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ABSTRACT

The demand for radio spectrum has dramatically increased over the past decade due to
the proliferation of wireless services and applications. According to current static spectrum
allocation policy, almost all frequency bands of radio spectrum has allocated and that there is
a shortage of spectrum for new wireless services. On the other hand, actual measurements of
radio spectrum usage have shown that most of the licensed spectrum is largely underutilized.
Cognitive radio (CR) technology is considered as a promising technology to increase the
efficiency of spectrum usage by allowing the secondary (unlicensed) users to opportunistically
access the allocated spectrum of primary (licensed) users. To enable the secondary users (SUs)
and to utilize the underutilized spectrum, they need to make the necessary observations about
their surrounding radio environment. Therefore, spectrum sensing (SS) is required by the SUs
to learn about the activities of primary users (PUs). However, the performance of spectrum
sensing is limited due to multipath fading and shadowing effects present in the nature which
are the fundamental characteristics of wireless channels. To overcome these challenges,
cooperation among SUs is required to perform the spectrum sensing which is known as
cooperative spectrum sensing (CSS) technique. The aim of this thesis is to increase the
detection probability value and efficient utilization of radio spectrum using different techniques

in cooperative spectrum sensing network when it is affected by various fading environments.

The influence of fading effect limits the detection probability of PU. So, soft data fusion
rules called diversity techniques are used to improve the detection performance when CSS
network is affected by various fading effects. Diversity techniques improve the received signal
SNR and uses the multiple antennas to receive the signal strength. Initially, average detection
probability values are calculated using different diversity techniques at fusion center (FC) when
CSS network is affected by various fading environment to know which diversity technique
gives higher detection probability. The detection probability values are calculated using various
diversity techniques such as selection combining (SC), square law combining (SLC), square
law selection (SLS), maximal ratio combining (MRC), and equal gain combining (EGC) over
different fading environments like Rayleigh, Rician, Nakagami-m, Weibull, and Hoyt fading
effects. The performance is evaluated using the conventional energy detector (CED) and single

antenna at each CR in CSS network.
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Next, due to the fading effect in the environment, some of the CR users are deeply
affected, and sensing information associated with these CRs are not transferred to the FC
accurately. So, it is better to eliminate these CR users; this can be done with the help of
censoring schemes (Rank based and Threshold based censoring schemes). Two censoring
schemes are used individually in reporting channel of CSS network when it is affected by
Rician, Hoyt, and Weibull fading environments. The novel expressions for estimation error, its
mean, and variance expressions are derived under various fading effects. The missed detection
probability and total error values are calculated in various fading environments using the

censoring schemes in CSS network.

Further, the performance is evaluated with proposed CSS network which is equipped
with multiple antennas and an improved energy detector (IED) scheme at each CR over various
fading channels. Selection combining scheme is also used at each CR to receive the binary
decisions about the PU from an IED technique using multiple antennas and selects the better
detection value of PU. The sensing information about the PU is passed to FC through the
reporting channel (R-channel). Final decision is made at FC using different fusion rules such
as OR-Rule, AND-Rule. The novel expressions of missed detection probability using multiple
antennas and an IED scheme at each CR for different fading channels are derived. The
optimized performance of proposed CSS network is achieved by optimizing its network
parameters such as a number of CR users (N), the threshold value (1), and arbitrary power of
received signal (p). The novel optimized expressions of CSS network parameters such as
number CR users (N, ), threshold value (2, ), and arbitrary power of received signal (p,,)

are also derived for various fading channels using single and multiple antennas at each CR.

Finally, average channel throughput (Ca,,g) and network utility network utility function
(NUF) performances are evaluated using the proposed CSS network over Rayleigh and Weibull
fading channels. The performance is evaluated using the different fusion rules such as k=1+n
and k=N-n rules at FC. An optimal number CRs are calculated to maximize the average channel
throughput value for different fusion rules. Cy,,, and NUF performances are improved by using

multiple antennas and an IED scheme at each CR in the proposed CSS network.
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Chapter-1

Introduction

1.1. Introduction

Radio spectrum is a very precious resource that available in the nature. As an important
resource, radio spectrum has to be carefully managed to mitigate the interference, and
efficiently utilized for the proper application. According to federal communications
commission (FCC) spectrum policy task force statistics, only 15% to 85% of total allocated
radio spectrum is properly utilized, and the remaining part of the radio spectrum is
underutilized [1]. So, new technologies have to be introduced for efficient utilization of radio

spectrum and to meet the present requirements.

Dynamic spectrum access (DSA) policy is considered as a key technology for efficient
utilization of radio spectrum [2-4]. According to the DSA model, some parts of the radio
spectrum are assigned to one or more licensed users called primary users (PUs), these PUs have
a license to access the radio spectrum. Whenever the PUs become inactive, secondary users
(SUs) called cognitive radio (CR) users can access the radio spectrum. By doing this, the radio
spectrum can be reused for other applications. Cognitive radio technology is considered as a
promising technology for efficient utilization of radio spectrum and it is a key technology to
enable of DSA policy. The important features of CR technology are radio environment
awareness and spectrum intelligence. Spectrum intelligence can be achieved by adopting
transmission parameters. An ultimate goal of cognitive radio technology is to improve the

detection probability of primary user [5, 6].

The concept of spectrum sensing (SS) is a useful task to monitor the radio spectrum
continuously [7]. In SS technique, a single CR is present and it continuously observes the

activity of radio spectrum. There are various detection techniques are addressed in the literature
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to identify vacant bands present in the radio spectrum such as conventional energy detector
(CED), matched filter detector (MFD), and cyclostationary feature detection (CFD) techniques.
Among all detection techniques, CED scheme is most commonly used detection technique
because of less complexity and non-coherent in nature. It measures the received signal strength
with a non-linear device called squaring device. Whereas MFD technique is coherent in nature
S0 it requires synchronization between transmitter and receiver to detect the vacant bands of
radio spectrum. Cyclostationary detection technique utilizes the cyclic (periodic) properties of
the signal in the frequency domain which are robust to the noise, with this complexity of the

network is increases [8-12].

The detection performance using SS technique is limited because of shadowing, fading
effects in the nature, time-varying nature of the channel, and also due to a single CR in the
network. So, new techniques have to be introduced to improve the detection performance. The
detection performance can be improved by introducing the concept of cooperative spectrum
sensing (CSS) network. In CSS network, multiple CRs are present and they exchange and share
the information among them so that detection performance can be improved. The CSS network
performs better even in the presence of shadowing and fading effects because of cooperation

among multiple CRs. The CSS network also eliminates the hidden terminal problem [13].

The CSS network consists of multiple CRs, a primary user (PU), and a fusion center
(FC). The channel present between CRs and PU is called as sensing channel and the channel
present between CRs and FC is called as reporting channel. In CSS network, the final decision
about PU can be made at FC using hard decision rules and soft data fusion rules individually.
The channels present in the CSS network are affected by different fading environments [14-
16].

The detection performance can be further improved by using an improved energy
detection (IED) scheme. An IED scheme overcomes the drawbacks present in the conventional
energy detection technique. Using an IED scheme and multiple antennas at each CR in the CSS

network will further improve the detection performance [17-19].

Finally, the key features of the implementation of CSS network are to improve the
detection performance of primary user and efficient utilization of radio spectrum in the

presence of various fading effects.



1.2. Motivation

The concept of cooperative spectrum sensing has been introduced to improve the
detection probability even in the presence of shadowing, multipath fading effects, and it also
eliminates the hidden terminal problem. This has motivated us to evaluate the detection

performance of primary user using CSS network over various fading channels.

As mentioned above, the detection performance can be reduced due to the influence of
fading effect. So, soft data fusion rules called diversity techniques are used to improve the
detection performance when CSS network is affected by various fading effects [20-22].
Diversity techniques improve the received signal SNR and use the multiple antennas to increase
the received signal strength. This has motivated us to evaluate the detection performance of PU
using various diversity techniques at FC when CSS network is affected by different fading

environments.

Next, due to the fading effect in the environment, some of the CR users are deeply
affected, and the information associated with these CRs are not transferred to the FC accurately.
Hence, these radio links are to be eliminated to reduce the complexity of the system and to
improve the detection probability. This can be done using censoring schemes in reporting
channel of CSS network. This has motivated us to evaluate the detection performance using
the censoring schemes (Rank based and Threshold based censoring schemes) in the reporting
channel of CSS network when it is affected by various fading environments [23-25].

The detection performance of PU can be further improved by considering multiple
antennas and an IED scheme as detection technique at each CR in CSS network. In certain
cases, it is required to optimize the performance of CSS network by optimizing its network
parameters to achieve better performance with a minimum number of components and to
reduce the system complexity. This has motivated us to evaluate the optimized performance of
the proposed CSS network by optimizing the CSS network parameters using the multiple

antennas and an IED scheme at each CR in CSS network over various fading channels [26-29].

Sometimes, PUs may not be identified accurately due to the fading effect in sensing
and reporting channels which can cause severe interference problem of SUs with PUs. This
issue can be resolved and PUs are exactly identified if the sensing time of each secondary user
is increased, but this will reduce the throughput value of the network. Hence, average channel

throughput value will be increased by performing sensing and transmission simultaneously



[30]. This has inspired us to evaluate the average channel throughput performance using CSS

network over various fading channels.

From the above discussion, it can be concluded that the detection performance using
spectrum sensing network can be improved with multiple CRs. As the number of CRs increases
in the network, the resources used in the CSS network become more and more, which may
cause a delay in deciding the PU activity and inefficient utilization of radio spectrum, this issue
can be balanced by network utility function (NUF) [31]. The network utility function is used
to improve the spectrum utilization. This has motivated us to evaluate the performance of NUF

using CSS network over various fading channels.
1.3. Research Objectives

The research objectives of our proposed work are to improve the detection performance
of primary user (PU), an efficient utilization of radio spectrum with the help cooperative
spectrum sensing (CSS) network when it is affected by various fading environments. An
influence of fading effect limits the detection performance using the spectrum sensing network.
Hence, the concept of CSS network has been introduced to improve the detection probability
of PU.

1. Initially, the influence of fading effect limits the detection performance using the
spectrum sensing network. Hence, the concept of CSS network has been introduced to
improve the detection probability of PU. The detection performance is evaluated using
soft data techniques (selection combining (SC), square law combining (SLC), square
law selection (SLS), maximal ratio combining (MRC), and equal gain combining
(EGC)) at FC over various fading channels (Rayleigh, Rician, Nakagami-m, Weibull,
and Hoyt fading channel) in CSS network. The detection performance is analyzed using

the CED scheme and a single antenna at each CR in CSS network.

2. Rank based censoring scheme and Threshold based censoring scheme are used
individually to eliminate the heavily faded radio links in the reporting channel of CSS
network. The CSS network consists of a single antenna and CED scheme as detection
technique at each CR in CSS network. The majority logic and MRC rules are applied
individually at FC to decide the PU activity. The performance comparison between
perfect and imperfect channel estimation also described. The performance is evaluated

when CSS network is affected by various fading effects. For both the above objectives,
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CSS network consists of a single antenna and CED scheme as detection technique at
each CR.

Later on, we came to know from the available literature is that the detection probability value
can be further improved if an IED scheme and multiple antennas at each CR in the CSS network

are used instead of CED scheme and a single antenna.

3. In the next two objectives, we have proposed the CSS network, it consists of multiple
antennas at each CR, selection combining scheme, and an IED scheme as detection
technique at each CR. The optimized performance of the proposed CSS network is
achieved by optimizing the CSS network parameters such as a number of CR users (N),
the threshold value (1), and arbitrary power of received signal (p). The optimized CSS
network performance is analyzed over various fading channels. The novel analytical
expressions of missed detection probability for different fading channels are derived.
The novel analytical optimized expressions for number of CR users (N,,,), threshold
value (4,,¢), and an arbitrary power of received signal (p,,) are derived in various

fading channels using single and multiple antennas at each CR.

4. An average channel throughput and network utility function performances are
evaluated using multiple antennas at each CR with an IED scheme in the proposed CSS
network over Rayleigh and Weibull fading channels.

Finally, our main aim of objectives are to significant improvement in the detection probability
value and an efficient utilization radio spectrum using the multiple antennas at each CR,
selection combining scheme, and an IED scheme as detection technique at each CR in the

proposed CSS network.
1.4. Thesis Contribution

The main aim of this work is to improve the detection performance of the primary user,
efficient utilization of radio spectrum, and to improve the spectral efficiency using CSS
network. This thesis focusses on the performance evaluation of CSS network when various

fading environments are affect the radio spectrum.

Initially, to improve the detection probability of PU and to mitigate the fading effects,
diversity techniques are used in CSS network when it is influenced by various fading

environments. Next, due to the fading effect, some of the CRs are heavily faded, and the



information received from these CRs at FC is erroneous. So, heavily faded links are eliminated

by using the censoring schemes with which complexity of the network reduces.

The above mentioned two techniques (diversity techniques and censoring schemes) are
used in traditional CSS network has a single antenna at each CR and CED scheme as a detection
technique. The performance is evaluated when CSS network is affected by various fading

channels.

Later, we proposed a CSS network which is equipped with multiple antennas, selection
combining technique, and an IED scheme at each CR. Using the proposed CSS network, the
detection performance is improved compared to traditional CED technique. The optimized
performance of proposed CSS network is achieved by optimizing its network parameters with

which total error rate is minimized and the network complexity also reduced.

The novel expressions of missed detection probability for various fading channels are
derived using an IED scheme and multiple antennas at each CR in the proposed CSS network.
Finally, an average channel throughput and network utility function analysis are evaluated

using multiple antennas at each CR with an IED scheme in the proposed CSS network.

The main objectives of this work are to improve the detection performance and an
efficient utilization radio spectrum using the proposed CSS network, highlighted the strength
and weakness points. All the performances are described with the help of MATLAB
simulations which are drawn with the strong support of analytical expressions. All the

simulation results are perfectly in accordance with theoretical results.

1.5. Thesis Organization

The thesis is organized into seven chapters. This section gives the summary of all chapters.
Chapter 1: Gives the introduction, background, and reasons for choosing the problem.

Chapter 2: The second chapter begins with the importance of radio spectrum and an overview
of the traditional SS technique. The basic principle of SS technique and various detection
scheme which are used to identify the existence of PU are described clearly. The importance
of CSS network and the reason for choosing it are described in detail. The concept of multipath
fading and different fading channels are discussed clearly. The usefulness of fusion rules such

as hard decision rules and soft data fusion rules are clearly discussed in this chapter.



Chapter 3: In this chapter, the detection performance of PU is evaluated using the soft data
techniques in CSS network over various fading channels. The importance of using soft data
rules, how they are used to overcome the fading effects, and various soft data rules are
explained clearly. Soft data techniques such as SC, SLC, MRC, EGC, and SLS are used at FC
to make a final decision about the PU. The detection performance is calculated using these
diversity techniques over various fading channels such as Rayleigh, Rician, Nakagami-m,
Weibull, and Hoyt fading channels. The closed form of detection probability expressions is
derived for each diversity technique over various fading effects. Finally, the performance is
evaluated with the help of sensing channel SNR versus detection probability curves and
complementary receiver operating characteristic (CROC) curves using the CED scheme and a

single antenna at each CR in CSS network over various fading environments.

Chapter 4: The importance of choosing censoring schemes in CSS network are clearly
explained in this chapter. The complete details about the various censoring (Rank based and
Threshold based) techniques are provided in this chapter. In CSS network, two different
censoring techniques are used individually in reporting channel when it is affected by various
fading effects. The final decision about the PU is made at FC using the hard decision logic
called majority logic and soft data fusion logic called MRC Rule respectively. The performance

is evaluated with the help of missed detection probability and total error rate curves.

Chapter 5: In this chapter, how the optimized performance of proposed CSS network can be
achieved is explained in detail. The CSS network parameters such as a number of CR users
(N), arbitrary power of received signal (p), and the threshold value (1) are optimized when CSS
network is effected by various fading environments. The performance is evaluated using the
proposed CSS network which consists of multiple antennas and an IED scheme as detection
technique at each CR. The novel analytical expressions of missed detection probability for
different fading channels are derived. The novel analytical optimized expressions of number
of CR users (N,,.), threshold value (4,,,), and an arbitrary power of received signal (p,,) are
derived for various fading channels using single and multiple antennas at each CR. The
performance is evaluated with the help of complementary receiver operating characteristics
(CROC) and total error rate curves.

Chapter 6: This chapter describes the importance of average channel throughput (C,,4) analysis

and network utility function (NUF) performances and reason for choosing it are provided in

detail. The performance is analyzed using the proposed CSS network which is equipped with



multiple antennas and an IED scheme as detection technique at each CR. Two different fusion
rules (k=1+n and k=N-n) are used at FC individually to get the C,,,; and NUF performances.
The novel analysis of average channel throughput and NUF performances are evaluated using
MATLAB simulations over Rayleigh and Weibull fading channels. The optimal number of CR
users are also calculated to maximize the average channel throughput over these fading

channels.

Chapter 7: This chapter presents a summary of the results and conclusions from work carried

out in the earlier chapters. The scope for future research is also indicated.



Chapter-2

Literature Survey

2.1. Introduction

Radio spectrum is a natural resource which is available in nature. The utilization of
radio frequency spectrum has grown tremendously in the last few years. As a precious resource,
the radio spectrum must be carefully managed to minimize the interference, and to maximize
the utilization. The regulatory agencies are allocated the chunks of radio spectrum to different
wireless services. Fig.2.1 shows the allocation of specific frequency bands of radio spectrum

for different radio transmissions and applications.
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Fig.2.1. Allocation of radio spectrum for different applications.

The current static spectrum allocation policy allocates the radio spectrum exclusively
to specific wireless services and they are working very well in mitigating interferences among

the wireless services. Currently, uses of radio spectrum have become crowded due to increase



in the number of communication networks and services. The emerging and relentless growth
of wireless services increases the demand for radio spectrum which results in spectrum scarcity.
From the United States frequency allocation chart [32], it can be seen that almost all the
frequency bands of radio spectrum has allocated for different applications. It also shows that
there is a serious shortage of spectrum for new wireless services or expanding existing ones
because of the rapid growth of wireless applications. According to the survey conducted by
federal communication commissions (FCC) spectrum policy task force reported that only 15%
to 85% of radio spectrum is efficiently utilized and most of the radio spectrum is underutilized
[1]. It shows that the allocated spectrum experiences a low spectrum utilization rate when the
statistics are noted for different time periods and geographical locations. Figure 2.2 shows the
utilization of radio spectrum for a particular period given by FCC and it gives the information
about utilized and underutilized frequency bands of radio spectrum. To meet the present
requirements of wireless services and to improve the spectral efficiency, these underutilized
frequency bands of radio spectrum should be identified and allocated for different applications

by secondary transmitter and receiver.

Maximum Amplitudes
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Fig.2.2. Utilization of radio spectrum.

To cater the increase in demand of radio spectrum for wireless services, radio spectrum
must be efficiently utilized [3]. Hence, new technologies have to be introduced for an efficient
utilization radio spectrum. This motivates the introduction of dynamic spectrum access (DSA)

technique, which allows some wireless services to dynamically access the radio spectrum with
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licensed wireless services [2-4]. The DSA technique offers the potential to increase the
efficiency of spectrum usage dramatically and meets the growing demand for wireless services.
The DSA policy is considered as a key technology for efficient utilization of radio spectrum.
To support DSA, secondary users (SUs) are required to sense the radio spectrum environment,
and the SUs with such a cognition capability is called as cognitive radio (CR). The cognitive
radio is a new concept that utilizes the licensed spectrum in an unlicensed manner [5, 6]. The
important features of CR technology are radio environment awareness and spectrum
intelligence. As an intelligent wireless communication system, CR technology is aware of its
surrounding environment through learning, and changes its operating parameters according to
the environment, is the enabling technology for DSA. The cognitive radio concept is a better

solution for efficient utilization of available radio spectrum.

According to the DSA model, some portion of the radio spectrum is allocated to one or
more users called licensed users; these licensed users have a license to access the radio
spectrum whenever they require. The licensed users also called primary users (PUs). To
improve the spectral efficiency, unlicensed users called secondary users can utilize the licensed
radio spectrum without interfering PU operation when PUs are inactive, and these SUs
terminates their operations when PUs became active. By doing this, the same frequency bands
of the radio spectrum are reused for other applications. The opportunistic access of PU
resources by SUs have described as dynamic spectrum access. To access the spectrum
dynamically, SUs are required to monitor the radio spectrum continuously. The cognitive radio
is a key technology that allows a cognitive wireless terminal to access the available spectral
opportunities dynamically. The term cognitive radio was first coined by Joseph Mitola. The
unique features of CR technology are cognition capability and reconfigurability; these features
are helpful to interact with the radio environment. The intelligence of SU is achieved by
learning its surrounding radio environment with which it can determine how the SU can utilize
the spectrum. The existing opportunities and emerging technologies of CR technology are to
enable and support a wide variety of wireless applications, ranging from the smart grid, public
safety and broadband cellular, to medical applications are discussed in [33]. In [34], synopsis
of the commonly used platforms and test beds, discussion of what has been achieved in the last
decade of experimentation, and analysis of CR technology is provided. The software defined
radio (SDR) technique provides an ideal platform for the realization of cognitive radio
technology [35]. CR technology is used in smart grid networks, public safety networks, cellular

networks, CR mesh networks, leased networks, military networks, and emergency networks.
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2.2. Spectrum Sensing

Spectrum sensing (SS) technique is an important task that continuously monitors the
radio spectrum to identify the spectrum holes or vacant bands present in it in opportunistic
spectrum access (OSA) manner. The spectrum hole is defined as spectrum bands that are usable
by SUs without interfering the PU’s operation. Hence, identification of spectrum hole is a
useful task in CR system. After identifying the spectrum holes successfully, they may be used

for secondary communication by the secondary transmitter and secondary receiver [2, 9].

Spectrum Sensing

Transmitter Detection Cooperative Detection Interference-Based Detection

Energy Detection Matched Filter Detection Cyclostationary Detection

Fig.2.3. Classification of spectrum sensing technique.

Two key performance metrics associated with spectrum sensing are the probability of
detection and probability of false alarm. A lower probability of false alarm increases the
spectrum reuse efficiency by the SUs, which in turn, increases their throughput. A higher
detection probability value will result in the PU is less likely to be interfered by the SUs. Hence,
there is a vast research interest in spectrum sensing algorithms in recent years to improve the
detection performance using less time and low complexity [8, 9, 36-38]. In literature, three
different ways are addressed for the detection of spectrum holes such as transmitter detection,
cooperative detection, and interference-based detection [2, 36] as shown in Fig.2.3. The most
efficient way to detect the spectrum holes is to detect the PUs that are receiving the data within

the communication range of SUs.
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2.2.1. Transmitter Detection

The transmitter detection technique detects the spectrum holes by detecting whether
any PU transmitter is operating or not. In transmitter detection scheme if the PU exists, then
the received signal at the receiver consists of signal and noise. Otherwise, if PU is absent, only
noise is present at the receiver. The Basic hypothesis model for transmitter detection can be
defined as follows [10];

_n() ‘H,
X _{h*s(t)+n(t) TH, 1)

In the above expression, x(t) is the output of the detector, s(t) represents the received
signal at the input of receiver, n(t) is the noise value, h is the fading coefficient which occurs
due to fading effect in the channel. H, and H; are the decision statistics which represents the
absence and presence of PU. Three schemes are generally used for the transmitter detection
according to the hypothesis model [39] such as energy detection, matched filter detection, and

cyclostationary detection.
A. Energy detection

In this technique, received signal energy is calculated and compared with a pre-defined
threshold value to decide the presence or absence of PU [10, 11]. The energy detection (ED)
scheme is most commonly used detection technique because of low complexity and non-
coherent in nature. It does not need prior information about the PU. It may not distinguish the
signal type, but it can determine the existence of signal components. One inherent drawback

of ED is that its performance gets degraded at higher levels of noise and interference.
B. Matched filter detection

The matched filter detection (MFD) is an optimal detection technique when prior
knowledge of PU signal is known to SUs [40, 41]. In this technique, the correlation between
transmitter and receiver is present so that it maximizes the received signal SNR value. The
main advantage of MFD is that it requires less time to achieve the desired detection
performance. However, the matched filter requires perfect knowledge of PU signals which is
hardly available to the SUs. It requires prior knowledge of PU signals such as modulation type
and order, pulse shape, and packet format. Hence, if this information is not accurate, then

matched filter performs poorly. However, most of the wireless network systems have a pilot,
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preambles, and synchronization word or spreading codes; these can be used for the coherent

detection.

C. Cyclostationary detection

The cyclostationary feature detection (CFD) exploits the periodicity in the received
primary signal to identify the presence of PUs [42]. The periodicity is commonly embedded in
sinusoidal carriers, pulse trains, spreading codes, hopping sequences, and cyclic prefixes of the
primary signals. Due to the periodicity, these cyclostationary signals exhibit the features of
periodic statistics and spectral correlation, which is not found in stationary noise and
interference. Thus, CFD is robust to noise uncertainties and performs better than energy
detection in low SNR regions. Although it requires a priori knowledge of the signal
characteristics, CFD is capable of distinguishing the CR transmissions from various types of
PU signals [7, 43]. This eliminates the synchronization requirement of energy detection in
cooperative sensing. Moreover, CR users may not be required to keep silent during cooperative
sensing which improves the overall CR throughput. This method requires high computational
complexity and long sensing time. Due to these issues, this detection method is less common

than energy detection in cooperative sensing.
2.2.2. Cooperative Detection

Due to the deep fading effect in the environment, the CRs are not able to detect the PU
accurately which leads to the hidden terminal problem in spectrum sensing technique. Though
line-of-sight (LoS) is present between PU and SU, identification of PUs become limited
because of shadowing uncertainty. If the CR user experiences a hidden terminal problem or
shadowing uncertainty, the transmitter detection cannot detect the PU’s presence. These
problems can be overcome and uncertainty caused by the single SU detection is reduced with
the cooperation of multiple SUs. Using multiple sensing nodes, cooperative sensing can exploit
spatial diversity. Shadowing and multipath fading effects are main factors that deteriorate the
performance of a single SU detection i.e. spectrum sensing technique. The cooperative
spectrum detection technique provides more accurate performance compared to the spectrum
sensing technique because of cooperation among multiple SUs [44]. However, it requires an
additional operation and overhead traffic to communicate with CR users. Hence, there can be

an effect on the performance of resource-constrained networks.
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2.2.3. Interference-Based Detection

A new model for measuring interference is referred as interference temperature has
been introduced by FCC [45]. In this technique, an interference level at the PU receivers is
measured to protect them from interference. The CR user can access the spectrum bands as
long as its interference at the primary receiver does not exceed PU’s interference temperature

limit, which is the maximum amount of interference that the receiver can tolerate.

The interference temperature T; is defined as [46];

P (f..B)

TI(fC'B): kB

(2.2)
where P;(f;, B) is the average interference power in Watts centred at f,, covering bandwidth

B, and k is Boltzmann’s constant.

2.3. IEEE 802.22 WRAN Standard

As discussed above, radio spectrum is divided into a number of subbands, and each
subband is allocated for different applications. The frequency range from 54MHz to 862 MHz
of radio spectrum is allowed for television (TV) broadcasting which is used by different TV
operators [2]. The frequency bands which are not being used by the operators are called
spectrum holes. FCC has permitted to use of these spectrum holes of TV band frequencies by
the unlicensed users called SUs. The IEEE 802.22 standard has been released with medium
access control (MAC) and physical layer specifications for a wireless regional area network
(WRAN), allowing the use of the cognitive radio technique on a non-interfering basis [47-49].
The standards requirement on the receiver parameters for IEEE 802.22 is provided in [50].
According to it, signals are classified into three types such as analog TV, digital TV, and

wireless microphone signals.

Parameter Analog TV Digital TV Wireless Microphone
Probability of false alarm 90% 90% 90%
Probability of detection 10% 10% 10%
Channel detection time <2sec <2sec <2sec

Table. 2.1. Receiver parameters of 802.22 WRAN.
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2.4. Cooperative Spectrum Sensing

Reliable primary user detection is one of the most challenging and difficult tasks with
the spectrum sensing technique because of single SU present in the network [51, 52]. Moreover,
selecting the best available frequency bands in radio spectrum and reducing or eliminating the
interference with PUs are also essential [2, 53], all these requirements depend on the spectrum
sensing technique. To meet the above mentioned IEEE 802.22 WRAN spectrum sensing
specifications can be a tough task because of shadowing, multipath fading effect, and time-
varying nature wireless channel. When a single CR based CED technique [54] employed in the
system, it might be facing a hidden terminal problem and thereby limiting its performance due

to shadowing and fading effects.

To overcome these drawbacks, to improve the detection probability, and to meet the
present requirements, a new technique called cooperative spectrum sensing (CSS) network [14]
has been introduced, in which multiple SUs are present as shown in Fig. 2.4. These multiple
SUs have individually sensed the PU’s activity and send their sensing information to the fusion
center (FC). The sharing and exchange of sensing information among the multiple SUs are
present so that detection performance will be improved. The random spatial distribution of the
cooperative nodes helps to reduce the impact of the hidden terminal problem. The CSS network
gives better detection probability values though shadowing and fading effects present [15]. As
discussed above, sensing information from multiple SUs is passed to the FC and final decision
about the PU will be made at FC. The CSS network consists of sensing channel (S-channel),
reporting channel (R-channel), a PU, an FC, and multiple SUs in it. The S-channel is present
between PU and SUs and R-channel lies between SUs and FC. Various detection schemes are
used at each CR in CSS network. If the sensing information in the form of binary decisions
(either 0 or 1) from each SU is passed to the FC through the R-channel, then hard decision
fusion rules such as OR-Rule, AND-Rule, and Majority logic are used at FC to make a final
decision about PU. If the sensing information in the form of data (energy values) from each SU
is passed to the FC through the R-channel, then soft data fusion rules called diversity techniques
are used at FC to decide the activity of PU. In data fusion, each cooperative node simply
amplifies the received signal from the PU and forwards to the FC [13, 16, 55]. In decision
fusion, each cooperative node makes its own hard decision about the PU activity, and the

individual decisions are reported to the FC.
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PU — Primary User
SU — Secondary User
FC — Fusion Centre

—— FC (decision)
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Fig. 2.4. Cooperative spectrum sensing network.

The performance analysis of spectrum sensing based energy detection technique in
cognitive radio networks over generalized fading channels is discussed in [56]. The detection
performance using spectrum sensing technique is limited due to multipath fading and
shadowing effects which are the fundamental characteristics of wireless channels is discussed
in [57]. To overcome these challenges, cooperation among SUs is required to perform spectrum
sensing which is proposed in [58]. By exploiting the advantages of spatial and multiuser
diversities, cooperative spectrum sensing technique has been introduced to improve the
reliability of spectrum sensing. It has been proven in [59] that CSS technique can alleviate the
noise uncertainty problems and CSS technique also decreases the required amount of sensing
time [60, 61]. Therefore, CSS technique will have an important role in the implementation of
cognitive radio networks (CRNs) under the OSA model.

An improved energy detection (IED) scheme [17] is introduced to improve the
detection probability and to overcome the limitations present in the CED scheme. More
precisely, the detection performance can be further improved significantly by replacing CED
with an IED at each CR in CSS network [18]. An IED scheme measures the received signal

amplitude (i.e., PU's transmitted signal) with an arbitrary positive power (p) rather than
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squaring device used in CED scheme. In [62], an experimental approach of IED based spectrum

sensing for CR network is proposed.

2.5. Shadowing and Fading Channels

In this section, various fading models and shadowing effects are described clearly. The
multipath fading effect is due to the constructive and destructive combination of randomly
reflected, scattered, and diffracted signal components. This type of fading effect is relatively
fast and responsible for short-term signal variations. Depending on the nature of the radio
propagation environment, different models are describing the statistical behavior of the
multipath fading envelope [63, 64].

A. Shadowing effect

In terrestrial and satellite land-mobile systems, the radio link present between
transmitter and receiver is affected by slow variations of signal level due to the shadowing from
multiple objects, trees, and buildings present in the environment. Based on mathematical
approach, this shadowing effect can be modeled by log-normal distribution and its probability

density function (PDF) is given in [63-65] as;
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where £ =10/In10, u and ¢ are mean and standard deviations in dB, y-is instantaneous SNR.

B. Rayleigh fading

The Rayleigh channel model is a fading channel, which is commonly used to describe
the statistical time-varying nature of the received envelope of a signal or the envelope of
individual multipath components. It is often used to describe when the direct path between
transmitter and receiver does not exist, such as in mobile links, ionospheric and tropospheric
scattering, and ship to ship radio links. The PDF of Rayleigh fading channel is given in [63-
65] as;

f ()= iexp(lj y>0 (2.4)
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where y is instantaneous SNR of PU signal at the SU.
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C. Rician fading

When a dominant stationary signal is present between transmitter and receiver such as
a line-of-sight (LoS) propagation path, then the small-scale fading envelope distribution is
Rician distribution. Mostly, it is used in the analysis of urban and suburban mobile radio links,
pico-cellular indoor radio links, and satellite links. The PDF of Rician fading channel is given
in [64] as;

fy(ﬂ/)z@exp(_(h;)q%& K(1+TK)7J 7>0 (2.5)

where I,(z) is zeroth order of modified Bessel function of first kind and K-is Rician fading
parameter. The Rayleigh distribution is a special case for Rician distribution when K

approaches to zero.
D. Nakagami-m fading

Nakagami-m channel model is a general multipath fading model. It is used to model the
attenuation of signals traversing in multiple paths. It is often used to describe the fading in both
indoor and outdoor mobile radio links as well as in ionospheric radio links. The PDF of

Nakagami-m fading channel is given in [10, 64] as;
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where m-is Nakagami fading parameter.

Rayleigh fading channel is a special case for Nakagami-m fading channel when m equals to 1.

If m — +o0, Nakagami-m fading channel converges to AWGN channel [64].
E. Weibull fading

Weibull fading has been employed in modeling multipath waves propagating in non-
homogeneous environments. It is very flexible and has been shown to provide adequate fitting
to empirical results from wireless channel measurements in both indoor and outdoor
communication scenarios. It includes special cases such as well-known Rayleigh and
exponential distributions for V =2 and V = 1 respectively. The PDF of Weibull fading channel
is given in [66, 117] as;
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e

where ¢ =v /2 and V-is Weibull fading parameter.
F. Hoyt (Nakagami-q) fading

Hoyt or Nakagami-q fading distribution is generally used to characterize the fading
environments that are more severe than Rayleigh fading. Satellite links with strong ionospheric
scintillation can be modeled with this distribution, and its PDF is given in [67] as;

fy (7):i—eXp[_l—Jlo(@J 7>0 (2.8)

py py py —

where p :4q2/(1+ q2)2 and g-is Hoyt fading parameter which ranges from (0 < g < 1). For

g =p = 1, hoyt distribution reduces to Rayleigh distribution and for g = p = 0, it represents the

one-sided Gaussian PDF.
2.6. Fusion Rules

In CSS network, multiple SUs are individually sensed the PU activity and stores the
sensing information with them. The sensing information associated with each SU is transferred
to the FC through the reporting channel of CSS network. The final decision is made at FC using
different fusion rules such as hard decision fusion rules and soft data fusion rules. The detailed

information about the different fusion rules are discussed in following sections.
2.6.1. Hard Decision Fusion Rules

As discussed above, hard decision fusion rules are used when the sensing information
associated with each SU is passed to the FC in the form of binary decisions (either 0 or 1) to

make a final decision about the PU. Assuming that the energy observations at each SU is
independent and identically distributed (i.i.d.). The overall false alarm probability (Qf) and

over all probability of detection (Q,) are the detection performance metrics in CSS network.

These can be calculated for different hard decision fusion rules as [68, 69];
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A. OR-Rule

The OR-Rule decides that a primary signal is present (H, or H;) when any of the secondary

user detects a signal. The @ and Q4 expressions using OR-Rule can be formulated as follows;
Q =1-(1-R)’ (2.9)
Q, =1-(1-R,)" (2.10)

where Py and P, are the probability false alarm and detection probability of an individual SU.
H, and H, are the final decision statistics of absence or presence of PU. N-is number of SUs in

the network.
B. AND-Rule

The AND-Rule decides that a primary signal is present (H, or H;) when all the secondary users

are detects a signal. The Qf and Q4 expressions using AND-Rule can be formulated as follows;
Q =(P) (2.11)

Q, =(P,)" (2.12)

C. Majority logic
The Majority logic decides that a primary signal is present (H, or H;) when at least k out of N
secondary users detects a signal. The Q@ and Q, expressions using Majority logic can be
formulated as follows;
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In the above expression, if we substitute k=1, it gives the expression for OR-Rule, and if we

substitute k=N, it gives the expression for AND-Rule.
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2.6.2. Soft Data Fusion Rules

The soft data fusion rules are used when the sensing information associated with each
SU is passed to the FC in the form of energy values to make a final decision about the PU. The
fusion center combines the forwarded observations and compares the aggregated energy value
with a pre-defined threshold value. Assuming that the energy observations at each SU is

independent and identically distributed (i.i.d.). The Qf and Q, expressions can be calculated

as;

Q; =P{Y >A|H,} (2.15)

Qy =P{Y>A|H,} (2.16)

where Y-is combined value of all decision statistics from each diversity branch and A is a pre-

defined threshold value.
2.7. Diversity Techniques

Antenna diversity techniques are known to improve the signal reception by exploiting
the advantage of the spatial dimensions at the receiver. Receiving the multiple replicas of the
fading signal via different antenna branches and by combining them improves the overall
received SNR [64]. These diversity techniques are used to combat the effect of multipath fading
since different diversity branches may not concurrently go into deep fading and the branches
with better SNR quality can compensate even if the signals in other branches are in deep fade.
The ED performance has been shown to significantly improve the detection performance
through the use of multiple antennas in [11], [12], [70], [71]. There are two different types of
diversity techniques are addressed in the literature such as coherent diversity techniques and
non-coherent diversity techniques. The signal may be received at multiple antennas and
combined in different manners. There are five different classical diversity techniques are
discussed briefly in this section as follows;

A. Selection combining

It is a non-coherent detection technique which processes a single branch instead of
using all branches. It selects the one branch which is having highest SNR value out of the total
number of branches present in it. Since the output of selection combining (SC) scheme is equal
to the signal value of one branch so, the coherent sum of the individual branch signals is not
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required. Therefore, SC scheme is used in conjunction with differentially coherent and non-
coherent modulation techniques since it does not require knowledge of the signal phases on
each branch. SC scheme is easy to implement, using this technique system complexity reduces,
and it does not require processing of signals coming from each branch [10, 64]. This scheme

requires continuous monitoring of signals which are coming from each branch.
B. Square law combining

Square law combining (SLC) scheme is a non-coherent combining scheme in which the
received signal at each branch is squared before combining [11]. This scheme is particularly
useful for non-coherent operation without any channel state information (CSI). In this scheme,
each diversity branch has a square law device which performs the square and integrates
operation. The combiner is implemented after the square law operation [72]. The energy
detector receives the sum of all branches decision statistics. The output of the square law
combing is the sum of all branches decision statistics and that yields a new decision statistics.

C. Square law selection

In square law selection (SLS), each diversity branch has a square law device and the
branch with the maximum decision statistic is selected [72]. It is also a non-coherent detection
technique. The sensing information from all SUs is collected at FC in the form of energy values,
using SLS scheme at FC, the branch with highest energy value will be selected instead of the
sum of all diversity branches like SLC diversity scheme.

D. Equal gain combining

Equal gain combiner (EGC) is a coherent detection technique and it does not require
estimation of fading amplitudes so, its system complexity reduces compared to the other
coherent techniques [64, 72]. However, EGC is often limited in practice to coherent
modulations with equal energy symbols such as M-ary PSK signals. In many wireless
applications, the phase of the received signal is not identified accurately, in that case, coherent
detection scheme may not be possible to perform. In such cases, communication systems must
rely on non-coherent detection techniques such as an envelope or square-law detection of

frequency shift keying (FSK) signals.
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E. Maximal ratio combining

Maximal ratio combining (MRC) is also a coherent combining scheme which requires
channel state information (CSI) and it requires the estimation of both amplitude and phase of
the received signal. At the receiver, the received signals are weighted by their respective
channel coefficients before combining [64]. This scheme gives optimal performance. Signals
with unequal energy symbols such as M-QAM modulation schemes, MRC scheme should be
used to achieve better performance [73]. The requirement of complete CSI being a trade-off

regarding cost and complexity.

In [15], authors considered that S-channel of CSS network is affected by different
fading environments like Rayleigh, Lognormal shadowing, and R-channel is considered as an
ideal channel. The hard decision fusion rules are considered at FC to know the PU activity over
different fading environments [15, 69]. The average detection probability value is calculated
with ED scheme over a-u generalized fading channels using SC diversity technique in CSS
network is discussed in [74]. In [10], authors provided the detection probability expressions for
Rayleigh, Nakagami fading channels and also for various diversity techniques such as EGC,
SC, and switch and stay combining (SSC) techniques. The soft data fusion techniques such as
MRC, likelihood ratio test (LRT), and EGC rules are applied at FC to know the PU activity in
[70, 75]. In [75], LRT soft data fusion rule is considered at FC in case of wireless sensor
networks. In [76], authors have used neyman-pearson (NP) criterion at FC, and their proposed
scheme works as EGC scheme at higher SNR range of values and reduces to MRC scheme at
lower range of SNR values. The detection probability value also improved by considering

multiple antennas at each CR user is described in [70].

In [77], authors provided the performance analysis and comparison between hard
decision (HD) and soft data (SD) fusion rules based CSS network in the presence of error rates
in R-channel. The effect of channel errors is incorporated in the analysis through the bit error
probability (BEP). A general expression for the detection probability with K-out-of-N fusion
rule has been derived using HD fusion rule with the error rate in R-channel. Furthermore, it is
shown that SD based CSS network gives better performance even if the error rates are
considered in the R-channel [77, 78], the impact of error detection and error correction
performance also shown. The performance of sequential detection scheme at each CR of CSS
network with an error rate in R-channel is evaluated in [79]. Two novel quantization schemes

are used to improve the sensing performance considering SD fusion rule in CSS network is
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discussed in [80]. In [81], authors considered the effect of imperfect R-channel on decision
logic. In [21], authors proposed a new soft data fusion scheme which simplifies the analysis of
data at FC. However, CSS network can incur cooperation overhead regarding extra sensing
time, delay, energy, and operations devoted to cooperative sensing. The detail information
regarding these issues is addressed in [2], which specifically addresses the issues of cooperation

method, cooperative gain, and cooperation overhead.
2.8. Censoring Schemes

However, most of the literature work exists on CSS network by assuming a noiseless
R-channel and noisy S-channel [15, 69, 76, 82]. But, in many practical situations, R-channel
of CSS network may be affected by noise, shadowing, and multipath fading effects [21, 83,
84]. The presence of fading or shadowing in R-channel is likely to affect the sensing
information sent by CR users so that the information received at FC is erroneous. If this is the
case, it is better to interrupt the transmission of sensing information from such CR users; this
can be done by censoring schemes. The heavily faded R-channel CR links can be eliminated
by using the censoring schemes such as Rank based and Threshold based censoring schemes
to improve the detection probability and to reduce the system complexity.

Although all the CR users detect the PU’s activity using ED technique, some of the CR
users are censored, and some are allowed to transmit on the basis of R-channel quality.
Censoring decision is taken by the FC using the estimation techniques on the R-channel fading
coefficients. Minimum mean square estimation (MMSE) is frequently applied on fading
coefficients of R-channels because it gives the least value of error rate. The FC selects a subset
of CR users among all the available CR users (say P out of N) which have the highest channel
coefficients, i.e., the CR users associated with best-estimated channel coefficients are selected,
this approach is referred as Rank based censoring [25]. In Threshold based censoring, whose
R-channel fading coefficients exceeds a pre-defined threshold value are selected to transmit
the information to the FC [85].

Initially censoring concept is used in sensor networks, later it is applied to the CSS
network. An idea of censoring scheme is applied to CSS with the aid of CR network in 2007
[86]. The R-channel is considered as noisy and Rayleigh faded in context of a sensor network
where sensors report their decision to the FC [87, 88]. Censoring of sensors are proposed in
[89, 90] and channel aware censoring of sensors is discussed in [91], and these can be well

applied in the context of CSS network. The censoring of CRs is necessary to improve the
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detection performance using the CSS network. More precisely, the goal of censoring technique
is to decide which CRs should transmit their observations to the FC, to achieve the best tradeoff
between energy efficiency and detection probability. Censoring of CRs can be done on the
basis of channel state information of estimated R-channel coefficients for both perfect and
imperfect channel estimations is discussed in [92, 93]. In [85, 94], threshold based censoring
scheme is used in CSS network over Rayleigh fading using majority logic and MRC rule at
FC. In [24], CSS network performance with Rank based and Threshold based censoring
schemes is evaluated over Rayleigh and Nakagami-m fading channels using majority logic and
MRC Rule at FC. In [95], censoring scheme is used to overcome the drawback of overhead

traffic problem at FC.
2.9. Optimization of CSS Network Parameters

Sometimes, it is required to optimize the CSS network parameters to achieve better
performance with a minimum number of components and to minimize the complexity of the
network. The optimal spectrum sensing network performance under data fusion scheme is
investigated in [96]. In [97], authors discussed that the optimum performance can be achieved
with the cooperation of a certain number of SUs present in the network and with the highest
PU signal SNR. The optimal sensing throughput trade-off was studied in [30]. Optimization of
CSS parameters with CED technique in CR network over fading and non-fading environments
is discussed in [26]. In [98], CSS network parameters are optimized using the CED technique
in non-fading environment. It is shown in [99, 100] that the performance of a CR network can
be improved by utilizing an IED scheme at each CR. In [27], optimized performance of CSS
network is evaluated by using a single antenna at each CR with an IED scheme over imperfect
R-channel. In [28], optimized performance of CSS network is analyzed using the multiple
antennas at each CR with an IED scheme over Rayleigh fading channel. The CSS network with
an IED scheme is considered in [29] which uses optimization techniques to minimize the total

error rate which is the sum of missed detection and false alarm probabilities.
2.10. Average Channel Throughput and Network Utility Function

It is also important to maximize the average channel throughput and network utility
function to improve the detection performance of PUs and for efficient utilization of radio
spectrum. Due to the fading effect in the environment sometimes PUs have not detected
accurately, this may cause severe interference problem of SUs with PUs. This issue can be
overcome and PUs are accurately identified if the sensing time of each SU is increased. An
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increase in the sensing duration will improve the sensing performance, but data transmission
time of the SUs also increases which results in reduced throughput. Such a problem is
addressed in [30] to find the optimal sensing duration by maximizing throughput under
sufficient protection to the PU. Hence, there is a trade-off between sensing time and throughput
value of the network [30]. Throughput value can be increased if the sensing time decreases, but
it degrades the accurate detection of PUs. Hence, average channel throughput value will be
increased by performing sensing and transmission simultaneously [101]. In [102], throughput
maximization is considered over erroneous control channel using the CED scheme. In [97], it
is shown that joint optimization of sensing duration and fusion parameter increases the
throughput of the secondary network. In [103], fusion parameter is optimized by maximizing
the throughput under a constraint on the miss detection probability at FC. Number of SUs are
optimized by maximizing secondary network throughput under a constraint on the detection
probability at FC for OR-Rule is studied in [104]. Optimal voting rule is used at FC with an
erroneous control channel in CSS network over non-fading environment is discussed in [105].
Similarly, network utility function should be maximized to improve the detection performance
of PUs and to improve the spectral efficiency. The network utility function can be maximized

by using an optimal number of SUs is addressed in [31].
2.11. Conclusions

In this chapter, relevant background theories of wireless communications are presented.
Initially, allocation of frequency bands of radio spectrum for different applications, its
utilization, and an issue of spectrum scarcity are described in detail. Next, the concept of
spectrum sensing (SS) and overview of traditional SS technique are discussed. The basic
principle of SS technique and various detection schemes that are used to identify the vacant
bands of the radio spectrum are explained clearly. Further, importance of cooperative spectrum
sensing (CSS) network and the reason for choosing it are described in detail. The concept of
shadowing, multipath fading effect, and different fading channels are discussed. The usefulness
of fusion rules such as hard decision rules and soft data fusion rules are properly summarized
along with their probability distribution functions. Finally, the brief introduction about the
censoring schemes, optimization of CSS network parameters, average channel throughput, the
concept of network utility function, and an importance of choosing these techniques in CSS
network are provided in this chapter.
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Chapter-3

Performance Analysis of CSS Network using Diversity Techniques

3.1. Introduction

Spectrum sensing (SS) technigue is an important task that monitors the radio spectrum
continuously to identify the vacant bands present in it. The identification of vacant bands using
the SS technique is limited due to multipath fading, shadowing effects, time-varying nature of
wireless channels, and also single cognitive radio (CR) is present in the network. Hence, new
techniques have to be introduced to overcome these drawbacks and to improve the detection
performance. The detection performance can be improved and fading effects are mitigated by
introducing the concept of cooperative spectrum sensing (CSS) network. In CSS network,
multiple CRs are present, they sense the primary user (PU) activity individually, and they share
and exchange the information among them so that detection performance can be improved. The
CSS network performs better even in the presence of shadowing and fading effects due to
cooperation among multiple CRs. The CSS network also eliminates the hidden terminal
problem [106].

To overcome the influence of fading effect and to improve the detection probability of
PU, various fusion rules such as hard decision and soft data fusion rules are used at fusion
center (FC). If the sensing information from individual CRs is transferred to FC in the form of
binary decisions (0 or 1), then hard decision fusion rules (OR-Rule, AND-Rule, and Majority-
Rule) are used at FC. Similarly, if the sensing information from individual CRs is transferred
to FC in the form of energy values [68, 69], then soft data fusion rules called diversity
techniques are used at FC to make a final decision about the PU. Various diversity techniques
such as selection combining (SC), square law combining (SLC), square law selection (SLS),
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maximal ratio combing (MRC), and equal gain combiner (EGC) are addressed in the literature
[10, 11]. The detection performance is more with soft data fusion rules compared to the hard

decision fusion rules [64, 72].

In this chapter, we have evaluated the performance of CSS network under different soft
data combining techniques in various fading environments. The performance is analyzed using
the conventional energy detection (CED) scheme and a single antenna at each CR in CSS
network. To evaluate the detection performance, we have assumed that sensing channel of CSS
network is affected by various fading environments and reporting channel of CSS network is
considered as a non-faded channel. The performance is evaluated using different diversity
techniques (SC, SLC, SLS, MRC, and EGC) at FC when CSS network is influenced by various
fading environments (Rayleigh, Rician, Nakagami-m, Weibull, and Hoyt fading). Our main
aim in this chapter is to identify which diversity technique gives higher average detection
probability (Q,) value when CSS network is affected by various fading environments. For this,
we have gathered all the detection probability expressions that are available in the literature for
various diversity techniques over different fading environments. The performance is described
using simulations which are drawn between sensing channel SNR versus average detection
probability curves and complimentary receiver operating characteristics (CROC) curves. With
the help of MATLAB simulations, average detection probability performance comparison

among various diversity techniques over different fading channels is provided.

3.2. System Model

Fig.3.1 shows the system model of CED technique. The received signal is passed
through the bandpass filter (BPF) to eliminate the noise components present in it [10]. The
average energy of the received signal (Y) is calculated from the square law device and integrator
blocks of CED scheme. The output of integrator block is compared with a predefined threshold

(») value to decide the absence or presence of PU.

v

Fig.3.1. Block diagram of conventional energy detector.

Two hypotheses are defined in the literature to decide the absence and presence of PU as H,,

and H, respectively. The received signal at j-th CR user can be written as [10];

29



n.(t ‘H

X; (1) = i ° (3.1)
h; *s(t) +n; (t) tH,

In the above expression, s(t) represents the received signal at the input of CED and

n;(t) is the noise value at j-th CR. AWGN noise (Additive white Gaussian noise) is considered

in the network which is uniformly distributed over each CR. h; is the fading coefficient which

occurs due to fading effect in the channel. The test statistics are given by

Y =J§;\xj (t) (3.2)

The energy value (Y) is compared with a pre-defined threshold (1) value to make a final
decision about the PU. The expressions for probability of false alarm (P;), probability of

detection (P;), and missed detection probability (B,) over AWGN channels are given in [10]

as;
P, =(Y>A|H)=Q,(y27.2) (3.3)
r{u)
Pf:(Y>2/|HO):W (34)
P, =1-F, (3.5)

In Eq.(3.3), Q, is marcum-Q function [107], in Eq.(3.4), I'(,) represents the incomplete

gamma function, and I'() is complete gamma function [108].

Fig.3.2 shows the CSS network model with N number of SUs, an FC, and a PU. The
channel present between PU and SUs is called as sensing channel (S-channel), in this channel
each CR senses and stores the information about the PU. The sensing information associated
with each CR is transferred to FC through the reporting channel (R-channel). The R-channel
lies between SUs and FC in the CSS network. We are assuming that S-channel is affected by
various fading environments and R-channel as a non-faded channel. Complete information in
the form of energy values from all CRs are collected at FC, and the final decision is made at FC
using soft data fusion rules such as (SC, SLC, SLS, MRC, and EGC). Each CR in the CSS
network uses the CED scheme and single antenna at each CR to sense the activity of the PU
[22].
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Fig.3.2. Cooperative spectrum sensing network.
3.3. Diversity Techniques

Multipath fading, shadowing effects, and time-varying wireless channels are degraded
the detection performance. These distortions can be mitigated and detection probability value
by using diversity combining techniques. In diversity combining, the same information-bearing
signal is received by multiple antennas. In this section, various diversity techniques such as
SC, SLC, SLS, EGC, and MRC are discussed in detail. The average detection probability
expressions for each diversity technique over various fading environments are provided. We
are assuming that all the CRs are identically independent distributed (i.i.d.) over the fading

channels.
3.3.1. Square Law Combining (SLC) Diversity Technique

The square law combining (SLC) scheme is a non-coherent diversity technique [11,
72]. These non-coherent combining schemes are used to exploits the diversity gain in the
absence of channel state information (CSI). In SLC scheme, each diversity branch has a square
law device which performs the square and integrates operation. The output of the square-law

device is the sum of all branches decision statistics which yields to a new decision statistics.
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A. Expression for average detection probability in Non-fading environment

In this scheme, the output of the square-law device is the sum of all diversity branches
(N) statistics. A new decision statistic Yg;. appeares at the output SLC scheme. Y5, is
represented by Yg, =Y~ , Y;, where Y; is the test statistic of i-th branch. In case of Non-fading
environment (AWGN channel), the expressions for overall false alarm probability (Qf) and

overall detection probability (Q,) under the SLC scheme are provided in [72] as;

()
Qt sic ZW (3.6)
Qusic =Qu (\l 2Ys1c ’\/I) (3.7)

where yg =Y~ v;, and y; is the SNR in the i-th CR, and u-is time band width product
(U=TW).

B. Expression for average detection probability in Rayleigh fading environment

If the signal experiences fading effect over N channels, the average false alarm
probability value remains the same because it is independent of S-channel SNR but, the average
detection probability value will vary. Under fading scenario, the average detection probability

(Q,) value can be calculated as [64];
Qi =[Q(r )1, (r)dr (38)

where £, (y) indicates the probability density function (PDF) of the signal to noise ratio
(y) under fading and it depends on the type of fusion scheme. The average false alarm
probability (Q_f) expressions remains the same for different fading schemes. Assuming N i.i.d.

number of Rayleigh faded S-channels, the average detection probability (Q,) expression is
obtained as [109, 110];

_ . T(Nu+n4 )F(N+n) R
_ 2 /4
Q=2 T(Nu+n)n!  T(N) (1+;_/J (39)

where I'(, ) is incomplete gamma function, T'( ) represents the complete gamma function, and

¥ is average S-channel SNR.
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C. Expression for average detection probability in Rician fading environment

If S-channel of CSS network is affected by Rician fading environment, the final expression for

average detection probability (Q,) is given in [110] as;

o N " N n
Qd=[ 1+K_j p(-NK) ( u+n, /) N+n( ]f{mN;N;M}
1+K+y

1+K+7 =0 [(Nu+n)n! T(N) 1+K+7

(3.10)

where K-is Rician fading parameter and 1F1( ' ) represents the confluent hypergeometric

function [115, section 8.970].
D. Expression for average detection probability in Nakagami-m fading environment

In case of Nakagami-m fading environment, the average detection probability (Q,) expression
is given in [109, 111] as;

Q, =1-B(Nu,Nm,Ny) (3.11)

A
ot ) e I i T

n=0
m-is Nakagami fading parameter.
E. Expression for average detection probability in Hoyt fading environment

If S-channel of CSS network is affected by Hoyt fading environment, the average detection

probability (Q,) expression is given as in [112];

= I'( Nu+n, /) n+N) N )
@ (r+qj ;F (Nu+n)n! F(N) (r+qj2F{E’n+N’N’ r+q } (3.12)

Where r = (1+ q2)/2q;_/ , 0-is Hoyt fading parameter, and , Fl( . ;) is Gaussian hypergeometric

function [115, section 9.100].
F. Expression for average detection probability in Weibull fading environment

The expression for average detection probability using SLC diversity technique at FC when

S-channel of CSS network is affected by Weibull fading environment is given in [112] as;

33



1-c —\¢
oYz = et T(Nu+n,4 Ey 1
Qd :LZ_NCE C " 1"((Nu+n)/r12')Gf§ ( CC) ‘n+ Nc n+Nc+c-1 (3.13)
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Where E=T'(N )/F(N +%), G (x|211""’sz denotes the Meijer’s G function [115, section
1o Mp

9.301], ¢ = V/Z , and V-is Weibull fading parameter.
3.3.2. Selection Combining (SC) Diversity Technique

The selection combining (SC) scheme is also a non-coherent diversity technique. In SC
diversity technique, the branch with highest SNR value will be selected from all the available
number of branches. The output of the SC combiner is equal to one branch which has the

highest value of SNR instead of the coherent sum of all individual branch signals [64, 72].
A. Expression for average detection probability in Non-fading environment

In this scheme, the branch with the highest value of S-channel SNR will be selected
from a total number of available diversity branches (N). In case of Non-fading environment
(AWGN channel), the expressions for false alarm (Q() and detection probabilities (Q,) under

the SC scheme are provided in [72] as;

—F(u’%) (3.14)

Qf sC =

Qusc =Q, (\/ 2ysc 1\/2) (3.15)
where ygc= max(y1, V2, - Yn)-

B. Expression for average detection probability in Rayleigh fading environment

Assuming N i.i.d. number of Rayleigh faded S-channels, the average detection probability

(Q,) expression using SC diversity technique at FC is obtained as [10];

i ) A n Lo—quel| A -
Q_:NNz_l(—l) N-1))( 1+i fﬁ(ij L1ty 1 e 2(1+i+?)_e*§“§lL
‘ i i+1( i 1+i+y oo n! (2 (1+1) n:on!2(1+i+7_/)

(3.16)
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C. Expression for average detection probability in Rician fading environment

If S-channel of CSS network is affected by Rician fading environment, the final expression

for average detection probability (Q,) is given in [110] as;

CjQ (W f)exp[ MJI{Z MJ[ {ﬁ w}]seczede

v v

(3.17)
where C =N (1+K)exp(-K)/7, 7, =tand, and dy,, =sec’ 4d6.

D. Expression for average detection probability in Nakagami-m fading environment

In case of Nakagami-m fading environment, the average detection probability (Q,) expression
is given in [111, 113] as;

_ N-1)ms ()™ >\ L y(nvua2)(m),
—1-NY (-1)" b*| = — =
% Eo( )[ k ] Jzo 1(7] (;/+m(1+k)J 5 T(n+u)n!

(3.18)

where bf = Zb |+1 K and J =min(k,m-1).

=
E. Expression for average detection probability in Hoyt fading environment

If S-channel of CSS network is affected by Hoyt fading environment, the average detection

probability (Q,) expression is given in [112] as;

o—d-l’?q(m,ﬁ)exp[w [“‘”94— J

Jp7° py Py

N-1

Py Py

(3.19)

where I,,(.) is n-th order modified fist kind Bessel function [115],

{m,n} \/(1+\/_)tan0/ p;/ and p= 4q/1+q
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F. Expression for average detection probability in Weibull fading environment

The expression for average detection probability using SC diversity technique at FC when the

S-channel of CSS network is affected by Weibull fading environment is given in [112] as;

c% c ¢\
Q_d:Nc{r(_p)} IQU («/2tan¢9,ﬁ)tan9°‘1exp {w} 1—exp {w} sec’ #dé
7 0 V4 4

(3.20)
wherep = 1 + 1/C and C = V/Z'
3.3.3. Square Law Selection (SLS) Diversity Technique

The square law selection (SLS) scheme is a non-coherent diversity technique. In SLS
diversity technique, each diversity branch has a square law device, and the branch with highest
decision statistic will be selected fOrom all the available number of diversity branches (N) [64,
72].

A. Expression for average detection probability in Non-fading environment

In this scheme, the output of square law selection device is the branch with highest test
statistic value, i.e. Y5, = max(Yy,Y; ....Yy). In case of Non-fading environment (AWGN
channel), expressions for false alarm (Q;) and detection probabilities (Q4) under the SLS

scheme are given in [72] as;

N

oy

Qa5 =1-]1- F(U) (3.21)
Qy.sts =1—lel[l—Qu (ﬁ : «/Z)} (3.22)

B. Expression for average detection probability in Rayleigh fading environment

Assuming N i.i.d. number of Rayleigh faded S-channels, the average detection probability

(Q,) expression using SLS diversity technique at FC is obtained as [110];

r %)( 7 ]

1- =
C(u+n)n! {1+,

1

Qd =1-

k

(3.23)

— N

IhMs
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C. Expression for average detection probability in Rician fading environment

If S-channel of CSS network is affected by Rician fading environment, the final expression for

average detection probability (Q,) is given in [110] as;

T ’/1 — n+1
o A)( Y _] lF{njtl;l;K(l—JrK_)} (3.24)

C(u+n)n! (1+K+y, 1+ K+

Q =1-— IN[ l_ﬁexp

Yk

zMS

D. Expression for average detection probability in Nakagami-m fading environment

In case of Nakagami-m fading environment, the average detection probability (Q,) expression

is given in [112] as;

Q, =1- ﬁ{l Alz( /2)” F(min+LB)+ [z[ J Li(B)+DLm1(B)n (3.25)

m+y,

A:exp(—/l/z)/(m/m+77k)m, B=7A/2(m+7) . C=y/(m+x)exp(-B),

—\m-1

D:(m"')/k/?/k)(m/m"'?/k)
E. Expression for average detection probability in Hoyt fading environment

If S-channel of CSS network is affected by Hoyt fading environment, the average detection

probability (Q,) expression is obtained as [112];

—_— n+1

o T 2 _

o -1 lm[ ;1 $ (u+n,2/ )[ p?/k_] F n+2 n+l, 1 Ez (3.26)
1+ py, 22 (1rpy)

kal - pyeio T(u+n)

F. Expression for average detection probability in Weibull fading environment

The expression for average detection probability using SLS diversity technique at FC when

S-channel of CSS network is affected by Weibull fading environment is given in [112] as;

n+c n+2c-1

k=1

Gt Pl @] st tlenda) 1
Q, =1-T]|1-(27) { " }nz_(; C(u+n)n! e {cl"(p)/y_k}C
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3.3.4. Maximal Ratio Combining (MRC) Diversity Technique

The maximal ratio combining (MRC) scheme is a coherent detection technique which
needs the channel state information. The need of channel state information in MRC diversity
technique may increase the design complexity. The MRC receiver combines all diversity
branches weighted with their corresponding complex fading gains. The instantaneous SNR of
MRC combiner output is sum of the SNRs of all N i.i.d. diversity branches [64, 72].

A. Expression for average detection probability in Non-fading environment

In MRC scheme, all CRs send their sensing information of PU in the form of energy
values with an appropriate weighting to FC. The weights are proportional to the received
instantaneous S-channel SNR of each CR. The output of MRC combiner is the sum of the
SNRs of all diversity branches (N). A new decision statistic Y,,z. occurs at the output of MRC

scheme. Yy . is represented by Yyrc=2 N, Y;w;, where Y; is the test statistic of the i-th branch

Vi

and w; =
Y1t+Y2...¥YN

is the weighting factor appropriate to each branch. In case of Non-fading

environment (AWGN channel), the expressions for false alarm (Qf) and detection probabilities

(Q4) under the MRC scheme are provided in [72] as;

A
Qf mre = F(ru(’—lKZ) (3.28)

Qe =Qu (V27 ure V7) (3.29)

where Y=, v, and y; denotes the instantaneous SNR at the output of MRC combiner.
B. Expression for average detection probability in Rayleigh fading environment

Assuming N i.i.d. number of Rayleigh faded S-channels, the average detection probability

(Q,) expression using MRC diversity technique at FC is obtained as [110];

SR T o
0 T(u+n)n! T(N) (1+y

C. Expression for average detection probability in Rician fading environment

If S-channel of CSS network is affected by Rician fading environment, the final expression

for average detection probability (Q,) is given in [110] as;
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Qd:[1+K J xp(-NK) U+n/) N”')[ 3 _j 1F1[”+N;N;_NK(1+_5-)}

J+1+K i0o C(u+n)nt T(N) (1+K+y 1+K+y

(3.31)
D. Expression for average detection probability in Nakagami-m fading environment

In case of Nakagami-m fading environment, the average detection probability (Q,) expression

is obtained as [112];
Nm - - B
_ /2
Q, = m_ Ln/)lﬁ Nm;n+1, /17/_ y_exp - /1m_
m+y ni2 2(m+y) |m+y m+y

R
i lm+y) M 2m+y) 7 y+m 2(m+y) |

L, (.) is Laguerre polynomial of degree n [115, section 8.970].

it

(3.32)

I |

E. Expression for average detection probability in Hoyt fading environment

If S-channel of CSS network is affected by Hoyt fading environment, the average detection

probability (Q,) expression is given in [112] as;

— (rq )} 2aT(u+n4/2)T(N+n)( q " N | .r(l—qz)
Qd_( J n§) r(u+n)n! F(N) (”—q) 2F1[E,n+N,N, (r+q)} (333)

F. Expression for average detection probability in Weibull fading environment

The expression for average detection probability using MRC diversity technique at FC when

S-channel of CSS network is affected by Weibull fading environment is [112];

! g et Tlomndy) (6] 1

Q=——"t—g>c G {n+Ne  n+Ne+c-1 (3.34)
F(N)(Ey) = I'(u+n)n! c ‘ - -

3.3.5. Equal Gain Combining (EGC) Diversity Technique

The equal gain combining (EGC) scheme is also a coherent detection technique which
the needs channel state information. The EGC requires only the knowledge of the phase of a
received signal which reduces the system complexity. In EGC scheme, the receiver combines
all diversity branches weighted with their phase [64, 72].
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A. Expression for average detection probability in Non-fading environment

In EGC, the measured energies are summed together with equal weights. The test
statistics of EGC follows a central square or a non-central square distribution under H, and H;
respectively. In case of Non-fading environment (AWGN channel), the expressions for false

alarm (Qy) and detection probabilities (Q4) under the EGC scheme are provided in [72] as;

r{u?)

Qf esc = F(U) (3.35)
Qi eec =Q, (\/ 2V ecc ,\/I) (3.36)

where ygec=Y N, i, and y; denotes the instantaneous SNR at the output of EGC combiner.
B. Expression for average detection probability in Rayleigh fading environment

Assuming N i.i.d number of Rayleigh faded S-channels, the average detection probability (Q,)
expression using EGC diversity technique at FC is derived as [114, Eq.(5.4)];

Qq ey (N M, 7, 4) = Py e (N, Nm, Nmy, NA) (3.37)

C. Expression for average detection probability in Rician fading environment

If S-channel of CSS network is effected by Rician fading environment, the final expression for

average detection probability (Q,) is given in [113] as;

%-0 [\/ 2NK y \//1(1+ K)J 03

1+K+7_/’ 1+K+;_/

D. Expression for average detection probability in Nakagami-m fading environment

In case of Nakagami-m fading environment, the average detection probability (Q,) expression
is obtained as [113];

5. Nt (4/2) Ay
Qd—a[Ai+/3’nZl =L F, mN,n+1,%(m+}_/) (3.39)

where a, 8, and G, are given by
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1 n<Nm-1

1 Nm _ N
o= —Nm—l (E] , ,B :r(Nm) 2}/_ e7/1/2’ gn = m
2" (Nm) |y M+ 1+7 n<Nm-1

G, = {Zle(Nm —W[%}m mi; exp[z(_nfr?)] & (mT?j N [ﬁﬂ

L, (.) is Laguerre polynomial of degree n [115, section 8.970].

The closed form of average detection probability expressions for Weibull and Hoyt fading

channels using MRC diversity technique is complex to derive.
3.4. Results and Discussions

In this section, simulation results are drawn to calculate the average detection
probability values using the complementary receiver operating characteristics (CROC) curves
and average detection probability versus sensing channel SNR curves. The conventional energy
detector and single antenna are used at each CR in the CSS network to analyze the performance.
The average detection probability value is calculated using diversity techniques (SC, SLC,
SLS, MRC, and EGC) in CSS network over different fading channels (Rayleigh, Rician,
Nakagami-m, Weibull, and Hoyt).
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Fig.3.3. Q4 versus ¥ graphs for different fading channels using SC diversity technique.

41



In Fig.3.3, performance is drawn between average detection probability (Q,) and
average sensing channel SNR (y) using selection combining (SC) diversity technique at FC
when CSS network is affected by various fading environments. Q, value increases with the
increment of S-channel SNR because the increased y value increases the signal strength and
decreases the noise value present in S-channel. Q, value is more with Non-fading environment
and it decreases by introducing the fading effect. The network parameters such as time band
width product u=10, probability of false alarm P¢=0.01, number of diversity branches N=3,
various fading parameters such as Rician fading parameter K=2, Nakagami-m fading parameter
m=3, Weibull fading parameter V=5, and Hoyt fading parameter q=0.3 are used in the
simulation. As S-channel SNR value increases from y=8dB to =10dB, Q, value increases by
54.2% in Non-fading environment, it increases by 49.3% in Weibull fading channel, and it
increases by 33.6% in Hoyt fading channel. From the above lines it can be concluded that the
average detection probability value is more in Weibull fading and less in Hoyt fading
environment in case of fading effect, whereas Non-fading environment achieves higher value

of Q4 compared to the fading environment.
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Fig.3.4. Q4 versus ¥ graphs for different fading channels using SLC diversity technique.

In Fig.3.4, the performance statistic is drawn between Q4 and ¥ curves using square
law combining (SLC) diversity technique at FC over various fading environments. The network

parameters such as u=10, Pr=0.01, N=3, various fading parameters such as K=2, m=3, V=5,

and g=0.3 are used in the simulation. As S-channel SNR value increases from y=8dB to
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7=100dB, Q, value increases by 64.6% in Non-fading environment, it increases by 60.7% in
Weibull fading channel, and it increases by 45.1% in Hoyt fading channel. In this case also,
detection probability value is more in Weibull fading and less in Hoyt fading environment,
where as Non-fading environment achieves higher value of Q; compared to the fading

environment, and a similar phenomenon is observed with other diversity techniques also.
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Fig.3.5. Q4 versus y graphs for different fading channels using SLS diversity technique.
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Fig.3.6. Q4 versus ¥ graphs for different fading channels using MRC diversity technique.
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A similar performance (Q4 vs 7) is evaluated in Fig.3.5 also using the square law
selection (SLS) combining diversity technique at FC when CSS network is affected by various
fading environments. The network parameters such as u=10, Py=0.01, N=3, various fading
parameters such as K=2, m=3, V=5, and g=0.3 are used in the simulation. Due to the high
probability of false alarm in SLS diversity technique, for lower values of S-channel SNRs,
detection probability value is less, and Q, value increases at higher S-channel SNRs. As S-
channel SNR value increases from 7=8dB to 7=10dB, Q, value increases by 60.7% in Non-
fading environment, it increases by 54.5% in Weibull fading channel, and it increases by 37.2%

in Hoyt fading channel.

In Fig.3.6, Q4 vs average S-channel SNR performance is evaluated using maximal ratio
combining (MRC) diversity technique at FC over different fading environments. The network
parameters such as u=10, Pr=0.01, N=3, various fading parameters such as K=2, m=3, V=5,
and g=0.3 are used in the simulation. As S-channel SNR value increases from y=8dB to
7=10dB, Q4 value increases by 73.2% in Non-fading environment, it increases by 64.2% in

Weibull fading channel, and it increases by 52.3% in Hoyt fading environment.
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Fig.3.7. Q4 versus ¥ graphs for different fading channels using EGC diversity technique.

In Fig.3.7, Q4 vs average S-channel SNR performance is evaluated using equal gain
combining (EGC) diversity technique at FC over different fading environments. The network

parameters such as u=10, P,=0.01, N=3, various fading parameters such as K=2, m=3, V=5,
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and g=0.3 are used in the simulation. As S-channel SNR value increases from y=8dB to
7=10dB, Q, value increases by 76.1% in Non-fading environment, it increases by 67.1% in

Weibull fading channel, and it increases by 54.3% in Hoyt fading environment.

In Fig.3.8, performance is analyzed with CROC curves which are drawn between
average missed detection probability (Q,,) and average probability of false alarm (Q_f) using
SC diversity technique at FC over various fading environments. As Q_f value increases, Q,,
value decreases. The network parameters such as u=10, y=5dB, 6dB and 7dB, N=3, various
fading parameters such as K=2, m=3, V=5, and gq=0.3 are used in the simulation. Q,,, value is
more in Hoyt fading and less in Weibull fading environment, where as Non-fading environment
achieves lower value of Q,, compared to fading environment. As the average probability of
false alarm value increases from Q;=0.1to Q;=0.2, Q,, value decreases by 32.2% in Weibull
fading channel, it decreases by 19.9% in Hoyt fading channel, and it decreases by 38.4% in
Non-fading environment. From the above lines it can be concluded that Q,, value increases

with fading effect.
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Fig.3.8. CROC graphs for different fading channels using SC diversity technique.

In Fig.3.9, performance is drawn between Q,, and Q_f values using SLC diversity

technique at FC over various fading environments. As the average probability of false alarm

value increases, average missed detection probability value decreases. The network parameters
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such as u=10, y=5dB, 6dB and 7dB, N=3, various fading parameters such as K=2, m=3, V=5,
and g=0.3 are used in the simulation. Q,,, value is more in Hoyt fading and less in Weibull
fading environment in case of fading while Non-fading environment achieves lower value of
Q,, compared to fading environment, and a similar phenomenon is observed with other
diversity techniques also. As the average probability of false alarm value increases from
Q7=0.1 to Q;=0.2, Q,, value decreases by 47.5% in Weibull fading channel, it decreases by
22.9% in Hoyt fading channel, and it decreases by 59.8% in Non-fading environment. Q,,, value

less in Non-fading environment compared to fading environment.
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Fig.3.9. CROC graphs for different fading channels using SLC diversity technique.

In Fig.3.10, simulation is drawn to calculate average missed detection probability value
using SLS diversity technique at FC over various fading environments. As the average
probability of false alarm value increases, average missed detection probability value
decreases. The network parameters such as u=10, y=5dB, 6dB and 7dB, N=3, various fading
parameters such as K=2, m=3, V=5, and g=0.3 are used in the simulation. As the average
probability of false alarm value increases from Q_f:O.l to Q_f:O.Z, Q,,, value decreases by

42.2% in Weibull fading channel, it decreases by 21.6% in Hoyt fading channel, and it
decreases by 51.7% in Non-fading environment.
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Fig.3.10. CROC graphs for different fading channels using SLS diversity technique.
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Fig.3.11. CROC graphs for different fading channels using MRC diversity technique.
Similar performance (Q,, vs Q) is evaluated in Fig.3.11 also using MRC diversity

technique at FC over various fading environments. As the average probability of false alarm
value increases, average missed detection probability value decreases. The network parameters
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such as u=10, y=5dB, 6dB and 7dB, N=3, various fading parameters such as K=2, m=3, V=5,
and g=0.3 are used in the simulation. As the average probability of false alarm value increases
from Q;=0.1to Q;=0.2, @, value decreases by 49.7% in Weibull fading channel, it decreases

by 26.6% in Hoyt fading channel, and it decreases by 61.8% in Non-fading the environment.
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Fig.3.12. CROC graphs for different fading channels using EGC diversity technique.

Similar performance (Q,, vs Q) is evaluated in Fig.3.12 also using EGC diversity
technique at FC over various fading environments. As the Q_f value increases, Q,, value
decreases. The network parameters such as u=10, y=7dB, N=3, and various fading parameters
such as K=2, m=3, V=5, and g=0.3 are used in the simulation. As the average probability of
false alarm value increases from Q;=0.1to Q;=0.2, Q,, value decreases by 54.6% in Weibull
fading channel, it decreases by 31.3% in Hoyt fading channel, and it decreases by 65.7% in

Non-fading environment.

In table 3.1, average detection probability values are noted from simulations which are
drawn for various diversity techniques over different fading environments. The network
parameters such as u=10, Pr=0.1, N=3, various fading parameters such as K=2, m=3, V=5, and
g=0.3 are used in the simulation. From table 3.1, we can conclude that SC diversity gives lower
Q. value and EGC diversity gives higher Q, value. The average detection probability value

decreases with fading effect present in the environment.
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Diversity | Non-fading | Rayleigh Rician Nakagami-m | Weibull Hoyt
techniques | environment |  fading fading fading fading fading

(AWGN)

Average detection probability (Q,) values

SC 0.6639 0.5312 0.5857 0.6069 0.6358 0.5014
SLS 0.7911 0.7189 0.7328 0.757 0.7789 0.6841
SLC 0.8748 0.7407 0.8084 0.8277 0.8502 0.7184
MRC 0.9756 0.7583 0.8371 0.8757 0.9170 0.6675
EGC 0.9889 0.782 0.8796 0.918 0.9532 0.7087

Table.3.1. Q, values for various diversity techniques in different fading environments.

3.5. Conclusions

In this chapter, we have evaluated the performance of the cooperative spectrum sensing
(CSS) network under different soft data combining techniques in various fading environments.
The performance is analyzed using complementary receiver operating characteristics (CROC)
curves and sensing channel SNR versus average detection probability curves. The average
detection probability (Q,) and average missed detection probability (Q,,) values are calculated
using different diversity techniques such as SC, SLC, SLS, MRC, and EGC over various fading
channels like Rayleigh, Rician, Nakagami-m, Hoyt, and Weibull fading environments in CSS
network. To draw the simulations, a numerical framework for CSS network with soft data
schemes in a wide variety of fading scenarios is presented.

The average detection probability values are calculated using different diversity
techniques over various fading environments to identify which diversity technique gives higher
detection probability value. It is observed from the simulations that detection performance is
improved with soft data techniques in the presence of fading environments. From the
simulation, we can conclude that selection combining diversity gives lower Q, value and equal
gain combining diversity technique gives higher Q, value. The Non-fading environment gives
higher Q4 value and its value decreases by introducing the fading effect. In case of fading
environment, Q, value is higher in Weibull fading environment and lower in Hoyt fading

environment.
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Chapter-4

Performance Analysis of CSS Network using Censoring Schemes

4.1. Introduction

The cooperative spectrum sensing (CSS) network has been proposed to overcome the
drawbacks present in spectrum sensing network and to improve the detection probability when
fading and shadowing effects are present. With the cooperation of multiple SUs in the CSS
network, detection probability increases and hidden terminal problem also eliminated. The final
decision about the PU is made at FC using various fusion rules. The conventional energy
detector (CED) scheme is frequently used to identify the vacant bands of the spectrum because
it is easy to implement, system complexity is less, and non-coherent [10, 54]. In [15], authors
showed that improvement in detection performance using CSS network in different fading
channels. Most of the literature dealt while sensing channel (S-channel) is faded with different
fading environments and reporting channel (R-channel) is considered as an ideal channel [57-
61]. In practice, both S-channel and R-channel are faded and noisy. Though the CSS network
improves the detection performance even in the presence of shadowing and fading effects, due
to heavily faded radio links in R-channel, the information received at the FC is likely to be
erroneous. So, it is better to eliminate these heavily faded CRs in R-channel to improve the

detection probability.

The censoring schemes [95] are used to eliminate the heavily faded radio links in R-
channel. Two different types of censoring schemes are available in the literature such as Rank
based censoring scheme and Threshold based censoring scheme [24]. These censoring

techniques are used to eliminate the heavily faded CR links so that complexity of the network
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is reduced and detection probability of PU is improved. Censoring techniques are also used to

eliminate the trade-off between energy efficiency and detection probability.

In this chapter, we discuss the performance evaluation of missed detection probability
and total error probability using the censoring techniques in R-channel of CSS network when
it is affected by different fading environments such as Rician, Weibull, and Hoyt fading effects.
The performance is evaluated using the conventional energy detection (CED) scheme and a
single antenna at each CR in CSS network with perfect and imperfect reporting channel
estimations. We have considered both S-channel and R-channel of CSS network are affected
by Rician, Weibull, and Hoyt fading channels respectively. The Rank based and Threshold
based censoring schemes are used to eliminate the heavily faded R-channel links in CSS
network. The final decision about the primary user is made at fusion center using the hard

decision fusion rule (Majority logic) and soft data fusion rule (MRC Rule) individually.

Furthermore, the performance of soft decision-based fusion rule is compared with hard
decision-based fusion rule under the impact of channel nature (perfect/imperfect). Estimation
techniques are used on fading coefficients to characterize the channel present between CRs and
FC. The closed-form of expression for the estimation error in the imperfect R-channel is
derived for various fading channels such as Rician, Weibull, and Hoyt fading environments.
The mean and variance expressions of estimation error are derived for each fading channels.
Simulations are carried out to know the missed detection probability (Q,,) and total error
probability (Qm + Qf) performance for both perfect and imperfect channel estimations by
varying the network parameters such as sensing channel SNR, reporting channel SNR, false
alarm probability (Py), Rician fading parameter (K), Hoyt fading parameter (q), number of CR

users (N), and censoring threshold value (C;y,).
4.2. System Model

Figure 4.1 shows the system model of conventional energy detection (CED) technique.

The complete description about the CED scheme is provided in section 3.2.

BPF 2 T H,/H,
— — O 5 [O |- ;l: —
X(t) i

Fig 4.1. Block diagram of conventional energy detector.

51



The expressions for probability of false alarm (Py), probability of detection (P;), and missed

detection probability (P,,) over AWGN channel are given in [10] as;

P, =(Y>A|H)=Q,(y2r.2) 4.1)
r{0)

Pi=(Y>A|Hy)= ) (4.2)

P, =1-F, (4.3)

In Eq.(4.1), Q, represents the marcum-Q function [107], in Eq.(4.2), T'(,) represents

incomplete gamma function, and I'() represents the upper complete gamma function [108].

Figure 4.2 shows the cooperative spectrum sensing (CSS) network model. Using this
network, PU is detected by the cooperation of multiple CRs. This network consists of sensing
channel (S-channel), reporting channel (R-channel), multiple CRs, a PU, and an FC. Due to
the deep fading effect in R-channel, radio links present in CSS network are heavily faded so
that information associated with CRs is corrupted. The information received from these CRs at
FC is erroneous. Hence, censoring schemes are applied to eliminate these CRs to improve the

detection probability and to reduce the system complexity.

Fusion center

- Reporting channel

—————————————————— Censored link

Primary user Selected to transmit

Fig 4.2. Cooperative spectrum sensing network model with censored CRs.
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4.2.1. Rician Fading Channel

We have considered the Rician fading in both the channels of CSS network. If the signal
present in a channel follows a Rician distribution, then all the fading coefficients also follows

a Rician fading effect. The PDF of Rician fading is given in [10, 64] as;

f(y):ﬂexp[—K—M}*lo(Z /Mj (4.4)
v 4 v

where y is average S-channel SNR and K-is Rician fading parameter. The average detection

probability for Rician channel (P, g;.) is given in [10] as;

s 2Ky [A(K+1) 45
Pore |”1_Q[\/k+1+7_/ '\/k+1+7_/ ] (43)

4.2.2. Hoyt Fading Channel

If both the channels of CSS network are affected by Hoyt fading, then the entire fading
coefficients follows a Hoyt distribution. The PDF of Hoyt distribution is given by [64, 67];

fa(a)=—(1+q2)aexp[—(1+q22)2a2jIO((l_q:)azj a=0 (4.6)
(0(@) 49°Q 49°Q

where ,(.) is the zeroth-order modified Bessel function of the first kind and q represents the
Hoyt fading parameter which ranges from 0 to 1. If we substitute g= 1 in Eq. (4.6), PDF of

Hoyt distribution reduces to Rayleigh distribution expression.

Let’s consider o, = g’ and o, = Q then Eq.(4.6) reduces to
1+ q? 2 \1+9® a4
f (a)—iexp _a_z i+i | a_z i_i >0 4.7
¢ 0,0, 4\a? o))’ 4\a? of “= St

Missed detection probability expression for Hoyt fading channel is [67];

1 2/p 2/p
Pm=E[1+exp(—A/1 ) 1,(BA*P)=2Q(uy,v,) | (4.8)

where

A:[lj(iz+iz) B:[EJ(%—%J, u1=\/(A— AZ-szﬂf"’ ,V1=\/(A+x/A2—Bz)/12”’
4 )\ o, o 4 )\ o, o
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4.2.3. Weibull Fading Channel

If both the channels of CSS network are affected by Weibull faded, then the entire fading
coefficients follows a Weibull distribution. The PDF of Weibull distribution is given by [116];

f(y)=c {@} 7*exp {— {L(P)} } >0 (4.9
Y 4

where =Y/, P =1+ 1/, and V- is weibull fading parameter.

The average detection probability for Weibull channel (Py ;) is given in [117] as;
4 u
gl () 2°A

Pd wei — ] 1 1 (Il—Fllel(ll-i-l,u—i—l,i) (410)
P- T E 2 2

=0 Uy 2yllle
1%
where A:{F[HVH .

4.3. Fusion Rules

4.3.1. Majority Logic Fusion Rule

Majority logic is a hard decision fusion rule. If FC receives sensing information in the
form of one-bit data (either 0 or 1) from all CRs, then the final decision about the PU can be
made at FC using majority logic. Because of censoring schemes in the R-channel, out of P CRs
in the network only k numbers of CRs are selected to transmit the data to FC through R-channel.

The received decision is denoted as [87];

_{1 if the received decisionis H,
k

~ |0 if the received decision is H, (4.11)

where ke {1,2,......P}. Finally, majority logic can be applied at FC with the help of following

expression [87];

: P
H, if Z u, > E+1
U, =F(ul.....up) = k? 5 (4.12)
H, if > u <—+1
k=1 2
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4.3.2. Maximal Ratio Combining (MRC) Rule

The MRC rule is a soft decision fusion rule. If FC receives the sensing information in
the form of energy values, then the final decision about the PU can be made using MRC Rule.

The expression for selecting the CRs using MRC logic is given in [91] as;

P f (ka | Hl)
_ d1T) (4.13)
: g f (yk,d | Ho)
74\2/;b Re( Yk d hk)
e By, +(1-P,, )e
= d d 414
lk_:! 74\2/§Re(ykyd h;) ( )
P, +(1-P;, Je
E o’
where oy =E,c’+0; =—""~+0, (4.15)
h ,+o

For the perfect channel, the variance of estimated channel coefficient (0: ) value is zero. Then,
Eq. (4.15) reduces to o’ =,
Applying logarithm on both sides to Eq. (4.14), after simplification, it reduces to

2 [E X x
A =log(n) = =5 (P, — Py )Re(y, 4 hi) (4.16)
k=1

w

If the selected CRs have identical local performances, then A, can be further simplified as

follows

K *
Avpre =z Re(yk,d hk) (4.17)
k=1

hk is the complex conjugate of hy. At FC decision can be taken in favor of H, or H, by

comparing Apgc With the threshold value.
4.4. Censoring in Reporting Channel

The decision about the PU is passed to the FC in the form of BPSK signal through the fading

environment of R-channel. The signal received from k-th CR at FC is

Y, =hm, +n, (4.18)
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where m,, is BPSK signal, my, € (\/E,, —/ Ep) for H; and H, respectively. Let us assume that
n; and h;, are mutually independent. The fading coefficients (h;) present in the R-channel are

estimated by minimum mean square estimation (MMSE) strategy as follows [91];

r/]\k:E[hk/yk]:y \/E_b (4.19)

k 2
E, +o]

substituting Eq. (4.18) in Eq. (4.19)

n .[E
= E, 5 h + b >N, (4.20)
E, +o, E, +o,

In the above equation, h, represents the estimated value of fading coefficient (h; ) after

using MMSE estimation and Ej, represents the bit energy of R-channel radio link. Finally, the

channel estimation error (Hk ) can be calculated as;
h =h —h (4.21)

We have assumed that the estimation error has zero mean complex Gaussian random variable

and variance value is [91]

-1
E
05 = [—g+1j (4.22)

O,

4.4.1. Estimation Error in Rician Fading Channel

For k-th Rician faded R-channel, the actual fading coefficient h; can be expressed in terms of

in-phase hy; and quadrature hy, components as;
h = (hkl + Jhg )% (4.23)

The mean and variance of h;, when it follows Rician distribution are [64];

th e = E [N ] = O'\EL% (-] (4.24)

(Iic*)

ofyRice =20% +V? —T Lf,z (—V2 /(20‘2) (4.25)

Estimated k-th Rician faded R-channel coefficient (hAk ) can be calculated by substituting Eq.
(4.23) in Eq. (4.20);
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A

== (h,+ihg) P+ £nk (4.26)

E, +o; E, +07

n

Estimation error for k-th R-channel fading coefficient can be calculated by substituting Eq.

(4.26) in Eq. (4.21);

E, +o, E, + of
h =[1_ E, Z}hk B, (4.28)
E, +o, E, +o,
Substituting Eq. (4.23) in Eq. (4.28) gives the estimation error expression for Rician faded
R-channel;
- 0_2 y \/_
“ E,+o’ ( o + I, ) E, +o’ “ ( )

The mean and variance of Hk can be evaluated by using Eq.(4.24) and Eq.(4.25) as

“ _E{h;}_E{ o (hk|+jh )}/ JE nk} (4.30)

2
E, +o E, +o;

ﬂh_kyrice:E[Hk}: % E[(hk,+jth)ﬂ—£E[nk] (4.31)

2 2
E,+o; E, +o,

We have assumed that mean value of noise component is zero, then Eq. (4.31) reduces to

—_Elh s [F1 [V 1
luh;,rice =E |:hkj| B O-\/;L% ( AO'Z)]_—FZ (432)

Similarly, final expression for the variance of estimation error (¢> ) is

h,Rice

2

- = ;[]/r +O_h Rlce:| (433)
hRice (1+ 7r)

4.4.2. Estimation Error in Hoyt Fading Channel

For k-th Hoyt faded R-channel, the actual fading coefficient h; can be expressed in terms of

in-phase hy,; and quadrature h,, components as;
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h =(hy + jhg )% (4.34)

The in-phase hy; and quadrature h,, components for Hoyt fading can be generated as

he ~(0,07), hy ~(0,07) (4.35)

2 2
where o, = % , 0, = ’137 , and g-is Hoyt fading parameter.

The mean expression for Hoyt fading channel is [67];

MF@) 35, B
A hoyt = E[hk]:TQF [Z’Z’l’?j (436)
2 2\2 At
where Q=07 +0; , q=22, AZw,and g ZCI).
0 q q
The variance expression for Hoyt fading channel is
2
4*1“@] 35, B°
riee = Q| 1| —=2F L 4.37
O Rice A (4 4 Az) ( )

The estimated k-th Hoyt faded R-channel coefficient (. ) can be calculated using the procedure
given in section 4.4.1.The mean and variance expressions of estimation error Hoyt faded R-

channel coefficient are

L etlZ) s s
H :E[hk}:—QF R ) (4.38)
h,Hoyt A 447 A 14y,
2 1 . 2
o = L7+ i | (4:39)

- - —\2
h,Hoyt (1+}/r)
4.4.3. Estimation Error in Weibull fading Channel

For k-th Weibull faded R-channel, the actual fading coefficient h; can be expressed in terms

of in-phase hy; and quadrature h,, components as [22];

h =(h, + jhyg )% (4.40)
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The estimated k-th Weibull faded R-channel coefficient (hAk ) can be calculated as;

©_E L% B
hk_Eb+bG:(hkl+Jth) +Eb+0§ n, (4.41)

The estimation error for k-th R-channel coefficient can be calculated as;

- __o o % B
hk :m(hkl + Jth) — Eb +O_§ nk (442)

4.5. Censoring Techniques

With the help of censoring schemes, heavily faded radio links of R-channel in CSS
network are removed. There are two different types of censoring techniques are addressed in

the literature namely Rank based censoring scheme and Threshold based censoring scheme.
4.5.1. Rank Based Censoring Scheme

Rank based censoring scheme is applied to the estimated channel coefficients. All the
fading coefficients are arranged Rank wise, then FC selects the k CRs, whose R-channel fading
coefficients having highest estimated channel coefficient amplitude. All these estimated
channel coefficients are gathered at FC and the fusion rules are applied to identify the presence
of PU activity [24].

4.5.2. Threshold Based Censoring Scheme

In threshold based censoring scheme, a particular CR can be transmitted if the
amplitude of estimated R-channel coefficient is greater than censoring threshold (Cy;). The

probability of selecting a CR for different faded R-channel coefficients is [24]

p:Pr(

Using the binomial distribution, the probability of selecting k CRs from P CRs can be

n

hk

> ij (4.43)

calculated as follows

P (k) =(Ej p*(1-p)" " (4.44)

In Eq. (4.44), P(K) represents the probability of selecting k CRs, P is a total number of CR

users, and k represents the number of CRs which are gathered at FC.
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4.6. Results and Discussions

In this section, simulation results are drawn to evaluate the performance of missed
detection probability and total error probability using the censoring schemes in CSS network.
The performance comparison between MRC Rule and majority logic is provided. The
performance is also evaluated with perfect and imperfect channel estimations. Two censoring
schemes are applied individually in CSS network when it is affected by Rician, Weibull, and

Hoyt fading effects respectively.

The performance evolution of missed detection probability (Q,,) as a function of
number of CR users (N) is shown in Fig.4.3. To evaluate this performance two different R-
channel SNR values (namely -9dB and -7dB), S-channel SNR=15dB, probability of false alarm

P=0.05, and Rician fading parameter K=3 are considered as network parameters. The

performance comparison between perfect and imperfect channel estimation is provided in
Fig.4.3 using majority logic at fusion center (FC) over Rician fading channel. Particularly, R-
channel SNR is considered as variable parameter (-9dB and-7dB) to show the effect of R-
channel SNR on @,, value. As R-channel SNR value increases from -9dB to -7dB, Q,,, value
decreases with both perfect and imperfect channel estimations. As R-channel SNR value
increases, noise level reduces in the channel. Furthermore, according to Eq. (4.22), as R-
channel SNR value increases, estimation error variance value decreases and this makes further
a reduction of average estimation error. Hence, this reduces estimation error reduces the missed
detection probability. It can also be observed from Fig.4.3 that Q,,, value is more with imperfect
channel estimation compared to perfect channel estimation; this is due to the estimation error
present in the channel. Q,,, value becomes constant with perfect channel estimation after N=15
which is due to FC choosing the CRs which are having lowest probability of getting rejected.
For an instant, at N=8 and R-channel SNR increases from -9dB to -7dB, Q,, value decreases
by 26.1% with perfect channel estimation and it decreases by 25.7% with imperfect channel
estimation. If the channel is considered as perfect channel instead of imperfect channel, then
Q,,, value decreases by 28.8% at R-channel SNR=-9dB, N=10, and using majority logic at FC.
The performance comparison between Rayleigh and Rician fading channels are also provided
in Fig.4.3. Q,,, value is 42.7% less with perfect channel estimation in Rician fading compared
to Rayleigh fading channel at R-channel SNR=-9dB and N=10.
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—O— R-SNR=-7dB, Rayleigh, perfect
R-SNR=-7dB, Rayleigh, imperfect

—%— R-SNR=-7dB, Rician, perfect

—V— R-SNR=-9dB, Rician, perfect

4 —<&— R-SNR=-7dB, Rician, imperfect

N —+— R-SNR=-9dB, Rician, imperfect

m

o
/

missed detection probability (Q

number of CR users (N)

Fig.4.3. Q,, versus N graphs for different R-channel SNRs using Majority logic at FC.

In Fig.4.4, the effect of S-channel SNR on Q,,, value as a function of N is discussed. It
can be observed from the graph that as N value increases, Q,, value decreases because
cooperation among the users increases. S-channel SNR is considered as variable parameter to
show the effect of S-channel SNR on @,,, is observed by using majority logic at FC. The
performance is evaluated with perfect and imperfect channel estimations and comparison

between them also provided.

—H— S-SNR=15dB, Rayleigh, perfect

- i’i
— S-SNR=15dB, Rayleigh, imperfect
) —<— S-SNR=10dB, Rician, perfect
—<— S-SNR=15dB, Rician, perfect
\ EFR — % S-SNR=10dB, Rician, imperfect
\ N, —+— S-SNR=15dB, Rician, imperfect

missed detection probability (Qm)

5 10 15 20 25
number of CRs (N)

Fig.4.4. Q,,, versus N graphs for different S-channel SNRs using Majority logic at FC.
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The network parameters such as S-channel SNR=10dB and 15dB, R-channel SNR=-
7dB, P¢=0.05, and K=3 are used to simulate this graph. As S-channel SNR value increases,
fading effect decreases and signal strength increases in S-channel this leads to improve the
sensing information about the PU. For a particular case, N=10 and S-channel SNR value
increases from 10dB to 15dB, Q,, value decreases by 53.7% with perfect channel estimation
and it decreases by 34.9% with imperfect channel estimation. If the channel is considered as
perfect channel instead of imperfect channel, then Q,,, value decreases by 47.6% at S-channel
SNR=15dB and N=10 using majority logic at FC. The performance comparison between
Rayleigh and Rician fading channels are also provided. @, value is 40.1% less with perfect
channel estimation in Rician fading compared to Rayleigh fading channel at S-channel
SNR=15dB and N=10.

N —S— R-SNR=-7dB, Rayleigh, perfect
R-SNR=-7dB, Rayleigh, imperfect

* —<— R-SNR=-7dB, Rician, perfect

A —#— R-SNR=-9dB, Rician, perfect

E ROk ician, |
(e R-SNR=-7dB, Rician, imperfect
2 BN ~ -~ R-SNR=-9dB, Rician, imperfect
< S
Es] O— =
e A .
g Seco—-o-o0--o o o6 <
= =
S i
S 2N
2o
<5}
k=] +=
+
he] - -
5] 10 +~ . B .
2 L B —t——t—-
e
; O—Oo—0— S s
5 10 15 20 25

number of CRs (N)

Fig.4.5. Q,,, versus N graphs for different R-channel SNRs using MRC Rule at FC.

In Fig.4.5, Q,, performance is shown as a function of N. MRC rule is used at FC to
decide the PU activity in Rician fading with perfect and imperfect channel estimation. In
Fig.4.5, performance comparison between Rayleigh channel and Rician channel is also
provided for various values of R-channel SNRs. It can also observed from the graph that Q,,
value is more with imperfect channel estimation compared to perfect channel estimation. The
R-channel SNR is considered as variable parameter (-9dB and -7dB), S-channel SNR=15dB,
P¢=0.05, and K=3 are chosen as network parameters to simulate this graph. For a particular
value of N=10 and R-channel SNR increases from -9dB to -7dB, Q,,, value decreases by 24.9%

with perfect channel estimation and it decreases by 12.8% with imperfect channel estimation.
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If the channel is considered as perfect channel instead of imperfect channel, then Q,, value
decreases by 29.8% at R-channel SNR=-7dB and N=10 using MRC rule at FC. Q,,, value is
56.2% less with perfect channel estimation in Rician fading compared to Rayleigh fading
channel at R-channel SNR=-7dB and N=10. Q,,, values are less with MRC rule compared to

majority logic.

| — 1t S-SNR=15dB, Rayleigh, perfect

‘ S-SNR=15dB, Rayleigh, imperfect

— ¥ S-SNR=10dB, Rician, perfect

—<— S-SNR=15dB, Rician, perfect
S-SNR=10dB, Rician, imperfect

— % S-SNR=15dB, Rician, imperfect

missed detection probability (Qm)

o = NN

c—6—o
S—S—-6—-o—-o-0oo-o

=

107

5 10 15 20 25
number of CRs (N)

Fig.4.6. Q,,, versus N graphs for different S-channel SNRs using MRC Rule at FC.

Fig.4.6 is drawn between Q,,, and N considering S-channel SNR as variable parameter
with perfect and imperfect channel estimation in Rician fading using MRC rule at FC. As S-
channel SNR increases, Q,, value decreases in both perfect and imperfect channel estimation.
The network parameters used in the simulation to get Fig.4.6 are R-channel SNR=-7dB,
S-channel SNR=10dB and 15dB, P=0.05, and K=3. As S-channel SNR value increases from
10dB to 15dB, Q,, value decreases by 72.1% with perfect channel estimation and it decreases
by 50.9% with imperfect channel estimation at N=10. Q,,, value with perfect channel is 58.1%
lower than imperfect channel at N=8 and S-channel SNR=15dB. Q,, value is 65.1% less with
perfect channel estimation in Rician fading compared to Rayleigh fading channel at S-channel
SNR=15dB and N=10.

Fig 4.7 is drawn between Q,,, and N using majority logic at FC in Hoyt fading channel.
The performance comparison between both perfect and imperfect channels as a function of R-
channel SNR is provided. We have considered two different R-channel SNR values (-9dB and
-7dB), S-channel SNR=15dB, P;=0.05, and Hoyt fading parameter q=0.5 as network
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parameters. As R-channel SNR increases, Q,,, value decreases. For a particular case, at N=10

and R-channel SNR value increases from -9dB to -7dB, @Q,, value decreases by 11.8% with

perfect channel estimation and it decreases by 9.1% with imperfect channel estimation. We can

also observe that after a particular value of N=17, @,,, value becomes constant in case of perfect

channel because FC may select the CRs which are having lower probability of getting rejected.

Q,, value is more with imperfect channel compared to perfect channel estimation. The

comparison between Hoyt fading and Rayleigh fading channels are also provided in Fig.4.7.

Q.,, value is 17.6% more with perfect channel estimation in Hoyt fading channel compared to

Rayleigh fading channel at R-channel SNR=-9dB and N=10.

—<— R-SNR=-7dB,
R-SNR=-7dB,

Rayleigh, perfect
Rayleigh, imperfect

missed detection probability (er)

—t— R-SNR=-7dB,
— = — R-SNR=-9dB,

o R-SNR=-7dB,
S R-SNR=-9dB,

Hoyt, perfect
Hoyt, perfect
Hoyt, imperfect
Hoyt, imperfect

15
number of CRs (N)

Fig.4.7. Q,, versus N graphs for different R-channel SNRs using Majority logic at FC.

missed detection probability (Qm)

10"

—o S g B g5 e b5 oot

—— S-SNR=15dB,

S-SNR=15dB,
—o&— S-SNR=10dB,
—&— S-SNR=15dB,
—+— S-SNR=10dB,
Ty ——— S-SNR=15dB,

Rayleigh, perfect
Rayleigh, imperfect
Hoyt, perfect

Hoyt, perfect

Hoyt, imperfect
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~

=

' '
¢

4

15
number of CRs (N)

20 25

Fig.4.8. Q,,, versus N graphs for different S-channel SNRs using Majority logic at FC.
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Fig.4.8 describes the effect of S-channel SNR on Q,,, using majority logic at FC in Hoyt
fading channel. The performance comparison between perfect and imperfect channel
estimation is provided. We have considered R-channel SNR=-7dB, S-channel SNR=10dB and
15dB, P;=0.05, and g=0.5 to simulate this graph. As S-channel SNR value increases from 10dB
to 15dB, Q,, value decreases by 56.1% with perfect channel estimation and it decreases by
50.6% with imperfect channel estimation at N=10. Q,,, value decreases by 15.4% when the
nature of the channel changes from imperfect to perfect channel estimation at S-channel
SNR=15dB and N=10. The performance comparison between Rayleigh and Hoyt fading
channels are also provided. Q,, value is 20.1% more with perfect channel estimation in Hoyt

fading channel compared to Rayleigh fading channel at S-channel SNR=15dB and N=10.

0.5 —&— R-SNR=-7dB, Rayleigh, perfect

‘ R-SNR=-7dB, Rayleigh, imperfect
N —<%— R-SNR=-7dB, Hoyt, perfect
—+— R-SNR=-9dB, Hoyt, perfect

=\ “— R-SNR=-7dB, Hoyt, imperfect

0.6 \ — = R-SNR=-9dB, Hoyt, imperfect

missed detection probability (Qm)

e oo o cocoooossEE5EEES

r r r r - - T %

5 10 15 20 25
number of CRs (N)

Fig.4.9. Q,,, versus N graphs for different R-channel SNRs using MRC Rule at FC.

In Fig.4.9, Q,, performance is shown as a function of N. MRC rule is used at FC to
decide the PU activity in Hoyt fading with perfect and imperfect channel estimation. In Fig.4.9,
performance comparison between Rayleigh channel and Hoyt channel is provided for various
values of R-channel SNRs. The R-channel SNR is considered as variable parameter (-9dB and
-7dB), S-channel SNR=15dB, P;=0.05, and q=0.5 are chosen as network parameters to
simulate this graph. For a particular value of N=10 and R-channel SNR value increases from -
9dB to -7dB, Q,,, value decreases by 9.5% with perfect channel estimation and it decreases by
3.5% with imperfect channel estimation. If the channel is considered as perfect channel instead

of imperfect channel, then Q,,, value decreases by 5.8% at R-channel SNR=-7dB and N=10.
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Q,,, value is 17.6% more with perfect channel estimation in Hoyt fading channel compared to
Rayleigh fading channel at R-channel SNR=-7dB and N=10. Q,,, values are less with MRC rule

compared to majority logic.

)

—©— S-SNR=15dB, Rayleigh, perfect

N X S-SNR=15dB, Rayleigh, imperfect

AR —— S-SNR=10dB, Hoyt, perfect

e —+— S-SNR=15dB, Hoyt, perfect
B S-SNR=10dB, Hoyt, imperfect

oo\ A & < S-SNR=15dB, Hoyt, imperfect

N
O:
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i
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missed detection probability (Qm)
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5 10 15 20 25
number of CRs (N)

Fig.4.10. Q,, versus N graphs for different S-channel SNRs using MRC Rule at FC.

Figure 4.10 is drawn between Q,, and N considering S-channel SNR as variable
parameter with perfect and imperfect channel estimation in Hoyt fading using MRC rule at FC.
The R-channel SNR=-7dB, S-channel SNR =10dB and 15dB, P;=0.05, and g=0.5 are
considered asss network parameters. As S-channel SNR value increases from 10dB to 15dB,
Q.,, value decreases by 62.1% with perfect channel estimation and it decreases by 57.6% with
imperfect channel estimation at N=10. @,,, value with perfect channel is 15.6% lower than
imperfect channel at N=8 and S-channel SNR=15dB. Q,, value is 21.6% more with perfect
channel estimation in Hoyt fading compared to Rayleigh fading channel at S-channel
SNR=15dB and N=10.

Figure 4.11 is drawn between @,,, and N using majority logic at FC in Weibull fading
channel. The performance comparison between both perfect and imperfect channels as a
function of R-channel SNR is provided. We have considered two different R-SNR values (-
9dB and-7dB), S-channel SNR=15dB, P;=0.05, and Weibull fading parameter V=5 as network
parameters. For a particular case, N=10 and R-channel SNR value increases from -9dB to
-7dB, Q,,, value decreases by 48.2% with perfect channel estimation and it decreases by 39.9%

with imperfect channel estimation. Q,,, value is more with imperfect channel compared to
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perfect channel estimation. The performance comparison between Weibull fading and
Rayleigh fading channels are also provided. @, value is 50.8% less with perfect channel
estimation in Weibull fading channel compared to Rayleigh fading channel at R-channel
SNR=-9dB and N=10.
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—H— R-SNR=-9dB, Weibull, perfect
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Fig.4.11. Q,, versus N graphs for different R-channel SNRs using Majority logic at FC.
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Fig.4.12. Q,, versus N graphs for different S-channel SNRs using Majority logic at FC.
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Figure 4.12 is drawn between Q,,, and N using majority logic at FC in Weibull fading
channel. The performance comparison between both perfect and imperfect channels as a
function of S-channel SNR is provided. We have considered two different S-channel SNR
values (10dB and 15dB), R-channel SNR=-7dB, P;=0.05, and V=5 as network parameters. For
a particular case, N=10 and S-channel SNR value increases from 10dB to 15dB, @,, value
decreases by 32.5% with perfect channel estimation and it decreases by 17.9% with imperfect
channel estimation. The performance comparison between Weibull fading and Rayleigh fading
channels are also provided. Q,, value is 39.4% less with perfect channel estimation in Weibull

fading channel compared to Rayleigh fading channel at S-channel SNR=10dB and N=10.
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Fig.4.13. Q,, versus N graphs for different R-channel SNRs using MRC Rule at FC.

In Fig.4.13, Q,,, performance is shown as a function of N. MRC rule is used at FC to
decide the PU activity in Weibull fading with perfect and imperfect channel estimation. In
Fig.4.13, comparison between Rayleigh channel and Weibull channel is also provided for
various values of R-channel SNRs. The R-channel SNR is considered as variable parameter
(-9dB and -7dB), S-channel SNR=15BdB, P;=0.05, and V=5 are chosen as network parameters
to simulate this graph. For a particular value of N=10 and R-channel SNR increases from -9dB
to -7dB, Q,, value decreases by 33.3% with perfect channel estimation and it decreases by
28.4% with imperfect channel estimation. If the channel is considered as perfect channel

instead of imperfect channel, then Q,,, value decreases by 35.8% at R-channel SNR=-7dB and
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N=10. Q,, values are less with MRC rule compared to majority logic. Q,,, value is 7.86% less
with perfect channel estimation in Weibull fading channel compared to Rayleigh fading
channel at R-channel SNR=-7dB and N=10.
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Fig.4.14. Q,, versus N graphs for different values of S-channel SNRs using MRC Rule at FC.

In Fig.4.14, Q,,, performance is shown as a function of N. MRC rule is used at FC to
decide the PU activity in Weibull fading with perfect and imperfect channel estimation. In
Fig.4.14, comparison between Rayleigh channel and Weibull channel is also provided for
various values of S-channel SNRs. The S-channel SNR is considered as variable parameter
(10dB and 15dB), R-channel SNR=-9BdB, P¢=0.05, and V=5 are chosen as network parameters
to simulate this graph. For a particular value of N=10 and S-channel SNR increases from 10dB
to 15dB, Q,, value decreases by 79.2% with perfect channel estimation and it decreases by

37.1% with imperfect channel estimation.

From Fig.4.3 to Fig.4.14 missed detection probability (Q,,) performances are evaluated
using Rank based censoring scheme as a function of number of CRs (N). Now, from Fig.4.15
to Fig.4.22 missed detection probability (Q,,,) performances are evaluated using Threshold

based censoring scheme as a function of censoring thresholds (C;y,).

Figure 4.15 is drawn between missed detection probability (Q,,) and censoring
threshold value (C,;,) with perfect channel estimation using threshold based censoring scheme.
The network parameters such as N=30, Pr=0.05, K=3, S-channel SNR=15dB, and R-channel
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SNR=-9dB and -7dB are used to simulate this graph in Rician fading. It can be observed from
the graph that as C;, increases, Q,,, reaches minimum value for an optimal C;;, level, thereafter
it increases with the threshold value there after it attaining constant value. Two fusion rules
namely majority logic and MRC rules are performed separately at FC and performance
comparison between these two fusions rules are provided. Q,, value decreases with the
increment of R-channel SNR using MRC rule and majority logic at FC. As R-channel SNR
increases, fading effect in R-channel decreases, so that more number of CR users get selected
using censoring scheme and all these selected CRs pass their sensing information to the FC.
After a certain value of Cy;,, Q,, becomes constant with perfect channel estimation because FC

select the best R-channel links which are having lowest probability of getting rejected.

il

if

i
il
B
i

R-SNR=-9dB,Rician,Majority
—S— R-SNR=-7dB,Rician,Majority
—<— R-SNR=-9dB,Rician,MRC
—+t— R-SNR=-7dB,Rician,MRC
R-SNR=-7dB,Rayleigh,Majority
—H— R-SNR=-7dB,Rayleigh,MRC
0.5 1 1.5 2 2.5 3
threshold value (C

missed detection probability (Qm)
B
o
q

)

Fig.4.15. Q,, versus C;;, graphs for different R-channel SNRs with perfect channel
estimation.

At C;;,=0.8, R-channel SNR=-7dB, and if MRC rule is used at FC instead of majority
logic, then Q,,, value reduces by 31.4%, this implies that MRC rule achieves lower value of
missed detection probability than majority logic. If we consider higher value of C;;,, no other
CR is selected to transmit and @Q,,, reaches a constant value approximately 0.5 for both majority
and MRC rules. If R-channel SNR increases from -9dB to -7dB, @,,, value decreases by 26.7%
with majority logic and it decreases by 46.1% with MRC rule at C;;,=0.8. The performance
comparison between Rayleigh and Rician channels are also provided. Q,, value is 66.5% less
with majority logic and it is 71.6% less with MRC Rule in Rician channel compared to

Rayleigh channel at R-channel SNR=-7dB and C;,=0.8.
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Figure 4.16 shows the performance comparison between MRC rule and majority logic
with perfect channel estimation using Q,,, versus Cg, curves as a function of S-channel SNR in
Rician fading. Network parameters such as N=30, Pr=0.05, R-channel SNR=-7dB, K=3, and
S-channel SNR=10dB and 15dB are used to simulate this graph. MRC rule achieves lower
value of Q,,, compared to majority logic. For a particular value of C,;,=0.8 and S-channel SNR
increases from 10dB to 15dB, Q,, value decreases by 68.2% with majority logic and it
decreases by 76.1% with MRC rule respectively. For a particular value of S-channel
SNR=15dB and C;,=0.8, Q,,, value reduces by 31.4% with MRC rule compared to majority
logic rule. Q,,, value is 57.5% less with Majority logic and it is 58.9% less with MRC Rule in
Rician channel compared to Rayleigh channel at S-channel SNR=10dB and C,;= 0.8.
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Fig.4.16. Q,, versus Cg, graphs for different S-channel SNRs with perfect channel estimation.
Figure 4.17 shows the performance of Q,,, with imperfect channel estimation in Rician
fading channel for two different R-channel SNRs (-9dB and -7dB). The performance is
analyzed by considering two fusion rules namely majority logic rule and MRC rule individually
at FC. We have considered network parameters such as N=30, P,=0.05, S-channel SNR=15dB,
R-channel SNR=-9dB and -7dB, and K=3 to simulate this graph. For a particular case, C;;,=1.0
and R-channel SNR value increases from -9dB to -7dB, Q,, value decreases by 46.2% with
majority logic and it decreases by 47.1% with MRC rule. In case of imperfect channel also
MRC rule achieves lower values of Q,, compared to majority logic. For a particular value of
R-channel SNR=-9dB, Q,,,value reducs by 28.4% if MRC rule is considered instead of majority
logic at C;,=1.0. Q,,, value is 57.2% less with majority logic and it is 61.8% less with MRC
Rule in Rician channel compared to Rayleigh channel at R-channel SNR=-7dB and C,,= 0.8.

71



10"

R-SNR=-9dB,Rician,MRC
—+H— R-SNR=-7dB,Rician,MRC
—<— R-SNR=-9dB, Rician,Majority
—~— R-SNR=-7dB,Rician,Majority
R-SNR=-7dB,Rayleigh,Majority
! . —+t— R-SNR=-7dB,Rayleigh, MRC
0.5 1 1.5 2 2.5 3
threshold value (C

missed detection probability (Qm)

i)

Fig.4.17. Q,, versus C,; graphs for different R-channel SNRs with imperfect channel
estimation.
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Fig.4.18. Q,, versus Cg, curvs for different S-channel SNRs with imperfect channel
estimation.
Effect of S-channel SNR on Q,,, is shown in Fig.4.18 with imperfect channel estimation.
We have considered two different S-channel SNR values namely 10dB and 15dB, N=30,
Ps=0.05, R-channel SNR=-7dB, and K=3 to evaluate this simulation. The performance
comparison between MRC rule and majority logic fusion for different S-channel SNRs is
provided. If S-channel SNR value increases from 10dB to 15dB, Q,,, value decreases by 62.2%
with majority logic and it decreases by 67.2% with MRC rule at C;;,= 0.8. For a particular value
of S-channel SNR=15dB, @,,, value reduces by 29.5% if MRC rule is used at FC instead of
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majority logic. Q,, value is 53.6% less with majority logic and it is 54.4% less with MRC Rule
in Rician channel compared to Rayleigh channel at S-channel SNR=10dB and C;;=0.8.

Figure 4.19 is drawn between Q,, and C;, with perfect channel estimation in Hoyt
fading channel. The network parameters such as N=30, Pr=0.05, q=0.5, S-channel SNR=15dB,
and R-channel SNR=-9dB and -7dB are used in the simulation. Two fusion rules namely
majority logic and MRC rule have been performed separately at FC and performance

comparison between them also provided.
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Fig.4.19. Q,, versus C;;, graphs for different R-channel SNRs with perfect channel

estimation.

For a particular value of C;;,=0.8, R-channel SNR=-7dB and MRC logic rule is used at
FC instead of majority logic, then Q,,, value reduces by 6.4%, this indicates that MRC rule
achieves lower value of Q,,, value than majority logic. If R-channel SNR increases from -9dB
to -7dB, Q,,, value decreases by 3.8% with majority logic and it decreases by 8.7% with MRC
rule at C,;,=0.8. The performance comparison between Rayleigh and Hoyt channels are also
provided. The @,, value is 17.5% more with majority logic and it is 16.7% more with MRC
rule in Hoyt channel compared to Rayleigh channel at R-channel SNR=-7dB and C,;= 0.8.

The effect of S-channel SNR on @,, is shown in Fig.4.20 with imperfect channel
estimation in Hoyt fading channel. Two different S-channel SNR values namely 10dB and
15dB, N=30, P¢=0.05, R-channel SNR=-7dB, and q=0.5 to evaluate this simulation. The

performance comparison between MRC rule and majority logic fusions are provided. As S-
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channel SNR value increases from 10dB to 15dB, Q,,, value decreases by 52.2% with majority

logic and it decreases by 59.6% with MRC rule at C;;,= 0.8.
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Fig.4.20. Q,, versus C,; graphs for different S-channel SNRs with imperfect channel
estimation.

If MRC Rule is used at FC instead of majority logic then Q,,, value reduces by 13.6%
at S-channel SNR=10dB and C;,= 0.8. Q,,, value is 26.7% more with majority logic and it is
19.9% more with MRC Rule in Hoyt channel compared to Rayleigh channel at S-channel
SNR=15dB and C;,=0.8.
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Fig.4.21. Q,, versus Cg, graphs for different R-channel SNRs with perfect channel
estimation.
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Figure 4.21 is drawn between Q,,, and C;, with perfect channel estimation in Weibull
fading channel. The network parameters such as N=30, P;=0.05, V=5, S-channel SNR=15dB,
and R-channel SNR=-9dB & -7dB are used in the simulation. Two fusion rules namely majority
logic and MRC rule are used separately at FC and performance comparison between them also
provided. At C.,=0.8, R-channel SNR=-7dB, and MRC logic rule is used at FC instead of
majority logic, then @Q,, value reduces by 40.6%. If R-channel SNR increases from -9dB to
-7dB, Q,, value decreases by 21.5% with majority logic and it decreases by 44.4% with MRC
rule at C.;;,=0.8. The performance comparison between Rayleigh and Weibull channels also
provided. Q,,, value is 15.8% less with majority logic and it is 21.7% less with MRC rule in

Weibull channel compared to Rayleigh channel at R-channel SNR=-7dB and C;,= 0.8.

The effect of S-channel SNR on @,, is shown in Fig.4.22 with imperfect channel
estimation in Weibull fading channel. Two different S-channel SNR values namely 10dB and
15dB, N=30, P¢=0.05, R-channel SNR=-7dB, and V=5 are used to evaluate this simulation.
The performance comparison between MRC rule and majority logic fusions for different S-
channel SNRs is also provided. As S-channel SNR value increases from 10dB to 15dB, Q,,
value decreases by 43.6% with majority logic and it decreases by 57.4% with MRC rule at C,;,=
0.8. If MRC rule is used at FC instead of majority logic, then Q,,, value reducs by 23.6% at S-
channel SNR=10dB and C;,= 0.8.
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Fig.4.22. Q,, versus C;; graphs for different S-channel SNRs with imperfect channel
estimation.
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From Fig.4.23 to Fig.4.30 represents the performance analysis of total error probability

(Qm + Q) is discussed in Rician, Weibull, and Hoyt fading channels using Rank based and

Threshold based censoring schemes.

In Fig 4.23, the effect on total error probability (Q,, + Q) for various values of
probability of false alarm (Pr) with perfect channel estimation as a function of number of CR
users (N) is described. The performance comparison between perfect channel estimation and
imperfect channel estimation is shown over Rician fading using majority logic at FC. The

probability of false alarm is considered as variable parameter, two Py values namely 0.0005
and 0.05, S-channel SNR=15dB, R-SNR=-5dB, and K=3 are used in the simulation. As P
value increases, (Qn, + Q) value decreases with both perfect and imperfect channel
estimation. This figure itself shows that as N value increases, (@, + Q) value decreases due

to the cooperation among the CRs.
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Fig.4.23. @, + Qf versus N graphs for different R-channel SNRs using Majority logic at FC.

For a particular instance, at N=8 and P value increases from 0.0005 to 0.05, (@, +
Q) value decreases by 51.7% with perfect channel estimation and it decreases by 33.4% with
imperfect channel estimation. (Q,, + Q) value is more with imperfect channel estimation
compared to perfect channel estimation. The total error probability is constant after a certain
number of CRs (N=13) because FC may select the CRs have less probability to reject. As the

nature of the channel changes from imperfect to perfect, (@, + Q) value decreases by 49.1%

at Pr=0.05 and N=8. The performance comparison between Rayleigh and Rician fading
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channels are also provided. (Q,, + Q) value is 64.9% less with perfect channel estimation and

it is 39% less with imperfect channel estimation in Rician fading compared to Raleigh fading
at Pr=0.05 and N=8.

Figure 4.24 is drawn between (Q,, + @) and P using MRC Rule at FC. The
performance comparison between perfect channel estimation and imperfect channel estimation
is shown over Rician fading. Two Py values namely 0.0005 and 0.05, S-channel SNR=15dB,
R-channel SNR=-5dB, and K=3 are used in the simulation. For a particular instance, at N=8
and Py value increases from 0.0005 to 0.05, (Q,, + Q) value decreases by 61.3% with perfect

channel estimation and it decreases by 51.5% with imperfect channel estimation.
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Fig.4.24. Q., + Qf versus N graphs for different P, values using MRC Rule at FC.

As the nature of the channel changes from imperfect to perfect channel estimation,
(Qm + Qf) value decreases by 28.7% at Pr=0.05 and N=8. (Q,, + Q) value is 33.3% less with
perfect channel and it is 21.9% less with imperfect channel in Rician fading compared to
Rayleigh fading channel at Pr=0.05 and N=8.

Figure 4.25 is drawn between (Q,, + Q) and Hoyt fading parameter (q) using majority
logic at FC. The performance comparison between perfect channel estimation and imperfect
channel estimation is shown over Hoyt fading. Two different g values namely 0.5 and 0.3, S-
channel SNR=15dB, R-SNR=-7dB, and P;=0.05 are used in the simulation. As g-value

increases, (@, + Q) value decreases with perfect and imperfect channel estimation. As fading

parameter increases, fading effect decreases. For a particular instance, at N=8 and g-value
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increases from 0.310 0.5, (Q,, + Q) value decreases by 18.3% with perfect channel estimation
and it decreases by 9.5% with imperfect channel estimation. As the nature of the channel
changes from imperfect to perfect channel estimation, (@., + Q) value decreases by 34.7% at
P¢=0.05 and N=8. The performance comparison between Rayleigh and Hoyt fading channels
are also provided. (Q,, + Q) value is 34.7% more with perfect channel and it is 26.7% more

with imperfect channel in Hoyt channel compared to Rayleigh channel at N=8.

' ' " —t—qg=0.5, Hoyt, perfect
10%%6 g=0.3, Hoyt, perfect
=4 —%— g=0.5, Hoyt, imperfect
Jq\ —S— g=0.3, Hoyt, imperfect
—~ \ Rayleigh, perfect
9& 10°4L ~~— Rayleigh, imperfect
S5
=
=
£
5 107°-
e
@
8
100 L. \Lr K - |
r r r V > VoY Y
5 10 15 20 25
number of CRs (N)
Fig.4.25. @, + Qf versus N graphs for different Hoyt fading parameters using Majority logic
at FC.
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Figure 4.26 is drawn between (Q,, + Q¢) and N using MRC Rule at FC. The
performance comparison between perfect channel estimation and imperfect channel estimation
is shown over Hoyt fading. Two different R-channel SNR values namely -9dB and -7dB,
S-channel SNR=15dB, q=0.5, and P;=0.05 are used in the simulation. For a particular instance,
at N=8 and R-SNR=-9dB, if the channel nature changes from imperfect to perfect, (@, + Q)
value decreases by 26.6% in Rayleigh fading and it decreases by 8.5% in Hoyt fading. (Q,, +
Q) value is 14.9% more with perfect channel and it is 4.5% more with imperfect channel in

Hoyt fading compared to Rayleigh fading at R-SNR=-9dB and N=8.

In Fig.4.27, we have considered K and N as variable parameters to evaluate the
performance of (@, + Qf) as a function of C,, with perfect channel estimation in Rician
fading. Two different fusion rule are individually used at FC to make a final decision about the
PU and the performance comparison between them also provided. As K value increases, fading
effect present in the channel decreases which increases the detection probability. As N value
decreases, cooperation among the CRs are decreases so that detection probability value

decreases.
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Fig. 4.27. Q,, + Qf versus Cy, as a function of K and N with perfect channel estimation.

As K value increases from 3 to 6 and N value decreases from 30 to 15, (Q,, + Q) value

decreases by 61.2% with majority logic and it decreases by 62.2% with MRC rule with perfect
channel estimation. Similarly, (Q,, + Q) value decreases by 53% with majority logic and it

decreases by 57.4% with MRC rule with imperfect channel for same conditions. Though K
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value increases and N value decreases, (Q,, + Q) value increases because cooperation among
the users decreases. MRC rule achieves lower value of total error compared to majority logic.
For a particular value of K=3, N=30, and MRC rule used at FC instead of majority rule, (Q,, +
Q) value reduces by 42.5% with perfect channel estimation and it reduces by 28.9% with
imperfect channel estimation respectively at C¢,=1.0. (@, + Qf) value is 5.8% less with
majority logic and it is 11% less with MRC rule when fading effect changes from Rayleigh to
Rician fading at N=15 and C;,=1.0.
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Fig. 4.28 Q,, + Q versus Cy, as a function of R-SNRs and S-SNRs with perfect channel
estimation.

Figure 4.28 shows the effect on (Q,,, + Q) for various values of R-channel SNR and
S-channel SNR values with perfect channel estimation in Rician fading. The performance
comparison between MRC rule and majority logic is provided in Fig.4.28. As R-channel SNR
value increases from -9dB to -7dB and S-channel SNR value decreases from 20dB to 15dB,
(Qm + Qf) value decreases by 36.5% with majority logic and it decreases by 58.8% with MRC
logic at C,=1.0. For a particular value of R-channel SNR=-9dB, S-channel SNR=20dB, and
MRC rule is used at FC instead of majority logic, (@, + Qf) value reduces by 45.3% at
Cen=0.8. The network parameters such as Pr= 0.05, S-channel SNR= 20dB and 15dB,
R-channel SNR=-7dB and -9dB, K=3, and N=30 are used in the simulation. For a particular
value of R-SNR=-7dB and S-SNR=15dB, as the fading environment changes from Rayleigh
to Rician channel, (Q,, + Q) value decreases by 34.7% with majority logic and it decreases

by 36.1% with MRC Rule at C;,=1.0.
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Figure 4.29 is drawn between (Q,+Qr) and C¢, with imperfect channel estimation in
Hoyt fading channel. The network parameters such as N=30, P;=0.05, g=0.5, S-channel
SNR=15dB and 20dB, and R-channel SNR=-7dB are used in the simulation. The performance
comparison between two fusion rules are provided. For a particular value of C;;,=1.0, S-channel
SNR = 15dB, and MRC rule is used at FC instead of majority logic, (Q,,,+Qy) value reduces
by 11%. Similarly, as S-channel SNR value increases from 15dB to 20dB, (Q@,+Q) value
decreases by 40.5% with majority logic and it decreases by 46.2% with MRC rule at C;,=1.0.
(Qm*Qy) value is 5.6% more with majority logic and it is 13.5% more with MRC Rule in Hoyt
channel compared to Rayleigh channel at S-channel SNR=20dB and C;,,=1.0.

0
10 —%— S-SNR=20dB,Hoyt,Majority ' ' ]
S-SNR=15dB,Hoyt,Majority a2 52
= O
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threshold value (Cth)

Fig.4.29. Q,, + Qf versus Cyp, graphs for different S-channel SNRs with imperfect channel
estimation.

Figure 4.30 shows the effect on (Q,, + Q) for various values of R-channel SNR with
perfect channel estimation in Weibull fading. The performance comparison between MRC rule
and majority logic is provided in Fig.4.30. As R-channel SNR increases from -9dB to -7dB,
(Qm + Qf) value decreases by 12.7% with majority logic and it decreases by 30.4% with MRC
rule at C;,=0.8. For a particular value of R-channel SNR=-9dB, S-channel SNR=15dB, and
MRC logic rule used at FC instead of majority logic, (Q,, + Q) value reduces by 34.3% at
C¢»=0.8. The network parameters Pr= 0.05, S-channel SNR= 15dB, R-channel SNR=-7dB and
-9dB, V=5, and N=30 are used in the simulation.
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Fig. 4.30 @, + Qf versus Cy, as a function of R-channel SNRs with perfect channel estimation.

Network Rayleigh fading Rician fading Hoyt fading Weibull fading

parameters (Existing) (Proposed) (Proposed) (Proposed)
Perfect | Imperfect | Perfect | Imperfect | Perfect | Imperfect | Perfect | Imperfect
channel | channel | channel | channel | channel | channel | channel | channel

R-SNR=-9dB | 0.1775 | 0.1995 | 0.1155 | 0.1589 | 0.2057 | 0.2228 | 0.0872 | 0.1246

(Majority)

R-SNR=-9dB | 0.1535 | 0.1863 | 0.0764 | 0.1233 | 0.1812 | 0.2052 | 0.0282 | 0.0602

(MRC)

R-SNR=-7dB | 0.1589 | 0.1733 | 0.0849 | 0.1175 | 0.1868 | 0.1965 | 0.0451 | 0.0748

(Majority)

R-SNR=-7dB | 0.1485 | 0.1612 | 0.0653 | 0.0926 | 0.1747 | 0.1855 | 0.0188 | 0.0396

(MRC)

S-SNR=15dB | 0.0655 | 0.0849 | 0.0393 | 0.0751 | 0.0823 | 0.0972 | 0.0304 | 0.0608

(Majority)

S-SNR=15dB | 0.0519 | 0.0726 | 0.0181 | 0.0433 | 0.0662 | 0.0785 | 0.0039 | 0.0249

(MRC)

S-SNR=10dB | 0.0745 | 0.0923 | 0.0849 | 0.1155 | 0.1868 | 0.1965 | 0.0451 | 0.0733

(Majority)

S-SNR=10dB | 0.0586 | 0.0775 | 0.0652 | 0.0883 | 0.1747 | 0.1855 | 0.0188 | 0.0396

(MRC)

Table 4.1 Missed detection probability (Q,,,) values for different fading channels using Rank

based censoring scheme.
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Network Rayleigh fading Rician fading Hoyt fading Weibull fading

parameters (Existing) (Proposed) (Proposed) (Proposed)
Perfect | Imperfect | Perfect | Imperfect | Perfect | Imperfect | Perfect | Imperfect
channel | channel | channel | channel | channel | channel | channel | channel

R-SNR=-9dB | 0.1002 | 0.1018 | 0.0517 | 0.0679 | 0.1101 | 0.1208 | 0.0409 | 0.0268

(Majority)

R-SNR=-9dB | 0.0596 | 0.0831 | 0.0288 | 0.0486 | 0.0720 | 0.0972 | 0.0168 | 0.0323

(MRC)

R-SNR=-7dB | 0.0709 | 0.0832 | 0.0264 | 0.0365 | 0.0791 | 0.0883 | 0.0254 | 0.0316

(Majority)

R-SNR=-7dB | 0.0507 | 0.0611 | 0.0178 | 0.0257 | 0.0640 | 0.0745 | 0.0127 | 0.0191

(MRC)

S-SNR=15dB | 0.1655 | 0.1835 | 0.0753 | 0.0804 | 0.1822 | 0.1948 | 0.0553 | 0.0604

(Majority)

S-SNR=15dB | 0.1485 | 0.1557 | 0.0651 | 0.0715 | 0.1719 | 0.1820 | 0.0451 | 0.0515

(MRC)

S-SNR=10dB | 0.0709 | 0.0832 | 0.0264 | 0.0365 | 0.0791 | 0.0883 | 0.0164 | 0.0265

(Majority)

S-SNR=10dB | 0.0517 | 0.0611 | 0.0178 | 0.0257 | 0.0640 | 0.0745 | 0.0078 | 0.0157

(MRC)

Table 4.2 Missed detection probability (Q,,) values for different fading channels using

Threshold based censoring scheme.

In table.4.1 and table.4.2, missed detection probability (Q,,,) values are provided using

Rank based censoring scheme and Threshold based censoring schemes individually in R-

channel of CSS network. The performance is evaluated with perfect and imperfect channel

estimation and comparison between them also provided. These Q,, values are calculated for

different network parameters such as R-channel SNR, S-channel SNRs using majority logic

and MRC rule at fusion center in different fading environments (Rician, Weibull, and Hoyt

fading channels). All the Q,, values are calculated at number of CRs N=10 in Rank based

censoring scheme and threshold value C;;,=0.8 in Threshold based censoring scheme. In each

case, missed detection probability values are more with imperfect channel estimation

compared to perfect channel estimation because estimation error is present in imperfect

channel. @Q,,, performance with MRC rule is better compared to majority logic rule. The MRC

rule achieves lower Q,,, values with both perfect and imperfect channel.
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4.7. Conclusions

In this chapter, we have investigated the performance analysis of cooperative spectrum
sensing (CSS) network using the censoring schemes (Rank based and Threshold based) over
various fading channels (Rician, Weibull, and Hoyt fading channels). The CED scheme and a
single antenna are used at each CR in the CSS network. The performance is evaluated using
the hard decision fusion rule (majority logic) and soft data fusion rule (MRC rule) at the fusion
center. The performance has been analyzed in a comparative way, considering meaningful
performance metrics and evaluating the impact of several network parameters. Our simulation
results shows that CSS network with censoring of CRs using the CED scheme achieves the
lowest probability of missed detection with MRC rule compared to the majority logic under
similar conditions for different fading channels with perfect and imperfect channel estimations.
The novel expressions for estimation error is derived and its mean and variance are also

calculated for different fading channels in imperfect reporting channel.

Our simulation results shows that as R-channel SNR value increases, missed detection
probability (Q,,,) value decreases with both perfect and imperfect channel estimation. The
perfect channel estimation gives lower value of Q,, than imperfect channel estimation.
Censoring threshold value is used to select the less fading reporting channel radio links, hence
missed detection probability varies according to censoring threshold value. Censoring scheme
is useful to reduce the system complexity, to eliminate traffic overhead communication

problem, and to eliminate the heavily faded channel coefficients.
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Chapter-5

Performance Analysis using an Optimization of CSS Network

Parameters

5.1. Introduction

Spectrum sensing (SS) technique is used to monitor the radio spectrum continuously.
The vacant bands or spectrum holes of radio spectrum can be identified with the help of
detection techniques. Various detection techniques are addressed in the literature such as
conventional energy detection (CED), cyclostationary detection, and matched filter detection.
The CED scheme [10] is a frequently used detection method due to low complexity compared
to other detection methods and it is an optimal detection technique when SUs do not have any
information about PU signals. The detection performance using SS technique is limited due to
a single CR present in the network, fading, and multipath shadowing effects. To overcome
these drawbacks, the multiple number of CR users are used to sense the spectrum; this concept
is called as a cooperative spectrum sensing (CSS) technique [2, 14, 15]. The CSS network
provides better immunity to fading and shadowing effects and it consists of a single antenna
and CED scheme at each CR to mitigate the fading effect and to improve the detection
probability value. The detection performance can be further improved by using an improved
energy detector (IED) scheme in the CSS network [17, 18]. An IED measures the received
signal amplitude with an arbitrary positive power (p) instead of squaring device used in CED.
Using an IED scheme and multiple antennas at each CR in the CSS network will further
improve the detection probability value. Sometimes, it is required to optimize the performance
of CSS network by optimizing its network parameters to reduce the complexity of the network

and to achieve better performance with minimum number of components.
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In this chapter, we have evaluated the optimized performance of proposed CSS network
by optimizing its network parameters over various fading channels. The performance is
evaluated using multiple antennas and an IED scheme at each CR in the proposed CSS network
when it is affected by various fading channels such as Rayleigh, Rician, Hoyt, and Weibull
fading channels. We have derived the novel expressions of missed detection probability (B,,)
considering multiple antennas (M) at each CR for different fading channels. Selection
combining (SC) diversity scheme is used at each CR to select the maximum value of antenna
among all antennas present at each CR. The binary symmetric channel (BSC) having an error
probability rate (r) is assumed between CRs and FC. The closed form of optimal expressions

for CSS network parameters such as optimal number of CR users (Nopt), optimal value of

threshold value (4, ), optimal value of arbitrary the power of received signal (p,,.) are
derived in various fading environments. The simulations are drawn to find out the optimal
values of network parameters and to calculate the minimum value of total error rate for various
fading channels. The network parameters such as threshold value (A), arbitrary power of
received signal (p), error rate (r), and multiple antennas at each CR are considered as simulation
parameters. The performance comparison between CED and IED schemes, comparison among

various fading channels are also provided for different cases.

5.2. System Model

There are various detection schemes are addressed in the literature to decide the primary
user activity. Among all detection schemes, conventional energy detection (CED) scheme is
frequently used because of less complex and non-coherent in nature. To further improvement
in detection probability of primary user an improved energy detector (IED) scheme is used.
Fig.5.1 shows the system model of IED technique. According to it, the received signal is passed
through the bandpass filter (BPF) to eliminate the noise components present in it. Further, the
received signal is passed through the non-linear device which having arbitrary power p to
calculate the energy present in the received signal. If p=2, in the non-linear device it becomes

CED scheme. For an IED scheme value of p should be more than two i.e. p>2.

BPF P T HOIHl
—> —> OF L, fO j: —
X(t) °

A\ 4

Fig. 5.1. Block diagram of an improved energy detector.
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The integrator block is used to calculate the energy for a particular duration of time. Finally,
output of the integrator block is compared with the pre-defined threshold value to decide the
primary user activity (i.e. absence or presence of PU). p- is arbitrary power of the received
signal, it is an integer value like p=2, 3, 4. For p=2, an IED scheme becomes to CED scheme

hence it is a unit less quantity.

Figure 5.2 shows the proposed model of CSS network with N number of SUs, an FC,
and a PU. The channel present between PU and SUs is called as sensing channel (S-channel);
in this channel each CR senses and stores the information about the PU. The sensing information
associated with each CR is transferred to the FC through reporting channel (R-channel) and S-
channel is assumed as an error-free channel. The R-channel lies between SUs and FC in the
proposed network and error rate (r) is considered in it. The complete information from all CRs
are collected at FC and the final decision made at FC using the fusion rules such as OR-Rule
and AND-Rue. Each CR uses an IED scheme and SC diversity technique to get the binary

decision about the PU.

Primary
user
Sensing channel
without error rate

Fusion
center
Reporting channel
with error rate (r)

Cognitive radio
users

Fig. 5.2. Proposed model of cooperative spectrum sensing network.

Two hypotheses are defined in the literature to decide the absence and presence of PU as H,,

and H, respectively. The received signal at j-th CR can be written as [10];
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n. (t) ‘H,
(=1 5.1
Y, {hj*s(t)+nj(t) 'H, G

In the above expression, s(t) represents the received signal at the input of IED and
n;(t) is the noise value at j-th CR. AWGN noise (Additive white Gaussian noise) is considered
in the network which is uniformly distributed over each CR. h; is the fading coefficient which

occurs due to fading effect in the channel.

The expression for i-th antenna to make a local decision about the PU is given by [18]
V\/i:yip : p>0 (5.2)

For an IED scheme, p-value should be more than 2, i.e., (p> 2) to achieve better detection
probability than CED scheme.

Each CR uses an IED technique to get the decision statistics from all antennas
(i= 1....M). With the help of SC diversity technique, the largest value of w; can be selected
from all available w; values and it is denoted as Z. The final decision about the PU is obtained

by comparing Z value with detection threshold (A) is calculated as [28];

L24:H & Z<1H, (5.3)
Where A can be obtained from the expression
A=A0" (5.4)
where 1, represents the normalized detection threshold value and 2 is the noise power for
p=2.
5.3. Missed Detection Probability Calculation for Different Fading Channels

In this section, missed detection probability (B,,) expression for AWGN, Rayleigh, Rician,
Weibull, and Hoyt fading channels are derived using multiple antennas (M) and an IED scheme
at each CR in CSS network.

5.3.1. Missed Detection Probability Expression for AWGN Channel

The missed detection probability expression for non-fading channel (AWGN channel) can be
calculated using the PDF given in [100, 64];
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2y ° y’ P
fon(y)= exp| —————— (5.5)
it px/27z(Esoﬁ+of) [ Z(EsUhZ“LO'r?)]

Steps for the calculation of B, expression for AWGN are provided in Appendix A.1. Finally,
P,, expression for AWGN channel using multiple (M) antennas and an IED scheme at each CR

is obtained as;

1 1 Z(Z/P)
P = -, 5.6
m,AWGN |:\/;7(2 2(Eso_§+as)ji| ( )

5.3.2. Missed Detection Probability Expression for Rayleigh Fading Channel

The missed detection probability expression for Rayleigh fading channel can be calculated

using the PDF given in [28];

fmm(y)=-——39i—————exp[ ———21————] (57)

p(E.ci+c?) | (E,of+o?)

Steps for the calculation of P, expression for Rayleigh fading channel are provided in
Appendix A.2. Finally, P,, expression for Rayleigh fading channel using multiple antennas and

an IED scheme at each CR is obtained as;

— M
Posey = (1-0Xp(-27°/ 1+ 1)o7 (5.8)
where y =E.0” /67 is S-channel SNR.

5.3.3. Missed Detection Probability Expression for Rician Fading Channel

The missed detection probability expression for Rician fading channel can be calculated using
the PDF given in [10, 64];

2y@P(K +1) (K +1)y% K1+ K)y%
fu, (V) =~ €Xp| —K = o | 2y [~ oo (5.9)
T p(EsGh +Gn) (Eso-h +O_n) (Eso-h +O_n)

where K is Rician fading parameter.
Steps for the calculation of B,, expression for Rician fading channel are provided in Appendix
A.3. Finally, B,, expression for Rician fading channel using multiple antennas and an IED

scheme at each CR is obtained as;

89



P ric ={1—Q{«/R A Mﬂ (5.10)

ar(L+7)
where y =E.0’ /67 is S-channel SNR.
5.3.4. Missed Detection Probability Expression for Weibull Fading Channel
The missed detection probability expression for Weibull fading channel can be calculated using

the PDF given in [112];

C

fWi Hy (y) -

2y(2"’“c{ r'(P) }(y%jc_lexp _ M (5.11)

P [(Eoi+oy) (E.op +0,)
where C =\% , P =1+% , and V is Weibull fading parameter.

Steps for the calculation of B,, expression for Weibull fading channel are provided in Appendix
A.4. Finally, B,, expression for Weibull fading channel using multiple antennas and an IED
scheme at each CR is obtained as;

11 aenl _JAT(P)
Powei =| 1—€xp {—Gf (1+;)} (5.12)

where ¥ =E.0 /67 is S-channel SNR.

5.3.5. Missed Detection Probability Expression for Hoyt Fading Channel

The missed detection probability expression for Hoyt fading channel can be calculated using
the PDF given in [67];

%‘1 2/p 2/p
y y 1 1 y 1 1
f = exp| — —+— ||l — - 5.13
v O) po,o, p( [ 4 j(azz O'fD 0(( 4 ](622 o} (613
E.o?+0? E.o’+o0’ f 2
2 _ 50, n 2 _ =Yg n Qq Q .
where 61——2 ’GZ_T’U': W,aqz /W,andqlstheHoyt

fading parameter which ranges from 0 to 1.

Steps for the calculation of B,, expression for Hoyt fading channel are provided in Appendix
A.5. Finally, B, expression for Hoyt fading channel using multiple antennas and an IED

scheme at each CR is obtained as;
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Prtios = %[u exp(—ALZ?) 1,(BA??) —2Q(u,, vl)]M (5.14)

where

2 2
A:(lj 11, B:(lj 11 ,ulz\/(A— A B )/Iz’p,vlz\/(A— A -B )/12”’
4 )\ o, o 4\ o, o

Expression for P, is different for various fading channels because it depends on

S-channel SNR value. Similarly, expression for probability false alarm (P;) using multiple
antennas and an IED scheme at each CR is provided in [28], which is independent of S-channel

SNR. The expression for probability of false alarm is given as [28];
P, =1-(1-exp(-2%"/02))" (5.15)

Setting a threshold value in IED scheme is more important to decide the presence or
the absence of a PU. It also helps to get the complementary receiver operating characteristics
(CROC) curves for the proposed network. The closed form of expression for threshold value
at each CR can be derived by using Eqg. (5.15) as;

A= {a: n{ 1 } (5.16)
1-exp(In@—P;)/ M)

5.4. Total Error Rate Calculation for Different Fading Channels

N|o

To calculate the total error probability (Q,, + Q) value in different fading channels,
initially, we require probability of false alarm (P) and probability of missed detection (B;,)
expressions for each CR. Later, we can calculate @, and Q values using the expressions below
which are missed detection and false alarm probabilities of all CRs. Q,,, and Q expressions

with an error rate (r) in R-channel are given as [27];

Qf =1-[- Pf JA-1)+ rPf ]N

Qu =[P, -1+ 1R 40

Finally, total error rate Z(N) is calculated by taking the sum of Q,, and Qf is [27]
Z(p,A,N)=Q; +Q, (5.18)
=1-[1-P)A-r)+rP. " +[P,A-1)+r(L-P)]" (5.19)
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Expressions for @, and Q with perfect R-channel (r=0) when OR-logic is used at FC [118]
are;

Qf :1_[(1_ Pf )]N (520)
Q, =[R,I"

Similarly, expressions for Q,, and Q; with perfect R-channel (r=0) when AND-logic is used
at FC [118] are;

Q, =1-[a-P)I" 521
Qf = [Pf ]N

5.5. Optimization of CSS Network Parameters in Various Fading Channels

In this section, we have provided the procedure for calculating the optimal values of network

parameters such as N, 4, and p.

5.5.1. Calculation of an Optimal Number of CRs (N,,)

In the proposed CSS network, if the number of CR users increases, there is a chance to
occur larger delays while making a decision about the PU. Hence, it is necessary to find out
the number of CR users which are exactly contributing for making a final decision about the
PU, and these CRs are known as optimal number of CR users (N,,.). The expression for N,

can be calculated as follows [27];

AZ(N)=Z(N+1)-Z(N)=0 (5.22)

=[@-P)A-1)+rP, ]“ -[@-P)a-r)+rP, ]N“ (5.23)

N+1

+[P,@-n+r@-P)]"" - [P,@-1)+r@-P)] =0

after some mathematical computations and using [27, Eq.16], the expression for N, is

obtained as;
Inf,(r,P,,P
N,, = M (5.24)
"1 Inf(r,P,,P))
f\(r, P, P,y = =N+ F) (5.25)
BT (=P A1) + 1P, '
f.(r,P.,P)= arb —r-Fhy 5.26
e A ] (.26)
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The derived N,,. expression remains the same for all fading channels. But, B,
expression varies for different fading channels. Hence, N,,,, value varies with fading effect.
From Eq. (5.24), it is clear that N,,, value depends on error probability rate (r) present in the
R-channel. There are some special cases to calculate N,,, value for various values of r are

given in [27] as follows;
Case (i): If R-channel is error-free (r=0), then N,,,, expression reduces to

Pf
"1 p
o 1P 5.27
Now =| ——5 (5.27)
P

m

In

When B, and Py values are equal, then N, value becomes 1°. It represents that only one CR

is enough to minimize the total error value for the proposed network with perfect R-channel.

Case (ii): For r=1, there is a possibility to occur deterministic errors in the R-channel. Then
N, €Xpression reduces to

In P

o 1P 5.28

f

N

opt
In

When the deterministic errors are present in R-channel, N,,; value becomes ‘1’ when both Pf

and B, values are equal.

Case (iii): For r=0.5, it represents that R-channel has maximum uncertainty.

5.5.2. Calculation of an Optimal Threshold Value (4,,;)

Sometimes it is required to optimize the threshold value to decide the PU activity with

least value of the threshold. The expression for 4,,, can be calculated by differentiating Eq.

(5.19) with respect to A as follows [27];

oz n-1 OP; N4 OP,
—ai”) =-N@r-1)[@-P)@-r)+rP, | = N@-2r)[P,(-r)+r1-P,)] 7 (5.29)
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5.5.3. Calculation of an Optimal Arbitrary Power of Received Signal (p,p:)

It is also required to optimize the p-value to achieve the minimum value of total error
rate. The expression for p,,, can be calculated by differentiating Eq. (5.19) with respect to p
as follows [27];

oz(n) _

S N ~)[-P)A-1)+rP, ]N'1%+ N@-2r)[P,@-1) +r(-P,) " Lo

ap

(5.30)

5.6. Optimization of CSS Network Parameters for Different Fusion Rules in
Rayleigh Fading Channel
5.6.1. Derivation for Optimal Threshold (4,,,) Expression

An optimum value of threshold (4,,.) is required to decide the existence of PU with a

minimum threshold value. For a single antenna case (M=1), the closed form of expression for

Aope Can be derived by differentiating Eq. (5.8) and Eq. (5.15) w.r.t. X as;

P P (5.31)
oA 0OA
2 2,
oP p p
T exp| -2 |22D (5.32)
oA o, | po;
2 2,
oP AP 24°
n _ exp| — (5.33)
or P T oT (11 7) |pot (1)

Substituting Eqg. (5.32) and Eq. (5.33) in Eq. (5.31), after simplification, the closed form of

expression for 4, is

Ao =[—012'n(1+_7 )jz (5.34)
P 71A+7)

Similarly, the closed form of expression for A,,, using multiple antennas (M=3) at each CR is
obtained as

opt

_ [MT (5.35)
2y 1A+7)

The procedure for the derivation of A,,, expression is provided in Appendix B.1.
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5.6.2. Derivation for Optimal Arbitrary Power of Received Signal (p,,.) Expression
It is necessary to optimize the arbitrary power of received signal (p). For a single
antenna case (M=1), the closed form of expression for p,,, can be derived by differentiating

Eq. (5.8) and Eg. (5.15) w.r.t. p as follows;

oP
ALy (5.36)
op op
2 2
P 2logi|  A” AP
n exp| —— 2 5.37
| 2ner | @ e (5:37)
2 2
oP; AP |2 APlogA
TH o expl -2 | £ 5.38
ap ol |p® of (5.38)

Substituting Eq. (5.37) and Eqg. (5.38) in Eq. (5.36), after simplification, the closed form of

expression for p,.,. is

_ (5.39)

Similarly, the closed form of expression for p,,,. using multiple antennas (M=3) at each CR is

popt

I

obtained as

_ 2In 4 (5.40)

popt

In 207 In(1+7)

Y
1+y
The procedure for the derivation of expression for p,,,, is provided in Appendix B.2.

5.6.3. Optimized Expressions of CSS Network Parameters using OR-Rule

A. Calculation of N,,, expression

The closed form of expression for N, can be obtianed using Eq. (5.18) as
AZ(N)=Z(N+1)—Z(N)=0 (5.41)

substituting Eq. (5.20) in Eq. (5.41),
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1-(1-P )V —1+(1-P )" +P N _P N =0 (5.42)

after simplification of Eq. (5.42), the final expression for N, is

[1_P J

In m

I:)f

N = (5.43)

o (1— P, ]
In
Pm

Eq. (5.43) remains the same for any fading channel when OR-Rule is used at FC. The procedure

for the derivation of N,,,, expression is provided in Appendix B.3.

B. Calculation of 4,,; expression

The closed form of expression for 4,,,, can be obtained by differenting Eq. (5.18) w.r.t. A,

then make the sum equal to zero i.e.,

daQ; aQ
— t— =0 5.44
o1 oA (5.44)
substituting Eq. (5.20) in Eq. (5.44),
N-1 OP; N-1 OP
N(1-P, ) —+N(P n_Q |
(=P )" #N(R) (5.45)

where 0P, /04 and ap, /64 are given by Eq. (5.32) and Eq. (5.33), substituting them in Eq.

(5.45) gives the final expression for 4,,, using single antenna (M=1) at each CR and OR-Rule

at FC is

o {(N _1)|n[1‘PPf J+|n(1+7)} :

Aopt = _m
pt 7
1+y

Similarly, the final expression for A,,, using multiple antennas (M=3) at each CR and OR-Rule
at FC is

(5.46)

P
2

: o2 {(N —1)In(1_ i j+|n(1+7)}

(5.47)
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The procedure for the derivation of A,,, expression is provided in Appendix B.4.

C. Calculation of p,p, expression

The closed form of expression for p,,, can be obtained by differentiating Eq. (5.18) w.r.t. p

and make the sum equal to zero i.e.,

0
R + 8 g (5.48)
op op
substituting Eq. (5.20) in Eq. (5.48),
42 0P _
N(1-P, ) 2N (R ) T 0 (5.49)
ap op

where op, /op and ap, /apare given by Eq. (5.37) and Eq. (5.38), substituting them in Eq.

(5.49) gives the final expression for p,,, using single antenna (M=1) at each CR and OR-Rule
at FCis
2In A

Popt = (5.50)

or {(N ~1)In (1 pr ]+ In(1+ 7)}

)

Similarly, the final expression for p,,, using multiple antennas (M=3) at each CR and OR-Rule
at FC is

In

2InA
Popt = (5.51)
) 1-P, _
20, {(N —l)ln( 5 }+|n(1+y)}
In i
4
1+y
The procedure for the derivation of p,,, expression is provided in Appendix B.5.
5.6.4. Optimized Expressions of CSS Network Parameters using AND-Rule
A. Calculation of N,,, expression
The closed form of expression for N, can be obtianed using Eg. (5.20) as
AZ(N)=Z(N+1)—-Z(N)=0 (5.52)

substituting Eq. (5.21) in Eq. (5.52),
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1-(1-P )V -1+ (1-P )" +P. N PN =0 (5.53)

after simplification of Eq. (5.53), the final expression for N, is

1-P,
In( 5 j
N = m (5.54)

In
Pf

Eq. (5.54) remains the same for any fading channel when AND-Rule is used at FC. The

procedure for the derivation of N,,,, expression is provided in Appendix B.6.

B. Calculation of 4,,; expression

The closed form of expression for 4,,, can be obtained by differentiating Eq. (5.18) w.r.t. &,

then make the sum equal to zero i.e.,

0
QL Qg (5.55)
oA 04
substituting Eq. (5.21) in Eq. (5.55),
1 0P, ~
N(P,)" 1—/{+N(1— p )% _g (5.56)

where oP, /04 and 0P, /oA are given in Eq. (5.32) and Eq. (5.33), substitutng them in Eq.

(5.56), the final expression for 4, using single antenna (M=1) at each CR and AND-Rule at
FCis

opt — (557)
r
=

Similarly, the final expression for A,,, using multiple antennas (M=3) at each CR and AND-

Rule at FC is

o {(N —1)In(1 il ]+In(1+7)} :

ﬂ“opt = 27
1+y

The procedure for the derivation of 4,,; expression is provided in Appendix B.7.

(5.58)

98



C. Calculation of p,p, expression

The closed form of expression for p,,, can be obtained by differentiating Eq. (5.18) w.r.t. p,

and make the sum equal to zero i.e.,

d
2 g (5.59)
o op
substituting Eq. (5.21) in Eq. (5.59),
40P §
N(R ) ELeN(-R,) SR o (5.60)
op op

where 6P, /op and ap, /op are given in Eq. (5.37) and Eq. (5.38), substitutng them in Eq. (5.60),

the final expression for p,,, using single antenna (M=1) at each CR and AND-Rule at FC is

2InA

o {(N —1)In[1 " j+|n(1+7)}

“m

)

Similarly, the final expression for p,,,. using multiple antennas (M=3) at each CR and AND-

Rule at FC is

Popt = (5.61)

In

2In A

207 {(N ~1)In (1 PfP ]+In(1+ 7)}

g2

The procedure for the derivation of p,,, expression is provided in Appendix B.8.

Popt = (5.62)

In

5.7. Optimization of CSS Network Parameters for Different Fusion Rules in

Weibull Fading Channel
5.7.1. Derivation for Optimal Threshold (4,,,) Expression

For a single antenna case (M=1), the closed form of expression for A,,, can be derived as
follows

P, P,

halls = 5.63
oA 04 0 ( )
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The probability of false alarm expression for Weibull fading channel using multiple antennas

at each CR in the proposed CSS network is

M

Z%F(P)} (5.64)

P, =1-|1-exp { >

O,

The missed detection probability expression for Weibull fading channel using multiple

antennas at each CR in the proposed CSS network is

2rey |
o, (1+7)

P, =|1-exp { (5.65)

differentiating Eq. (5.64) and Eq. (5.65) w.r.t. A, expressions for single antenna case are;

oP 7 ’ 7 AT
P expl - A pl“Z(P) cl2 pFZ(P) 24 S(P) (5.66)
oA . o, po;
oP, ) ey | 227 )

=exp| —«——= |C = = (5.67)
oA ol (1+7) (1+7/)0n2 po? (1+;/)

Substituting Eqg. (5.66) and Eq. (5.67) in Eq. (5.63), after simplification, the closed form of

expression for 4, is

1.\7

(5.68)

Similarly, the closed form of expression for A,,, using multiple antennas (M=3) at each CR is
obtained as
1\7

(5.69)




The procedure for the derivation of A,,, expression is provided in Appendix C.1.

5.7.2. Derivation for Optimal Arbitrary Power of Received Signal (p,,.) Expression

For a single antenna case (M=1), the closed form of expression for p,,, can be calculated by

differentiating Eq. (5.64) and Eq. (5.65) w.r.t p as

an aPm 3
e (5.70)
Zeey | ey | 2 %)
Po__gp| |2 TO| || 27T@) | 2 27 log e 571)
op o,d+7) o,d+7)|  P° o (+7)
Zre ) | ey ] 2 A7)
P {,1 rz(P)} c{’l l“Z(P)} 2 2 tog 1) (5.72)
8p h O, p O,

Substituting Eq. (5.71) and Eqg. (5.72) in Eq. (5.70), after simplification, the closed form of

expression for p,, is

2InA
Dot = 7 (5.73)

r'(P)

Similarly, the closed form of expression for p,,,. using multiple antennas (M=3) at each CR is

obtained as

2InA
Popt = 7 (5.74)

. Cin(1+y) ( o’ J

©05)|1-| 1o |\
' 1+y

The procedure for the derivation of p,,, expression is provided in Appendix C.2.
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5.7.3. Optimized Expressions of CSS Network Parameters using OR-Rule
A. Calculation of 4,,, expression

For a single antenna case (M=1), the closed form of expression for 4,,,. can be calculated using

Eq. (5.44), Eq. (5.45), Eq. (5.66), and Eq. (5.67);

after some algebraic simplifications, the final expression for 4,,, using single antenna (M=1)
at each CR and OR-Rule at FC is

1.\72
1-P -
, (N—l)(ln( fD+C|n 1+y
A =| S P (1+7) (5.75)
"l TP

Similarly, the final expression for A,,, using multiple antennas (M=3) at each CR and OR-Rule
at FC is

1.\7

1-P,
, (N—l)(ln{ Pf
i O-n m

5.76
opt F(P ( )

The procedure for the derivation of 4,,, expression is provided in Appendix C.3.

B. Calculation of p,,, expression

For asingle antenna case (M=1), the closed form of expression for p,,,. can be calculated using
Eq. (5.48), Eq. (5.49), Eq. (5.71), and Eq. (5.72);

after some algebraic simplifications, the final expression for p,,, using single antenna (M=1)
at each CR and OR-Rule at FC is

b, = 2InA (5.77)
opt }/C

ol oo

n

) ]
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Similarly, the final expression for p,,, using multiple antennas (M=3) at each CR and OR-Rule

at FC is
2InA
popt_ P % (578)
) (N—l)(ln( 3 )]+C|n(1+y) ”
~ ¢ r(P
L(O.S)[y_] ] P)
1+y

The procedure for the derivation of p,,, expression is provided in Appendix C.4.

5.7.4. Optimized Expressions of CSS Network Parameters using AND-Rule

A. Calculation of 4,,, expression
For asingle antenna case (M=1), the closed form of expression for 4,,,, can be calculated using

Eq.(5.55), Eq. (5.56), Eq. (5.66), and Eq. (5.67);

after some algebraic simplifications, the final expression for 4,,, using single antenna (M=1)

at each CR and AND-Rule at FC is

1\

| (N—l)[ln(limnmln(u;)

(5.79)
R (=

el

Similarly, the final expression for A,,, using multiple antennas (M=3) at each CR and AND-

Rule at FC is

A =|—n
(P

The procedure for the derivation of A,,, expression is provided in Appendix C.5.

(N-1) |n[1

Py

m

+C In(1+)_/)
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B. Calculation of p,,, expression

For asingle antenna case (M=1), the closed form of expression for p,,,. can be calculated using
using Eq. (5.59), Eq. (5.60), Eq. (5.71), and Eq. (5.72);
after some algebraic simplifications, the final expression for p,,, using single antenna (M=1)

at each CR and AND-Rule at FC is

Do = 2InA - (5.81)
c

(N —1)[|n (:fp D+c In(1+7) )

m o,

)

Similarly, the final expression for p,,, using multiple antennas (M=3) at each CR and AND-

Rule at FC is

2In4
popt = %

(N—1)(In(lfmeD+Cln(l+7_f) .

- r(P
{(0.5)[7_] J )
1+y

The procedure for the derivation of A,,,, expression is provided in Appendix C.6.

(5.82)

5.8. Optimization of CSS Network Parameters in Non-Fading Environment

A. Calculation of 4,,, expression

The expression for 4,,, in AWGN channel can be calculated by differentiating Eq. (5.6) and
Eq. (5.17) w.r.t. 4;

M-1 2
oP, 2 4(2-p)/p y/ ﬂ%’
oM 1-exp| -4 exp| -2 5.83

M-1
P, M [ A@ A7 1 (1 %
m = = exp| — = =, = 5.84
oA x/ﬂ'p[(l+}/)0'§j p( 2(1+;/)of]|:x/7z 7/[2 2(1+7/)ofﬂ (5.84)

Substituting N=1, M=1, p=2, r=0.1, Eq. (5.83), and (5.84) in (5.29), after some algebraic

computation and the expression reduces to;

104



27 ¢, In(/l%)—Q 0 (5.85)

where
C, =—(+7)/1+2y) (5.86)
B (1/ 2)1/2 1 ~ _
C, _(1+7/)In(\/;(1+7_/)m J/(Zj @+y) (5.87)

B. Calculation of p,,; expression

The expression for p,,; in AWGN channel can be calculated by differentiating Eq. (5.5) and
Eq. (5.17) w.r.t. p;

oP 2/p M
il g —% In AM (1—exp(—/1(2/72D exp(—ﬂ(z/yzj (5.88)
op po, O, O,

M-1
2/p 2/p 2/p
By Mlogaf A% N of AT |1 (1 2% (5.89)
o Nzp® (W+p)o; 20+ 7)or )| N7 (2" 2L+ p)o;
substituting N=1, M=1, r=0.1, Eq. (5.88), and Eq.(5.89) in Eq. (5.30), after some algebraic

computation, the final expression for p,,, is obtained as:

2log 4
log\7 + O.5Iog[2(1+27)j
2

Popt = (5.90)

n

log o,
-
2(1+y) |

5.9. Results and Discussions

The simulation results and their discussions are presented in this section. The effect on
performance for different values of network parameters such as threshold value (1), arbitrary
power of received signal (p), average sensing channel SNR (y), multiple number of antennas
(M), number of CR users (N), and different fading parameters is discussed when the proposed
system is affected by various fading environments. The simulation results are evaluated to find

out the detection performance using complementary receiver operating characteristics

(CROC), total error rate (Qm + Qf) curves, and to calculate the optimal values of network
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parameters such as Nyp¢, Pope, and A,y Values for the proposed CSS network using single and
multiple antennas at each CR.

Figure 5.3 illustrates the CROC curves for various fading channels which are drawn
between Pr and B, values. The MATLAB based simulation is evaluated for two different
values of M (M=1 and M=2), fixed values of y=10 dB, K=2, and p=3. From Fig.5.3, it can be
observed that B, value decreases as Py value increases. A similar phenomenon is observed
with other parameters also such as M and Rician fading parameter (K). As K value increases,
fading effect between the transmitter and receiver decreases, and thereby P,, value decreases.
When K value increases from K=0 (Rayleigh) to K=2 (Rician), B,, value decreases by 39.2%
at M=2 and it decreases by 15.2% at M=1, P=0.1, =10 dB and p=3. Finally, our simulation
results are perfectly in accordance with Rayleigh channel when Rician fading channel
parameter value is chosen as K=0. All the simulation results are drawn with strong support of

analytical expressions and simulation results are in perfect accordance with theoretical results.

m

— — —Rayleigh (K=0), M=1, SNR=10dB, Simulation % ¥y

Missed detection probability (P

Rayleigh (K=0), M=2, SNR=10dB, Simulation % \]
1073 Rician (K=2), M=1, SNR=10dB, Simulation % *i
Rayleigh (K=2), M=2, SNR=10dB, Simulation %
—— AWGN, M=1, SNR=10dB, Simulation ]
AWGN, M=2, SNR=10dB, Simulation %*|
10 %  Theoretical L ‘ . T
104 1073 1072 107 10°

Probability of false alarm (Pf)

Fig.5.3. CROC graphs for different fading channels.

In Fig.5.4 CROC curves are drawn for various fading channels such as Rayleigh,
Weibull, and Hoyt fading channels. The simulation is evaluated for two different values of M
(M=1 and M=2), fixed values of y=10 dB, V=3, g=0.3, and p=3. From Fig.5.4, it can be

observed that P, value decreases as Py value increases. The similar nature is observed with
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other parameters also. As V value increases, fading effect decreases, and thereby P,, value

decreases.

—8—— Rayleigh, M=1, SNR=10dB, Simulation ¥* ® %
1073 Rayleigh, M=2, SNR=10dB, Simulation E
—O©— Weibull (V=3), M=1, SNR=10dB, Simulation

Missed detection probability (Pm)

Weibull (V=3), M=2, SNR=10dB, Simulation ¥

Hoyt (9=0.3), M=1, SNR=10dB, Simulation
— — — Hoyt (q=0.3), M=2, SNR=10dB, Simulation *
* Theoretical ) \

104
104 103 1072 107" 100

Probability of false alarm (Pf)

Fig.5.4. CROC graphs for different fading channels.

When V value increases from V=2 (Rayleigh) to V=3 (Weibull), B,, value decreases by
69.2% at M=2 and it decreases by 55.2% at M=1, P=0.1, y=10 dB, and p=3. It can be observed
from the simulation that the missed detection probability values are more in Hoyt fading
environment and less in Weibull fading environment. Finally, our simulation results are in
perfectly in accordance with Rayleigh channel when Weibull fading channel parameter (V)

value chosen as V=2.

Figure 5.5 is drawn between N,,,. and error rate in R-channel (r) using single antenna
(M=1) at each CR for different fading environments. The performance is evaluated for various
values of p (p=2 and p=3), 1 (1 =20 and 1=30) and the performance comparison between CED
and IED schemes are also provided in the simulation. As r value increases in R-channel, N,
value decreases because increased value of r makes the R-channel more imperfect and
increases the error rate in it, this makes the number of CR users to identify the PU activity
decreases. As p value decreases, N,,, Vvalue increases because the received signal strength
decreases at receiver. When p value decreases from p=3 to p=2, N,,,, value increases from 12
to 33 in Rician fading channel (K=2) and it increases from 15 to 19 in Rayleigh fading channel
(K=0) at y=5 dB, 1=20, and r=0.03.
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IED, A=20, Rayleigh
—fi— |ED, \=30, Rayleigh
e |ED, A=20, Rician
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————— CED, A=20, Rayleigh

Optimal number of CR users (Nopt)

26669

10°
102 107? 10°
Error probability rate in R-channel (r)

Fig.5.5. N, versus r graphs for different fading channels using single antenna at each CR.

Similarly, when A value decreases, N, value decreases because of decreased Py value.
When 4 value decreases from A = 30 to A = 20, N,,,, value decreases from 5 to 4 in AWGN
channel, it drops from 15 to 11 in Rayleigh channel, and it falls from 18 to 12 in Rician fading
channel (K=2) at p=3, y=5 dB, and r=0.03. We can conclude from the above simulation that
N,y Value is less for AWGN environment. The lower values of N, can be achieved with an

IED technique as compared to the CED technique.

102 T T T T T T
h —&— IED, M=2, AWGN
IED, M=3, AWGN
—+&—— |ED, M=2, Rayleigh
IED, M=3, Rayleigh
—6— IED, M=2, Rician
—+— IED, M=3, Rician
CED, M=3, Rician
= == == CED, M=3, Rayleigh

1
T T

Optimal number of CR users (Nopt)
S_L

100 -
1072 1071 100
Error probability rate in R-channel (r)

Fig.5.6. N,y versus r graphs for different fading channels using multiple antennas at each

CR.
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Figure 5.6 is drawn between N,,. and r for different fading channels using multiple
antennas (M=2 and M=3) at each CR. As M value increases, N, value decreases compared to
single antenna case. When M value increases, diversity order at each CR increases which
improves the received signal strength and reduces the noise value present in R-channel, hence
N, value decreases. When M value increases from M=2 to M=3, N,,,; value reduces from 8
to 6 in Rician channel, it decreases from 7 to 5 in Rayleigh channel, and it falls from 4 to 3 in
AWGN channel at 1=20, K=2, p=3, y=5 dB, and r=0.03. For an instant, at A=20, M=3, y=5
dB, r=0.03, as p value increases from p=2 to p=3, N, value decreases from 32 to 7 in Rician

channel and it drops from 24 to 5 in Rayleigh fading channel.

In Fig.5.7, N, value calculated for various values of r considering single antenna
(M=1) at each CR in different fading environments such as (Rayleigh, Hoyt and Weibull fading
channel). The performance comparison between different detection schemes (CED and IED),
comparison among various fading channels are also provided in Fig.5.7. As p value decreases
from p=3 to p=2, N,,,. value increases from 8 to 18 in Rayleigh fading channel and it increases
from 10 to 19 in Weibull fading channel (V=3) respectively at y=5dB, 1=20, and r=0.05. N,

value is less in Rayleigh fading environment and high in Hoyt fading environment.

102 ' '
—&A— |ED, A\=30, Rayleigh
; —&— IED, A=30, Weibull

—_ r —— |ED, \=30, Hoyt

g & IED, \=20, Rayleigh
< / —&— IED, A=20, Weibull
8 4 —— |ED, A=20, Hoyt
4 e A O ™ e CED, A\=20, Rayleigh
% — — —CED, A\=20, Weibull
S 10'f
[
e}
IS
>S5
c
©
£
o
(e}

10° —
1072 107" 100

Error probability rate in R-channel (r)

Fig.5.7. N,y versus r graphs for different fading channels using single antenna at each CR.
Similar analysis (N, vs ) is carried out in Fig.5.8 also considering multiple antennas
at each CR (M=2 and M=3) in Rayleigh, Hoyt, and Weibull fading environments. As multiple

antennas at each CR increases, N,,; value decreases compared to single antenna case.
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Fig.5.8. N,y versus r graphs for different fading channels using multiple antennas at each
CR.

As M value increases from M=2 to M=3, N,,,; value reduces from 7 to 5 in Rayleigh
fading, it decreases from 8 to 6 in Weibull fading (V=3), and it reduces from 15 to 13 in Hoyt
fading channel (q=0.2) at A=20, p=3, y=5dB, and r=0.05. These N, values are less compared
to a single antenna case provided in Fig.5.7. For a particular value of 1=20, M=3, y=5dB,
r=0.05, if p value increases from p=2 to p=3, N,,, value decreases from 33 to 6 in Weibull

fading channel (V=3) and it decreases from 24 to 5 in Rayleigh fading channel.

Figure 5.9 is drawn between N, and A for various value of p (p=2 and p=3), y (y=5
dB and y=10 dB), and fixed value of M (M=1). The performance comparison for various fading
channels (AWGN, Rayleigh and Rician) is provided in Fig.5.9. As y value increases, signal
strength increases in S-channel which reduces N, value. When y value increases from y=5
dB to =10 dB, N,y value decreases from 6 to 4 in AWGN channel, it decreases from 16 to 6
in Rayleigh channel and it decreases from 18 to 5 in Rician channel at K=2, p=3, M=1, 1=20,
and r=0.01. When p value increases from p=2 to p=3, N, value decreases from 96 to 18 in
Rician channel and it reduces from 73 to 16 in Rayleigh channel at M=1, y=5dB, r=0.01 and A
=20. Finally, we can conclude from the simulation that N,,, value is less for lower thresholds
and its value increases with A. N, value is minimum with an IED scheme compared to the

CED scheme.
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Fig.5.9. Ny, versus A graphs for different fading channels using single antenna at each CR.

Figure 5.10 is drawn between N,,, and A for various values of M namely (M=2 and
M=3), fixed values of y=5 dB, r=0.01, and A=20. It can be observed from the simulation that
N,p: value increases with A value. When p value increases from p=2 to p=3, N,, value
decreases from 8 to 4 in Rayleigh fading and it reduces from 10 to 3 in Rician channel at M=3,
A=20, and r=0.01. As M value increases from M=2 to M=3, N,,,, value decreases from 4 to 3

in AWGN channel, it reduces from 4 to 2 in Rayleigh fading, and it drops from 3 to 2 in Rician
channel at A= 20, K=2, p=3, y=5 dB, and r=0.01.
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Fig.5.10. N,y versus A graphs for different fading channels using multiple antennas at each
CR.
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Fig.5.11. N,y versus A graphs for different fading channels using single antenna at each CR.

In Fig.5.11, performance is evaluated to calculate N,,, value for different A values
using single antenna at each CR. The performance comparison for various fading channels
(Rayleigh, Weibull and Hoyt) is provided in Fig.5.11. As S-channel SNR value increases from
5dB to 10dB, N,,, value decreases from 16 to 6 in Rayleigh fading channel, it reduces from
19 to 5 in Weibull channel, and it decreases by 73 to 65 in Rayleigh fading channel respectively
at V=3, g=0.2, p=3, M=1, =20, and r=0.01. As p value increases from p=2 to p=3, N, value
decreases from 17 to 6 in Rayleigh fading channel and it decreases from 20 to 5 in Hoyt fading
channel at y=10dB, r=0.01, and A1=20.

Figure 5.12 is also drawn between N,,, and 4 considering multiple antennas (M=2 and
M=3) at each CR. As the number of antennas at each CR increases from M=2 to M=3, N,
value decreases from 4 to 3 in Rayleigh fading channel, it decreases from 3 to 2 in Weibull
fading channel, it decreases from 58 to 49 in Hoyt fading channel, and these values are less
compared to single antenna case. The simulation parameters used in Fig. 5.11 are 1= 20, K=2,
p=3, y=5dB and 10dB, r=0.01, and M=2 and 3.
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Fig.5.12. N,,.versus A graphs for different fading channels using multiple antennas at each

CR.

Figure 5.13 is drawn between total error rate (@,, + Q) and p for various values of M
namely (M=1 and M=3), N (N=1 and N=3), fixed values of y=10 dB, A=30, and r=0.01 in
various fading environments. The performance comparison for different fading channels
(AWGN, Rayleigh and Rician) is provided in Fig.5.13 to decide which fading channel achieves
the least value of total error rate. It is evident from the Figure that as p value increases, (Q,, +

Q) value initially decreases up to minimum value then it increases.
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Fig.5.13. Q,, + Q versus p graphs for different fading channels.
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Fig.5.14. Q,, + Q versus p graphs for different fading channels.

Similar variation is observed with all other parameters also, and this nature of the curve
is due to decrease in A value for increase in p-value according to A = 1,0, . The increased Py
value at each CR increases the Q@ value at FC, thereby it improves the total error value.
Including the total error rate performance, an optimum value of p (p,,.) is also calculated from
fig.5.13. The value of p at which the total error rate is minimum is called as optimum value p.
The minimum value of total error rate for single antenna case (M=1) in AWGN channel is
0.0603 at p=3.7, its value for Rayleigh fading is 0.0944 at p=4.3, and its value for Rician fading
channel is 0.0743 at p=4, y=10 dB, A=30, r=0.01, M=1, and N=3. Similarly, for multiple
antenna case (M=3), minimum value of total error for AWGN channel is 0.0312 at p=3.1, it
obtained as 0.0347 for Rayleigh channel at p=3.2, and it is obtained as 0.0336 for Rician fading
channel at p=3.2 for similar network parameters. From the above lines, we can conclude that
total error value is more with single antenna case compared to multiple antenna case. (Q,, +
Q) value is less in Rician channel compared to Rayleigh channel because it consists of line of

sight (LoS) propagation between transmitter and receiver.

The effect of multiple antennas on total error value over various fading channels is
provided in Fig.5.14. The minimum value of total error rate for single antenna case in Rayleigh
channel is 0.0944 at p=4.3, its value in Weibull fading channel is 0.0661 at p=4, and its value
in Hoyt fading channel is 0.1415 at p=4.75, M=1, y=10dB, 1=30, N=3, and r=0.01. For multiple
(M=3) case, (@, + Qf) value reduces to 0.0347 at p=3.2 in Rayleigh fading, it drops to 0.0332
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at p=3 in Weibull fading, and it falls to 0.0416 at p=3.25 in Hoyt fading channel for similar
network parameters. We can conclude from Fig.5.13 and Fig.5.14 that Weibull fading channel

achieves lower a value of total error compared to other fading channels.
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Fig.5.15. N,y versus A graphs for Rayleigh fading channel using OR-Rule at FC.

An optimum value of number of CRs (N,,,) is calculated as a function of A using hard
decision fusion (OR-rule) at FC over Rayleigh fading effect in Fig.5.15. N,,, value is
calculated for error free R-channel and for various values of M, p, and y. From simulation it is
noted that N,,, value increases with A for a given ¥, p, and M values. Since we are using OR-
Rule at FC, as A value increases, then FC needs binary decisions from more SUs to reduce the
missed detection probability. For a particular case, when y value increases from 5 dB to 7 dB,
N,y value decreases from 13 to 2 at A=7, M=2, and p=3. N, value is less for lower threshold
values, it increases with a threshold value and it also depends on p-value. If the detection
scheme changes from CED (p=2) to IED (p=3), N, Vvalue decreases from 26 to 6 for single
antenna case, and it decreases from 13 to 4 for multiple antenna case at M=2, A=7, and y=5dB.
Finally, the number of antennas at each CR also affects the N,,, value i.e., when M value

increases from M=1to M=2, N,,,, value decreases by 57.1% at A=8, p=3, and y=5dB.

In Fig.5.16, the total error rate performance is analyzed as a function of p using OR-

Rule at FC over Rayleigh fading channel. Three values of N (N=1, N =2 and N=3), two values
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of M (M=1 and M=2), and two values of A (A=30 and A=20) are considered as variable

parameters.
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Fig.5.16. Q,, + Q versus p graphs for Rayleigh fading channel using OR-Rule at FC.

The total error rate performance and p,,. values are calculated from Fig.5.16. An
optimum value of p also depends on various network parameters. For a particular case, if N
value increases from N=1 to N=3, (Q,, + Q) value decreases by 28.8% at p=2, M=1, A=30,
and y=10dB. As N value increases, p,,, value decreases and also shifts towards left (moves
towards origin). The performance can be improved further by increase in the number of
antennas at each CR user. As M value at each CR increases from M=1 to M=2, (@, + Q)

value decreases by 60.5% at p=1.8, A=30, N=3, and y=10dB.

In Fig.5.17, (@, + Qf) performance is shown as a function of A for various values of
N, p, 7, and M. The performance is evaluated using OR-Rule at FC over Rayleigh fading
channel. It can be observed from the simulation that as A value increases, initially total error
rate value decreases up to minimum value and then it increases up to certain point. The nature
of the curve remains the same with other parameters also. Including the total error rate and an
optimum value of & (4,,,) is also calculated using this simulation. The value of X at which the
total error is minimum is treated as optimum value of A. At A=10, M=1, y=10dB, and p=3, if N
value increases from N=1 to N=3, (Q,, + Q) value decreases by 80.3%. As N value increases,

Aopt Value also increases and the curve moves away from the origin i.e., shifts towards right.
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When M value increases from M=1 to M=2, (Q,, + Q) value decreases by 51.2% at A =12,
N=3, p=3, and y=10dB. It can be clearly observed from the simulation that for fixed values of

M and N, as p value decreases, total error rate curve shifts towards the origin.
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Fig.5.17. Q, + Q versus A graphs for Rayleigh fading channel using OR-Rule at FC.
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Fig.5.18. N,y versus A graphs for Rayleigh fading channel using AND-Rule at FC.

In Fig.5.18, Ny, value is calculated as a function of A. The performance is evaluated

using AND-Rule at FC over Rayleigh fading channel for different values of p (p=2 and p=3),
M (M=1 and M=2), and y (y=5dB and y=7dB). N,,, value is calculated when S-channel is
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affected by Rayleigh fading and R-channel is considered as error free channel. From Fig.5.18,
it is clear that N,,; value decreases with the increment of A value using AND-Rule at FC and
similar nature is observed with other parameters also. As y value decreases from 7dB to 5dB,
Ny value decreases from 14 to 11 at A=0.5, p=3, and M=2. As p value increases from p=2 to
P=3, Ny value decreases by 54.5% at 1=0.5, y=5dB, and M=2. Similarly, as M value increases
from M=1to M=2, N, value decreases from 11 to 3 at 1=0.5, y=5dB, and p=3.
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Fig.5.19. Q,, + Q versus p graphs for Rayleigh fading channel using AND-Rule at FC.

Figure 5.19 is drawn between (Q,, + Q) and p using AND-Rule at FC over Rayleigh
fading channel. Three values of N namely (N=1, N=2, and N=3), two values of M (M=1 and
M=2), and two values of A (A=30 and A=20) are used in this simulation. For a particular case,
when N value increases from N=1 to N=3, (@, + Q) value decreases by 47.1% at p=4, M=1,
A=30, and y=10 dB. An optimum value of p also increases and shifts towards right as N value
increases. Similarly, when M value at each CR increases from M=1 to M=2, (Q,, + Q) value

decreases by 69.1% at p=2.5, A=30, N=3, and y=10 dB.

Figure 5.20 is drawn between N,,. and A using OR-Rule at FC over Weibull fading
channel. N, value is calculated for error free R-channel, various values of network parameters
such as M, p, y, and V. For a particular case, when y value increases from 5dB to 7dB, N,
value decreases by 50.0% at A=6, M=2, p=3, and V=3. Similarly, as V value increases from
V=2 to V=3, N, value decreases by 28.5% at A=8, M=1, p=3, and y=5dB. If the detection
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scheme changes from CED (p=2) to IED (p=3), N,y value decreases by 80.0% at A=8, M=2,

V=3, and y=5dB. Finally, the number of antennas at each CR also affect the N,,, value, as M

value increases from M=1to M=2, N,,,; value decreases by 50% at A=7, p=3, V=3, and y=5dB.
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Fig.5.20. N,y versus A graphs for Weibull fading channel using OR-Rule at FC.
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Fig.5.21. Q,, + Qf versus p graphs for Weibull fading channel using OR-Rule at FC.

In Fig.5.21, total error probability performance is analyzed as a function of p using OR-

Rule at FC over Weibull fading channel. The simulation results are in exact accordance with

derived theoretical expressions. Three values of N (N=1, N=2 and N=3), two values of M (M=1
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and M=2), and two values of A (A=30 and A=20) are considered as simulation parameters. For
a particular case, at p=3, M=1, A=30, and y=10dB, if N value increases from N=1 to N=3,
(@m + Q) value decreases by 26.8%. As M value increases from M=1 to M=2, (Q,, + Q)
value decreases by 55.9% at p=3, A=30, N=2, and y=10dB.
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Fig.5.22. @, + Qf versus A graphs for Weibull fading channel using OR-Rule at FC.

In Fig.5.22, (@, + Qf) performance is shown as a function of A for various values of
N, p, and M using OR-Rule at FC over Weibull fading channel. As N value increases from N=1
to N=3, (@, + Q) value decreases by 95.3% at A=10, M=1, V=3, y=10 dB and p=3. When M
value increases from M=1to M=2, (Q,, + Q) value decreases by 87.5% at A=10, N=3, p=3,
V=3, and y=10dB. It can be clearly observed from the simulation that for fixed values of M
and N, as A value increases, the total error rate curve shifts towards right i.e. moves away from
the origin.

In Fig.5.23, N,,; value is calculated as a function of A using AND-Rule at FC over
Weibull fading channel. The performance is evaluated for different values of p namely (p=2
and p=3), V namely (V=2 and V=3), M namely (M=1 and M=2), and y namely (y=5dB and
y=7dB) in Weibull fading channel. As y value decreases from 7dB to 5dB, N,,; value
decreases from 29 to 23 at A=0.6, p=3, M=2 and V=3. As fading factor value increases from
V=210 V=3, N, value increases from 11 to 31 at A=0.5, y=5dB, p=3, and M=2. If the number
of antennas at each CR increases from M=1 to M=2, there is a significant improvement in N,

value from 6 to 31 at A=0.5, y=5dB, p=3, and V=3.
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Fig.5.23. N,y versus A graphs for Weibull fading channel using AND-Rule at FC.

Finally, we can conclude that two different fusion rules are operated individually at FC
namely OR-Rule and AND-Rule. N, value is high at lower values of A using AND-Rule at FC
and its value is high at higher values of A using OR-Rule at FC.
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Fig.5.24. Q,, + Q[ versus p graphs for Weibull fading channel using AND-Rule at FC.

Figure 5.24 is drawn between (Q,, + Qf) and p using AND-Rule at FC over Weibull

fading channel. This simulation is drawn with the strong support of theoretical expressions.
Three values of N namely (N=1, N=2 and N=3), two values of M (M=1 and M=2), and two

values of A (A=30 and A=20) are used to simulate Fig.5.24. For a particular case, when N value

121



increases from N=1 to N=3, (Q,, + Qf) value decreases by 68.1% at p=4, M=1, A=30, and
y=10dB. Similarly, when M value at each CR increases from M=1 to M=2, (Q., + Q) value
decreases by 60.8% at p=3, A=30, N=3, and y=10dB.

It is evident from the Fig.5.24 that the total error probability value initially decreases
with increases in the p value and increases next with further increases in the value of p. Similar
variation is observed with all other network parameters also. This nature of the curve is due to
increase in the value of p, the detection threshold value according to A = 1,07 decreases so
that there is a chance of getting higher probabilities of false alarm at a CR user (P¢) and at FC
(Qf), which leads to increase in the total error probability. Similarly, when the number of CR
users in the network increases, and considering AND logic fusion at FC, the probability of false
alarm value increases which in turn increases in total error probability. It can be seen from Fig.
5.24 that there exists an optimum value of p for which the total error probability is minimum.
This optimum value of p depends on value of A, M and N i.e., it is different for different values
of A, M, and N. Finally, dip shows the optimum value of respective network parameter in the

simulation.

In chapter-5, we have evaluated the closed form of optimal expressions for CSS network

parameters such as optimal number of CR users (Nopt), optimal value of threshold value

(Aopt), optimal value of arbitrary the power of received signal (popt) are derived in various
fading environments. We have derived the novel expressions of missed detection probability
(B,,) considering multiple antennas (M) at each CR for different fading channels. The
simulations are drawn to find out the optimal values of network parameters and to calculate the
minimum value of total error rate for various fading channels. The performance is evaluated
using multiple antennas and an IED scheme at each CR in the proposed CSS network when it
is affected by various fading environments. Most of the MATLAB figures are drawn with the
support of analytical results and some are drawn with the support of simulations such as CROC
curves for different fading environments. For an example, modified modified Fig. 5.3, Fig.5.4,
and Fig.5.24 shows that our simulations results are perfectly in accordance with theoretical

results.
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Optimized
network
parameters

Nopt

Popt

Aopt

Qm+Qf

Number of
antennas

3

M=3

3

Rayleigh
fading
(Existing)

11

4.3

3.2

32

28

24

0.0985

0.0671

0.0357

Rician
fading
(Proposed)

12

3.5

3.1

27

25

21

0.0667

0.0523

0.0296

Weibull
fading
(Proposed)

16

11

3.5

2.9

2.5

19

18

15

0.0403

0.0358

0.0201

Hoyt
fading
(Proposed)

29

15

13

4.75

4.2

3.25

35

32

28

0.1415

0.0823

0.0416

Table 5.1. Optimized values of CSS network parameters over various fading channels.

Table 5.1 shows the optimized CSS network parameter values for different fading
channels. The optimum values are calculated using the multiple antennas and an IED scheme
at each CR in the proposed CSS network over various fading channels. From the Table 5.1, we
can conclude that as the number of antennas at each CR are increases, an optimum value of
CSS network parameters is decreases because of the diversity order at each CR is increases.
From the eq. (5.24), we can claim that for a particular value of probability of false alarm,
probability of missed detection and for given error rates, it gives an optimum value of number
of CR users (N,,.). This N, value also depends on number of antennas used at each CR, as
the number of antennas at each CR is increases, N,,, value is decreases. Similarly, we have
derived the closed form of optimized mathematical expressions such as arbitrary power of the
received signal (p,,.) and threshold value (4,,.) for different fusion rules (OR-Rule and AND-
Rule), different values of number of antennas at each CR (M=1, M=2 and M=3), different
number of CR users in the network (N=1, N=2 and N=3). The closed form of optimal
expressions for A,,. and p,,, are provided in the section 5.6, section 5.7 and section 5.8
respectively. Finally, for an optimal values of N,,., 45, and p,,, We have calculated total
error value (Q,,+Qy) also for different fading environments. For these optimal values of
network parameters, we have achieved the lower value of total error rates, so for what values

of total error value is minimum those values are treated as optimal values of CSS network
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parameters. We have calculated the closed form of an optimal expressions up to number of
antennas M=3 because after that system complexity increases, calculation of mathematical
expression becomes more complex, and after M=3 there is not much improvement in the
optimum values. Finally, we can conclude that total error value is minimum in Weibull fading

and its value is more in Hoyt fading channel.
5.10. Conclusions

In this chapter, we have proposed the cooperative spectrum sensing (CSS) network
which is equipped with multiple antennas and an improved energy detector (IED) scheme as
detection technique at each cognitive radio (CR) and the performance is evaluated over various
fading channels. Selection combining (SC) scheme is used at each CR, it receives the binary
decisions of the primary user (PU) from an IED technique using multiple antennas and selects
better detection value of PU. The sensing information about the PU is passed to the fusion
center (FC) through reporting channel (R-channel). Final decision is made at FC using different
fusion rules (OR-Rule, AND-Rule). We have derived the novel expressions of missed detection
probability using multiple antennas and an IED scheme at each CR for different fading

channels.

The performance is analyzed with the help of complementary receiver operating
characteristics (CROC) and total error rate curves for the proposed CSS network. Finally, we
have also derived the closed form of optimal expressions for various CSS network parameters
such as an optimum number of CRs, the optimum value of the arbitrary power of received
signal, and the optimum value of detection threshold to obtain the optimal performance of CSS
network. Our simulation results are perfectly in accordance with analytical results. The
simulation results depends on various values of network parameters such as average sensing
channel SNR (), multiple antennas (M) at each CR, detection threshold value (X), arbitrary
power of the received siganl (p), and number of CR users (N). The performance is evaluated
using single and multiple antennas at each CR for various fading channels and comparison
between them also provided. The performance comparison between CED and IED schemes are
also provided. Finally, we can conclude that detection performance is improved by considering

multiple antennas and an IED scheme at each CR in the CSS network.
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CHAPTER-6

Average Channel Throughput and Network Utility Function
Analysis using CSS Network

6.1. Introduction

This chapter describes the performance evaluation of average channel throughput and
network utility function analysis using the proposed CSS network. Cognitive radio technique
introduces the concept of spectrum reuse with the help of secondary users. These secondary
users are allowed to utilize the radio spectrum without interfering in the primary user’s
operation. But, in realistic environment detection of the primary user is not accurate due to
multipath fading and shadowing effects. This issue can be resolved by taking the cooperation
of multiple secondary users in the network. The sensing performance can be improved by
increasing the sensing duration, but it reduces the data transmission rate which further reduces
the throughput value of the network [101]. There will be an always trade-off between sensing
time and throughput of the network [30]. The average channel throughput value can be
improved when the sensing and transmission are performed simultaneously [102]. The average
channel throughput (Cg,,4) performance is evaluated and improved using the proposed CSS
network over Rayleigh and Weibull fading channels. It is not always true that increased number
of CR users in the network will improve the throughput of the network. So, an optimal number
of secondary users should be calculated to maximize the average channel throughput for
different fusion rules. Similarly, network utility function (NUF) analysis is also necessary to
improve the detection probability of primary user and to an efficient utilization of radio
spectrum [31]. The performance of NUF is also described in detail using the fusion rules at FC

in the proposed CSS network.
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6.2. System Model

Figure 6.1 shows the proposed model of CSS network with N number of SUs, an FC,
and a PU. The channel present between PU and SUs is called as sensing channel (S-channel),
in this channel each CR senses and stores the information about the PU. The sensing information
associated with each CR is transferred to the FC through the reporting channel (R-channel) and
S-channel is assumed as an error-free channel. The R-channel lies between SUs and FC in the
proposed network and error rate (p,) is considered in it. Complete information from all CRs are
collected at FC, and the final decision is made at FC using fusion rules such as k=1+n and
k=N-n, where k-is selected number of CRs, N-is total number of available CRs, and n-is positive
integer (n=2 is assumed in simulations). Each CR uses an IED scheme and selection combining
(SC) diversity technique to get the binary decision about the PU [28].

Primary
user x
Sensing channel
without error rate

Fusion

. center
Reporting channel
with error rate (Pe)

Cognitive radio
users

Fig.6.1. Proposed model of cooperative spectrum sensing network.

Two hypotheses are defined in the literature to decide the absence and presence of PU as H,,

and H, respectively. The received signal at j-th CR can be written as [10];

n;(t) ‘H, 6.1
Y= h*s®+n,@)  cH, (61)
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In the above expression, s(t) represents the received signal at the input of IED and
n; (t) is the noise value at j-th CR. AWGN noise (Additive white Gaussian noise) is considered
in the network which is uniformly distributed over each CR. h; is the fading coefficient which

occurs due to fading effect in the channel.

The expression for i-th antenna to make a local decision about the PU is given by [18]
W, =y, p>0 (6.2)

For an IED scheme, p-value should be more than 2, i.e., (p> 2) to achieve better detection

probability than CED scheme.

Each CR uses an IED technique to get the decision statistics from all (i = 1....M)
antennas. With the help of selection combining (SC), the largest value of w; can be selected
from all available w; values and it is denoted as Z. The final decision about the PU is obtained

by comparing Z value with detection threshold (1) is calculated as [28];

Z>4 :H,

(6.3)
& Z<i :H,
Where A can be obtained from the expression
A=Aor (6.4)

where 1, represents the normalized detection threshold value and ;2 is the noise power for

p=2.
6.3. Calculation of Missed Detection Probability (P,,,) Expression

In this section, missed detection probability (B,,) expression for Rayleigh and Weibull fading

channels are calculated using multiple antenna and an IED scheme at each CR in CSS network.
6.3.1. Missed Detection Probability Expression in Rayleigh Fading Channel

The missed detection probability expression for Rayleigh fading channel can be calculated

using the PDF given in [28] as;

5 %
fyHloo::———fﬂi————gexp{ -——Jﬁ—————J (65)

p(E, of +o? (E, 0% +07)
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Steps involved in the calculation of P,, expression for Rayleigh fading channel are provided in
[28]. Finally, B, expression for Rayleigh fading channel with an IED scheme and single

antennas at each CR is given in [28] as;
P = (1—exp(—)f/ p/ (1+;)a§)) (6.6)
where 5 — Es‘7h72 is S-channel SNR.
Gﬂ

The detection probability (P;) can be calculated as

P =1-P (6.7)

m

The closed form of P,, expression for Rayleigh fading channel using an IED scheme with
multiple antennas (M) at each CR is [28]

P = (1—exp(—/12/ / (1+})a§))M (6.8)

The expression for B, is different for different fading channels because it depends upon
S-channel SNR value whereas the probability of false alarm (Pf) expression remains the same
for various fading channels [10]. The expression for Py using an IED scheme using multiple

antennas (M), selection combining (SC) diversity scheme at each CR is given in [28] as;
P, =1-(1-exp(-4%"/o?))’ (6.9)

6.3.2. Missed Detection Probability Expression in Weibull Fading Channel

The missed detection probability expression for Weibull fading channel can be derived with
the help of PDF given in [112] as;

Cayeicl ey Tl | [ yere |
For, ) = p {(Esofjtanz)} (y ) P {(ESGEJFJE) (6.10)

where €=V, P=1+ 3 and V —is Weibull fading parameter.

The missed detection probability expression for Weibull fading channel with an IED scheme

and single antennas at each CR is derived by us using the steps given in [28] as;
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% ©
i A '(P)
P =|1-exp {—ﬁ(lﬂ_/)} (6.11)

_ 2
where y = Es%z is S-channel SNR.

n

The missed detection probability expression for Weibull fading channel using an IED scheme

and multiple antennas (M) at each CR is derived as;

% C
P =|1-exp {—l F(E)} (6.12)

6.4. Fusion Rules

As we discussed above, the information from i-th CR in the form of one-bit decision
(u;) is transfered to FC over an erroneous reporting channel. The information from all CRs (N)
are collected at FC and compared with an integer value of detection threshold (1) to make a

final deccision about PU. The final decision can be made at FC using the following expression;

k
H,  if Y u>2,
k out of N rule= = (6.13)

H, if Zk:,ui<ﬂ,

i=1

For k=1, the above expression represents the expression for OR-Rule and for k=N, it
indicates the expression for AND-Rule. In this chapter, we are evaluating the performances
using k=1+n and k=N-n fusion rules at FC. The value of n can be chosen from 0 < n < N (n=2

is chosen in simulation).

Let P4, and Py, be the effective probability of detection and effective probability of false alarm

of a secondary user over erroneous reporting channel as seen by the FC and is given by [102];
P. =P (1-p,)+p, (1-P) (6.14)

P. =P (1-p,)+p.(1-F)) (6.15)
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The information associated with each CR is transferred to FC through R-channel in the
form of binary decisions (either 0 or 1). The following expressions with an error rate in an

erroneous R-channel are used to make a final decision about the PU [102];

P, = ZNl(le P (1-P,)"

1=k

:1_2(:\'}%' (1-P,)" (6.16)

Po = Z(,N j Par' (1= Po)

1=k

1 [Nj b (1= P )" (6.17)

6.5. Average Channel Throughput

Generally, average channel throughput can be defined as it is the rate of successful information
(message) is delivered over a communication channel. The units of average channel throughput
is bits per seconds (bits/seconds). If the information is in the packets then units of average
channel throughput is packets per seconds (packets/seconds). Average channel throughput

(Cavg) Vvalue can be calculated for the proposed CSS network by using the following

expressions given in [102, 119] as;

Cavg,k(N):¢O+¢1PD,k(N)_¢2PF,k(N) (6.18)

where @, = ﬂ((prréstr R,C, (6.19)
P = Pl(Cp —ép+ésj (6.20)

¢2 = POCS (621)

In the above expressions (fs , Cs are the throughputs of the secondary system in the

presence and absence of PU respectively. ép , C, are the throughputs of the primary system in

the presence and absence of SU respectively. P; and P, are the probabilities of PU when it is
in active and inactive state. Sum of these two probabilities should be equal to one
(PO + P]_ = 1)
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The final expression for average channel throughput using different fusion rules (k=1+n and
k=N-n) at FC are given in [102] as;

Cavg,1+n (N)=¢, + ?P51n (N)-o, Py (N) (6.22)

Cavg,N—n(N) =@ +§01PD,N—n(N) _(02PF,N_n(N) (6.23)

6.5.1. Calculation of an Optimal Number of SUs using k=1+n Fusion Rule

Average channel throughput value can be improved with the increase in the number of
SUs (N). As the number of SUs increased in the network, they may produce larger delays in
deciding the activity of PU. Hence, it is necessary to calculate the optimal number of SUs (N*)
which exactly contribute towards the improvement of average channel throughput

performance.

The final expression for an optimal number of SUs (N*) to maximize the average channel

throughput using k=1+n fusion rule at FC for the proposed CSS network is given as [102];

NG :[ln(col/%)ﬂn +Da +n1 (6.24)
B
g=ini P g _jp17Pe (6.25)

For n=0 in Eq. (6.24), the optimal number of SUs expression is obtained when hard
decision logic called OR-Rule is used at FC. The expression for an optimal number of SUs to

maximize the channel throughput using OR-Rule is

N :[ln(%/%)w} 6.26)
B

6.5.2. Calculation of an Optimal Number of SUs using A=N-n Fusion Rule

An optimal value of SUs (N*) to maximize the Cg,,4 value using &=N-n fusion rule

at FC for the proposed CSS network is given as [102];

NG :{(””)ﬂ_'”(‘”l/‘pzhnl

. (6.27)
(04
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For n=0in Eq. (6.27), N* expression is obtained when hard decision logic called AND-
Rule is used at FC. The expression for N* to maximize the channel throughput using AND-Rule
is

N* _lrﬂ_ln((ﬁl/(/’z)—l (6.28)

AND
a

The expressions for « and f are given in Eq. (6.25). With the help of above expressions,
simulation results are plotted to calculate the optimal number of SUs using k=1+n and k=N-n
fusion rules at FC and using single and multiple antennas at each CR in the proposed CSS

network.
6.6. Network Utility Function

The closed form of expression to maximize the network utility function (NUF) for the proposed
CSS network is [31]

J (N) =u, ((1_ PF,k(N)) p(Ho) + Pm,k(N) p(Hl))_UZPm,k(N) p(Hl) —U3N (629)

The above mentioned final NUF expression is a combination of three parts, in which
the first part gives information regarding the amount of spectrum usage. When PUs have not
identified accurately, interference problem of SUs with PUs can occur which is represented by
second part of above equation. Finally, the third part gives information about the utilization_of
resources in the network. u,, u,, and u; are the cost functions. p(H,) and p(H,) are the
probabilities of inactive and active states of PU. The network utility function performance

increases with the cooperation of SUs in the proposed system.

6.7. Results and Discussions

In this section, simulation results and their discussions are provided. With the help of
simulation results, the average channel throughput (C,y,4) and network utility function (NUF)
performances are evaluated. The proposed CSS network consists of an IED scheme, multiple
antennas (M), selection combining technique at each CR, and the error rate is considered in R-
channel. An error rate (p,) in R-channel, pre-defined detection threshold (A), multiple antennas
(M) at each CR, and the number of SUs (N) in the network are treated as simulation parameters
to get the performances for different fusion rules (k=1+n and k=N-n) at FC over Rayleigh and

Weibull fading channels.
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Figure 6.2 is drawn between Cg, 4, and A using k=1+n fusion rule at FC. The performance
is evaluated using an IED scheme with a single antenna at each CR over Rayleigh fading
channel. Two different values of N namely N=3 and N=4, two values of S-channel SNRs
namely y=5dB and y=10dB, and the error rates in R-channel p,=0 and p,=0.2 are chosen as
variable parameters in this simulation. The performance comparison between perfect (error
free R-channel) and imperfect R-channel (error rate present in R-channel) is provided to show

the effect of an error rate on average channel throughput value.
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Fig.6.2. Cy,4 Versus A with a single antenna at each CR using k=1+n fusion rule at FC.

It can be observed from Fig.6.2 that throughput value is maximum with error-free R-
channel and performance decreases as the error rate increases in R-channel. As the error rate
increases from p,=0to p,=0.2 in R-channel, Cy,, value decreases by 2.63% at A=3, N=4, M=1,
and y=10dB. It can also observed from the simulation that initially throughput value increases
at lower values of A and it reaches the maximum point after that it decreases at higher values
of A. Cqpg value increases with the cooperation of multiple numbers of SUs in the network

using k=1+n fusion rule. As N value increases from N=3 to N=4, C,,,, value increases by 1.31%

at 1=3, M=1, and y=10dB.

In Fig.6.3, performance is drawn between C,,, and 4 using k=1+n fusion rule at FC

and multiple antennas at each CR over Rayleigh fading. The throughput value increases with

multiple antennas compared to a single antenna. When the number of antennas at each CR are
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increases from M=1to M=2, C,,4 value increases by 3.56% with perfect R-channel (p,=0) and
it increases by 1.3% with imperfect R-channel with an error rate of p,=0.2, A=3, N=3, and
y=10dB. As the S-channel SNR value increases from y=5dB to y=10dB, C,,,, value increases

by 1.87% at p,=0.2, A=3, N=3, and M=2. Simulation parameters that are used in Fig.6.2 and
Fig.6.3 are k=1+n (n=2) fusion rule, C,=10, Cfs =5, C,=20, ép = 10. From the above lines, we

can conclude that the number of SUs (N), multiple antennas (M) at each CR, S-channel SNR,
and the error rate play a significant role in analyzing the performance of average channel

throughput value.
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Fig.6.3. C4yg Versus A with multiple antennas at each CR using k=1+n fusion rule at FC.

In Fig.6.4, the analysis of Cy,,4 is explained for various values of A using k&=N-n
fusion rule at FC with a single antenna (M=1) at each CR over Rayleigh fading. Using
k=N-n fusion rule at FC, throughput value decreases as the number of SUs and the error
rate in R-channel increases. When the error rate increases in R-channel from p,=0 to
Pe=0.2, Cqpg value decreases by 3.96% at A=2, N=3, M=1, and y=10dB. For higher values
of detection threshold, Cy,, value decreases with the increament of number SUs in the
network. Similarly, for lower values of A, Cy,,4 value increases with increase in number of
SUs. For a particular case, when N value increases from N=3 to N=4, Cy,,4 value decreases
by 1.3% with perfect R-channel and it decreases by 0.67% with imperfect channel at p,=
0.2,2=3, M=1, and y =10dB. As S-channel SNR decreases from ¥ =10dB to y =5dB, Cgy4

value decreases by 4.02% with perfect R-channel and it decreases by 2.11% with imperfect
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channel respectively at p,= 0.2, A=3, and M=1.
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Fig.6.4. C4y,4 Versus A with a single antenna at each CR using k=N-n fusion rule at FC.

In Fig.6.5, performance is analyzed between Cgp,y and A considering multiple
antennas at each CR using A=N-n fusion rule at FC over Rayleigh fading. For an instant,
when M value increases from M=1 to M=2, C,,4 value increases by 4.45% with perfect R-
channel and it increases by 1.34% with imperfect R-channel at p,=0.2, A=4, N=3, and y
=10dB. From the literature, it is clear that using multiple antennas at each CR improves

the performance which has been proved using simulations.
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Fig.6.5. C4yg Versus A with multiple antennas at each CR using k=N-n fusion rule at FC.
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Figure 6.6 shows the calculation of an optimal number of SUs (N*) for various values
of pre-defined threshold (A) using k=1+n fusion rule at FC. The performance is analyzed by
considering single antenna at each CR over Rayleigh fading channel. The performance
comparison between error free and error rate present in R-channel is provided using MATLAB
simulation. N* value drastically decreases by introducing the error rate in R-channel. As p,
value increases from p,=0 to p,=0.01, N* value decreases from 16 to 13 at A=12 and k=3.
Hence, error rate plays a significant role in deciding the optimal number of SUs. It can be
observed from simulation that as k value increases, N* value increases due to the cooperation
among the CR users. When k value increases from k=1 to k=3, N* value increases from 4 to 16
with perfect R-channel and it increases from 4 to 13 with imperfect R-channel at A=12 and
p.=0.01. Finally, we can conclude that for lower values of A, N* value is very low and it
increases with A using k=1+n fusion rule at FC.
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Fig.6.6. N* versus A with a single antenna at each CR using k=1+n fusion rule at FC.

N™ versus A analysis is carried out in Fig.6.7 using k=1+n fusion rule at FC. The main
difference between these two graphs (Fig.6.6 and Fig.6.7) is that the earlier one is drawn for a
single antenna case and the later one is drawn for multiple antennas case. Using multiple
antennas at each CR, N* value decreases compared to a single antenna case. As M value
increases from M=1 to M=2, N* value drops from 11 to 6 with error free R-channel and it
decreases from 8 to 5 with imperfect channel at p,=0.01, A=12, p=3, and k=2. Though multiple

antennas at each CR are present due to the error rate in R-channel, N* value reduces. As p,
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value increases from p,= 0 to p,=0.01, N* value decreases from 6 to 5 at A=12, k=2, M=2, and
p=3. Due to the error rate in R-channel, the number of local sensing results received at FC

reduces, hence N* value decreases.
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Fig.6.7. N* versus A with multiple antennas at each CR using k=1+n fusion rule at FC.

Figure 6.8 and Figure 6.9 are the plots drawn between N* and A using k=N-n fusion
rule at FC using single and multiple antennas at each CR over Rayleigh fading. The
performance comparison between error free and error rate present in R-channel is provided
using MATLAB simulations. N* value is more with error free R-channel and it decreases with
the increment of error rate in R-channel. It can be observed from the simulation that as k value
increases, N* value increases in both cases. As k value increases from k=1 to k=3, N* value
increases from 2 to 5 with a single antenna at each CR (M=1) and it increases from 5 to 14 with
multiple antennas at each CR (M=2) at A=2 and p,=0. Similarly, as the error rate increases from
p.=0 to p,=0.01, N* value decreases from 10 to 9 for a single antenna case and it decreases
from 14 to 13 for multiple antennas case at A=2, p=3, and k=3. For higher values of A, N* value
is almost constant, it means that there is no improvement in the optimum number of SUs for
higher values of L. On the other hand, N* value is high for lower values of A. For k=N-n fusion

rule, N* value decreases with the increment of threshold value.
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Fig.6.8. N* versus A with a single antenna at each CR using k=N-n fusion rule at FC.
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Fig.6.9. N* versus A with multiple antennas at each CR using k=N-n fusion rule at FC.

The main difference in the performance of C,,, value using k=1+n rule and k=N-n

fusion rules at FC is that it increases with the cooperation of CR users using k=1+n fusion rule

and it decreases using k=N-n fusion rule at FC.

In Fig.6.10, the performance of network utility function (NUF) is evaluated for various

values of A with a single antenna at each CR using k=1+n fusion rule at FC. NUF performance
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is evaluated using an IED scheme over Rayleigh fading channel for error free and error present
in R-channel. As the error rate increases in R-channel, NUF value decreases and its value
maximum with error free channel. As the error rate increases from p,=0 to p,=0.05, NUF value
decreases by 48.9% at A=2, N=3, and y=10dB. NUF value increases with the increase in

number of SUs in the network using k=1+n fusion rule at FC.
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Fig.6.10. NUF versus A with a single antenna at each CR using k=1+n fusion rule at FC.
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Fig.6.11. NUF versus A with multiple antennas at each CR using k=1+n fusion rule at FC.
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As N value increases from N=3 to N=4, NUF value increases by 81.8% with perfect R-
channel and it increases by 76.8% with imperfect R-channel at p,=0.05, A=1.5, and M=1.
Finally, S-channel SNR also plays a significant role in describing NUF performance. As
S-channel SNR value increases, NUF value increases because of reduction in noise value. As
S-channel SNR value increases from 5dB to 10 dB, NUF value increases by 262.3% with
perfect R-channel and it increases by 193.2% with imperfect channel at A=1.5, M=1, N=4, and
p.=0.05 using k=1+n fusion rule at FC. Simulation parameters used in this simulation are
u1=0.2, u,=0.8, u3=0.005, p(H,)=0.7, and p(H,)=0.3.
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Fig.6.12. NUF versus A with a single antenna at each CR using k=N-n fusion rule at FC.

The effect on NUF performance for different values of A using k~=N-n fusion rule
at FC is shown in Fig.6.12 and Fig.6.13 respectively. NUF analysis is evaluated for a single
antenna case in Fig.6.12 and for multiple antennas case in Fig.6.13 using simulations. NUF
value decreases with the increase in number of SUs in CSS network using A=N-n fusion
rule at FC. When N value increases from N=3 to N=4, NUF value decreases by 30.2% with
perfect R-channel and it decreases by 43.2% with imperfect R-channel at A=1.5 and M=1.
Similarly, when M value increases from M=1 to M=2, NUF value increases by 66.3% with
perfect R-channel and it increases by 68.7% with imperfect R-channel at A=1.5 and N=3.
As the error rate value increases from p,=0 to p,=0.05, NUF value decreases by 24.3%
for a single antenna case and it decreases by 23.1% for multiple antennas case at N=3 and

A=1.5.
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Fig.6.13. NUF versus A with multiple antennas at each CR using k=N-n fusion rule at FC.

Till now, we have analyzed the performance of Cg,,, and NUF analysis in Rayleigh

fading channel using the proposed CSS network. Similar analysis is carried out with the

help of simulations from Fig.6.14 to Fig.6.21 over Weibull fading channel.

Figure 6.14 is a plot drawn between C,,,, and A using k=1+n fusion rule at FC. The
performance is evaluated using an IED scheme in the proposed CSS network over Weibull
fading channel for different values of N namely (N=3, N=4, and N=5), M namely (M=1 and
M=2), and error rates (p,=0 and p,=0.2) in R-channel. The performance comparison between
perfect and imperfect R-channel is provided to show the effect of an error rate on Cg,,,. It can
be observed from Fig.6.14 that the throughput value is maximum with error free R-channel and
performance decreases as the error rate increases in R-channel. As p, value increases from
p.=0 to p,=0.2, C,y4 value decreases by 6.1% at M=2, N=3, y=10dB, and A=8. It is also
observed that the throughput value initially increases at lower values of detection threshold,
reaches to the maximum, and then decreases at higher values of detection thresholds. As N
value increases from N=3 to N=5, C,,,, value increases by 1.8% for a single antenna case and
it increases by 3.2% for multiple antenna case at A=6, p,=0.2, and y=10dB. Finally, throughput
value also depends on multiple antennas that are used at each CR. If the number of antennas at

each CR increases from M=1 to M=2, C,,,, value increases by 2.43% at A=6, N=4, p,=0.2, and
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¥=10dB. This graph is simulated for the network parameters such as y=10dB, p.= 0 and 0.2,

k=1+n (n=2) fusion rule, C,=10, és =5, C,=20, 6p =10, M=1 and 2, and N=3, 4, and 5.

) value for k=1+n fusion rule

(Cavg

N-n fusion rule

) for k

13

12.5

12

11.5

[E
[N

10.5

10 =

13

12.5

=
N

[En
=
9]

[N
[N

4t M=1N=5p_=0.2 |

M=1,N=4,p,=0.2
& M=1,N=3,p,=0.2
M=2,N=4,p,=0.2

------ M=2,N=3,p,=0.2
—£— M=2,N=3,p_=0
M=2,N=4,p_=0

r r r r

4 6 8 10 12 14 16 18
Pre-defined threshold value (A)

Fig.6.14. Cyy4 versus A using k=1+n rule at FC.
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Fig.6.15. Cgy,4 versus A using k=N-n rule at FC.

Figure 6.15 is drawn between Cg,, and A using k=N-n fusion rule at FC. The

performance comparison between perfect and imperfect R-channel, performance comparison
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between single and multiple antennas at each CR are provided in the simulations. As p, value
increases from p,=0 to p,=0.2, C,4 Value decreases by 5.7% at M=2, N=3, y=10dB, and A=6.
CavgValue decreases with the cooperation of multiple numbers of SUs using k=N-n fusion rule.
As N value increases from N=3 to N=5, C,,,, value decreases by 1.75% for single antenna case
and it decreases by 0.9% for multiple antenna case at A=8, p,=0.2, y=10dB. Finally, if the
number of antennas at each CR increases from M=1to M=2, C,,,, value increases by 1.77% at

N=4, p,=0.2, A=8, and y=10dB.

Figure 6.16 is drawn between N* and A using k=1+n fusion rule at FC over Weibull
fading channel. The performance is analyzed by using single antenna at each CR. In Fig.6.16,
the performance comparison between error free and error rate present in R-channel is provided
using MATLAB simulation. N* value drastically decreases by introducing the error rate in R-
channel. As p, value increases from p,=0 to p,=0.01, N* value decreases from 24 to 12 at
A=12 and k=3. It can be observed from the simulation that as k value increases, N* value
increases due to the cooperation among the CR users. When k value increases from k=1 to k=3,
N* value increases from 7 to 24 with perfect R-channel and it increases from 3 to 12 with
imperfect R-channel at A=12.
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Fig.6.16. N* versus A with a single antenna at each CR using k=1+n fusion rule at FC.

Figure 6.17 is drawn between N* and A using multiple antennas at each CR and k=1+n

fusion rule at FC over Weibull fading channel. Using multiple antennas at each CR, N* value
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decreases compared to a single antenna case because the increased number of antennas
improves the diversity order. As M value increases from M=1 to M=2, N* value drops from 24
to 13 with error free R-channel and it decreases from 12 to 7 with imperfect R-channel at A=12,
p=3, and k=3. As p, value increases from p,= 0 to p,=0.01, N* value decreases from 13 to 7
at A=12, k=3, M=2, and p=3.
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Fig.6.17. N* versus A with multiple antennas at each CR using k=1+n fusion rule at FC.
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Fig.6.18. N* versus A with a single antenna at each CR using k=N-n fusion rule at FC.
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Figure 6.18 and Figure 6.19 are the plots drawn between N* and A using k=N-n fusion
rule at FC, considering single and multiple antennas at each CR respectively over Weibull
fading channel. The performance comparison between error free and error rate present in R-
channel is provided using MATLAB simulations. It is observed that N* value is more with

error free R-channel and it decreases with the increase in the error rate in R-channel.

It can be observed from the simulation that as k value increases, N* value increases in
both the cases. As k value increases from k=1 to k=3, N* value increases from 2 to 8 for a single
antenna case and it increases from 6 to 18 for multiple antennas case with perfect R-channel at
A=2. Similarly, as the error rate increases from p,=0 to p,=0.01, N* value decreases from 8 to
7 for a single antenna case and it decreases from 18 to 14 for multiple antennas case at A=2,

p=3, and k=3. For k=N-n fusion rule, N* value decreases with increase in threshold value.
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Fig.6.19. N* versus A with multiple antennas at each CR using k=N-n fusion rule at FC.

Figure 6.20 is drawn between NUF and A using k=1+n fusion rule at FC. NUF
performance is evaluated using the proposed CSS network over Weibull fading channel with
an error rate (p.) in R-channel. As the error rate increases in the R-channel, NUF value
decreases, and its value maximum with error free R-channel. As p, value increases from p,=0
to p,=0.05, NUF value decreases by 16.3% at A=4, M=2, N=4, p=3, and y=10dB. As the
cooperation among the CR users increases, NUF value also increases using k=1+n fusion rule
at FC. When the number of SUs increases from N=3 to N=4, NUF value increases by 75.8% at
M=1 and it increases by 16.4% at M=2, p,=0.05, A=4, and y =10dB. As M value increases from
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M=1to M=2, NUF value increases by 123.7% at N=4, p,=0.05, A=4, and y=10dB. Figure 6.20
is obtained for various values of M (namely M=1 and M=2), N (namely N=3, N=4 and N=5),
p. (namely p,=0 and p,.=0.05), fixed values of P(H;)=0.3, P(Hy)=0.7, u;=0.2, u,=0.8,
u3=0.005, and y=10dB.
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Fig.6.20. NUF versus A graphs using k=1+n rule at FC.
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Fig.6.21. NUF versus A graphs using k=N-n rule at FC.
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Figure 6.21 is drawn between NUF and A using k=N-n fusion rule at FC over Weibull

fading channel. The performance comparison between perfect and imperfect R-channel is

provided using the simulation. As p, value increases from p,=0 to p,=0.05, NUF value
decreases by 28.1% at A=3, M=2, N=4, p=3, and y=10dB. When N value increases from N=3
to N=4, NUF value decreases by 32.2% for a single antenna case and it decreases by 14.1% at
M=2, p,=0.05, A=3, and y=10dB. Similarly, when M value decreases from M=2 to M=1, NUF
value decreases by 33.9% at N=3, p,=0.05, =4, and y=10dB. Finally, NUF value also depends

upon arbitrary power of received signal (p). From the graph it can be observed that NUF value

increases with an IED scheme (p=3) at each CR compared to the CED scheme (p=2) at each

CR in the proposed CSS network.

Fusion rule Variable Threshold | Affected Increment or Increment or
Parameter value parameter | Decrementin % Decrement in %
in Rayleigh fading | in Weibull fading
k=1+n, p,=0, M=1 N=3to N=4 A=3 Cag 1.4% (increases) 1.6% (increases)
k=1+n, p, =0=0.2, M=1 N=3 to N=4 A=3 cavg 0.68% (increases) 0.8% (increases)
k=1+n, N=3, M=1 p,=0to p,=0.2 A=3 Cavg 2.10% (decreases) | 3.21% (decreases)
k=1+n, p,=0, N=3 M=1 to M=2 A=3 Cag 3.56% (increases) 4.12% (increases)
k=1+n, p,=0.2, N=3 M=1to M=2 A=3 cavg 1.77% (increases) 2.37% (increases)
k=1+n, N=3, M=2 p,=0t0 p,=0.2 A=3 Cavg 6.57% (decreases) | 6.94% (decreases)
k=N-n, p, =0, M=1 N=3 to N=4 A=3 cavg 1.52% (decreases) | 1.2% (decreases)
k=N-n, p,=0.2, M=1 N=3 to N=4 =3 Cavg 0.76% (decreases) | 0.74% (decreases)
k=N-n, N=3, M=1 p,=0to p,=0.2 A=3 cavg 2.63% (decreases) | 2.13% (decreases)
k=N-n, p, =0, N=3 M=1to M=2 A=3 cavg 4.40% (decreases) | 3.62% (decreases)
k=N-n, p,=0.2, N=3 M=1 to M=2 A=3 Cavg 1.97% (decreases) | 1.74% (decreases)
k=N-n, N=3, M=2 p,=0to p,=0.2 A=3 Cavg 7.27% (decreases) | 5.07% (decreases)
k=1+n, p, =0, M=1 k=1to k=3 A=12 M ™ 5to 16 (increases) | 7 to 24 (increases)
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k=1+n, p,=0.01, M=1 k=1 to k=3 A=12 M 4 to 13 (increases) | 3to 12 (increases)
k=1+n, k=2, M=1 p, =0 to p, =0.01 =12 M ™ 11 to 8 (decreases) | 15 to 7 (decreases)
k=1+n, p, =0, k=2 M=1to M=2 =12 M ™ 11 to 6 (decreases) | 15 to 8 (decreases)
k=1+n, p,=0.01, k=2 M=1 to M=2 A=12 M ™ 8 to 5 (decreases) 7 to 5 (decreases)
k=1+n, k=2, M=2 p, =0 to p, =0.01 =12 M™ 6 to 5 (decreases) 8 to 5 (decreases)
k=N-n, p, =0, M=1 k=1 to k=3 =1 M ™ 3to 10 (increases) | 5 to 15 (increases)
k=N-n, p,=0.01, M=1 k=1 to k=3 =1 M ™ 3to 9 (increases) 3 to 8 (increases)
k= N-n, k=3, M=1 p,=0to p,=0.01 A=1 M ™ 10 to 9 (decreases) | 10 to 6 (decreases)
k=N-n, p, =0, k=2 M=1 to M=2 =1 M ™ 6 to 18 (increases) | 10 to35 (increases)
k=N-n, p, =0.01, k=2 M=1to M=2 =1 M ™ 6 to 15 (increases) | 6 to 20 (increases)
k=N-n, k=2, M=2 p,=0to p,=0.01 A=1 M 18 tol5(decreases) | 35 to 20 (decreases)
k=1+n, p,=0, M=1 N=3 to N=4 A=1.5 NUF 76.2% (increases) | 84.1% (increases)
k=1+n, p,=0.05, M=1 N=3 to N=4 A=1.5 NUF 43.2% (increases) | 53.4% (increases)
k=1+n, M=3, M=1 p, =0 to p, =0.05 A=1.5 NUF 38.4% (decreases) | 43.2% (decreases)
k=1+n, p,=0, N=3 M=1to M=2 A=1.5 NUF 55.2% (increases) | 61.4% (increases)
k=1+n, p, =0.05, N=3 M=1to M=2 A=1.5 NUF 52.6% (increases) | 64.7% (increases)
k=1+n, N=3, M=2 p, =0to p,=0.05 A=1.5 NUF 23.7% (decreases) | 31.2% (decreases)
k=N-n, p, =0, M=1 N=3 to N=4 A=1.5 NUF 30.2% (decreases) | 17.2% (decreases)
k=N-n, p,=0.05, M=1 N=3 to N=4 A=1.5 NUF 43.2% (decreases) | 14.5% (decreases)
k=N-n, N=3, M=1 p, =0to p,=0.05 A=1.5 NUF 24.3% (decreases) | 18.3% (decreases)
k=N-n, p, =0, N=3 M=1to M=2 A=1.5 NUF 66.3% (increases) | 66.3% (increases)
k=N-n, p, =0.05, N=3 M=1 to M=2 A=1.5 NUF 68.7% (increases) | 11.7% (increases)
k=N-n, N=3, M=2 p, =0to p,=0.05 A=1.5 NUF 23.1% (decreases) | 15.1% (decreases)

Table 6.1. C,y,4 and NUF performances for various network parameters of proposed CSS

network over Rayleigh fading channel and Weibull fading channel.

Table 6.1 and Table 6.2 shows the simulated values for average channel throughput, an

optimal number of CR users, and NUF. All the above-tabulated values are calculated with the

help of MATLAB simulation results which are simulated with the strong support of analytical




expressions. All these values are calculated using different fusion rules (k=1+n and k=N-n) at
FC over Rayleigh and Weibull fading channels. From the tables, it is clear that average channel
throughput and network utility function values are increases by using k=1+n fusion rule at FC
and decreases by using k=N-n fusion rule at FC with the increasing of number of SUs (N).

Finally, the performance is degraded when the error rate is introduced in reporting channel.
6.8. Conclusions

The average channel throughput (Cavg) and network utility network utility function
(NUF) performances are evaluated using the proposed CSS network over Rayleigh and Weibull
fading channels. The proposed CSS network consist of multiple antennas at each CR, selection
combining scheme and an improved energy detector are used at each CR. The final decision
about the primary user can be made at FC using different fusion rules such as k=1+n and
k=N-n rules. An optimal number CRs are calculated to maximize the average channel
throughput value for different fusion rules. The simulation results depend upon various values
of system parameters such as average sensing channel SNR (y), multiple antennas (M) at each
CR, detection threshold value (L), arbitrary power of received signal (p), Weibull fading
parameter (V), and number of CR users (N). Finally, we can conclude that Cg,, and NUF
performances are improved by using multiple antennas and an IED detection scheme at each
CR.
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Chapter-7

Conclusions and Future Scope
7.1. Conclusions

Radio spectrum is a precious resource that available in nature which should be utilized
properly to meet the present requirements and to avoid spectrum scarcity. Currently, most of
the studies are carried out to identify the effective ways for efficient utilization of radio
spectrum. Cognitive radio (CR) network is considered as an important technology for efficient
utilization of radio spectrum. The concept of spectrum sensing is used to monitor the radio
spectrum continuously and to identify the vacant bands. But, detection performance using
spectrum sensing technique is limited due to shadowing, multipath fading effect, and time-
varying nature of wireless channels present in the environment. Though the fading effect is
present in the network, detection probability can be improved using the cooperative spectrum

sensing (CSS) network with the cooperation of multiple CRs.

The main aim of our thesis is to evaluate the detection probability and to improve the
spectral efficiency using the cooperative spectrum sensing network over a various fading
channels with the help of different techniques. We have provided a rigorous analytical
framework for the analysis of conventional energy detector (CED) and an improved energy

detector (IED) based cooperative spectrum sensing in cognitive radio networks.

Chapter 3 brings to light the observation that the detection performance is degraded due
to multipath fading and shadowing effects present in the nature. Soft data fusion rules called
diversity techniques are used to boost up the detection performance. In this chapter, detection
performance is evaluated and improved by using diversity techniques in CSS network. Various
diversity techniques (SC, SLS, SLC, MRC, and EGC) are used in CSS network to improve the
detection probability of PU over different fading channels (Rayleigh, Rician, Nakagami-m,
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Weibull, and Hoyt fading). The performance is analyzed using the conventional energy
detection technique and single antenna at each CR in CSS network over various fading
channels. The performance comparison among various diversity techniques over different
fading channels is provided using MATLAB simulations. All the MATLAB simulations are
drawn with the support of analytical expressions. Finally, the performance is described using
the simulations which are drawn between average sensing channel SNR versus detection

probability curves and complementary receiver operating characteristic (CROC) curves.

In chapter 4, censoring schemes are used to eliminate the heavily faded radio links of
reporting channel in CSS network when it is affected by various fading environments. The
detection probability is improved and system complexity is reduced using the censoring
schemes in CSS networks. Rank based and Threshold based censoring schemes are used
individually in reporting channel of CSS network when it is influenced by various fading
environments. The final decision about the primary user is taken at fusion center using majority
logic and MRC Rule respectively. The performance comparison between perfect and imperfect

channel estimations are provided using simulation results.

Though the conventional energy detection technique and a single antenna at each CR
in CSS network are used to improve the detection probability of PU but, its performance is
limited. So, we have proposed the CSS network which is equipped with multiple antennas at
each CR, selection combining scheme is used to select the maximum value of antenna, and an
improved energy detector (IED) scheme is employed as a detection technique. With our
proposed CSS network, detection performance is vastly improved. In chapter 5, we have
optimized the performance of proposed CSS network by optimizing its network parameters
over various fading channels. We have derived the closed form of expressions for missed
detection probability in various fading channels. The optimized expressions for number of CR
users (Nop¢), arbitrary power of received signal (p,y,), and threshold value (4,,,) over various
fading channels are also derived. The performance is analyzed using CROC curves and total

error rate curves which are drawn with the strong support of analytical expressions.

In chapter 6, an average channel throughput and network utility function (NUF)
performances is evaluated over Rayleigh and Weibull fading channels. The performance is
analyzed using the proposed CSS network which is equipped with multiple antennas at each
CR and an IED scheme is employed as a detection technique. The final decision about the
primary user is taken at FC using different fusion rules such as k=1+n and k=N-n. The channel

151



throughput and NUF performances are evaluated using single and multiple antennas at each
CR and the performance comparison between them also provided with the help of simulations.
The optimal number of CR users are calculated to maximize the average channel throughput
using k=1+n and k=N-n fusion rules in Rayleigh and Weibull fading environments.

The proposed CSS network, system models of CED and IED schemes, and the
performance metrics introduced by this thesis are because of low complexity and wide
suitability for various fading conditions. All our simulations results are perfectly in accordance
with analytical results. Our proposed networks, detection models, methodologies, and results
are helpful to improve the detection probability of PU, to achieve optimal performance, and to
improve the spectral efficiency.

7.2. Future Scope

In this thesis, we have used several techniques to improve the detection probability and
to improve the spectral efficiency using CSS network. However, there are still some open
problems that warrant further consideration in future work. For example, though using the CED
scheme, we are able to identify the vacant bands present in the spectrum. The performance can
be further improved by using other detection techniques such as Matched filter detection
technique, Cyclostationary detection technique, and Eigenvalue detection technique can be
utilized to improve the detection probability at lower values of sensing channel SNRs.
However, in practice, detection performance is degraded even if cooperative spectrum sensing
schemes are adopted because of fading and shadowing effects. In our research work, we have
used single stage spectrum sensing technique and the detection performance can be further
improve by implementing two-stage spectrum sensing scheme in the cognitive radio networks.
In two-stage spectrum sensing scheme, two different detection schemes are used at two

different levels so that the detection performance can be improved.

Instead of using hard decision rules and soft data fusion rules individually at FC, if
hybrid methods (combining both hard and soft data schemes) are used at FC it will further
improve the detection performance of PU. This hybrid technique can be applied to all the
objectives mentioned in this thesis. In this thesis, we have examined the performance of
cooperative spectrum sensing network for limited fading channels only. It will be interesting
to study the performance using other fading channels also such as kappa-mu, eta-mu, and

kappa-mu extreme fading channels.
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Finally, energy detection based spectrum sensing and cooperative spectrum sensing

networks can be implemented in real-time scenario.
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Appendix-A

A.1. Derivation of Missed Detection Probability (P,,,) Expression for AWGN channel

The probability density function (PDF) expression for AWGN channel when signal is present,
is given in [100, 64] as;

= %
2y ° y’?
f,m (Y)= eXp| ————5——< (A1)
nlH: p\jZﬂ'(Esof +0?) [ 2(E,o, +G§)J

the closed form of B,, expression for AWGN channel can be calculated as [10, 28];

P.=pr(y<|H,)= Ij fuyi, (V) (A.2)

1-
- g

=> exp T = o dy,
0 p\/27z(Esof+af) 2(E,oy +0y,)

@-p)
y%’ y i’ dt
J2(E.c? +07) p2(Eoi+o?) 24t
Ep
1 l2Eoion) ] -
= — t 2 exp(-t)dt,
7= p(-1)

1 1 /1%’
P=—yl —= A3
"2 2R oo a2
where  (, ) is an incomplete gamma function.

We have considered that each CR is having multiple antennas and selection combining (SC)

scheme is used to select the maximum value of antenna among all antennas (M).

SC diversity scheme is used at each CR to select the maximum value of decision statistics

available at each antenna [28] is

Z =Pr[max(W,,W,,W,..W,, )] (A.4)

Under hypothesis H,, using SC diversity scheme missed detection probability can be calculated
as;

P, = Pr[max(W,,W, ,W,..W,,) <| H,] (A.5)
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Having multiple antennas and using SC diversity scheme at each CR, B,, expression for AWGN

% M
1 1 A

A.2. Derivation of P,, Expression for Rayleigh Fading Channel

channel is obtained as;

The PDF expression for Rayleigh fading channel when signal is present, is given in [28] as;

fyHl(y>=2y—2)exp[y—J (A7)

p(EsGh +O_nz (Esof-i_ar?)

the closed form of B,, expression for Rayleigh fading channel can be derived by substituting
Eqg. (A.7) in Eq. (A.2);

- Jh
_[ eXp| — 2 2 dy’
0 p(E Gh +O_ ) (Esah +O—n)
=
- J'O ) exp(t)dt

P, =(1-exp(-27/ W+ 7)ot ) (A8)

where y = E,0%/0? is S-channel SNR.

Having multiple antennas and using SC diversity scheme at each CR, P, expression for

Rayleigh fading channel is
— M
P = (1—exp(—/12/p/(1+ y)o? )) (A.9)
A.3. Derivation of P,, Expression for Rician Fading Channel

The PDF expression for Rician fading channel when signal is present, is given in [11] as;

o (1) = 2y“"H(K +1) exp[K M} 2 K@Ky (A.10)

p(E.op +07) (E.o +0,) (E.o; +0,)

the closed form of P,, expression for Rician fading channel can be obtained by substituting Eq.
(A.10) in Eq. (A.2);

169



_F2yPP(K4)) ko (K+1)y%’ o K(1+K)y% ’
_>I p(E.o? +o_)eXp (E.o?+0?) | ° (E.c?+0?) v
0 s~ h n s~ h n s~ h n

(1+KM%

- jo‘ ]exp(—t)exp( K)1, (2K A)dt,

P, =|1- Q{JﬂZ;ﬁéfzﬁi:%]} (A1)

Having multiple antennas and using SC diversity scheme at each CR, B, expression for Rician

{1 Q(ﬂ PG /2(“ K) H (A.12)
o} (1+7/)

A.4. Derivation of P, Expression for Weibull Fading Channel

fading channel is

The PDF expression for Weibull fading channel when signal is present, is given in [64] as;

c

(A.13)

(2/p)-1 5/ \C-1 %
fWi|H1(y):2y C{ L) }(yﬁ’) exp| — yre)

p [ (Eop+o;) (E0p +07)
where C=V/ and P=1+ 3/, V —is Weibull fading parameter.
the closed form of B,, expression for Weibull fading channel can be obtained by substituting

Eqg. (A.13) in Eqg. (A.2);

JA 2y p“c{ T'(P) }(y% jc_l exp| - % _Yy/PI(pP)

° p [(Eop+oy) (E o, +0y)

C

l"(P)l%J
(Esf’r% +U§)

Jexp(— t)dt,

-

2 c
_|1_exp| 1 ATE) A4
P.=1 exp[ {O'f(l+}_/)} J ( )

Having multiple antennas and using SC diversity scheme at each CR, B, expression for

Weibull fading channel is
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(A.15)

A.5. Derivation of P,, Expression for Hoyt Fading Channel

The PDF expression for Hoyt fading channel when signal is present, is given in [64] as;

%fl 2/p 2/p
Yy y 1 1 y 1 1
fo(y)= expl | L— || =+= | i S A.16
siv, ) po,o, p( ( 4 j(ﬁzz JfD 0(( 4 J(GZZ an ( )
h Qq° £ and q is Hoyt fadi h from 0 to 1
where o, = Tre %=\ 7 , and q is Hoyt fading parameter that ranges from 0 to 1.

The closed form of B,, expression for Hoyt fading channel can be obtained by substituting Eq.
(A.16) in Eq. (A.2);

2 %fl 2/p 2/p
e R [ G o A
s Po.0, 4 o, O 4 o, O

The expression for B, in Hoyt fading channel can be calculated from CDF expression, it is

given in [67] as;

F, (2) = %[LL exp(—Az¥?)1,(Bz”") - 2Q(u,, vl)] (A.18)

ac(f X, 1 ,B:[lj 11 ,ulz\/(A— AZ—BZJZZ/’),Vlz\/(A+«/A2—BZJZZ”’.
4)\o; of 4\o; of

Having multiple antennas and using SC diversity scheme at each CR, B, expression for Hoyt

fading channel is
1 2/p 2/p M
Py =1 gL+ exp(-AZ"") 1,(B27") ~2Qu;, ;)] (A.19)
Appendix-B

B.1. Optimization of Threshold Value (4,,,) in Rayleigh Fading Channel

For a single antenna case (M=1), the closed form of expression for 4,,, can be derived by

differentiating Eq. (5.8) and Eqg. (5.15) w.r.t. A as;
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oP
L S (B.1)
oA 04

substituting Eq. (5.32) and Eq. (5.33) in Eq. (B.1) gives;

2 3_1 2 E—1
AP |24° AP 2A°
=>—eXp| ——5 |[——5 +eXp| ——5—— >——=0 (B.2)
. | po; o, (1+7) | po, (1+7)
applying logarithm on both sides to Eq. (B.2);
2 2
AP AP _
=|— |=| —— |+In(1+ B.3
o O'ﬁ(1+77) ( 7) (B.3)
after simplification, the closed form of expression for 4,,, is
2| £
1 rva 2
Aopt =[—Gi u i )j (B.4)
7 1A+7)

- i oP .
Similarly, for multiple antennas case: %/1 and 5'3%/1 are given by;

M-1 2
P 24P/ y/ ﬂﬁa
—L =M 1-exp| -4 exp| -2 B.

M-l 9
Y Ll N Y ~ 2
e e I B

The expression for 4,,, using multiple antennas (M=3) can be calculated by substituting Eq.

(B.5) and Eg. (B.6) in Eq. (B.1);

~ _61(2—p)/p B _l% 2 _ﬁ% 6P/ B _ﬂ,% i ~ A% ~
=> ) [1 exp{ %ﬂzﬂ exp{ > J+ p(1+;_/)[1 exp{ /‘f(lﬂ_/)ﬂ exp{ —a§(1+;_/) =0
pYs

AR S e

applying logarithm on both sides and after simplification, the closed form of expression for

Aope Using multiple antennas (M=3) at each CR is
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Aopt = [—J’f_ln (1+_7 )jz (B.7)

2y 1A+7)

B.2. Optimization of Arbitrary Power of Received Signal (p,,pt) in Rayleigh Fading
Channel

For a single antenna case (M=1), the closed form of expression for p,,, can be derived by

differentiating Eq. (5.8) and Eg. (5.15) w.r.t. p as;

oP,
O R _ (B.8)
op op
substituting Eq. (5.37) and Eq. (5.38) in Eq. (B.8);
2 2 2 2
2log A AP AP AP 12 APlogA
== — 2 — 2 eXp _ﬁ +eXp ——2 —2 2 :O,
p° | 20+7)o, 1+7)o, o, |P° o,
2 2
p p
=> exp| ———— |=exp| ——
[(1+7)j e e e
2 2
AP AP _
=|— |=| —— |+In(1+
o’ or (1+7) (1+7),
after simplification, the closed form of expression for p,,, is
2InA
Popt = (B.9)

In o’ In(_1+ 7)
r
1+

Similarly, for multiple antennas case: a% and a%p are given by;

Py 210y 270 J _/1_%’
aID_|\/| o2 { [ /} exp( (B.10)
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oP, .. 24%’loga PYe " D
o (W){l eXp[ %g(m)ﬂ ex"[ ag(w)J B

The expression for p,,, using multiple antennas (M=3) at each CR can be calculated by
substituting Eq. (B.10) and Eq. (B.11) in Eqg. (B.1);

_>_62(2—p)/p ~ _/1% ? _/1% gAEPIP y i ~ /1%! ~
ool o S | )
ot Ao SH i)

applying logarithm on both sides and after simplification, the closed form of expression for

Aope Using multiple antennas (M=3) at each CR is

2InA
Popt = (B.12)

205 In(1+7)

5]

B.3. Optimization of Number of CRs (N,,,) in Rayleigh Fading using OR-Rule at FC

In

The closed form of expression for N, using OR-Rule at FC can be calculated using Eq. (5.18)
as follows;
Total error rate: Z(N)=Q, +Q; (B.13)

AZ(N)=Z(N +1)—Z(N)
=>1-[(L-P)I"* -1+ [1-P)]" +[R, ] ~[P,]" =0,

=[P, I" =[A-P)I" = [R,I" +[A-P)]" =0,

s P/j o) (P)((1 P%j ~
:>1_(%Pm)j:((1—P%jN (P)((l P%J ,

174



after simplification, the above expression reduces to

A=)

applying logarithm on both sides, the closed form of expression for N,,,. using OR-Rule at FC

[l_ P J
In m
I:>f
N =[—" 2 (B.14)

ot F—Rj
In
Pm

B.4. Optimization of Threshold Value (4,,,) in Rayleigh Fading using OR-Rule at FC

is

The closed form of expression for 4,,,, using OR-Rule at FC can be calculated using Eq. (5.44)

and Eq. (5.20) as follows;

an an
— Ly = .
oA A (B15)
n-1 OP; N-1 OP,

N(1-P) 87+N(Pm) =0 (B.16)

for a single antenna case (M=1), Py Y and aP%/l expressions are given by Eq.(5.32) and

Eq.(5.33), substituting them in Eq. (B.16);

, %) 5,51 %o (202
N (1_ P )N 1 _exp[_/l : 24 — |eN (Pm)N—l exp| — A _ 24 __|-o,
n Pon o’ (l+ 7/) po’ (1+ yj

o porfe )
" ol 1l+y +y

applying logarithm on both sides and solving algebraic expressions, the closed form of

expression for A, using single antenna and multiple number of CRs in CSS network is
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7ot

(B.17)

opt —

Similarly, using multiple antennas (M=3) at each CR and multiple number of SUs (N) in the
proposed CSS network, the expression for 4,,,, can be calculated using Eq. (B.5) and Eq.(B.6),
substituting them in Eq. (B.16) as follows;

N1 AP/ 7 /T PYL
=N(1-P) - > [1—exp(—1/G:J exp| — |+

(2-p)/p 2 %
N (P, )8 7 exp| 2" |—o

) ———|1-exp ~A _ -
p(l+ 7) oy (1+ Vj o} (1+ 7)

applying logarithm on both sides and solving algebraic expressions, the closed form of

expression for A,,,, using multiple antennas and multiple number of CRs in CSS network is

%

(B.18)

opt

B.5. Optimization of Arbitrary Power of Received Signal (p,,,) in Rayleigh Fading
using OR-Rule at FC

The closed form of expression for p,,,. using OR-Rule at FC can be calculated using Eq. (5.48)

as follows;
0
R R =0 (B.19)
op op
4 0P, _
N(1-P ) =+ (P,)" 1% _g (B.20)
op op

for a single antenna case (M=1), P % and aP%p expressions are given by Eq.(5.37) and Eq.
(5.38), substituting them in Eq.(B.20);
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m

A%Jiﬁ(%’) log A +N(P )N—l _expﬁ_ ﬂ,% }iﬂ(%)logxl ~

= N(1-P,) | exp| -2 | 55— - -
% JP G P ol+y)

o2 (L+7)

after some algebraic simplifications, above Eq. reduces to

:>(1—Pf)N_l exp[—Lf} =(P,)" | exp| - 7 ( L ]

n ol (1+;_/j 1+y

(N —1)(In (1;; Dnn (1+}j |

of -
r
{1+yj

applying logarithm on both sides, after simplification, the closed form of expression for p,,;

using single antenna at each CR and multiple number of CRs in CSS network is

2In 4
Popt = (B.21)

oot e
=)

Similarly, using multiple antennas (M=3) at each CR and multiple number of SUs (N) in the

proposed CSS network, the expression for p,,. can be calculated using Eq. (B.10) and

Eq.(B.11), substituting them in Eq. (B.20) as follows;

" [ ﬂ,%] 2 ﬂ,(%’) log A
exp| — —

=>N(1-P, )N_1 -M ll—exp[— if]

ol |p° o’

o n

n

M-1

2 2 2
#N(Py)" | M | 1-exp| {2 exp| —— |2 A 1004
oZ(L+7) oll+y) )P Gt (+y)
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applying logarithm on both sides and solving algebraic expressions, the closed form of
expression for p,,, using multiple antennas (M=3) and multiple number of CRs in CSS

network is

2InA
Popt = (B.22)

i e
RO

B.6. Optimization of Number of CRs (N,,,) in Rayleigh Fading using AND-Rule at FC

The closed form of expression for N,,, using AND-Rule at FC can be calculated using Eq.
(5.18) as follows;
Total error rate: Z(N)=Q,, +Qq

AZ(N)=Z(N +1)—Z(N)
=1-[1-P )" -1+ [1-P)I" +[P. " -[P]" =0

=[P 1" -[@-R )" [P T" +[a-R)I" =0,

(4T )
=>[<1—Pm>PJ=£(1—P%]”,

applying logarithm on both sides, the closed form of expression for N,,, using AND-Rule at

FCis
1-P
In[ 5 fJ
N, =[—" 7 (B.23)

e (1— Pm]
In
Pf

B.7. Optimization of Threshold Value (4,,,) in Rayleigh Fading using AND-Rule at FC

1
(Pr)

The closed form of expression for 4,,, using AND-Rule at FC can be calculated using Eq.
(5.44) and Eq. (5.21) as follows;
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0, ,

_ B.24
on "o Y (B.24)

n-1 OP, 40P
N(P) —)Z*'\'(l—F’m)N1 n=0 (B.25)

. oP : .
for a single antenna case (M=1), %/1 and aP%l expressions are given by Eq.(5.32) and

Eq.(5.33), substituting them in Eq. (B.25);

=0

% (%)
——— [+N(1- Pm)N_l exp| — A - 24 -
o, O'f (l+ 7/) pof (1+ 7/)

applying logarithm on both sides and solving algebraic expressions, the closed form of

On

=N(P)"" expiﬂ—fj 22"

expression for A, using single antenna and multiple number of CRs in CSS network is

%

(B.26)

opt —

Similarly, using multiple antennas (M=3) at each CR and multiple number of SUs (N) in the
proposed CSS network, the expression for 4,,,, can be calculated using Eq. (B.5) and Eq.(B.6),
substituting them in Eq. (B.25) as follows;

2 2
_ (2-p)/p 2 A
=>N(P, )N 184 5 {l—eXp[_ﬁﬁ’/azﬂ exp{—ﬂ;2 J+

2

o1 BAEP/P 2y /1%
———|1-exp| -4 N|| &P ——F——
p(1+ 7) o, (1+ 7] o (1+ 7)

applying logarithm on both sides and solving algebraic expressions, the closed form of

N(1-P,) =0

expression for A, using multiple antennas (M=3) and multiple number of CRs in CSS network

is
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(B.27)

opt —

B.8. Optimization of Arbitrary Power of Received Signal (p,,;) in Rayleigh Fading
using AND-Rule at FC

The closed form of expression for p,,, using AND-Rule at FC can be calculated using Eq.

(5.48) as follows;

0
%Jr&:o (B.28)
op op
1 0P _
(P)" o) 0 ®29
op op

for a single antenna case (M=1), a%p and 6% expressions are given by Eq.(5.37) and Eq.
(5.38), substituting them in Eq.(B.29):

=0

; %) 5 A%
:>N(Pf)N1 exp[—/la2 él UIZOg/l +N(1-P,)""| —exp| -

/1%’ }i /1(%) log A

— 2 —
ctl+y) )P P(l+y)

=(P, )" exr{—i—f} =(1-P)"" | exp| - 2 [ - ]

n o’ (1+;/) 1+7;

1
O',f -
4
{1+7J

applying logarithm on both sides and solving algebraic expressions, the closed form of

expression for p,,; using single antenna and multiple number of CRs in CSS network is
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popt =

2In A

ol

)

(B.30)

&

Similarly, using multiple antennas (M=3) at each CR and multiple number of SUs (N) in the
proposed CSS network, the expression for p,,, can be obtained using Eq.(B.10) and Eq.(B.11),
substituting them in Eq. (B.29) as follows;

=>N(P)" | -M ll—exp{‘if H eXp[— }:j}}%l%) 094

n n p Gn

M-1

% % (%)
IN(1-P,)" -M | 1-exp| — 12— exp| -2 |2 A0 d
oZ(L+7) cil+y) )P G2 (+y)

applying logarithm on both sides and solving algebraic expressions, the closed form of

expression for p,,, using multiple antennas (M=3) and multiple number of CRs in CSS

network is
Doy = 2InA (B.31)
Pf - 2
{(N —1)(In(l_ P D+ In(1+ 7)] ot
In -
- 1(05)
1+y
Appendix-C

C.1. Optimization of threshold value (Aopt) in Weibull fading channel

For a single antenna case (M=1), the closed form of expression for 4,,,; can be derived by using
Eq. (5.63);

oP
PRy,
oL A

(C.1)
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substituting Eq. (5.66) and Eq. (5.67) in Eg. (C.1) gives;

—> —exp| — i%FZ(P) c l%I;(P) 7 2/1(%)121"(P)+exp B g%’r(p_) . A%_r(p) _ 2,1(%)*1”,3):
o, o, po, o’ (1+ )/) (1+ 7/)0'5 po’ (1+ 7/)

O,

% C
Hﬁ )
O-n
N Hﬂ%z(p) }C J _ Cin (l+7_/

% C
N exp[_{z FZ(P)

(C.2)

Similarly, the closed form of expression for 4,,, with multiple antennas (M=3) at each CR can
be calculated as;

w{lp[ {Mr(%} ﬂ p[ {ﬂ%mp)(ﬁ} ]C {mmaﬁ}

61(2—p)/p1—*(p) E%F(Fy ) 3 }L%F(Fy i ),%F(Fy c_l_
ot y) {”XDH st | || ctasn| | Qe P
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e
% T Y c C’
{1—exp{_{/I F(%(lﬂ_/)} ]] exp{—{ft F(%(l+}_/)} ]{%“7_/)}

AV

(C.3)

C.2. Optimization of Arbitrary Power of Received Signal (Popt) in Weibull Fading
Channel

For a single antenna case (M=1), the closed form of expression for p,,. can be obtained by
using Eq. (5.70) as;

oP; P,
— —
o op

0 (C.4

substituting Eq. (5.71) and Eq. (5.72) in Eq. (C.4) gives;

_ _exp[_{ ﬂ%F(P)} ] C{A%F(P)} 7 % ;t(%’) log AT'(P)

cZ(l+y) cil+y)| PP Sl+y)
7N L T A L 7 |
M exp(_{ﬂ E(P)} Jc{z l“Z(P)} éz Iogz/ll“(P):O

ool [Tl e | ] )
T e T et | [leen
27T (P) 1 -

>{ o7 } Ll—(mj JCIog(lﬂx),
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popt = % (C5)

. Cin(1+7) [ng

I'(P)

Similarly, the closed form of expression for p,,, with multiple antennas (M=3) at each CR can

be calculated as;

I {z r(g)} oo {z r(P)} c{’l F(P)} s A7iog e

2(l+y) ctl+y)| P ol+y)

2 2 2
Gn O-n p Gn

+|1-exp —{/1 F(P)} exp _{}“ F(P)} C{’l F(P)} %ﬁ log AT'(P) _

=>|1-exp| - }“%r(li) C exp| — A%F(E) C 1_ C
or(1+7) o @+y) | |[l@+y)

=|1-exp —{/1 FZ(P)} exp —{’1 E(P)}
o

n Gn

2InA
popt = % (C6)

. Chn(1+7) ( o2 ]

©05)|1- - ||\
' 1+;_/

C.3. Optimization of Threshold Value (4,,,) in Weibull Fading using OR-Rule at FC

The closed form of expression for 4, value can be obtained by using Eq.(5.45)

=>N(1-P, )N’l%+ N(P,)

N1 0P,
oA

0 (C.7)
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expressions for GP%A and R, 5, are given by Eq.(5.66) and Eq.(5.67), substituting them in

Eq.(C.7) gives;

- e b I O N e A
=>N(1—Pf) | —exp —{A—I}P)} C{l FZ(P)} 24V P T (P)

2

Gn Gn pan
iN(P )N—l exp| - m E%F(P) F(P) 0
" ol (l+}_/) 1+7 1+;/
- - . % c
=(1-P;) | exp —{l GE(P)} = exp| = l 11:??/) (1i;J ’

applying logarithm on both sides and solving algebraic expressions, the closed form of

expression for A, using single antenna and multiple number of CRs in CSS network is

1 V2

opt — F(P) (C8)

Similarly, using multiple antennas (M=3) at each CR and multiple number of SUs (N) in the

proposed CSS network, the closed form of expression for A, is

AV

e (N—1)[|n(l;mpfB+C|n(1+})

T TE)

(C.9)
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C.4. Optimization of Arbitrary Power of Received Signal (p,,,) in Weibull Fading using
OR-Rule at FC

The closed form of expression for p,,,. can be calculated by using Eq. (5.49);

>N (=R ) Ze(p)

) n-1 0P, 0
op

op

(C.10)

expressions for 6% and 8P%p are given by Eq.(5.71) and Eq.(5.72), substituting them in Eq.

(C.10);
- bl Zee ]S (%em ] 5 4%
=N(1-P) | -M 1exp({/’t E(P)} ] exp{{;‘ FZ(P)} JC{;L E(P)} %/1 Io%/u"(P)
On o, o, p o

+N(P,)""| -M|1-exp| - l%r@ exp| — A%T(li) c A%F(Fi) 7 2 ﬂ(%)logﬂ_l"(P) o
i Gr?(l"'?/) O'ﬁ(l+7/) o-rf(]_+ 7) p2 O'ﬁ(l+7/)

substituting M=1 in above Eq.and after some algebraic simplifications, above Eg. reduces to:

=>(1—Pf )Nfl exp —{/1%1;03)} =(Pm)N_1 exp _{ AAF(P)} ( 1 ] |

o o (1+7)]| | \1+r

n

=> E%F(P) _ (N —l)[ln (1;’; D+0 In (1+7_/)

2

5 [1‘(“1;)0] |

applying logarithm on both sides and after simplification, the closed form of expression for an
optimum value of p with a single antenna at each SU, multiple number of SUs (N), and using
OR-Rule at FC in the proposed CSS network is

2InA
popt = % (Cll)

Hﬁ;ﬂ -
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Similarly, using multiple antennas (M=3) at each CR and multiple number of SUs (N) in the

proposed CSS network, the closed form of expression for p,,,. is

2InA
popt = %

(N —1){|n (1—PmPf j]+c In(1+7) .

=\ (P
L(O.S)[y_] ] P)
1+y

C.5. Optimization of Threshold Value (4,,,) in Weibull Fading using AND-Rule at FC

(C.12)

The closed form of expression for A,,, value can be obtained by using Eq.(5.56);

:>N(Pf)N‘“2%+N(1—Pm)

N1 0P,

0 (C.13)

expressions for aP%l and oy 5, are given by Eq.(5.66) and Eq.(5.67), substituting them in

Eq.(C.13) gives;

=> N (Pf )N—l —exp {@} C {ﬂ%rz‘(p)} B 22(%)—11_‘03)

2
O, O, po—n

(C.14)

27T () }C C{A%F(P) }Cl 2% ) 0

N-1
NA-R) e {ag(1+;) 7)ot | pot(e7)

o y, c P c c
=(P,) | exp —{’1 E(P)} =(1-P,)""| exp —{—’1 F(P)} ( 1 ] ,

O, an (1+]_/) m

applying logarithm on both sides and solving algebraic expressions, an optimum value of A
with a single antenna at each SU, multiple number of SUs (N), and using AND-Rule at FC in
the proposed CSS network is
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AV

= T (C.15)

Similarly, using multiple antennas (M=3) at each CR and multiple number of SUs (N) in the
proposed CSS network, the expression for A, is

1\

| T(p) (C.16)

C.6. Optimization of Arbitrary Power of Received Signal (p,,,) in Weibull Fading using
AND-Rule at FC

The closed form of expression for p,,,. can be calculated by using Eq. (5.60);

n-1 OP, 40P
=>N(P,) a—lof+(1—|3m)N ' ar;" =0 (C.17)

expressions for a%p and 8% are given by Eq.(5.71) and Eq.(5.72), substituting them in

Eq. (C.17);

=N(P )" | -M 1_exp[_{’1%z(P)} ] eXp{‘{@} }C{A%FZ(P)} 22 A% log A1'(P)
Oy O, o, p o,
7 Yy | % JZ)
IN(L=P)" Y M | 1-exp| -1 £ re) | AT ) A r(Fj) 32 log AT(P) | _
ol (l+7) o,(1+7) cll+y)| P ol+y)

5 %, c y, c c
=(P;) | exp {i FZ(P)} =(1-P,)""| exp {i F(P)} ( l_] ,
O-n

o’ (1+;_/) 1+y
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applying logarithm on both sides and solving algebraic expressions, an optimum value of p is

popt =

2In A
Je
(N—l)[ln[l_PmeD+Cln(l+;_/) I
EES
1+y

(C.18)

Similarly, using multiple antennas (M=3) at each CR and multiple number of SUs (N) in the

proposed CSS network, the expression for p,.,. is

Popt =

2InA

(N —1)(|n[1_Pme Dw In(1+7)

ol]
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(C.19)
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