level as compared to the power level of a primary user are given the way to
transmit and are bounded by the level of interference temperature to avoid the
interference with a PU.

Detection of a primary receiver: In this method, the detection of the

opportunities of spectrum and of interference is done that is based on the

leakage power of the primary receiver’s local oscillator.

11



2.3 Classification of Spectrum Sensing Techniques

Spectrum Sensing

Y Y Y

Non-Cooperative Cooperative Interference
System System based sensing
Y
Y Y Y
Energy detection | M"’;EChEd‘ Cyclostationary
Filter detection feature detection

Figure 2.3 Spectrum sensing techniques classification

2.3.1 Non-cooperative Detection (Transmitter Detection)
In transmitter detection, the PU’s detection must be carried out independently by each CR

in a specified spectrum. In [30]-[33], a hypothesized model is defined for the detection of

a transmitter that says that the signal detected by the SU is:

Ho: y(t) = w(t)
Hi: y(t) = hx(t) + w(t) (2.1)

where hypothesis H, represents “no signal transmitted” and the hypothesis H represents
“signal transmitted”, y (t) represents signal received, x (t) represents signal transmitted,
w (t) represents Additive White Gaussian Noise (AWGN) with zero mean and variance

a2, and h represents the channel gain amplitude (channel coefficient).

12



There are many transmitter detection techniques but three of them are generally used
which are Matched Filter Detection, Energy Detection and Cyclostationary Feature
Detection [30]-[33].

2.3.1.1 Matched Filter Detection

The matched filter detector (also referred to as coherent detector) was initially proposed
in [34]. It can be considered as the best sensing technique if CR has a prior knowledge of
the waveform of PU. This technique is also very accurate as the signal to noise ratio (SNR)
received by it is increased. Figure 2.4 shows the matched filter’s block diagram. The signal
that a CR receives, it feds that signal to the input of the matched filter which will be r (t)
= s (t) + n (t). After that r (t) is convolved with h (t) where h (t) =s (T-¢ + 7). Finally, a
comparison between the matched filter output and a threshold 4 is made to decide the

primary user’s status.

—»| AWGN Chamnel |—»| Mied o Matched | o~ Threshold
| signal filter N Decision

Figure 2.4 Matched Filter Block Diagram

The detection of a PU is difficult in the absence of prior information of PU’s waveform.
The use of matched filter gives the advantage of a high processing gain in less time. The
requirement of a specific receiver by CR for separate primary user class [35], gives it as a

major drawback.

2.3.1.2 Cyclostationary Feature Detection

The cyclostationary feature detector’s implementation was first presented in [35], as
sensing of spectrum having the ability to separate out the modulated signal from the

additive noise. For cyclostationary, a signal’s mean and autocorrelation has to be a

13



periodic function. The extraction of the received signal’s features and then based on those
extracted features carrying out the detection is said to be a feature detection. A PU signal
can be distinguished from noise by cyclostationary feature detection and it can be used at
very low SNR by the use of the information included in the signal of a PU.

r(t)
Correlate . Average . Feature

R(f)R(f-a) over T | Detection

Figure 2.5 Cyclostationary Feature Detector Block Diagram

Figure 2.5 shows the block diagram of a cyclostationary feature detector with the
implementation of spectrum correlation function for it. The number of signals, their
modulation types, symbol rates and interferer’s presence are the features detected by
cyclostationary feature detector. A primary user is detected in a radio environment if the
factor of correlation factor exceeds the threshold. Although, cyclostationary feature
detection showed an improved performance than energy detection because of its ability of
separating out the signal and noise power, computationally it is very complex because of
long delays in processing time, which in result worsens the performance of CR.

2.3.1.3 Energy Detection

Energy detection is the signal detection technique that detects the absence or the presence
of a PU by the use of an energy detector. This detection method is also known as non-
coherent detection. This method of spectrum sensing is very common because of the
computational complexities being moderate and the implementation of it in both
frequency and time domain. Energy detector is required to sense the noise power in order
to adjust the detection threshold. Unlike the matched filter and cyclostationary feature
detection, priori PU’s information is not required by energy detection, which is hard to
achieve. Energy detection technique is adopted widely because it is simple to implement,

though it is not optimal.
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Squaring device Integrator Threshold device

Figure 2.6 Energy Detector Block Diagram

Figure 2.6 shows the energy detector proposed in [36]. The center frequency fs and
bandwidth of interest W is selected by the input band pass filter. A squaring device follows
the filter which measures the energy received, then the observation interval T is
determined by the integrator. The integrator Y’s output is then finally compared with a

threshold of detection A to decide on the status of a PU.

The inability of the energy detection method to differentiate between the signal and noise

power is its major drawback.

2.3.1.4 Limitations of Transmitter Detection

Receiver uncertainty and shadowing problem, are the two limitations of transmitter
detection. In transmitter detection CR users only possess information about the transmitter
of the PU and not of receiver of the PU. Hence, the way to identify the PU receiver by CR
is only through the transmission of weak signals. This is called as receiver uncertainty
problem. Moreover, the usability of the transmitter detection is limited by the hidden node
problem. The other problem that limits the transmitter detection is of shadowing that
prevents the transmitter of the CR to detect the transmitter of PU. Therefore, collaborative

approaches are needed.
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2.3.2 Cooperative Detection (Receiver Detection)

Ghasemi and Sousain [36], first proposed a collaborative spectrum sensing method. The
cooperative sensing of the spectrum for CR happens when a collection or group of
cognitive radios share the same detection information of the PU. Cooperative detection
provides a far better sensing of the spectrum over the location area of the CRs. The ability
of a cooperative detection to improve the spectrum sensing performance especially in the
scenarios of fading, shadowing and noise uncertainty [37][38], plays an important role in
the CR research.

Figure 2.7 illustrates multipath fading, shadowing and receiver’s uncertainty. The
placement of CR1 and CR2 is inside the range of PU transmitter’s transmission while CR3
exceeds its range. The detection of a PU may not be obtained correctly because of the
effect of multipath and shadow fading on CR2. More than that, the existence of the PU
outside its range and no knowledge of the PU’s transmission creates the problem of
receiver uncertainty for CR3. As a result, there may be an interference between the CR3
transmission and the reception at PU receiver. The individual observations deficiency at
each CR user [30][31], can be compensated with the sharing of the sensing results by the

CR users with other users.
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Cooperative spectrum sensing is broadly categorized into two categories [31][39]:

Centralized approach: In the centralized approach of cooperative sensing, a
central point called the fusion center (FC) is assigned the task of collecting the
sensed information from all the CRs within the network. The information is
delivered between each CR and the FC by the means of a physical point to point
link called a reporting channel as shown in Figure 2.8(a). In the last, a FC after
analyzing decides on which spectrum band can be allocated and which cannot.
Distributed approach: In the distributed approach of cooperative sensing, the
cooperative decision is not dependent on a single central point. The sensed
information of each CR is send to other CRs, each CR after combining the received
and its own information makes the decision of the presence or absence of a PU
individually shown in Figure 2.8(b). For this approach, the CRs will be required
to possess a very level of independence and also the ability to set themselves up as
an ad-hoc network.
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2.4 Cognitive Radio Network Applications

The applications of a cognitive radio network can include the following cases:

2.4.1 Cognitive Mesh Network

The broadband connectivity is provided by wireless mesh networks which has emerged
as a cost-effective technology [40]. However, the requirement of the capacity by the mesh
networks is greater to meet the higher throughput demand of the applications. Because a
cognitive radio can provide an access to a large amount of spectrum, hence, it will be a
good choice to fulfill the mesh network requirements.

2.4.2 Leased Network

A leased network theory is proposed in [41], which states that a PU can lend its licensed
spectrum to the CR user for the communication in an opportunistic manner such that the
PU’s communication is not affected.
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2.4.3 Emergency Network

For the public safety and emergency networks [42], the use of the implementation of the
cognitive radio networks can be considered. CR users can access the unused part of the
licensed spectrum, in the case of any natural disaster. Without any need to set up an
infrastructure, the CR networks can communicate in an ad-hoc mode on spectrum

available.

2.4.4 Military Network

CR networks can also be applied in military radio environment, as proposed in [43]. By
the use of CR networks, adjusting to the changing radio environment of battlefield, the
changes in the intermediate frequency (IF) bandwidth, modulation and coding schemes of

the military radios can be enabled.
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Chapter 3

Combinational Cooperative Detection Method

In CR networks, a PU’s detection is generally done by the method of cooperative
detection. The conventional method of cooperative detection is the one used to detect a
PU. The decision in it is made by a fusion center of whether a PU is present or absent. The
operation of a fusion center was based on gathering the sensing information from all the
SUs and then conveying a single decision, which had to be followed by all the SUs. There
was one major problem with the conventional method that it did not take the locations of
the SUs into account. Due to this problem, a SU situated away from the PU also had to

remain silent in spite of being away from the interfering area of PU.

To overcome this problem, an improved method was proposed known as Combinational
cooperative detection (CCD) method [16]. The way of operation of this method was to
collect and combine the signal energies received from multiple SUs, store the results for
different combinations of the SUs and making individual decision for each SU rather than
a collective decision. Although this method of CCD showed improved and promising
results than the conventional method, there were still some unclear issues regarding its
practical implementation. These issues were later addressed in [17], from the point of view

of a realistic implementation.

3.1 Mathematical Model

The signal energy received by the k-th SU in [17], is given by

L_ n 2 , H
Yk — { Zl—ll k,ll 0 (1)

Vit Sk +mel?, Hy
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where s, and n;; represent the signal energy received and the AWGN (Additive white
Gaussian noise) with variance a2, for the k-th SU, respectively. This signal energy of the
k-th SU is then passed to the fusion center. The fusion center receives the instantaneous
SNR (yy) from the k-th SU [17], which is given by

V- Prx (2)

7 2 2
on dpyk Mk

where Pry is the power of the transmitted signal by PU, d3, , and dj;, represent the
distances between PU and the k-th SU and between M and k-th SU, respectively. The
combined signal from the fusion center for each SU depends on the combination of Q
different SUs [17] and is given by

1
Zy = EZkEWu Yo, u=1,..U. ©)

The combination output (Z,,) for each SU is obtained for different combinations of the
SUs and is stored in a combination table. All the combination output values are then
compared with a value of threshold of detection (1) to confirm the status of a PU. After
the comparison, the resulting values 1 and 0, representing the presence and absence of a
PU, respectively, are stored in an availability table created. In the availability table, a SU
is represented by each column of it. For each SU, the total number of decisions is given

K-1
by (Q—l)'
The total number of decisions representing the presence of a PU is given by m;. M and
m,,, are then compared to decide that which SU should be given the access of spectrum.
The SU for which a fusion center gives the decision of the presence of PU, that SU will

be bound to remain silent and in the case of absence of PU, SU will be allowed to

communicate. M is given as
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M=px(51), o0s<ns<1 (4)

where 7 represents the threshold that corresponds to the presence percentage required for

making a decision.

For the evaluation of performance of the system, the error probabilities of miss detection

(Pma) and false detection are defined (Pr4). The definition of these error probabilities in

the case of an assumption that a PU is present all the time can be given as:

Miss detection probability (P,,,4): The error probability of fusion center making a decision

of “PU is absent” for the SUs located in an overlapped area of communication.

False detection probability (Pr4): The error probability of fusion center making a decision

of “PU is present” for the SUs in non-overlapped area of communication.

Further details of the mathematical model can be found in [17].

3.2 Implementation of CCD Method

Master's PU's

COI‘I“ITW& comm.jrea

Figure 3.1 SUs and PU locations [44]
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Figure 3.1 depicts the locations of the SUs and PU [44]. The variables M and PU,
respectively, denote the fusion center (i.e., Master) and the primary user. A, B, C and D
represents the fixed SU’s locations. The communication area of the SUs is divided into
two parts, overlapping and non-overlapping area. The number of SUs in the non-
overlapping can be represented by x and in the overlapping area by y. The total number of
SUs in the whole communication area will then be, x + y = K users. SUs at A and C
locations are in the non-overlapping area, hence they are allowed to communicate without
creating any interference to PU. SUs at B and D locations are situated in an overlapped
area, therefore they are not allowed to communicate in the presence of a PU to avoid the
interference. The selection of the fixed A, B, C and D locations is done near the border of
the communication areas and they serve as the benchmark performance for the best (AB)
and worst (CD) performance evaluations of the CCD method. This was the limitation of
a realistic performance for the CCD method in [17]. In Table 3.1, variables commonly

used for CCD method are provided.

Table 3.1 Variables commonly used for CCD method

Variables Description

K Total SUs number (K=x+y)

Q Combinations number (Q < K))

X SUs count in non-overlapped area

y SUs count in overlapped area

n Threshold corresponding to the percentage

of presence (0< nn < 1)
Ppa Miss detection probability: fusion center decides
“PU is absent” for the SUs in the overlapped area
Prq False detection probability: fusion center decides

“PU is present” for the SUs in non-overlapped area
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Before evaluating the realistic performance of the CCD method including randomized
locations, distance between A and B locations and propagation environments, the
simulation results for the effect of the system parameters of Q and x/y on the CCD method
in [17] are reproduced but for new set of parameters. The total number of SUs in this work
have been considered to be K = 6.

3.3 Effect of Combination number (Q) on the performance of CCD method

- ABL 33, 0=4 oL : : Do
O ABEE, G5 | : S ¥ L AR
.......... —%— Conventional

—=5—0CD,3/3,0=5 | ? SRR
—&—CD,33,0=4 | 1 0 0 : S
——CD, 3/3, G=3

Ijmc:i

Figure 3.2 Q’s effect on CCD method performance

The performance results of the effect of combination number (Q) on AB and CD locations

when » = 1 and x/y = 3/3 are shown in Figure 3.2.

From the performance results, it can be observed that with the decreasing value of Q, the

error probabilities for the SUs at AB location are decreased. On the other hand, for the
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SUs at CD location, the error probabilities are increased with the decreasing value of Q.

Since the locations C and D are very close to each other, hence the magnitudes of the

received signals from them by the fusion center will be similar. Hence, increasing the

value of Q will not decrease the error probabilities than the conventional method’s error

probabilities. For A and B locations, since they are far from each other, received signal’s

magnitude from them would be different. Hence, for a greater value of Q than x, signals

with different magnitude will be combined. Therefore, for the location AB, the smaller Q

value is preferred for an improved performance. These results were also obtained in [17]

and are confirmed here.

3.4 Effect of SU distribution (x / y) on the performance of CCD method

e AR 2, D=3
-0 AR 1A, O=3
Lo —4— Conventional

—B=—CD, 51, =3
—&—CD, 42, 2=3

—#— D, 3/3, 0=3
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Figure 3.3 x/y effect on CCD method performance

The performance results of the effect of SU distribution (x/y) on AB and CD locations

when 7 = 1 and Q = 3 are shown in Figure 3.3.
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From the results, it can be seen that regardless of the SUs distribution, the error
probabilities for the SUs at CD location are always higher and for the SUs at AB location
are always lower than the error probabilities for the conventional method of cooperative
detection. The error probabilities have become smaller with the increasing SUs number in
the non-overlapping area (x). With the increase of x, for CD locations, the error
probabilities approach the performance of conventional method of cooperative detection
whereas, for AB locations, the error probabilities of error within a threshold interval are
Prq = Ppmq = 0, when the value of x becomes equal to or increases than the combination

number (x = Q). These results were also obtained in [17] and are confirmed here.

Next, more realistic assumptions are considered to study the performance of the CCD

method.
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Chapter 4

Performance of CCD Method Under Realistic Assumptions

Considering the limited results provided in [17], more realistic approaches for the
performance considerations of the CCD method are provided in this chapter. Initially, the
locations of the SUs are assigned randomly and its effect on the performance of the CCD
method’s detection is observed. The comparison is made between the performance for
random locations and the performance for the fixed locations to determine the conditions
where better detection performances are obtained compared to the conventional approach.
Also, the distance between SUs and PU is changed to investigate how it affects the system
performance. Furthermore, in [17], only the free space propagation environment is
considered for the communication. However, in this chapter different propagation
environments including indoor LOS and sub-urban propagation environment are tested.
For the simulation results obtained in this chapter, the combination number Q = 3 and the

threshold of correspondence # = 1 are kept constant.

4.1 Effect of Randomizing the SU locations

In the previous work done on CCD method, the SU locations were fixed at dedicated AB
and CD locations, where they served as the best and worst CCD performances,
respectively. In this thesis, the SUs are moved from fixed to random locations, to check
that how it affects the CCD method performance in comparison to the fixed locations.
After evaluating the average performances of the random locations, they are then

compared with the performances at AB and CD locations.
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Figure 4.1 Random vs AB and CD (x/y = 2/4)

Figure 4.1 shows the curve of the average random distribution of SUs x/y = 2/4 in
comparison to the AB location and the conventional method of cooperative detection. The
error probabilities are maximum for the CD locations because of the condition (x < Q) as
explained before. The performance curve of the random locations of the SUs is worse than

the AB location but better than conventional performance.

28



= .
A S :
—— Corwventional
—+—CD, 3/3, 0=3 2 :
—4%— Random, 3/3, 0=3 D
1|:|'1 | ; I1 |
1 1 1
Pmd

Figure 4.2 Random vs AB and CD (x/y = 3/3)

The performance curve of the average random SU locations for x/y= 3/3 is shown in
comparison to the AB and CD locations in Figure 4.2. The curve for AB is minimum since
x =Q implies Pfd = Pmd = 0. It can be seen that the probabilities of error for the random
locations of the SUs lies in between the error probabilities for AB and CD locations and

also it is better than the conventional method performance.
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Figure 4.3 Random vs AB and CD (x/y = 4/2)

The result of the average random locations of the SUs for x/y = 4/2 in comparison to the
conventional method performance and CD location can be seen in Figure 4.3. Since x >
Q, the error probabilities for AB is minimum. The performance curve of the average
random locations lies in between the conventional method of cooperative detection
performance and the CD locations performance. Here the random locations performance
worsens than the conventional performance but is better than CD.
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4.2 The Effect of the distance between (A, B) on detection performance

o2 Q=3 Dist btw AB = 10m
—+— Conventional
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Figure 4.4 Effect of distance between A and B locations

In Figure 4.4, the effect of increasing and decreasing distances between the SU locations
AB is examined when x/y = 2/4. From the graph it can be observed that as the distance
between A and B is increased and moved further close to the border points, the error
probabilities for the SUs becomes smaller. On the other hand, when the distance between
A and B is decreased and they are brought nearer to each other, the error probabilities for

the SUs at those locations increases.
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Figure 4.5 Distance variations between A and B locations

The CCD method detection performance for the SUs at different A and B locations is
further examined in Figure 4.5. Initially, the performance curve is obtained for A= [1 6]
and B= [11 6]. The B location is then set at B= [10 6] and the location of A is moved
towards B. It can be seen that with decreasing distance between A and B, the error
probabilities increases. When A reaches to [3.40 6] location, the error probabilities
exceeds the conventional method and the performance worsens than the performance of

conventional method.

4.3 Propagation Environments and its Effects

As a part of this thesis work, different propagation environments are examined and the
effect that they have on the CCD method’s performance of detection is investigated for a

few environments.
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The initial performance that we had for the CCD method was obtained in a free space

propagation environment having a path loss exponent 2. Now, the performance is

considered for two other environments and then compared to the initial performance of

free space environment.

core AR(wy=2M), PLE=Z (Free space)
—+— Conventional, PLE=Z (Free space) | ¢
—&— AB(uy=2/4), PLE=1 B (Indoor LOS) | -
—H&—AB(xy=214), PLE=3 (Sub-urban) :

Figure 4.6 CCD performance in different propagation environments for AB

Figure 4.6 shows the resulting performance curves of the indoor LOS environment having

path loss exponent 1.6 and sub-urban environment with path loss exponent 3 for the AB

location. It can be seen that we get a better performance for the indoor LOS environment

than the free space performance. The sub-urban’s environment performance gets worse

than the free space environment’s performance for AB locations.
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Figure 4.7 CCD performance in different propagation environments for CD

The results for the indoor LOS and sub-urban environment in comparison to the free space
environment for CD locations can be viewed in Figure 4.7. From the resulting curves, it
is observed that the CCD method’s performance of detection improves for the indoor LOS
environment having path loss exponent 1.6 and decreases for the sub-urban environment
with path loss exponent 3 as compared to the free space environment for the SUs at

location CD. However, it should be noted that the performance losses are incremental.

Along with investigating the different propagation environment’s effect on the SUs
detection performance at dedicated AB and CD locations, also the change in the
performances of the SUs situated at random locations due to different propagation

environment are considered.
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Figure 4.8 CCD Performance for different propagation environments for random x/y =
2/4

Figure 4.8 shows the performance comparison of the random SU locations for x/y = 2/4
under different propagation environments. The resulting performance shows the same
trend for the fixed locations. That is the performance improves for the indoor LOS path
loss model having the path loss exponent 1.6 than the free space model with path loss
exponent 2. On the other hand, the performance for the sub-urban environment with path
loss exponent 3 decreases than the free space model and also worsens than the

conventional detection performance in free space.
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Figure 4.9 CCD performance for different propagation environments for random x/y =
4/2

Finally, in Figure 4.9, we can see the comparison between curves representing the
performance of the CCD method for free space, indoor LOS and sub-urban path loss
models for random x/y = 4/2. A similar trend as in Figure 4.8 is observed with overall

reduced performance due to x/y distribution.

36



Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this thesis, the CCD method is undergone some realistic performance considerations.
For earlier CCD method implementation, the performance was checked for the fixed
locations of the SUs at border points of the communication areas. In this work, the
locations of the SUs are moved from fixed to random locations and then their performance
is compared with the earlier obtained results for the dedicated AB and CD locations in
[17]. Also, the effect that the distance variations between AB causes on the performance
of the CCD method along with the distance variations between M and PU is examined. In
the end, the effect of different propagation models on the CCD method is investigated and

their performances are compared with each other.

In general, the remarks that can be concluded from the study in this thesis are stated as

follows:

e The performance curves of the average random locations of the SUs always lies in
between the AB and CD performance curves, which serve as the best and worst
performances, respectively.

e The performance of detection of the random SU locations tends to decrease with
the increasing SUs number in the non-overlapping area (x).

e When x > Q, the average random SU locations performance exceeds the
performance of the conventional method of cooperative detection.

e When the distance between AB locations is increased, the CCD method’s
performance tends to improve. On the contrary, when the distance is decreased
between AB locations, the performance worsens.

e The assessment of the effect of different propagation environments on the method

of CCD shows that the performance for the indoor LOS environment is better than
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the free space environment whereas for the sub-urban environment, the
performance is worse than the free space performance for AB and CD locations.
e The same trend is observed for the random SU locations as for the fixed AB and

CD locations for different propagation environments.

5.2 Future Work

In the future work for the CCD method, the effects of the realistic path loss models such
as Hata-Okumura model on the CCD method’s detection performance can be carried out.
Also, in this thesis, a single hop topology was used between the CRs for the
communication. That can be extended to the implementation of a mesh topology for

improving the performance of the system.
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