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Abstract

Cognitive radio makes it possible to sense and detect the
status of radio channels, allowing radio transceivers to determine
which channels are in use and which are not. Navigation to empty
channels while avoiding crowded channels is the primary goal of
cognitive radios. As a result, spectrum utilization is optimized while
reducing interference with other users by allowing signals to be

broadcast to multiple users on a single channel.

There were two phases in the development of this study. In
the first phase, we developed a straightforward approach to modeling
cognitive radio networks to encourage better spectrum management
through its opportunistic use. In the second phase, we propose to use
three algorithms from the fuzzy logic system (Mamdani, Tsukamoto,
and TSK) and two neural networks (ANN, ANFIS) to improve the
decision-making process in selecting the best available channels in
the radio network. In order to achieve this, two types of systems were
tested: the non-cooperative system and the cooperative system for

secondary users.

Using the modeling method proposed in the first phase as
a basis. After all simulations were implemented, three metrics were
used for evaluation, including network throughput of data, handoffs
(transitions between channels), and delay time (includes search,
selection, and transition time to the new available channel). Where a
comparison and analysis of the simulation results, where the
Adaptive Neural Fuzzy Inference System (ANFIS) algorithm
showed an advantage over the rest of the algorithms and also over

the standard algorithms.
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The results proved that the ANFIS and TSK algorithms
gave the best results when increasing the number of channels
compared to other methods (ANNs and standard algorithms). The
results also showed that the (MCCA) algorithm achieved the best
results in the number of conversion operations compared to the rest
of the algorithms. It was found that the ANFIS algorithm provided
better results than the rest of the algorithms in terms of throughput
(the amount of data exchanged) with acceptable values for the rest of

the measurements when compared to other methods and algorithms.
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Chapter 1 Introduction

1.1 Introduction

The tremendous expansion of the use of wireless networks
over the past few years has led to an increase in demand for the use of
spectral frequencies. Significant growth in connected devices is
expected soon with the overall adoption of the Internet of Things (1oT).
A huge amount of spectral frequencies is required to support this

growing number of wireless devices[1].

Nowadays fixed spectrum policy is the policy of the wireless
network system. The spectral frequencies are assigned to licensees for
long periods. This policy has led to the emergence of the so-called
spectrum scarcity due to the increasing demand for spectral frequencies.
One of the solutions proposed to address this problem (spectrum
scarcity) is so-called Dynamic Spectrum Management (DSM). This
approach allows Secondary Users (SUs) who are not authorized to use
the frequency spectrum, in a case where it is in an idle state or not used
by the authorized persons who are the Primary Users (PUs) or to share

the spectrum with others where this spectrum is protected [2].

Thus, secondary users can gain the opportunity to transmit
without the need for a dedicated spectrum, this concept is known in the
literature, as (DSA), and it is divided into two types: the first is called
the concurrent spectrum access (CSA), and Dynamic Spectrum Access

the second is called the Opportunistic Spectrum Access (OSA) [2].

In the Opportunistic Spectrum Access (OSA) model for
detecting spectrum holes by SUs, there are two methods Geolocation

Database and Spectrum Sensing.
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The Geolocation Database is used with PUs if it was
predictable and regular also, but if we do have no Geolocation Database,
we can use spectrum sensing by SU periodically or consistently to detect

the holes in the primary spectrum [2].

The principle objective of the methods of sensing is finding
the holes in spectral frequencies, which are employed for addressing the
issue through spectrum scarcity. Sensing technologies are divided into
three types: Cooperative detection, Transmitter detection, and Inference

base detection [3].

Cognitive radio represents a wireless communication system;
it is one of the systems that use Opportunistic Spectrum Access (OSA).

Cognitive radio can sense and reorganize its working settings.

1.2 Cognitive Radio Networks

A cognitive radio system uses the dynamic access technology
of spectral frequencies, to adapt to the unused spectral frequencies
dynamically even when conditions change. In the following two

sections, a brief explanation of cognitive radio technology:

The cognitive radio cycle consists of the processes:
{observation, guidance, planning, decision-making, and action}, as
described in Figure (1.1)[4].

Step 1, the observation step, involves the process of sensing
the spectral frequencies in the surrounding environment by sensing
different measurements (signal strength, frequency capacity, noise, so
on).
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Step 2, includes the guidance and planning process where this
information is processed, arranged, and prioritized, and the tables are

planned according to regulatory constraints [5].

Step 3, decision-making step, where the best frequency is
chosen from among the available spectral frequencies, and allocated to
the secondary user until the arrival of the primary user or the completion

of the secondary user of the broadcast and evacuation of the frequency.

Step 4 and final, The learning step improves the ability of
cognitive radio to learn from previous experiences and modify its

standards to choose the best spectral frequencies from its surrounding

environment [5].

Observe

* Spectrum monitoring (sensing using e.g.,
energy detector) — Occupy measure (O)
determination

* Network state monitoring (link quality e.g.,

Frame error rate

/" ORIENT

Learn

link quality measure

determination based
on FER

Act

+ Set Selected Channel
= Set Power level

Plan

* Channels ranking list
* Determination according to
channel fitness parameter

" (Decide

= Decision making based on
threshold level
+ Adapt

Figure 1.1: cognitive radio cycle [4].

Today many research trends in the decision-making process
take into account the existence of prior knowledge about the
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relationships between internal and external standards and standards that
have been sensed and collected in the knowledge cycle [6], additionally,
the Quality of Service (QoS) offered by the users, making the decision-

making process, an improvement problem.

There are many algorithms used in the decision-making
engine that analyze and compare the metrics and parameters of the

available spectral frequencies and choose the best among them.

In the cognitive radio concept, it is not necessary to find the
best solutions, but instead to find acceptable solutions during the best
time [6].

The problem of decision-making in the concept of cognitive
radio is considered fundamental, so in the field of analysis the focus is

on the principle of learning and decision-making.

1.2.1 The need for cognitive radio
Spectrum access is a problem in many spectral bands due to
spectrum scarcity. Spectrum users have limited access to the spectrum

due to the old control policy and driving regulations [7].

The radio spectrum can be divided into three types depending

on its occupancy rate:

1. Spectral frequencies are largely unoccupied most of the time.
2. Partially occupied spectral frequencies.

3. Spectral frequencies are widely used.

Spectrum bands, which contain spectral holes, are assigned

certain frequencies to specific users for some time and in a specific
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geographic area. This domain will be reserved at this time for one user

and cannot be used by others.

Cognitive radio technology allows the exploitation of unused
spectral frequencies, where secondary users can use these free bands,
which are called spectrum holes, this technology improves the use of the

spectrum and makes effective use of the spectrum.

1.3 Literature Review
This section analyses the existing and related literature
associated with the scope of the dissertation besides the challenges and

existing work presented in the previous section.

In the paper [8], the author propose a real-time scenario that

considers additive Laplacian noise to dynamic primary user (PU).

In the paper [9], the researchers enhance the spectrum sensing
process, by proposing the concept of multiple attributes to improve

adaptive energy detection technique.

In the paper [10], the researchers proposed two protocols. The
first proposal is for cognitive radio networks with fixed data packets.
The second is suitable for dynamic networks with variable sizing
packets. The second protocol uses the scheduling system to take

advantage of the available capabilities of the spectral frequencies.

The authors in the article [11], examine SU decision-making
processes for three different types of oligopolistic market markets as
well as spectrum pricing practices used by spectrum owners, or main

operators (POs). The single-band exclusive use market takes into
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account two POs, each of which offers a single band specifically for
SUs.

In the paper [12], the three contributions made by this paper
are the utilization of real data, the adoption of a cooperative decision-
making approach, and the measurement of information volume through
the frequency of unsuccessful handoffs. The decision-making approach
employs the Feedback Fuzzy Analytical Hierarchical Process (FFAHP)
and Simple Additive Weighting, two multi-criteria techniques (SAW).

The paper [13], contributes in two ways. In this study, two
resource selection algorithms for vehicular CR networks—GRA-based
Vehicular CR node Assisted Networks (VANS) and Network Assisted
Networks' resource Selection (NANS)—are proposed. First, the focus is
given to the group mobility component of vehicular communication.
Second, a testbed using the LabVIEW communications system design
suite software and a programmed scripting tool is considered to research

the practical realization difficulties in vehicle CR networks.

The authors in [14], proposed a hybrid optimization algorithm,
in which the optimal clustering and relay selection technique is taken
into account. The goal of the model is a unified assessment of network
isolation and some minor differences. Also, to calculate the continuity

of decision-making by implementing the relay selection technique.

In [15] S. Jang et al., propose a system for the optimal band
and also select a channel by using Q- learning dynamic, this system takes
into consideration the wireless environment to increase transmission

time and capacity in time.
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In [16], J.Ma et al., Propose an algorithm of machine learning
that uses Tug of War dynamic for IOT communication by using

cognitive select the channels.

In [17], R. Saifan et al., propose Protocol for CRNs called
(PDPS) the probabilistic and deterministic path detection Protocol. This
protocol increases the probability to find the best path between the

destination and the source.

In[18], V. Zuniga et al., propose a system to predict the future
occupation bands and permit to adapt dynamically the best channel by
changing the specifications of radio frequency and the analog. For doing

this, the system uses Long Short-Term Memory networks.

In [19], A. Ali et al., propose a fuzzy logic-based decision
support system (FLB-DSS) that jointly deals with channel selection and
channel switching to enhance the overall throughput of CRNs. The
proposed scheme reduces the SU channel switching rate and makes
channel selection more adaptable. The simulation results are promising
in terms of the throughput and the number of handoffs and make the
proposed FLB-DSS a good candidate mechanism for SUs while making

judicious decisions in the CR environment.

Table (1.1), shows some of the related works has been

proposed in different directions on CRNSs.

Table (1.1): summary of related works

Authors Techniques | Directions | Datasets Evaluation

D. Dasic, et A multi-agent | spectrum Experimental | the effects of

al.,2021. [20] | reinforcement |[sensingand | Data. denoising, the
learning. possibility of
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channel organizing
selection coordinated actions,
and the convergence
rate
S. the simple Spectrum Experimental | the delay,
Nandakumar, | additive sharing Data data rate,
etal., 2019. [9] | weights Packet Loss Ratio
method, and price
the technique
for order
preference by
similarity to an
ideal solution
A. Musa, et al., | propose a Spectrum Experimental
2019.[10] power- sharing Data
controlled
MAC protocol
for CRNs based
on the
interference-
channel
occupancy
model
J.zou et A pre-emptive | Spectrum Simulation generalized scenario
al.,2019. [11] resume priority | sharing Datasets with multiple POs and
(PRP) M/M/1 multiple priority
queueing queues.
model.
D. Giraland C. | Feedback Spectral the the number of failed
Hern, 2020. Fuzzy decision implementati | handoffs,
[12] Analytical making on of real the level of
Hierarchical data collaboration for the
Process number of failed
(FFAHP) and handoffs
Simple
Additive
Weighting
(SAW).
M. Gupta, (GRA-based decision Experimental | Testbed using coded
K. Kumar. Vehicular CR making scripting program,
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2020. [13] node Assisted Data and LabVIEW
Networks’ (testbed) communications
resource system.

Selection
(VANS) and
Network
Assisted
Networks’
resource
Selection
(NANS))

Y. Teekaraman, | integrating a decision Experimental | considering capacity,

et al., 2020. hybrid making data spectrum sharing,

[14] optimization data rate, and
algorithm with interference for each
an effective subordinate user in
decision- the entire network.
making
mechanism.

S. Jang et Q- learning Channel Experimental | Data Rate

al.,2019. [15] | dynamic selection data

J.Maetal., Tug of War Channel Real data Channel access ratio,

2019. [16] dynamic selection the frame reception
(TOW)

R. Saifan et al., | the Channel Experimental | Throughput,

20109. [17] probabilistic selection data Stability and
and (path (simulation end-to-end delay.
deterministic selection) data)
path detection
Protocol
(PDPS)

A. Ali et fuzzy logic- Channel Experimental | Enhance the overall

al.,2019.[19] based decision | selection data throughput of CRNs.
support system Reduces the SU
(FLB-DSS) channel switching

rate.

V. Zuniga et Long Short- Channel Experimental | A band-pass filter,

al., 2020. [18] | Term Memory | selection data bands occupied
networks
(LSTM) NN.
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F. Javaid, et al., | scheme based Experimental | The estimation of

2022. [21] on dual- Channel data received signal
channel and selection power, delay spread,
the multi-node and signal-to-noise
mobility power ratio (SNR).
system

1.4 Problem Statement

The concept of CRNSs is always related to the decision-making
process, so the research problem is The decision-making process of
selecting the best radio channel (most appropriate for the secondary
user) in cognitive radio is an open problem, since the sensing
information for radio channels is not only imprecise and inaccurate but

also involves a major uncertainty factor.

Therefore, choosing one of the different decision-making
algorithms, which can be used to improve the process of selecting the
best channel among a group of radio channels, represents an open

challenge in the field of cognitive radio.

In addition, how to implement the cognitive process, as there
are the central model and the distribution model. This aspect is very
important, as how decision-making can be affected by the cooperation

between the secondary users ?.

1.5 The motivation for this Dissertation

A finite natural resource that enables wireless communication
between transmitters and receivers is the radio frequency spectrum.
Different services, including mobile, fixed, broadcast, fixed satellite,
and fixed satellite services, are designated to specific frequency bands

that make up the radio spectrum. Forecasts of the future mobile

10
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telecommunications market specifically foresee considerable increases
in per user and aggregate data rates for mobile services. Therefore,
where to find adequate carrier frequencies and bandwidths to match the
anticipated demand of future services is a crucial question facing
wireless communication systems. and How can spectrum allocation and
planning to support licensed and non-licensed services operate with

guaranteed levels of quality?

The motivation of this dissertation is the study of the different
techniques of decision making and their use to select the best channel,
this selection will improve the performance of the cognitive network,

when there are many channels available.

1.6 The Challenges of this Dissertation

There are some challenges that we faced in this dissertation,

including:

1. There is no existing benchmark dataset available to the public that
includes the information of base stations and users (primary users
and secondary users) in the same dataset.

2. Databases for cognitive radio research and studies are often
generated using simulations and have specific goals for the
research topic.

3. There are no standard deployment scenarios to use to evaluate
proposed algorithms and techniques, but general concepts and

directions exist.

It was, therefore, necessary to propose deployment scenarios,
and also to create our databases for testing and evaluating the proposed

decision-making techniques.

11
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1.7 Main Objectives of this Dissertation
The general goal, enhancing cognitive radio management by
Model, simulating, suggesting, and evaluating different techniques

(Fuzzy inference system, neural network models ANN and ANFIS).

The objectives of this dissertation, they can be summarized in the

following points:

e The first objective is to enhance the performance of cognitive
network, by using a FIS algorithm to achieve the decision-making
process in the wireless communication environment. A comparison

scheme has been proposed over the proposed algorithms.

e The second objective is to suggest an improved decision-making
technique for cognitive radio systems. Depending on neural network

models to enhance selecting the best channel.

e The third objective is to evaluate the proposed methods by using

Benchmark methods.
1.8 Main Contributions of this Dissertation

Contribution 1: Proposing a concurrent (synchronous) framework for

improving the cognitive radio network.

Contribution 2: Employ three methods of fuzzy inference systems in
the decision-making step to enhance the cognitive radio network, where
Mamdani, Tsukamoto, and TSK FIS have proposed to improve the
process of selecting the best channel from many available channels and
deal with uncertainty. Algorithms have been formulated and a
comparison of proposed algorithms with existing algorithms has been

presented.

12
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Contribution 3: Employ two neural network models ANN and ANFIS

for improving the decision-making step.

Recent research initiatives in the general field of cognitive
radio networks served as inspiration for the new methodologies based
on the concept of decision engines and channel parameters to enhance

the selection of the best free channel.

Contribution 4: Creating two sets of fuzzy rules, one for each set of
parameters, which are used by fuzzy logic methods to select the best

channel.

1.9 Dissertation Organization

There are five chapters in the dissertation. Each chapter
begins with a brief introduction of the subject, the overall structure of
this dissertation is shown in figure (1.2). The remaining parts of each

chapter are as follows:

The second chapter includes a detailed overview of cognitive
radio systems such as the characters of the system and functions of CRs.
Then, decision-making techniques, channel selection, and application of

CRs for the cognitive system are introduced.

In the third chapter, the practical side of the dissertation is
reviewed, where various work algorithms are reviewed, such as the
simulation environment configuration algorithm, various decision-
making algorithms as well, such as fuzzy logic system techniques, neural
network algorithms and also, and benchmark algorithms, and finally,
evaluation metrics are explained, which includes (throughput data,
handoffs, delay time).

13
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The fourth chapter, shows the simulation and discussions the
results using the different proposed techniques of fuzzy inference system
(Mamdani, Tsukamoto, TSK), and also, two neural network techniques
for enhancing channel selection in CRNs. The performance of various
techniques is evaluated with benchmark algorithms and proposed
methods and then compared in different metrics. The best channel
selection technique for two different datasets is implemented and

compared to select the best technique for decision-making in CRNSs.

Lastly. Chapter Five provides a summary of the conclusions,

and provides recommendations for future work.
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Chapter 2 Theoretical Background

2.1 Introduction

This chapter includes a overview of some the concepts of
cognitive radio networks and some of the different techniques that are
used in applying this concepts in modern communications, in addition
to review the use of the concept of cognitive radio in many different

wireless and satellite applications.

2.2 The Principles of Cognitive Radio Networks

The ability of networks to adapt to a variety and changing
conditions is generally constrained by present network technology,
which may lead to suboptimal performance [22]. In addition, there is
another problem, due to the current inefficient allocation of the
spectrum, which has led to a waste of resources and access to a limited
number of business models. There are several exceptional cases, but in
general, the elements of the existing network are limited (e.g., state,
scope, and response facilities). This makes them unable to make smart
decisions. Mostly, the coping mechanisms that are available after the
occurrence of problems become effective, but before that, they are
present and inactive, so effective and smart solutions are available in a
limited way, in addition to green networks as well as business models

that are described as useful [23].

Cognitive Radio Networks (CRNSs) is considered one of the
solutions to the problems of inefficient use of the unused or not properly
used spectrum. The cognitive radio technology allows unauthorized
persons to access the licensed spectral frequencies, taking into account
that the interference is minimal [24].

16



Chapter 2 Theoretical Background

Therefore, there is a need for new networks and efficient
communication technologies to use spectral frequencies, as well as an
increase in advanced technologies that use spectral frequencies. All this
shows several technical challenges and for these technologies to be

accepted, efficient solutions are needed.

Cognitive radio devices (CRDs) represent the basis of
cognitive radio networks, which can configure different parameters
during the operation period (such as waveform, frequency band, and also
transmission power), depending on the surrounding environment. These
activities aim to exploit the unused spectral frequencies and avoid
bottlenecks. Cognitive Processes (CP) are used for many purposes for
collecting information, as well as for machine learning. Depending on

this, analysis and decision-making [25].

To implement cognitive process decisions, software defined
radio (SDR) platforms are used for this purpose. In an ideal conditions,

this system could also perform predictive actions [25].

The technology of cognitive radio can be considered as part of

the fifth generation networks in terms of the concept.

The fifth generation technologies, which are being employed
by transportation corporations and international standardization bodies,
are viewed as a generation that addresses the issues that arose in the
fourth generation, which has achieved widespread adoption. Further,
these technologies can be considered not only as a faster generation than

4G, but also in the development of engineering and networking aspects.

The researcher Joseph Mitola, first introduced the term "radio

cognitive"”, while studying in Stockholm, at the Royal Institute of

17
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Technology. The term cognitive radio is different from the term SDR
[26].

The concept of cognitive radio (CR) revolves around the
principle of control that helps the SDR how to operate and determine the
most appropriate parameters that can be used in the case of specific

networks.

SDR is a radio array, where most of the RF and MF functions
are digitally implemented when compared to classic radio technology.

SDR technology gives cognitive radio flexibility in operation.

The decision-making process must take into account the range
of available policies, as well as profile inputs, which can be followed in

certain contexts.

2.3 Basic characteristics of cognitive radio devices

The cognitive radio, according to the basic characteristics of
the operating frequency, changes the parameters of the transmitter and
the operating frequency. Cognitive radio equipment has two main

characteristics, which are cognitive Capability and reconfiguration [7].
2.3.1 Cognitive Capability

Cognitive Capability is the radio's cognitive ability to sense
the channels that can use for transmission by secondary users and the
surrounding environment and also to derive the channels' information
status, see Figure (2.1)[27].
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2.3.2 Re-configurability

Re-configurability

represents a dynamic programming

process of cognitive radio without changing the hardware components

of the devices. Cognitive Radio is a software-based radio, with the

ability to switch between different wireless protocols.

Cognitive radio uses software-based radio technology, as it
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wireless protocols, and uses the available spectral frequencies [28], [29],

see Figure (2.2).

Figure 2.2: Re-configurability process [31].
The radio spectrum bands can be divided into three categories:

1. White Spaces: These bands are free from sources of interference, but
can contain artificial or natural noise sources.

2. Gray areas: Partially occupied by sources of interference and noise

3. Black spaces: Because of the common presence of communications,
as well as interference and noise signals, these frequencies are almost
full [30].

2.4 Cognitive Radio Cycle and Their Functions

The cognitive radio can encrypt and decode signals, fine and
approve its user, detect its geographic position, and modify output power
and modulation parameters, the cognitive radio has many functions, see
Figure 2.3 [31].

Function of
Cognitive
Radio

Spectrum Spectrum
Management Sharing

Figure 2.3: the principle function of CRNs [31].
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Cognitive radio is a type of radio that can alter its transmitter
properties in response to interactions with the surrounding environment.
Making network protocols adaptable to the available spectrum is the
next task for cognitive radio after choosing the optimum channel. In
which an xG network needs additional features to enable its adaptability
[32][33][34].

2.4.1 The functions of cognitive radios in networks

2.4.1.1 Spectrum sensing

Spectrum sensing, in which cognitive radios scan the whole
frequency band in search of key users, represents important criteria for
cognitive radio networks. A group of cognitive users or a single user can
execute the sensing function. Spectrum sensing methods are critical in
the networks of cognitive radio because they allow cognitive users to

comprehend their surroundings [34][35].

Cognitive users use spectrum sensing to monitor the actions
of primary and secondary users to take advantage of unoccupied
frequency bands. It utilizes a range of sensing techniques, such as energy
detection, and matching filter detection, to find the presence of primary
users[35], [36].

Several characteristics can be used to determine the
appropriateness of the available frequency bands for communication,
such as delays, waiting time, signal strength, signal-to-noise ratio

(SNR), etc., to find the best channel in the frequency band.

The cognitive user moves to the new bandwidth after choosing

it. The user must leave the frequency band if it detects the existence of
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transmission for the primary user, and it starts searches for an available

frequency, this process is known as spectrum handoffs.

One of the problems with delaying spectrum delivery is
making cognitive networks vulnerable to various attacks. The spectrum

sensing can be central or distributed [37]:

First, in central spectrum sensing, in this type, the sensor
control unit searches for available frequency bands, and the information
obtained is shared with the rest of the other devices in the system. The
central sensing functions are done in the sensor control unit, and this can

reduce the complexity of the cognitive radio network [38].

In a distributed system the sensing function is done separately
by unauthorized users. Results of the spectrum sensing can be used
either individually (uncooperative) or collectively where the sensing

information is shared with other users (cooperative) [39].

The cooperative sensing system (CSS) (“in this system all
SUs report their sensing information through reporting channel to the
central base station called fusion center (FC)”) in spectrum sharing
techniques is more accurate than non-cooperative spectrum sensing,
although cooperative sensing includes communication and processing

costs as well [40].

2.4.1.2 Spectrum management

The ability to choose a spectrum hole that satisfies the quality
standards of SUs is known as a spectrum management. The process goes
as follows: when spectrum holes are found, it is required to choose the

best one based on quality.
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The SUs require parameters without interfering with the PU.
After that, new transmission parameters must be set for accessing the
new spectrum hole [41]. Spectrum management includes the decision-
making process, where there are many tasks, and these tasks are related
to the rest of the cognitive radio functions, see figure 2.6 [42].
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Spectrum
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Figure 2.6: Process of decision making in cognitive radio cycle [42].

2.4.1.3  Spectrum mobility

Spectrum mobility is the capacity of a cognitive radio user to
change operational frequency bands. An unlicensed user may switch to
an open spectrum band when a primary user first uses a radio channel
that is in use by that user. The protocol parameters at the various tiers of
the protocol stack must be changed to match the new operating

frequency range during the spectrum handoff [35] [43].

It is important to take the unlicensed user's ability to continue
delivering data in the new frequency band into account when sharing the
spectrum. Spectrum mobility enables cognitive radio users to transfer to

unoccupied frequency bands in the case that the principal user interrupts
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a cognitive radio communication. However, the design of the cognitive
radio network's spectrum is made more difficult by primary and

secondary user mobility [35].

The presence or absence of a licensed channel for a cognitive
user who is walking or standing still will be unclear if a licensed user
moves quickly in a particular area. Additionally, detecting a specific
channel in a scenario may not be accurate for a cognitive user moving
quickly since the channel availability status at the cognitive user's
present location may vary. Rapid cognitive users should often scan the
spectrum to reduce false alarms and improve their chances of finding a

licensed channel [44].
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It is important to create efficient spectrum handoff methods so
that cognitive users can predict the channel when the main user
transmission on that channel starts. To predict the behavior of main users
based on prior behavior, a Markov process has been utilized [18], the

example of spectrum mobility explain in Figure 2.4 [45].
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Figure 2.4: the example of spectrum mobility [45].

This technique (Markov process) enables the cognitive user to
terminate the channel before the primary user starts transmitting and
avoids forced termination of the cognitive user's transmission. Proactive

handoff is the phrase for this method of closing the authorized channel.
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In contrast, the spectrum is abruptly released during a reactive spectrum

handoff without the cognitive user's understanding [46].

2.4.1.4  Spectrum sharing

Spectrum Management and Sharing Unlicensed users have
access to the spectrum holes when a decision regarding spectrum access
IS made based on spectrum analysis. To avoid conflicts with both
licensed and unlicensed users, spectrum access is carried out via a
cognitive medium access control (MAC) protocol [14] [21]. The
cognitive radio transmitter and receiver must coordinate to synchronize
the transmission to ensure that the transmitted data is received. based on

random access or fixed allocation MAC [47] [21].

The Dynamic Spectrum Access (DSA) technique significantly
enhances frequency band utilization and communication system
efficacy. Spectrum sharing is a critical component of DSA in cognitive
radio technology because it provides effective and equitable spectrum
allocation or scheduling solutions among licensed and cognitive users.
In the spectrum-sharing idea, a main and cognitive user network can
share the radio spectrum at the same time. Furthermore, if the radio
spectrum is free or underutilized by large users, unlicensed or cognitive
users may gain access to it opportunistically. Unauthorized users can
continue to use the available radio channels if the level of interference is
low, and under the permissible threshold [47]. There are three different
types of spectrum-sharing techniques, see Figure 2.5 [48].
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Figure 2.5: Different types of spectrum sharing [48].

Spectrum Access Techniques

. Interweave paradigm : The idea of opportunistic access is the

basis of the principle of the interweave model. Spectrum holes
exist, which are transitory space-time-frequency voids that are
not in use by licensed or unlicensed users. These holes shift
throughout time and space. The interweave approach requires
spectrum users' activity information. This system checks the
spectrum regularly, identifies occupancy in various sections of
the system intelligently, and then transmits opportunistically

via the spectrum holes with little interference.

. The Underlay paradigm is aware of the disturbance that all

users produce. It requires that simultaneous transmission of the
primary and secondary systems only take place if the
interference caused by the SU at the PU is below a certain

acceptable level.

. The SU in overlay systems is aware of the PU's codebooks and

communications [3]. The PUs broadcast at any power, thus

relaying the PUs message can reduce interference to the PUs.

The characteristics of these techniques are given in table (2.1)[49] [50].
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Table2.1: Characteristics of underlay, overlay, and interweave techniques [50].

Underlay Overlay Interweave
SU knows the channel | SU knows the channel When the PU is not using the
strengths of PU gains, codebooks and spectrum, SU knows the

messages of the PU.

spectral holes in space, time,
or frequency.

As long as the
interference is below
an acceptable limit,
SU can
simultaneously
transmit with PU.

SU can simultaneously
transmit with PU; the
interference to PU can be
offset by using part of the
SUs power to relay the PUs
message.

SU can simultaneously
transmit with a PU only in
the case of false spectral hole
detection.

SUs transmit power is
limited by the
interference
constraint.

SU can transmit at any
power; the interference to
the PU can be offset by
relaying the PU’s message.

SUs power is limited by the
range of its spectral hole
sensing

2.5The Challenges in The Filed of Cognitive Radio

The challenges of research in this field are divided into:

2.5.1 Spectrum decision

By enabling secondary users to dynamically exploit the

available spectral frequencies without annoying the primary users,

cognitive radio devices offer a significant potential to increase the usage

of spectral frequencies [51] [52].

The main challenge in operating these wireless devices as a

network includes: what is an effective mechanism for controlling the

process of media access? and how it can effectively allocate the
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transmission and spectrum powers between the cognitive radios while

taking into consideration the surrounding environment?.

Most of the works that address this challenge are central

solutions and suboptimal heuristics [53].

2.5.2 Unlicensed Spectrum

There is a discrepancy between the actual use of the frequency
spectrum and the specializations of the Federal Communications
Commission (FCC). Therefore, there was a need to develop a new
method for managing spectrum licensing. The new approach should
provide efficiency as well as incentives to use the spectral bands of
unlicensed devices, and enable future systems to access the spectrum

more flexibly while giving higher priority to primary users [51] [54].

2.5.3 Spectrum sharing

The concept of spectrum sharing represents the distribution
through the spectrum frequencies for shared and unlicensed services in
unprecedented quantities. Avoiding interference in opportunistic
communication faces many challenges for detect sharing in radio
systems that include many users. Many design challenges cannot be
solved in traditional wireless systems, such as the priority of primary and
secondary users. The concept of participation is a major challenge in a
multi-user secondary environment, so this was a topic of research that

aroused a lot of interest in the recent period [51] [53].

2.5.4 Hardware and Software Architecture

The hardware components of Radio Cognitive are a very good
methodology, and it is an extension of the programmatically defined

radio where these different components are used to send and receive
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information through wireless communication devices. Cognitive Radio
selects the best available options based on the performance of each
application. The measurement parameters of the performance can be
power, antenna, frequency, bandwidth, and so on. Because of the
different types of baseband and also the different types of radio
frequencies. All of this requires more power and efficiency, as the

software and hardware are reconfigurable[35] [55].

2.6 Channel Selection Techniques
The concept of channel selection in the cognitive radio system
represents the mechanism for selecting the appropriate channel to use in

the transmission process by users.

The smart channel selection mechanism regulates the
interaction between different transmitters, when we have wireless
networks operating in an unlicensed spectrum, where this mechanism is
useful in the case of poor coordination between these transmitters, Wi-

Fi or LTE networks are typical of these unlicensed networks [56].

Improving the overall efficiency of the wireless system can be
done by designing the appropriate channel selection function when using
the unlicensed spectrum, as it will affect the reduction of the total
interference between the receivers and thus increase the performance

efficiency of the cognitive network [56].

2.7 Decision-Making Techniques
During the past few years, many techniques for the decision-
making process have emerged. Therefore, to review these techniques, it

IS necessary to classify these techniques.
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One of these classifications is based on prior knowledge of the
environment. In figure (2.7) it is proposed to classify these technologies
based on prior knowledge that is provided to the engine of cognitive

radio to decision-making [6].

Therefore, some approaches to decision-making are better
suited than others in the decision-making process, based on prior

knowledge of the environment [57].

There is also the possibility of having many cognitive engines

in one cognitive system, so it is necessary to coordinate between them.

Pure Optimization  Clustering + Predictive Partial
expert Exploration some expert approach monitoring
approach approach knowledge approach

Full a priori 1 1 | | 1 Lack of a priori
information <€ | | | | | > information

RKRL Genetic Evolving ANN and MAB based

algorithm connectionist statistical Algorithms
systems approaches

Figure 2.7: Decision-making techniques classification based on priori knowledge [6].

2.7.1 Techniques based on Expert Approaches

This type of system is based on the accumulated experience
and a large amount of knowledge by researchers and experts in the field
of communication, this knowledge is related to the surrounding

environment and radiocommunication parameters [6].

There are sets of inference rules, that are provided to experts
system through simulations.

The equipment can adapt to the dynamic environment around
it, and more knowledge is available. The knowledge radio system, based

on the expertise of experts, gives the possibility of making a simple

31



Chapter 2 Theoretical Background

decision if it is well equipped with knowledge in the form of a set of
rules[58].

This approach is designed for all users and not for a specific
user, and also for a range of possible environments. Also, the models are
the basis for expert knowledge and the designer's need for a great effort
[59], thus this approach may behave poorly when faced with an

unexpectedly dynamic environment [59].

2.7.1.1 The Fuzzy Logic

Fuzzy logic is a concept that uses in machine control, the
fuzzy logic can deal with problems that are partially true and cannot

express as “true” or “false” simply.

Many alternative approaches can deal with different cases as
well as fuzzy logic, but fuzzy logic has the solution for cases of problems
in terms of operations that can understand by a human. Fuzzy logic is
often used in to design of the controller. Therefore, problems previously

solved by a human can be easily modeled using fuzzy logic [60].

The fuzzy inference system represents the principle
component of the fuzzy logic system, and decision-making is its primary
purpose. The "OR™" or "AND" operators as well as the "IF... THEN" rules
are used by the fuzzy inference system to build basic decision rules [61].

A. Characteristics of FIS

The fuzzy inference system has many characteristics, including:
« Always, the outputs of the inference system are a fuzzy set, and

its inputs can be fuzzy or crisp.
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« Ifafuzzy logic system is used as a control, the output should be a

fuzzy set.

« A fuzzy inference system often contains a defuzzification unit for

converting fuzzy values into crisp values.

B. The Functions of Fuzzy Inference System

In the fuzzy logic system five basic functions explain its structure:

« Rule Base: The rules IF.. THEN would be represented here.

. Database: The membership functions that are used in the rules of

fuzzy are defined in the database.

« The Unit of Decision making: The rules are implemented from

the operations performed in this unit.

« Fuzzification Interface Unit: This unit is responsible for

converting crisp values into fuzzy values.

. Defuzzification Interface Unit: This unit is responsible for

converting fuzzy values into crisp values [62].

In the Figure (2.7): represent the fuzzy interference system block

diagram.

......................................... .

Crisp
Input ¥

:> Fuzzification
Inference unit

Knowledge Base

Data
Base Rule

¥

Defuzzification
Inference unit

Fuzzy

B
g

Decision-making Unit

Fuzzy

F 3

Figure 2.7: The fuzzy interference system block diagram [63].
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C. The Fuzzy Inference System

The fuzzy inference system includes several working steps:

« A fuzzification unit : use and deal with many methods of
fuzzification, and also transfer the inputs value from crisp into
fuzzy.

« A knowledge base: In this step, the crisp inputs are converted to
the fuzzy inputs, through collection of database and rules base.

« The defuzzification unit: finally, this unit convert input from fuzzy

situation into crisp situation in output.

D. Methods of FIS

The fuzzy inference system includes many methods, and these

methods have different consequences for fuzzy rules:

« Mamdani Fuzzy Inference System
« TSK method (Takagi-Sugeno Fuzzy Model).
« Tsukamoto Fuzzy Inference System

1. Mamdani Fuzzy Inference System

For the purpose of controlling the steam engine system in
addition to the boilers, a Mamdani system was developed by Ebhasim
Mamdani in the year 1975, where he proposed a set of fuzzy rules, where
the rules were set through the experience of people working in this field
[64].

e The Output of FIS Computing:
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The following procedures must be followed for calculate this FIS's

output:

Step 1: In this step, a set of fuzzy rules must be specified.

Step 2: involves making the input fuzzy by employing an input
membership function.

Step 3: Now combine the fuzzified inputs in accordance with
fuzzy rules to get the rule strength.

Step 4: In this step, you'll combine the rule strength and the output
membership function to determine the rule's outcome.

Step 5: Combine all the results to obtain the output distribution.
Step 6: A defuzzified output distribution is then discovered in step

SIX.

Following figure (2.9) is a block diagram of the Mamdani Fuzzy

Interface System.

IF g THEN

Inpu
D¥istributions Dristribution

t Crutput

Xo | Yo -

Figure 2.9: The Mamdani Fuzzy Interface model[64].

2. Tsukamoto Fuzzy Inference System
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The tsukamoto fuzzy models have a consequence that is
represented by a fuzzy set with a monotonically membership function.
Because of this, each rule's inferred output is expressed as a sharp value
brought on by the firing strength of the rule. The weighted average of

each rule's findings is used to produce the final output [65].

Figure (2.10) demonstrates the two-input, two-rule system's

reasoning process [64].

Min or
Product
A A B, pT C,
e wy {
Y

xY

HA

>
I N LA T

—
x2 4

2 v I ! Welghted Average

WX+ WoXo
Wy + W2

x =

Figure 2.10: The Tsukamoto fuzzy model [64]

The Tsukamoto fuzzy model aggregates each rule's output
using the weighted average approach since each rule indicates a crisp
output, avoiding the time-consuming step of defuzzification. The
Mamdani and Sugeno fuzzy models are more transparent than the

Tsukamoto fuzzy model, which is why it is less frequently utilized.
3. Takagi-Sugeno Fuzzy Model (TSK Method)

This model was proposed by Takagi, Sugeno and Kang in 1985.

This rule is formatted as:
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IFwis TandVisSTHEN Z = f(w,V)

Where, T and S represent fuzzy sets as antecedents, but for Z = f(w,Vv),

that represent the consequent is function of crisp.

e The Process of fuzzy Inference

According to TSK FIS, the fuzzy inference procedure functions as

follows:

Step 1: Fuzzifying: in this step, the inputs in the system convert to fuzzy

formal.

Step 2: The fuzzy process — In this step, to get the output in fuzzy

formal will be applied fuzzy operator.

« The form of Sugeno rule:
This format of rule is given by:
if s=3 and f = 8 then output is t = as+bf+c.
The Mamdani System's differentiation from the Sugeno Model.

1. Membership Function for Output — the important different
between Mamdani and Sugeno FIS is the output membership
functions are linear form or constant form.

2. The Procedure of aggregation and Defuzzification: Their
aggregation and defuzzification processes also vary as a result of
the outcome of fuzzy rules, which is another factor explaining
why they are different.

3. The Rulesof Mathematical: The Sugeno rule has more

mathematical rules than the Mamdani rule.
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4. Adjustable Parameters: The Sugeno controller has more

parameters for adjustment than the Mamdani controller.

2.7.2 Techniques based on Exploration
In some situations, it is possible to assume that there is a priori
information about the intricate connections between the metrics

observed, the parameters to adjust, and the requirements to meet.

In this scenario, the issue seems to be one of multi-criteria
optimization. By resolving a series of equations, the CR decision-
making engine works within this framework to determine the optimum

settings to match the users' expectations [66].
Several factors make this problem recognized to be complex:

A. There is no one notion of optimality in this situation. In light of
a specific function, typically referred to as fitness, that assesses
how well the requirements were achieved, the solution to this

problem is thus satisfactory (or not).

B. As aresult, a sizable range of potential "good" arrangements is

typically conceivable.

An examination of the universe of potential configurations is
required if we suppose that the aforementioned off-line expert rule
extraction step has not (or only partially) been completed. To investigate
a vast pool of probable candidates, there are numerous viable algorithms.
The most obvious one is undoubtedly an “exhaustive search," in which
every potential candidate is calculated and assessed to identify the best

answer. Such methods, however, can become computationally taxing as
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the number of applicants increases and cause them to miss the deadlines
for making decisions. In situations like this, heuristics are typically
preferable. Finding the ideal answer may not be necessary for the context
of CR. The cognitive engine would rather discover a good answer within

the constrained time constraint [67].
As a result, if the following conditions are true:

1. Accessible prior knowledge of the intricate connections
between the metrics observed, the settings to modify, and the

standards to meet.
2. Potentially intensive parallel processing.

Then, a broad range of decision-making techniques is
feasible, including, for example, simulated annealing [68], GAs, and
swarm algorithms[69]. It's important to note that such methods did not
wait for CR to be used in radio technologies. Simulated annealing was
first mentioned as a potential technigue to handle channel assignment

for cellular networks in an article from 1993.

Techniques that are inspired by biological systems or
evolution, such as genetic algorithms, swarm algorithms, and insect
colony-inspired algorithms, are frequently referred to as such. Rieser and
Rondeau were the first to examine this established CR decision-making
paradigm. To address this framework, they recommended using GAs.
GAs are renowned for their ability to adapt to changing environments
and were initially created to imitate Darwin's evolutionary theory.
Without employing our formalism, their research demonstrated that the

GAs give cognitive radios an effective and adaptable decision-making
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engine within what we characterize as design space and with the a priori
information described [67] [6].

However, we are unable to apply their model as a
generalization for all CR use scenarios, necessitating the integration of

alternative solutions.

2.7.3 Techniques based on Approaches of Learning.

Numerous methods based on learning techniques were
proposed, including Artificial Neural Networks (ANN), Evolving
Connectionist Systems (ECS), statistical learning, regression models,
and others, to get over these restrictions and deal with more realistic
scenarios. While each of these strategies has merits and cons, they all
share the fact that they primarily rely on studies done in actual
environments to extrapolate from them the decision-making guidelines
for CR equipment. These learning tools require direct interaction with
the environment to develop a posteriori knowledge about their
surroundings since they strive to reflect the functional link between the
environment (through sensed metrics), the system parameters, and the
criteria to satisfy [6] .

According to how these algorithms learn and use their

principles, and these algorithms subclassify to:

On the one hand, there are a set of methods that distinguish
the periods of exploration and exploitation.

On the other hand , there are more adaptable approaches that
combine the two processes. In the first example, can see that several
technologies, including ANNSs and statistical learning, have already been

employed and exploited in other domains that call for specific cognitive
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abilities (robotics, video games, etc.). These techniques consist of two
phases: a pure "exploration” phase when the CR decision-making engine
learns and infers to find (explicitly or implicitly) decision-making rules,
and a second phase where the decision-making engine employs this a

posteriori knowledge.

To extract trustworthy knowledge from modern learning
techniques, which rely on a first learning phase, a significant amount of
data and processing capacity are required. For instance, this issue is
already recognized with ANN. Statistical learning is still valid. that the
offered techniques are still computationally expensive and not yet ready
for usage in actual equipment. The second phase, however, is typically
quite easy and doesn't require much time or effort provided the first

phase is completed [68].

In the second scenario, can discover interesting methods for
configuration adaption that have only recently been made public and still

require additional research [5].

These methods aim to give the CR a flexible and gradual
decision-learning engine. Colson recommended the application of a
developing neural network in the context of an ECS-based decision-
making engine [70]. The ECS-NN can modify its structure, unlike the
conventional ANN without "forgetting™ previously learned information.
As a result, by adding additional neurons to the neural network, new
rules can be learned. The proposed architecture in [70] requires expert
advice (a priori knowledge) on the various configurations possible to be
effective. The additional information rates the various configurations

according to specific characteristics (robustness, spectral efficiency,
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etc.), without necessarily knowing which one is more suitable for a

particular situation.

The performance of the equipment can only be evaluated
while trying a particular configuration, which also assumes that no a
priori knowledge is available. The accompanying tools are built using
what is known as the MAB framework [71]. The ability to offer learning
solutions while the cognitive engine is running, even in an entirely new
environment, is one advantage of this. Undoubtedly, performance
improves as learning advances. You should take note that this strategy
Is demonstrating its accuracy in the OSA context. As we draw to a close,
we would like to underline how the proposed classification in this article
demonstrates that CR equipment cannot rely on just one main technique

for making decisions, but rather on a variety of approaches.

The equipment needs to estimate its reliability and a priori

knowledge each time it interacts with a new environment.

2.7.3.1 Neural Network Algorithms
1. Artificial Neural Networks (ANNSs)

The biological neural network is used to model the artificial
neural network. The ANN, like the biological network, is an
interconnection of nodes that are comparable to neurons. Each neural
network is comprised of three important components: node
characteristics, network structure, and learning rules. Every number of
inputs and outputs related with the node, the weight associated with each
input and output, and the activation function all influence how signals

are processed by the node. The topology of a network specifies how
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nodes are grouped and connected. The weights are established and
adjusted according to learning criteria[64]. Each of these components is

explained in detail in the sections that follow.

A. Artificial neurons

Artificial neurons that make up ANNs are conceptually
developed from biological neurons. Each synthetic neuron contains
inputs and only one output that can be distributed to many additional
neurons. The inputs may be the outputs of other neurons or they may be
the feature values of a sample of external data, such as photos or
documents. The goal, such as identifying an object in an image, is
accomplished by the outputs of the neural network's final output
neurons. The weighted sum of all the inputs, adjusted for the weights of
the connections from the inputs to the neuron, is what we use to
determine the neuron's output. To this total, we add a bias term. The

activation is another name for this weighted total.

The output is then created by running this weighted sum
through an activation function, which is often nonlinear. External data,
such pictures and papers, are used as the initial inputs. The final results,
such as identifying an object in an image, successfully complete the

objective, see Figure 2.11.
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Architecture of
Artificial Neural Network

Input Output

Hidden

Figure 2.11: Architecture of ANNSs [72].

2. An adaptive neuro-fuzzy inference system (ANFIS)

The Takagi-Sugeno fuzzy inference system serves as the
foundation for an artificial neural network called an adaptive neuro-
fuzzy inference system (ANFIS), also referred to as an adaptive
network-based fuzzy inference system. In the early 1990s, the technique
was developed. Because it incorporates both into a single framework, it
can benefit from both fuzzy logic and neural network concepts. A set of

fuzzy IF-THEN rules with the ability to learn and approximation

44



Chapter 2 Theoretical Background

nonlinear functions serve as its representation of an inference system.
ANFIS is therefore viewed as a global estimator. The ANFIS can be
employed in a more effective and optimal way by using the best
parameters discovered by a genetic algorithm. It can be used in energy

management systems that are intelligent and situationally aware.

A. ANFIS architecture

The premise and consequence components of the network
structure can be separated. There are five layers in all to the architecture.
When the input values are received, the first layer computes the
membership functions related to them. The layer of fuzzification is
another name for it. The membership degrees of each function are
calculated using the set of parameters used for the premise, namely a, b,
and c. The firing strengths of the rules are created by the second layer.
Due to its purpose, the second layer is also referred to as the "rule layer."
The third layer's job is to divide each value by the total firing strength
for normalize the computed firing strengths. The fourth layer takes as
input the normalized data together with the output parameter set p,q,r
[73]. See Figure (2.12).
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Figure 2.12: Adaptive neuro-fuzzy inference system structure[74].

2.8 Applications of Cognitive Radio

The most popular use of CR is dynamic spectrum access
(DSA) [75], but it is not the only one. For solve issues caused by
outdated static spectrum allocation methods between increasing
spectrum demand and underutilization, DSA/CR was primarily
developed. The coexistence of numerous wireless communication
systems in the same wavelength region is made possible by this spectrum
access paradigm, allowing for a more effective use of the spectrum
resources [34] [76].

Over the past few years, research, business, and regulatory
organizations have been exploring for fresh approaches to integrate the
cognitive radio and dynamic spectrum access tenets to current WCNSs.
The advantages that cognitive radio technology might have for various

wireless communication systems are known to these organizations [76].

There are two main areas of application of cognitive radio techniques:
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2.8.1 Mobile Communication Networks

Since their debut, mobile communication networks have
required more and more capacity [77]. Mobile carriers are under
pressure to develop cutting-edge plans to expand the capacity of their
networks as a result of the persistent rise in traffic demand. By
improving spectrum efficiency, deploying denser networks, and
acquiring new spectrum resources, wireless communication system

capacity may be raised.

The two main projects for the spectrum coexistence of mobile
communication systems in licensed bands are the licensed shared access
(LSA), that is concentrate on the sharing of the 2.3 Ghz range in Europe,
and the spectrum access system (SAS), that is concentrate on the sharing
of the 3.5 Ghz range in the USA [78].

Mobile networks can expand their capacity by buying extra
spectrum in bands that were previously licensed to other systems thanks
to these operations, which allow multiple parties to share licensed
airwaves. Using carrier aggregation techniques, mobile network
providers can combine their already licensed spectrum with the extra

spectrum gained from these bands [79] .

The two most well-liked efforts that enable mobile radio
communications to coexist in unlicensed bands are LTE Unlicensed and
Licensed Assisted Access [80] [81][82][83]. These efforts propose to
use the unlicensed 5 GHz range, also known as the unlicensed national
information infrastructure range, and the “3GPP LTE bands 46 and 47,
which are often used by radar systems and wireless LAN based on
“IEEE 802.11a/g/n/ac”.
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Utilizing unused spectrum in other (licensed and unlicensed)
bands to increase the capacity of the mobile network is one way that CR
techniques are employed in the context of mobile communications. The
application of CR concepts can be advantageous in many events and

circumstances.

In addition to offering straightforward answers to some of the
problems mobile communication networks confront, CR has the ability
to increase the effectiveness and efficiency of currently implemented

solutions [14].

Numerous wireless cell types, such as "Macro, Micro, Pico,
and/or Femtocells,” sharing often, same area and use always same

spectrum due to the trend toward network densification.

2.8.2 Satellite Communication Networks

To accomplish the challenging goal of supplying everyone
with rapid internet access in the future, satellite communication
networks are now crucial. The option of using satellite networks for
communication is an ideal option when dealing with large areas
normally, and because not economically the construction of different

types of networks such as wired and wireless [84].

Ground, aircraft, maritime, transit, the military, rescue, and
disaster relief are just a few of the many uses for satellite
communications beyond interactive direct-to-home (DTH) television

streaming [85].

Access to spectrum possibilities in frequency bands other than
licensed and allotted spectrum may be advantageous for future satellite

communication systems. By adopting CR approaches to skillfully
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manage interference, satellite communications can benefit from

spectrum sharing and its advantages.

Spectrum sensing, one of the most essential methods for
spectrum awareness in CR-based systems, may also apply to satellite
communications with a few additional factors taken into account. By
scanning a small number of chosen frequency bands and analyzing the
acquired samples using state-of-the-art signal processing techniques,
spectrum sensing seeks to identify the presence of current user signals.
The range through the spectrum sensing techniques available as well as
their effectiveness depends on whether the signal to be detected is

completely known, only partially known, or unknown [2].

The cognitive system can use this knowledge to acquire
opportunities of spectrum through wusing appropriate spectrum
techniques that can ensure interference-free operation once it has
gathered sufficient spectrum awareness data about the existing system.
Recognizing a cognitive zone, or the area around a receiver that might
be interfered with is a straightforward technique for interference
protection. A variety of spectrum usage strategies can be used in the
cognitive zone. Overlay and interweave spectrum access techniques are
the most often used CR approaches for satellite communications, but
overlay-based techniques are less widely used because of their inherent

complexity and practical difficulties [76].

2.8.3 Additional Wireless Communication Systems Using CR.

In addition to the aforementioned applications of cognitive
radio, there are other and different applications of cognitive radio in the
field of wireless networks. By giving WCNs intelligence and allowing

to the different users the ability to access for many air interfaces with
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diverse communication demands and some conditions, the CR
paradigm's ideas help to enhance multiple filed of wireless
communications. These enhancements go beyond merely increasing

network capacity and spectrum usage efficiency [14].

Military communications represent one of the important and
first applications of the cognitive radio concept, where it was able to
identify spectrum opportunities automatically in areas with different
frequency allocations or in circumstances where an adversary was
jamming communications. Adopting CR can help in networks of
emergency and also public safety, where it can provide dependable and
adaptive communications in disaster situations in case of the
infrastructure of the network is destroyed completely or partially [14]
[62].

Ad hoc communication networks between surviving nodes
can be configured by devices with CR capabilities. Ad hoc networks'
decentralized, self-configuring multi-hop capabilities are ideal for

putting CRs concepts into practice.

Both general ad hoc networks and specific subsets of them,
such as vehicular ad hoc networks [62], have received considerable
study attention due to the difficult practical problems that cognitive ad
hoc networks provide. It has also been thought about [86], and how CR
techniques might be used in the field of communication in aeronautical

systems [87].

The depletion of aeronautical radio channels has been
exacerbated by the expansion of the aviation sector and the ongoing

increase in air traffic[86] [88].
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The increased usage of unmanned aerial systems in recent
years, which necessitate a sizable amount through the operation of

spectrum in remote real-time, has made this issue worse.

Aeronautical communications include a variety of systems
and technologies, such as “air-ground” systems, “air-air” systems,
communications by satellite, “in-flight” information and entertainment
systems, and “LTE air-ground” links. The aviation spectrum can be
utilized more effectively by using CR approaches, which can also reduce

interference in these systems and technologies [87] [86].

2.9  Benchmark Algorithms
In this section, we will present three types of benchmark
algorithms. These algorithms make the decision and choose the radio
channels either randomly, which is the simplest method, or depending
on one of the properties (parameters) of the radio channel to make the
decision and choose the channel and then assignment to the Secondary

user.

2.9.1 Random channel allocation (RCA)

This is the most basic strategy for channel selection. At the
beginning of every time slot, a channel is selected randomly for
transmission. Any algorithm for DSA should perform better than RCA.

Also, this allows us to measure how well any algorithm performs[89].

The algorithm (3.9) represents an algorithm of channel

selection by Random channel allocation (RCA).
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Algorithm 2.1: An algorithm of channel selection by Random
channel allocation (RCA)

1: Input: a set of available channel
2: Output: selected channel number.

3: begin
4: No_channel < Random_select (set of the available channels).

5: selected channel «— No_channel;
6: Return (selected channel);
7: END

2.9.2 Minimum collision channel allocation (MCCA)
This channel selection scheme tries to avoid costly channel
switching by choosing the channel at every timeout with the least usage

estimation or the greatest idle probability.

The algorithm (3.10) represents the algorithm of channel

selection by Minimum collision channel allocation (MCCA)[90].

Algorithm 2.2: An algorithm of channel selection by Minimum

collision channel allocation (MCCA)

1: Input: a set of the available channels.
2: Output: Best channel
3: begin

4: ldle < 0; // initial value.
5:  Fori: 1to No. of Set of available channel
6: if (Chi_idle> |d|€)
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7: Idle < chi_igie.

8: No_channel < i.
9: else

10: Do nothing.

11:  End for

12: Best channel «<— No_channel;
12: Return (Best channel);
13: END

2.9.3 Signal to noise ratio algorithm (SNRA)
This algorithm depends on the parameter SNR, where the
channel with the highest value SNR is selected from a set of available

channels.

The algorithm (3.11) represents an algorithm of channel

selection by Signal to noise ratio algorithm (SNRA).

Algorithm 2.3: An algorithm of channel selection by Signal to noise
ratio algorithm (SNRA)

- Input: a set of the available channel, an initial value.// set=-value.
: Output: select channel.

: begin

1

2

3

4: Max « initial value.
5 For i: 1 to No. of Set of available channels
6

if (Chi_SNAR > MaX)

7. Max «— chj snar.

53



Chapter 2 Theoretical Background

8: No_channel < i.
9: else

10: Do nothing

11:  End for

12: select channel < No_channel,
12: Return (select channel);
13: END

2.10  The Evaluation Metrics used in the Proposed Approach.

Evaluation metrics are used to evaluate how well a statistical
or machine learning model is performing. Every project has to evaluate
machine learning models or algorithms. To test a model, a wide variety
of evaluation measures are available. These consist of confusion matrix,
logarithmic loss, classification accuracy, and other metrics. To test a
model or algorithm, evaluation metrics combine each of these unique
assessment metrics. In this dissertation, there are four metrics used to
evaluate the algorithms used to enhance decision-making in cognitive

radio.

2.10.1 Throughput of SU’s

Network throughput in data transmission is the amount of data
successfully transferred from one location to another in a predetermined
amount of time. It is commonly measured in bits per second (bps), such

as megabits per second (Mbps) or gigabits per second (Ghbps).

To calculate the throughput of the secondary user while
navigating (switching) between radio channels, while working within

the cognitive network, we perform the following steps:
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. Determine the channel bandwidth. It can be 1.4, 3, 5, 10, 15, or 20
MHz, then map it to several Resource Blocks (RB) using the table
(3.7).

Table (3.7): table to map bandwidth on the number of available RB

Channel bandwidth, MHz

1.4 3 5 10 15

Number of Resource Blocks 6 15 25 50 75 100

. Choose/define radio link quality; The efficiency of the link is
determined by the value of (SNR) or (CQI) parameters.

. Take a look at the Transport Block Size table (7.1.7.2.1-1), to
determine how many bits can be transmitted per 1 TT1 and multiply
it by 1000 to get bps.

. To simplify the process of calculating throughput we will assume
that, multiplexing technology is (TDD), modulation and code
schema will be (16 QAM, MCS index= 12, and TBS=11) for all

networks, and transmission mode will be (S1SO).

. The transmission Time Interval (TTI) size in a bit (each frame has
10 TTI) will be found in the table (3.8) which was extracted based
on the previous assumptions from table (3.7), and step 4, from the
technical reference [91], table(7.1.7.2.1-1).

. Now, to calculate the throughput of the secondary user based on the
above steps, we will use the following equation [92]:

n_ch
Throughput sy = Zch FN(t)Ch * (frame size™ Chefficiency) (2.1)
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where frame size (bit) is TTI size in bit multiplied by 10, Ch

efficiency represents the channel efficiency, which is a percentage,
obtained from the parameter (CQI) or (SNR), which is one of the dataset
parameters (If the value of the CQI or SNR is higher, then the percentage is better

and vice versa), ch is no. of the actual channel, n_ch sum of channels in

the cognitive radio network, FN(t)ch represents a number of the frame

for channel ch in t time (transmission time for an actual channel * the
number of frames per second, note: the number of frames is fixed, 100 frames

per second to all channels and in all case of quality, (frame=10 ms)).

To measure the throughput of the secondary user during the
simulation time, the following table has been assumed which represents
the channel bandwidth with transmission time interval (TTI) for each

channel depending on their bandwidth and TBS index from step 4.

Table 3.8: Calculate the transmission time interval (TTI) depending on the

channel bandwidth and its TBS index.

Transmission mode (LTE TDD) | MCS index= 12, TBS index=11 In ( Ams)
Bandwidth (MHz) Number of Resource Block TTI ( bit)

14 6 1192

3 15 2984

5 25 4968

10 50 9912

15 75 15264

20 100 19848

2.10.2 Handoffs
The process that an active call or data session is transferred
from one cell in a cellular network to another, or from one channel in a

cell to another, which is called a handoff. For a caller or user of a data
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session to have uninterrupted service, a handoff must be properly

executed.

The handoff process in the cognitive radio network will be
calculated as The number of times the secondary user switches from

one radio channel to another during the transmission period.

2.10.3 Delay time
The delay time represents the time needed by the secondary
user in the process of searching and selecting one of the available

channels, as well as the waiting time. The formula for this is:
Delaytime = Dsearch + Dselection + Dwait (2.2)

Where Dsearch IS the delay in discovering an available channel, Dsgjection
IS the time spent to select one channel from the available channel, and
Duwait IS the time spent waiting. n is the total number of SU in a network

and is used to calculate the average delay.
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Chapter 3 The Proposed Methodology

3.1 Introduction

This chapter describes the completely developed techniques
used to enhance the decision-making for channel selection in cognitive
radio networks. To achieve this, a combination of the methods
mentioned in the previous chapter would be a great way to use in the

proposed model.

The proposed model to enhance the channel selection in
cognitive radio networks is generally illustrated in section 3.2 to show
the architecture of the proposed approach, the strategy of decision-
making environment initialization, and the simulation algorithm. The

dataset simulation is defined in section 3.3.

The fuzzy inference system procedure is described in section
3.4, and in section 3.5, the neural network procedures are described.
Section 3.6, represent the proposed method to calculate the selection

value.

Three benchmark algorithms were described in section 3.7. In
section 3.8, the evaluation metrics are described. Finally, the chapter

summary is stated in section 3.9.

3.2 The Proposed Approach

The proposed cognitive radio approach was designed and
developed to enhance channel selection by using four parameters rather
than depending on one or two parameters only.

The approach consists of several stages; each stage works to

improve the approach for providing the best approach to cognitive radio.

59



Chapter 3 The Proposed Methodology

3.2.1 The Framework of the Proposed Approach
Figure (3.1) shows the framework of the proposed approach

in steps as follows:

In the first step the cognitive radio environment is initializing,
where the setting of the base stations, primary users, and secondary users

are in the simulation area.

In the second step, the parameters (attributes) are selected
(extraction) from Channel State Information (CSI), this will be done

manually and it can be developed into the dynamic in future work.

These parameters represent the characteristics of the input data,
and its (parameters) are used to select the best channels through the use

of fuzzy logic algorithms and neural network algorithms.

In the third step, decision-making algorithms are applied based on
the inputs, and the output is an evaluation of each available channel, and
then choose the best of these channels based on the best output value

(highest value).

In the four step, simulated the cognitive user in a wireless network

until the simulation time runs out.

Within the simulation process, the secondary user will
continuously sense the surrounding radio channels, exploit the spectral
holes if needed, and leave (evacuate the channel) upon sensing the

presence of the primary user.
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Figure 3.1: The framework of the cognitive radio network.

The figure (3.1) represents the general framework of cognitive

radio technology, which includes the above basic steps.
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3.2.2 Strategy of Decision Making for Proposed Approach

Cognitive radio technology depends on many steps, which
start from sensing the surrounding environment, analyzing the sensor
data, and then applying the techniques of choosing the appropriate
frequency available (free channel) to use in transmission
operations.Figure 3.2, shows the detailed steps of the proposed strategy
for cognitive radio. The strategy shown in figure (3.2) can be illustrated

by the following steps:

1. Initialization step: In this step, the work environment is created
where base stations, primary users, and secondary users are created.

2. The extraction features step: In this step, the characteristics that will
be used to make the decision are selected (normally, four
characteristics are chosen).

3. Dataset step: In this step, simulation data or training data for neural

network algorithms are generated.

4. Data Check Step: In this step, when the secondary user needs to find
an available radio channel.

5. Research step: This step includes searching the spectral band for all
available channels, and choosing the best one by using one of the
decision-making techniques.

6. Transmission step: This step involves the secondary user modifying
their settings to perform the transmission and reception process on
the selected radio channel.

7. Verification step: This step involves the secondary user verifying the
presence of the primary user or the secondary user. Complete the
data transmission process. In the first case, the secondary user will

stop broadcasting and vacate the channel and return to the search
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step to choose a new channel. In the second case, the user will
secondary evacuates the channel and returns to the waiting state.

8. Waiting step: In this step, the secondary user is in the waiting state
in two states: the first case, when all channels are occupied, and the

second case, when the secondary user has no data to transfer.

Start
lection of F:
S < Initialization of environment

Loading / training data

Loading / Fuzzy Rules

5
>
A

e

_ . IFthere are dala \\ SUs sense and select
/

i > wait T time to R < wait T time
send/ recy
— ¢ A
select best channel
using
Fuzzy / NN Algo.

Start \ n
send / recieive data IF CH select
and synchronously sensing the 2
current channel CH value = threshold
l \//

IF SUs finish send /receive

SUs free select
channel and update
his state

‘ End ‘

Figure 3.2: the flowchart of cognative radio strategy.
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3.2.3 Environment Initialization

The initialization of the environment step is an essential part
of our cognitive radio approach since the base stations, PUs users, and
SUs users are identified at this step. All these elements are the
fundamental units passed to all further processing steps for the analysis

and detection of information.

The algorithm (3.1) represents the initialization algorithm of

the cognitive radio environment for the proposed approach.

Algorithm 3. 1: Environment Initialization

Input: width, length, Number_SUs, Number_PUs,
Number_Basestation.
Output: Matrix_Area
Begin
1: X location «— random(width);
:' Y location « random(length);
: For i to Number_Basestation

BaseStation(i, X_location, Y _location).

2

3

4

5: X_location = Random(width).
6 Y _location = Random(length)
7: END for

8: For j to Number_SUs

9 X_location = Random(width).

10: Y _location = Random(length).

11: Plan_SUs (j, X _location, Y _location)
12: END for

13: For j to Number_PUs

14: X_location = Random(width).
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15: Y _location = Random(length).
16: Plan_PUs (j, X _location, Y _location)
17: END for

18: Matrix_Area «— Add(BaseStation)
19: Matrix_Area «— Add( Plan_SUs)
20: Matrix_Area «— Add(Plan_PUs)
End

In algorithm (3.1), the simulation environment is created and
configured, and the algorithm work can be detailed in the following

steps:

First step: In this step, base stations are created by distributing

them randomly within the simulation area.

Second step: In this step, the primary users are randomly
distributed within the simulation space, taking into consideration
(making sure) that the same place is not taken for the base stations or the

rest of the users.

In third step, the secondary users are also randomly distributed
within the simulation space, taking into consideration (making sure) that

the same place is not taken for the base stations or the rest of the users.

3.2.4 Selection of Parameters

Datasets were generated by MATLAB simulator and stored in
excel format. Table (3.1) shows a sample excel file. On spectral
frequencies, a radio channel has a set of parameters (attributes) of more

than 15 attributes. Some attributes were selected from channel state
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information (CSI) for this radio channel to use in this work such as
RSSI, CQI, Bandwidth, and Distance see table (3.1), and also, RSSI,

SNR, or by cooperating with other users, such as Spectrum demand

and Idle time see table (3.2), an excel spreadsheet with the prior data

along with columns was built. For datasets collected from the simulator,

attributes are extracted and stored in Excel files.

Table 3.1: Example of First Dataset

Sensing Time CH. No CH. State | RSSI CQl Bandwidth | Distance
03:02:03 1 0 -60 4 5 530
03:02:03 2 1 -73 7 10 287
03:02:04 3 1 -65 13 15 632
03:02:04 4 0 -89 6 3 725
03:02:05 5 0 -92 12 20 340
Table 3.2: Example of Second Dataset

Sensing Time CH.No | CH. State RSSI SNR | Spectrum Demand | Idle Time
04:11:45 1 1 -74 13 7 3
04:11:46 2 0 -55 9 5 9
04:11:46 3 0 -85 16 10 12
04:11:48 4 1 -71 5 3 2
04:11:52 5 0 -67 7 2 10

3.2.5 Generation of Dataset

The algorithm (3.2), briefly describes the process of

generating data that will be used in the simulation process, where each

parameter is generated separately, taking into account the correlated

parameters, where they are calculated interdependently.

66




Chapter 3 The Proposed Methodology

The algorithm (3.2) contains many functions, each of which
has a special work, these functions generate the parameters of the

dataset.

Algorithm 3.2: Algorithm of generation of the dataset

Input: Time_Max, No_channels, No_BaseStation, timer,time_free.
Output: File_DataSet. // A file containing radio channels data.
Begin

i=1.// start of index of table in dataset file.

1: Do

2. File_DataSet [i, 1] « time;

3:  Forj:1to No_channels Do

4 File DataSet [i, 2] « j;// No. of channel.

5 IF idel_time_ch_j <time_free do

6: File_DataSet [i, 3] < state is 0;// state 0 or 1.

6 File DataSet [i, 4] « Generate.1(j, Parl);// parl
7 File_DataSet [i, 5] <« Generate.2(j, Par2);// par2
8 File_DataSet [i, 6] < Generate.3(j, Par3); );// par3
9 File_DataSet [i, 7] < Generate.4(j, Par4);

10: Else File DataSet [i, 3] « state is 1.

10: End for

11: wait (random(time))

12: SUs location « random (change location)

13. i=i+l

14: Until (timer >Time_Max)

15: Return (File_DataSet)

14: End
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The dataset that is generated simulates the kinematics of
cognitive devices within the simulation environment, so the changes in
the parameter values are gradual, taking into account the generation of

data that simulates real networks.

The algorithm (3.2) creates a dataset that is used to simulate
the cognitive network, and its work can be summarized in the following

steps:

The first step: The state of the channel, whether it is occupied
or not (through the state variable), is determined partially randomly, by

making sure that the idle time has finishing.

The second step: If the channel is free, simulation data is
generated for all parameters, taking into account the previous values,

with a partial and random change to the mutable values.

The third step: the secondary user's location in the cognitive
network is changed, as this change causes an update and a change in the
parameter values. This process continues until the simulation time

finishing.

3.2.6 Cognitive radio network Simulation

The algorithm (3.3) represents a simulation of the cognitive
radio network in figure (3.2), where the cognitive radio cycle is
represented in this simulation, which includes (spectrum sensing,

spectrum management, spectrum mobility, and spectrum sharing).
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Algorithm 3.3: Cognitive Radio Simulation

. Start
. Call Environment Initialization. // Algorithm 3. 1.
. Call Generation Data Set. // Algorithm 3.2.

. IF FIS as technique of selection then

Else IF Neural Network THEN
Load training dataset & training the neural network algorithm.
. IEND IF.
. Start Simulation process;
10., IF (the SU’s has Data to Send/Receive) then
11.| Start delay _timer.

1
2
3
4
5. Load Dataset; fuzzy rules;
6
7
8
9

12.| SU’s device start sensing and search all free channels
13.| SUs Select Best channel // use channel selection Algorithms (3.4..3.11)
A. IF CH (select channel) & CH value > threshold then
I. Stop delay_timer.
Ii. Startto send/ receive Data & SU’s device synchronously sensing
the current channel selected & Start th_timer.
1. While (SU’s not finishing AND PU’s not present)
SU’s continues send/ receive data.
End while.
Stop th_timer & SU’s free channel.

T &

Calculation (SU’s_throughput). Il see equation no.

o

Increase(Handoff_counter).

e

IF PU’s present then
I. Gotostep 12 & Start delay_timer.
e. Else
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I. wait T time
Ii. Go to step 10.
f. Endif
B. Else
I. wait T time
ii. Go to step 8.
End if.
14.| Else

A. wait T time.

B. Gotostep?7.
15.'End if
16. Return (SU’s_throughput);
17. Return (Handoff_counter);
18. Return (delay_timer);
19.End

The algorithm (3.3) above can be detailed in the following

steps:

1. The first step: is a call to the simulation environment initialization

algorithm, which is explained in section (3.2.3).

2. The second step: In this step (feature selection) the parameters that
will be selected from CSI to assist in decision-making are defined,

this is explained in section (3.2.4).

3. The third step: In this step, the technique that will be used in the
decision-making process is determined, if it is one of the fuzzy

inference methods; the fuzzy logic rules will be loaded, but if one of
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the methods of neural networks: the training dataset will be generated,

and then training the neural network.

4. The fourth step: the simulation process will be started by generating
a simulation dataset through a call to the dataset generation algorithm,

which is explained in section (3.2.5).

5. The fifth step: includes checking the secondary user's need to use the

network, and if so, the search for available radio channels will start.

6. The sixth step: includes calling one of the decision-making methods
which will be explained later in this chapter, to choose one of the

available channels and move to use it.

7. Step Seven: The secondary user will continue to use the radio channel
until the secondary user empties the transmission of data or the
presence of the primary user, where the secondary user will vacate the

channel.

8. Last Step: The simulation process will continue until the simulation

time is finished and the process stops.

3.3 Fuzzy Inference systems

An important part of fuzzy logic is represented by fuzzy
inference systems and is used in many different applications. The fuzzy
inference systems create a clear non-linear map. Where logical
knowledge or fuzzy rules encoding experts are identified about the

problem.

3.3.1 Fuzzy Inference Rules
Fuzzy inference systems use a set of rules that are prepared by
experts or prior knowledge.
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The tables (3.3, 3.4, 3.5, 3.6, 3.7, 3.8) represent ranges of

inputs parameters in the dataset for fuzzy rules.

Table 3.3: Represents the ranges of Fuzzy Logic for RSSI.

Fuzzy Logic ' Range
Low -100..-90
Moderate -89..-81
High 80.-75

Table 3.4: Represents the ranges of Fuzzy Logic for CQI.

Fuzzy Logic ‘ Range
Low 0-5
Moderate 6-10
High 11-15

Table 3.5: Represents the ranges of Fuzzy Logic for Bandwidth (MHz).

Fuzzy Logic Range
Low 3-9

Moderate 10-15
High 18- 20

Table 3.6: Represents the ranges of Fuzzy Logic for Distance.

Low 700-1000
Moderate 400-699
High 0-399

Table 3.7: Represents the ranges of Fuzzy Logic for Spectrum Demand.

Fuzzy Logic ‘ Range
Low 1-3
Moderate 4-6
High 7-10

Table 3.8: Represents the ranges of Fuzzy Logic for Idle time.

Fuzzy Logic Range
Low 1-3
Moderate 4-7
High 8-10
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In the proposed system, there are two models of parameters,
the non-cooperative model and the other model is the cooperative model.

So two sets of rules will be developed, one for each model.

Table (3.9) represent the rules of the fuzzy inference system
for four parameters in the first model (non-cooperative model), where

there are eighty-one fuzzy rules.

Table (3.9): The rules of the fuzzy inference system used for the first model.

selection

Seqg. | RSSI CQl Bandwidth | Distance | value

1 Low Low Low Low Low

2 Low Low Low Moderate | Low

3 Low Low Low High Low

4 Low Low Moderate |Low Low

5 Low Low Moderate | Moderate | Low

6 Low Low Moderate | High Low

7 Low Low High Low Moderate
8 Low Low High Moderate | Moderate
9 Low Low High High Low

10 Low Moderate | Low Low Low

11 Low Moderate | Low Moderate | Low

12 Low Moderate | Low High Low

13 Low Moderate | Moderate |Low Moderate
14 Low Moderate | Moderate | Moderate | Moderate
15 Low Moderate | Moderate | High Low

16 Low Moderate | High Low Moderate
17 Low Moderate | High Moderate | Moderate
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18 Low Moderate | High High Moderate
19 Low High Low Low Moderate
20 Low High Low Moderate | Moderate
21 Low High Low High Low

22 Low High Moderate |Low High

23 Low High Moderate | Moderate | High

24 Low High Moderate | High Moderate
25 Low High High Low High

26 Low High High Moderate | Moderate
27 Low High High High Moderate
28 Moderate | Low Low Low Moderate
23 Moderate | Low Low Moderate | Low

30 Moderate | Low Low High Low

31 Moderate | Low Moderate |Low Moderate
32 Moderate | Low Moderate | Moderate | Low

33 Moderate | Low Moderate | High Low

34 Moderate | Low High Low Moderate
35 Moderate | Low High Moderate | Moderate
36 Moderate | Low High High Low

37 Moderate | Moderate | Low Low Moderate
38 Moderate | Moderate | Low Moderate | Moderate
39 Moderate | Moderate | Low High Low

40 Moderate | Moderate | Moderate | Low Moderate
4 Moderate | Moderate | Moderate | Moderate | Moderate
42 Moderate | Moderate | Moderate | High Moderate
43 Moderate | Moderate | High Low High

44 Moderate | Moderate | High Moderate | High

45 Moderate | Moderate | High High High
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46

Moderate | High Low Low High
47 Moderate | High Low Moderate | Moderate
48 Moderate | High Low High Moderate
43 Moderate | High Moderate |Low High
>0 Moderate | High Moderate | Moderate | High
51 Moderate | High Moderate | High High
52 Moderate | High High Low High
33 Moderate | High High Moderate | High
>4 Moderate | High High High High
25 High Low Low Low Low
>6 High Low Low Moderate | Low
>7 High Low Low High Low
38 High Low Moderate |Low Moderate
39 High Low Moderate | Moderate | Moderate
60 High Low Moderate | High Low
61 High Low High Low Moderate
62 High Low High Moderate | Moderate
63 High Low High High Moderate
64 High Moderate | Low Low Moderate
65 High Moderate | Low Moderate | Moderate
66 High Moderate | Low High Moderate
67 High Moderate | Moderate |Low High
68 High Moderate | Moderate | Moderate | High
69 High Moderate | Moderate | High High
70 High Moderate | High Low High
1 High Moderate | High Moderate | High
72 High Moderate | High High High
3 High High Low Low High
74 High High Low Moderate | High
75 High High Low High High
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76 High High Moderate | Low High
77 High High Moderate | Moderate | High
78 High High Moderate | High High
9 High High High Low High
80 High High High Moderate | High
81 High High High High High

Table (3.10) represent the rules of the fuzzy inference system
for four parameters to the second model (cooperative model), Where

there are eighty-one fuzzy rules.

Table (3.10): The rules of fuzzy inference system used for the second model.

Selection
Seq. | RSSI SNR Bandwidth | Idle Time | value
1 Low Low Low Low Low
2 Low Low Low Moderate | Low
3 Low Low Low High Low
4 Low Low Moderate |Low Low
> Low Low Moderate | Moderate | Low
6 Low Low Moderate | High Low
7 Low Low High Low Low
8 Low Low High Moderate | Low
9 Low Low High High Low
10 Low Moderate | Low Low Low
1 Low Moderate | Low Moderate | Low
12 Low Moderate | Low High Low
13 Low Moderate | Moderate | Low Moderate
14 Low Moderate | Moderate | Moderate | Moderate
15 |Low Moderate | Moderate | High Low
16 Low Moderate | High Low Moderate
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17 Low Moderate | High Moderate | Moderate
18 Low Moderate | High High Moderate
19 Low High Low Low Moderate
20 Low High Low Moderate | Moderate
21 Low High Low High Low
22 Low High Moderate |Low High
23 Low High Moderate | Moderate | High
24 Low High Moderate | High Moderate
25 Low High High Low High
26 Low High High Moderate | Moderate
27 Low High High High Moderate
28 Moderate |Low Low Low Moderate
23 Moderate |Low Low Moderate | Low
30 | Moderate |Low Low High Low
31 Moderate |Low Moderate |Low Moderate
32 Moderate |Low Moderate | Moderate | Low
33 Moderate |Low Moderate | High Low
34 Moderate |Low High Low Moderate
35 Moderate | Low High Moderate | Moderate
36 | Moderate |Low High High Low
37 Moderate | Moderate | Low Low Moderate
38 Moderate | Moderate | Low Moderate | Moderate
39 | Moderate |Moderate | Low High Low
40 Moderate | Moderate | Moderate |Low Moderate
41 Moderate | Moderate | Moderate | Moderate | Moderate
42 Moderate | Moderate | Moderate |High Moderate
43 |Moderate |Moderate | High Low High
44 Moderate | Moderate | High Moderate | High
45 Moderate | Moderate | High High High
46 Moderate | High Low Low High
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47 Moderate | High Low Moderate | Moderate
48 Moderate | High Low High Moderate
43 Moderate |High Moderate |Low High
50 Moderate |High Moderate | Moderate | High
51 Moderate |High Moderate | High High
2. | Moderate |High High Low High
S3 Moderate |High High Moderate | High
>4 | Moderate |High High High High
>5 High Low Low Low Low
>6 High Low Low Moderate | Low
>7 High Low Low High Low
58 High Low Moderate |Low Moderate
39 High Low Moderate | Moderate | Moderate
60 High Low Moderate | High Low
61 High Low High Low Moderate
62 High Low High Moderate | Moderate
63 High Low High High Moderate
64 High Moderate | Low Low Moderate
65 High Moderate | Low Moderate | Moderate
6 | High Moderate | Low High Moderate
67 High Moderate | Moderate | Low High
68 High Moderate | Moderate | Moderate | High
69 High Moderate | Moderate | High High
70 | High Moderate | High Low High
1 High Moderate | High Moderate | High
72 |High Moderate | High High High
3 High High Low Low High
74 |High High Low Moderate | High
7> | High High Low High High
76 |High High Moderate |Low High
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77 High High Moderate | Moderate | High
’8 | High High Moderate | High High
% |High High High Low High
8 | High High High Moderate | High
8 | High High High High High

3.3.2 Simulation Dataset
The dataset is generated through the simulation process during

the implementation process.

The proposed cognitive radio environment simulates the
activity of secondary and primary users who work in an area of the city
measuring (1 km in width and 1 km in length). Secondary users are

navigating the simulation environment by pedestrian or by car.

3.4 Fuzzy Inference System Algorithms
The fuzzy nesting system includes many different algorithms,

and each algorithm has its characteristics.

In this dissertation, we will use three algorithms: Mamdani,
which computes a centroid of a two-dimensional area, Tsukamoto's
algorithm which uses a membership function monotonous, and

algorithm TSK which uses a weighted average to calculate the outputs.

3.4.1 Mamdani FIS

Mamdani's fuzzy inference system is suitable for expert
system applications because they have rules that are easy to understand
and are more intuitive, so rules are created by human experts based on

their cumulative knowledge.
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The algorithm (3.4) represents the Mamdani algorithm, which
iIs used in the decision-making process by processing the input

parameters that represent the characteristics of radio channels.

Algorithm 3.4: An algorithm of channel selection by Mamdani FIS

Input: inputs_file, No_free channels.
Output: Best_value.

Begin

1: A < Create (NewFis);

2: A <+ Addvar(parameterl);

3: A «— Addvar(parameter2);

4: A «— Addvar(parameter N);

5: A « addvar(outputl);

6: Create (rulel; rule2; ....rule N);

7: ruleList «— [rulel; rule2; ....rule NJ;
8: sys «— addrule(A, ruleList);

9: read (inputs_file)

10:  forj:1to No free channels do

11: Tip « Eval_Mamd (sys , [inputl, input2, input3, input4]);
12: Matrix «— Tip;
13: end for

14: Best. Value < Max(Matrix);
15: Return « Best. Value.

END

The algorithm (3.4) represents the pseudocode of the

Mamdani fuzzy interference method, which is used to decide to choose
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the radio channel, and the method can be summarized in the following

steps:

1. The first step: includes creating a field entity and adding the values
of the variables (parameters) and dividing the extent of this variable

into three sections (low, medium, and high).

2. The second step: includes adding the outputs and dividing this

output into three sections (low, medium, and high).

3. The third step: involves adding the rules of fuzzy logic to the entity
of the Mamdani method. These rules usually take all the potentials

of the inputs as well as the outputs.

4. The fourth step: involves starting the simulation process, evaluating
the parameters of all available channels, and selecting the best radio

channel.

The fourth step called by the simulation algorithm
continuously to evaluate the quality of channels and select the best

channel.

3.4.2 Tsukamoto FIS

Tsukamoto's fuzzy inference system algorithm uses
a monotonical membership function, they have rules that are easy to
understand and are more intuitive, so rules are created by human experts

in the inputs and the outputs calculate dynamically.

The algorithm (3.5) represents the Tsukamoto algorithm,
which is used in the decision-making process by processing the input

parameters that represent the characteristics of radio channels.
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Algorithm 3.5: An algorithm of channel selection by Tsukamoto FIS

Input: inputs_file, No_free channels.
Output: Best_value.

Begin

1: A < Create (Tsukamoto_Fis);

2: A «— Addvar(parameterl);

3: A «— Addvar(parameter2);

4: A «— Addvar(parameter N);

5: A « addvar(outputl);

6: Create (rulel; rule2; ....rule N);

7: ruleList «— [rulel; rule2; ....rule NJ;
8: sys «— addrule(A, ruleList);

9: read (inputs_file)

10:  forj:1to No _free channels do

11: Tip <« Eval_Tsuk (sys, [inputl, input2, input3, input4]);
12: Matrix <« Tip;
13: end for

14: Best. Value «— Max(Matrix);
15: Return « Best. Value.

END

The algorithm (3.5) works similarly to the previous

algorithm (3.4) with the difference in the type of output.

3.4.3 Takagi-Sugeno-Kang FIS
Sugeno's method has many similarities with Mamdani's
method, in which the operations of obfuscation of the input and

application of the fuzzy operator are the same in both methods.
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As for the two methods, they are different like the outputs,
where the outputs of the Mamdani method are a fuzzy set, while the
Sugeno method has linear or constant outputs.

The algorithm (3.6), represents the Sugeno algorithm, which
iIs used in the decision-making process by processing the input

parameters that represent the characteristics of radio channels.

Algorithm 3.6: An algorithm of channel selection by TSK fuzzy FIS

Input: inputs_file, No_free_channels.
Output: Best_value.

Begin

- A « Create (NewFis);

: A — Addvar(parameterl);

: A «— Addvar(parameter2);

: A «— Addvar(parameter N);

: A < addvar(outputl, Linear equationl);

. A <« addvar(output N, Linear equation N);
: Create (rulel; rule2; ....rule N);

- ruleList « [rulel; rule2; ....rule NJ;

O© 00 N O O B~ W N -

: sys «<— addrule(A, ruleList);
10: read (inputs_file)

11: forj:1to No free channels do

12: Tip « Eval_TSK (sys, [inputl, input2, input3, input4]);
13: Matrix < Tip;
14: end for

15: Best. Value — Max(Matrix);
16: Return « Best. Value.

END
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This algorithm (3.6) has a system of processing the inputs
similar to the previous algorithms, but it produces the output differently
as it uses the weighted average to evaluate the inputs and produce a

constant output or linear output.

3.5 Neural Networks

Machine learning algorithms include a wide range of
algorithms, including neural networks, which have been highly
successful. Thanks to the development of neural networks, computers

have learned to think and understand similarly to humans.

In this dissertation, there are two algorithms of neural
networks were used. The first is an artificial neural network (ANN) and

the second is an adaptive neural fuzzy inference system (ANFIS).

3.5.1 Training Dataset
The neural network algorithms need a dataset for the training
process, this dataset will allow the neural networks to find the best

patterns that can be extracted from the dataset under training.

The training dataset was generated through the MATLAB
code, where two types of the dataset were randomly generated, the first
type is the training dataset with four parameters: RSSI, Distance,
Bandwidth, and CQI, and the second type is the training dataset, which
consists of four parameters: SNR, RSSI, Idle time, and Spectrum
demand.

The training dataset was generated in a simulation of 4G LTE

networks. 4G LTE Networks was chosen, because it supports cognitive
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radio networks, and it is also characterized by high speed and the ability

to transfer large amounts of data due to its large bandwidth.

The size of the training dataset that is generated consists of
1000 records, and each record represents individual channel state

information (CSI) with four parameters that we mentioned above.

The neural network algorithms we use are supervised
algorithms. So we need to preprocess the training dataset by finding the

target dataset.

The target datasets (estimation of selection value) are
generated by a proposed method, see the description of this method in
section (3.6). The training dataset was divided into 70% for training,
15% for testing, and 15% for validation, as shown in table (3.5) and table

(3.6) represent examples of dataset training.

Table 3.5: Example of the first set of training dataset.

RSSI cal Ba(r:;‘:i:;th D|sta(r'\\;:tf;:)m BS Selection value
-79 15 10 531 66
-97 2 3 162 31
-71 2 18 491 46
-73 8 5 518 51
-98 14 15 613 47
-75 4 5 274 43
-74 12 3 879 50

-103 10 15 378 52
-75 15 18 202 85
-82 9 5 733 41
-93 15 3 587 58

-101 6 10 493 32
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-87 10 20 361 63
-90 1 10 822 21
-107 2 3 770 10
-87 6 5 341 46
-76 8 10 371 59
-73 2 15 567 50
-108 2 10 572 21
-72 13 5 616 57

Table 3.6: Example of the second set of training dataset.

RSSI SNR Spectrum demand | Idle time (sec) Selection value
-75 22 3 15 98
-82 10 5 3 50
-76 22 10 1 54
-83 6 5 6 49
-77 4 3 15 66
-78 18 15 15 74
-89 22 3 9 66
-98 4 5 11 35
-100 22 10 14 56
-78 9 10 7 35
-100 6 3 4 17
-83 3 5 8 41
-73 21 20 15 83
-92 22 5 13 68
-83 22 10 14 63
-75 8 10 4 28
-80 5 20 15 76
-99 22 3 3 50
-78 4 5 2 32
-84 -1 10 7 17

3.5.2 Generate Simulation Dataset

After training the neural network algorithms ANN and ANFIS

with the training dataset, that has previously been generated.
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The dataset that is used for evaluation algorithms is generated
through the simulation process, the simulation environment is in an area
of 1-km-width and 1 km length.

The generated dataset simulates the movement of the
secondary user pedestrian or by car within the simulation area.

The data that is generated will change as secondary users'
location changes through their navigation. This change in data for each

channel will be gradual and random at a certain rate.

3.5.3 Artificial Neural Network Algorithm

Artificial neural networks are one of the most important types
of machine learning that simulate processes in the human brain.
Acrtificial Neural networks are used in many fields such as to model
nonlinear relationships and are usually used in object classification and

control.

Algorithm (3.7) represents the training of an artificial neural
network, using the training dataset that we explained in the previous

section.

In this algorithm, a supervised learning method was used to

train the artificial neural network.

Algorithm 3.7: An algorithm of ANN to channel selection  (initialization,

training, and test phase)

1: Inputs : epoch, h_layer, training_input, training_target // initialization
2: Output: Trained_network.// the right weight of parameters.

3: net = new_ff(training_input, training_target)// Create ANNSs

4: net_trainParam_goal=0.01;

5: netconf «— h_layer //use 3, 4, 5,7,10,12,15 hidden layers to train ANN.
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6: train_Fcn « trainlm; // Levenberg—Marquardt algorithm

7: net < feed forward_net(netconf, train_Fcn);

8: net_trainParam_epochs <« epoch; //training with different Number of
epochs: 250, 500,1000.

9 : Training_network « train(net, training_input, training_target );
/[Function of training.
10: read (from Training datasets)

11: forj: 1to No_free channels do

12: Output « sim(Training_network, [inputl, input2, input3, input4]);
// output_test function.

13: Array_output < Output;

14:  end for

15: Return <« Max(Array_output); // Best. Value

End

In the artificial neural network algorithm (3.7) used here, the
supervised model was applied. The algorithm settings have been
adjusted as follows: different numbers of hidden layers were used (3, 5,
7, 10, 13, 15), and it was proved by experience that the hidden layers
with 7 layers gave the best results compared to the rest of the numbers,
and the Levenberg-Marquardt optimization method was used as a
network training function, it updates the weights and biases. The ANNs
were trained with a different number of epochs equal to 250, and
500,1000.

After the trained network is obtained, it will be used to test the
four inputs (parameters) that represent the characteristics of the available

radio channels and return an evaluation value for each channel.
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The channel that has the largest value and is considered the

best channel is chosen.

3.5.4 Adaptive Neural Fuzzy Inference System Algorithm

The ANFIS combines two concepts, Fuzzy Logic (FL) and
Artificial Neural Networks (ANN). It is characterized by adaptive
abilities and fast learning abilities in addition to the awareness of non-
linear relationships. The ANFIS algorithm is used to solve common

problems to improve time and space complexity.

Algorithm (3.8) represents the training of an adaptive neural
fuzzy network, using the training dataset that we explained in section
3.5.1.

Algorithm 3.8: An algorithm of ANFIS to channel selection ( initialization and

training step).

Input: int Nmship, string GeFis, string FuType, int EpNumber.
Output: Fuzzy Rules.

Begin

Input_data < Load( training_input_data);

Output_data < Load( training_output_data);

val_data < Load( validation_data);

Gen_option €< Methods_of Fis ; // FCM_Clustering.

Gen_option. Num_Membership_Functions < Nmship; // 4,5
Gen_option. FunctionType < FuType ; // gaussian MF.

Gen_option. EpochNumber< EpNumber; // use 250, 500, 1000 epoch
FIS < Gen_fis(Input_data, Output_data, Gen_option); // create FIS
Opt.anfisOptions < FIS;

© ©°o N o O~ w D PE
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10.opt.DisplayErrorValues € 0;
11.opt.DisplayStepSize < 0;
12.opt.DisplayFinalResults < 0;
13.opt.ValidationData < val_data
14.[fis,trainError,stepSize,chkFIS,chkError]= ANFIS _train([Input_data,
Output_data],opt); // function of training and finding the fuzzy rules .
15.read (inputs parameters for free channels)
16. for j: 1to No_free_channels do
17.  Output « ANFIS (fis, [inputl, input2, input3, input4]);
// output_test function.
18.  Array output < Output
19. end for
20.Return <—Array output;

End

In the algorithm (3.8), the supervised learning model is used,
where the algorithm is provided with inputs (four parameters) and one
output (target) from the generated dataset (section 3.5.1) for training and
finding fuzzy logic rules, these rules will be used in the simulation

process to find (evaluation the inputs) the best available radio channels.
The algorithm (3.8) can be detailed in the following steps:

10. The first part: includes loading training data (input data, output data,

validation data).

11. The second part: start to create the Fuzzy Inference System and then
configure its settings (the number of the membership function, the

type of the membership function, the number of epochs, etc.).
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12. The third part: Start training the network and find the rules of fuzzy.

13.The fourth part: The Fuzzy rules obtained from the previous part are
applied to evaluate the available channels, during the simulation

process.
3.6 Calculation of Selection Value

The ANFIS and ANN methods that we use to improve the
decision-making process in cognitive radio require a training process on
the datasets. Mostly, the training of these methods is supervised, so it

needs (one or more) inputs and one output (target) at least.

The output in this process call the estimation of selection
value, this target (the estimation of selection value) is a percentage
consisting of the sum of the different or equal weights of the parameters
extracted from the channel state information (CSl), and calculate we will

use the following equation:
valueset = W1 parl T W; par2 + W53 par3 + W4 par4. (3-1)

The W represents the weight of the parameter, which is
suggested by experts in the field. The summation of weights (valueset)
of the dataset parameters represents the value of the estimation of
selection. The greater value of the estimation of selection is the best one,
and this value represents an evaluation of the quality of the radio channel

in comparison to the other values (valueset) of the other channels.
Minpar vaiee It is the smallest value that a parameter can have.
Paravaie The value of the input parameter.

Para, The Parameter weight in equation (1).
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MaXpar vaive The value of the difference between the largest value of

a parameter and the smallest value of a parameter.
Calculating the weights for all parameters, as follows:

1. RSSI parameter:

Wpar_RSSI = (lMinpar_value| - |Paravalue|) * ( Paraw /Maxpar_value) (32)

W,par rssi The Parameter weight.

2. CQI parameter:

Woar coi = Paravae * (Paraw / MaXpar vaive) (3.3)
3. Bandwidth parameter:

Woar Band = Paravaiwe * ( Parayw / MaXpar vaiue) (3.4)
4. Distance parameter:

Woar pist = (MiNpar vaive - Paravaive) * ( Paraw/ MaXpar vaive) (3.5)
5. SNR parameter:

Woar snr = Paravaiwe * ( Paraw / MaXpar value) (3.6)
6. Spectrum demand parameter:

Woar_dem = Paravaie * ( Paraw/ MaXpar vaiue) (3.7)
7. ldle time parameter:

Wpar_idle = I:)aravalue * ( I:)a-raw/ I\/Ia-xpar_value) (38)
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4.1  Introduction

This chapter presents the simulation scenario and the
outcomes associated with decision-making and learning in two contexts,
the first in a non-cooperative environment, and the second in a

cooperative environment between secondary users.

As presented in this chapter, system requirements, datasets
properties, simulation settings, and to simulate the cognitive radio
network, a scenario will be presented for the use of the cognitive radio
network by secondary users. Furthermore, training and simulation
dataset generation will be presented. Next, simulation results related to
throughput metrics, switching operations (handoffs), and delay time are
presented and analyzed. After that, will use some benchmark algorithms,
for evaluation and comparison with the proposed techniques (FIS,
Neural networks). And, the results will be discussed and analyzed, and

finally, a summary of the chapter.

4.2  System Properties

e Hardware, Processor: Intel(R) Core(TM) i7-8565 CPU @ 2GHz.
e Memory: 8 GB RAM.

e Operating System: Windows 10 Pro 64-bit.

e Programming Language: MATLAB LANGUAGE.

e |DE Environment: MATLAB 2018a.

4.3 Datasets properties

The datasets were generated by writing MATLAB code and
arranged in tables with the following schema. Considered dataset

parameters showed in table 4.1. And also, dataset parameters showed in
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table 4.2. The simulations necessary to validate the dissertation require

a cognitive radio network.

4.4  Simulation Properties

This chapter has several scenarios about enhancing channel
selection in cognitive radio networks. This study uses MATLAB code
for the simulation process. Table 4.1 shows the parameters that will be
used for the simulation. The evaluation will be achieved in the same
environment and parameters by comparing the proposed techniques to
each other and with the benchmark algorithms. The parameter values are
very close to the real value in 4G LTE networks. This study will observe
the results in a 4G LTE network with a different number of SUs and
PUs. The results of the simulation will determine which proposed

algorithms best than others by evaluation metrics.

4.5 Topology of Proposed Scenario
To study the proposed scenario, this study examines simple
topology to determine the efficiency of the different methods of

decision-making.

The topology consists of many base stations, one primary user
for each base station or more, and one or more secondary users. it
considers a 4G LTE network scenario where a SU user tries to find the
best available radio channel and perform the process of sending and
receiving data to some remote users through BS as illustrated in Figure
4.1).

On the other side, The BS which makes the service available
to the SUs and PUs is connecting to the remote users via radio channels.
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The radio channels that are used by users have distinct
characteristics for each and are different from the others, such as

bandwidth, channel capacity, signal strength, noise ratio, etc.

The Cognitive Radio Network (CRNSs) topology has been built
using MATLAB language code randomly with some limitations

(relation among parameters).

Table: 4.3: Simulation Settings.

Parameters Value
Simulation Area 1000 M X 1000 M
Simulation time 360 S
Number of PUs 1-10
Number of SUs 1-10
Time required for channel 04-6S
searching, selecting, switching.
SUs speed (Velocity) (1 — 3) Meters
Channel bandwidth 3,5, 10, 15, 20 MHz
Pause time Random time (S)
Frame size (100 frame in second) Different size, see table 3.8
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Figure 4.1: The Topology of Simulation Environment
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Figure (4.1), represents the area of simulation, It represents a
residential neighborhood with an area of approximately 1 square
kilometer, and contains several communication towers (base station)

that are used by users of the cognitive network.
4.5.1 Cognitive Radio Scenarios

The simulation process is carried out through the use of
datasets, which are generated using the algorithm (3.2) in chapter three,
where two types of a dataset are generated according to the scenarios

mentioned below:

4.6 Proposed Scenario

In the proposed scenario, in this scenario, there are five base
stations with one radio channel for each BS. Furthermore, there is a
primary user (authorized user) for each channel and one secondary user

or more.

The secondary user does not have his channel, and he needs to
perform data transmission and receiving operations, so he tries to use the
spectrum holes (idle channels) that are unused by authorized users. The
secondary user usually roams the region (area of simulation) by walking

or using a car.

The secondary user in this scenario is almost always on the
move, which is one of the reasons why he needs to share the spectrum
with others. The secondary user, during his movement, switches
between the different radio channels, depending on the change of status.
For example, if he senses the presence of the primary user, he will be
forced to vacate the channel and go to search for another available radio
channel. It will continue in this state until it finishes its work and no

longer needs these spectral frequencies.
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The proposed techniques help the secondary users to decide to
select available channels, these algorithms work to increase of
throughput of the cognitive network by enhancing the decision-making
for the secondary user in selecting the best radio channel and decreasing

the number of switching (Handoffs) and delay time.

To implement this scenario, we will use two sets of features
(parameters), the first dataset representing the non-cooperative model
(Secondary users do not exchange information between them about radio
channels), and the second set representing the cooperative model
(Secondary users exchange information between them about radio

channels).

The results for each method are calculated by taking the
average for each method (the method is applied in the simulation process
for three times) and then calculating the average for each evaluation
metrics. The experimental datasets generated simulate the datasets from
research conducted with the financial support of Science Foundation
Ireland (SFI) under Grant Number 13/1A/1892.

4.6.1 First Case Study

Many experiments to assess the proposed work have been
executed by applying different decision-making algorithms. The
proposed approach was applied in the simulator environment for 360
seconds, in this case; we will use the first dataset that represents the non-

cooperative model.

4.6.2 Parameters of simulation

A. RSSI (Received Signal Strength Indicator): measures how well
your device can pick up a signal from a network or access point. It's

a number that can be used to Figure out whether you have an
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adequate signal to establish a solid wireless connection. It should be
noted that an RSSI value is not the same as transmitting power from
a router or AP because it is obtained from the Wi-Fi card of the client
device (thus, "received" signal strength). The values of RSSI that
represent the signal strength indicator in the 4G (LTE) network range
between (-75 .. -100).

B. Distance from BS: This parameter is used to measure the distance
between the secondary user and the communication base station, and
this scale plays an important role in measuring the quality of
communication. The distance has values ranging from (1..1000
Meters).

C. Bandwidth: The capacity at which a network can transfer data is
specifically referred to as bandwidth. For instance, if a network's
capacity is 40 Mbps, it means that under no circumstances can the
network transfer data at a rate greater than 40 Mbps. The values of
bandwidth used in this dissertation (3, 5, 10, 15, 20 MHz).

D. CQI: A measure of the quality of the network connection, this is for
a scale that is composed of 15 codes ina 4G (LTE) network. It has

values ranging from (1..15).

E. The weights parameters: The weights parameters used in this
model were: RSSI (30%) , Distance (20%) , Bandwidth (25%), CQI
(25%).

4.6.3 Evaluation Metrics
To evaluate the cognitive network scenarios, several measures

are used (throughput of SUs, Handoff, Delay time, and complexity).
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4.6.3.1 Throughputs of SUs

Table (4.4) offers information on the numerical comparison

between the five different techniques in the environment of simulation

with (2, 3, 4, 5) channels and during 360 seconds for every simulation

process. The comparison process is done according to the effect of the

number of channels and decision-making technique on the network

throughput.

Table (4.4) and Figure (4.3) Notes network throughput with

ANFIS technique in the CR network is the best method among others.

By comparing the results from this table, the ANFIS technique is better

than other neural network and fuzzy inference systems techniques in
throughput network metrics. An ANFIS technique achieved 2556 Mbit
during 360 seconds in a 1000 M *1000 M area.

Table 4.4: Comparison of Throughput Among Different Techniques

: : : w : Number
simulation Time of Decision- | membership of Throughput
scenario Simulation making function Channel
Algorithm (Mbps)
1 360 S ) 1679
3 1752
Mamdani GaussMF
4 1825
5 1898
2 1734
Fuzzy 3 1833
Inference Tsukamoto GaussMF
4 1902
System
5 2031
2 1704
GaussMF
3 1856
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Figure 4.3: Throughput of SUs to Different Techniques

4.6.3.2 Handoffs
Table (4.5) offers information on the numerical comparison
between the five different techniques in the environment of simulation
with (2, 3, 4, 5) channels and during 360 seconds for every simulation
process. The comparison process is done according to the effect of the
number of channels and decision-making technique on several switching
(Handoffs).
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Table (4.5) and figure (4.4) notes handoffs with Neural
networks methods ANN and ANFIS in CR network is the best method
among others. By comparing the results from this table, the ANFIS
technique is marginally better than other neural network and fuzzy
inference systems techniques in the handoff metric. An ANFIS

technique achieved 25 handoffs during 360 seconds and 5 channels.

Table (4.5) Comparison of Handoffs among different techniques

. . . .. . Number
simulation Time of Decision- | membership | Number of
scenario Simulation making function Channel of
Algorithm
g Handoffs
360 S 2 41
3 38
Mamdani GaussMF
4 37
5 36
2 38
Fuzzy 3 37
Inference Tsukamoto GaussMF
4 33
System
5 31
2 35
3 33
GaussMF
4 32
TSK
5 29
2 36
3 32
Neural
ANN 4 31
Networks
5 27
ANFIS 2 33
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Handoffs
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Figure 4.4: Handoff Metric to Different Techniques

4.6.3.3 Delay time

Table (4.6) offers information on the numerical comparison
between the five different techniques in the environment of simulation
with (2, 3, 4, 5) channels and during 360 seconds for every simulation
process. The comparison process is done according to the effect of the
number of channels and decision-making technique on the network

delay time.

Table (4.6) and Figure (4.5), notes network delay time with
ANFIS technique in the CR network is the best method among others.
By comparing the results from this table, the ANFIS technique is better

than other neural network and fuzzy inference systems techniques in

103



Chapter 4 Simulation Result & Analysis

delay time metric for the network. An ANFIS technique achieved the

best delay time with (0.63) second with 5 channels.

Table (4.6) Comparison of delay time among different techniques
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Figure 4.5: Delay Time to Different Techniques

4.6.4 Second Case Study

In the second case study, we will use the same proposed
algorithms, and the same metrics of evaluation: throughput, number of
handoffs and delay time for searching, selecting and wait time, before

starting the data transmission process.

Many experiments to assess the proposed work have been
executed by applying different decision-making algorithms. The
proposed model was applied in the simulator environment for 360

seconds, in this case; we will use the second dataset that represents the

cooperative model.
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4.6.5 Parameters of simulation

A. SNR: is a measurement that contrasts the strength of the desired
signal with the strength of background noise in science and
engineering. SNR is referred to as the signal-to-noise ratio and is
frequently stated in dB. More signal than noise is indicated by a ratio
greater than 1:1 (more than 0 dB).

B. Spectrum demand: It is employed to ascertain the number of
secondary users seeking for a specific bandwidth.

C. RSSI: measures how well your device can pick up a signal from a
network or access point. It's a number that can be used to Figure out
whether you have an adequate signal to establish a solid wireless
connection. It should be noted that an RSSI value is not the same as
transmitting power from a router or AP because it is obtained from
the Wi-Fi card of the client device (thus, "received" signal strength).

D. Idle time: the amount of time a device is in an operational but
unoccupied condition known as idleness.

E. The weights parameters: The weights parameters used in this
model were: SNR (25%) , Spectrum demand (25%) , RSSI (20%) ,
Idle time (30%).

4.6.6 Evaluation Metrics

To evaluate the proposed algorithms which are used for
decision-making, three measures will be used which are throughput,
delay time, and handoffs.

4.6.6.1 Throughputs of SUs

Table (4.7) offers information on the numerical comparison

between the five different techniques in the environment of simulation
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with (2, 3, 4, 5) channels and during 360 seconds for every simulation
process. The comparison process is done according to the effect of the
number of channels and decision-making techniques on the network

throughput.

Table (4.7) and Figure 4.6 Notes network throughput for
different methods of decision-making. By comparing the results from
this table, the ANFIS technique is better than other neural network and
fuzzy inference systems techniques in throughput network metrics. An
ANFIS technique achieved 2686 Mbit during 360 seconds and use five

radio channels in the environment of simulation.

Table (4.7) Comparison of throughput rate among different techniques

D Number | Average
simulation | Time of : membership of of
: . . making .
scenario | Simulation : function | Channel | throughput
Algorithm
il 360 S ) 1679
3 1836
Mamdani GaussMF
4 1983
5 2183
2 1946
Fuzzy 3 —
Inference | Tsukamoto | GaussMF
4 2286
System
5 2295
2 2008
3 2185
GaussMF
TSK 4 2263
5 2274
Neural 2 2145
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Figure 4.6: throughput to Different Techniques

4.6.6.2 Handoffs

Table (4.8) offers information on the numerical comparison
between the five different techniques in the environment of simulation
with (2, 3, 4, 5) channels and during 360 seconds for every simulation
process. The comparison process is done according to the effect of the
number of channels and decision-making technique on the network

throughput.

Table (4.8) and Figure 4.3 Notes network handoffs for the

different methods of decision-making. By comparing the results from
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this table, the ANFIS technique is better than other neural network and
fuzzy inference systems techniques in the handoffs metric. An ANFIS

technique was achieved for 360 seconds in a 1000 M *1000 M area.

Table (4.8): Comparison of Handoff metric to different techniques

Number | Number
. . . . . of
simulation | Time of | Decision- | membership Channel of
scenario | Simulation | making function
. Handoff
Algorithm
1 360 S 2 34
3 33
Mamdani GaussMF
4 32
5 31
2 31
Fuzzy 3 30
Inference Tsukamoto | GaussMF
4 27
System
5 26
2 28
3 26
GaussMF
4 25
TSK
5 22
2 29
3 26
ANN 4 24
Neural 5 23
Networks 2 26
3 23
ANFIS
4 21
5 20
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4.6.6.3 Delay time
Table (4.9) offers information on the numerical comparison
Handoffs Metric
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No. of Handoffs
U O U1 O

o

Handoff Handoff Handoff Handoff Handoff
ANFIS ANN TSK Tsukomoto Mamdani
B 2 channels ™3 channels ™4 channels 5 channels

Figure 4.7: Handoff metric to Different Techniques

between the five different techniques in the environment of simulation
with (2, 3, 4, 5) channels and during 360 seconds for every simulation
process. The comparison process is done according to the effect of the
number of channels and decision-making technique for the delay time

metric.

Table (4.9) and Figure 4.8 Notes that the delay time for ANFIS
technique in the CR network is the best method among others. By
comparing the results from this table, the ANFIS technique is better than
other neural network and fuzzy inference systems techniques in delay
time metric. An ANFIS technique achieved (0.63) seconds with 5

channels for 360 seconds.
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Table 4.9: Delay Time Metric for Different Techniques
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Delay time
1.4
1.2
1
0.8
0.6
0.4
0.2
0
ANFIS ANN TSK Tsukomato Mamdani
5 channel ®4 channels 3 channels 2 channels

Figure 4.8: Delay Time Metric for Different Techniques

4.7 Performance Analysis

The tables and Figures for displaying the simulation results,
which were previously presented for the two sets of parameters, show
that the second model (cooperative model) was better for the three

measures (throughput of SUs, handoffs, and delay time).

The first metric (throughput of SUs) of the secondary user
increases with the increase in the number of available radio channels,
due to the increased possibility of having more available channels with
the possibility of having a channel with a higher quality of

communication, see Figure (4.9).

In Figure (4.9), we notice that the throughput scale increases
exponentially with the increase in the number of channels, due to the
increased possibility of holes (spectrum unused) in spectral frequencies

that can be exploited by secondary users.
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ANFIS
throughput

2700
2650
2600
2550
2500
2450
2400
2350
2300
2250
2200
2 3 4 5

Figure 4.9: throughput curve to ANFIS algorithm

For the handoff metric, it was observed that the number of
switching operations (handoff) decreases with the increase in the number
of channels that can be sensed, due to the possibility of having channels

with long idle periods, see Figure (4.10)

ANFIS Handoff

35

30 \
25

20

15

10

2 3 4 5

Figure 4.10: Handoff curve to ANFIS algorithm

As for the delay time, which consists of three components

(search, selection, and wait time), it was observed that it begins to
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decrease steadily with the increase in the number of channels in the

cognitive network, see Figure (4.11)
ANFIS delay time
3.5
2.5
15

0.5

2 3 4 5
Figure 4.11: Delay time curve to ANFIS algorithm

The reason for this is due to the nature of the cognitive
network, where the greater the number of channels in the network, the
greater the estimation of having more available channels and a longer
transmission period for secondary users, and the number of switches

(handoffs) between channels is likely to be less.

4.8 Benchmark Algorithms

The algorithms used in decision-making, which are explained
earlier in this chapter, can be compared to a set of benchmark algorithms.
Three different types of algorithms were used for comparison (RSN,
SNRA, MCCA), Which were explained in Chapter Three, Section (3.6).
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4.8.1 Throughput of SUs

Figure (4.12) shows a comparison of the throughput rate
results of the cognitive network which consists of several radio channels
(2,3,4,5) and uses the decision-making techniques that we explained

earlier, in addition to three benchmark algorithms.

The algorithms (MCCA, SNRA) to choose one of the
available radio channels are based in the decision-making process on
only one parameter (attribute), while the algorithm (RNA) makes the

decision randomly.

The simulation results show that the benchmark algorithms
performed poorly compared to the algorithms of the fuzzy logic systems

and neural network algorithms in the metric of throughput rate.

Throughput Metric

throughput throughput | throughput throughput throughput throughput throughput throughput
ANFIS ANN TSK Tsukamoto mamdani MCCA SNR Random

m2 m3 m4 s No. of Channels

Figure (4.12) Comparison of throughput with benchmark algorithms
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4.8.2 Handoffs

The simulation results for the number of switches (handoffs)

between radio channels are shown in Figure (4.13).

The results showed that the benchmark algorithm MCCA

achieved the least number of switches, followed by ANFIS.

This is because MCCA algorithm selects channels with the longest idle
period, so switching operations are low compared to the rest of the

algorithms.

Handoffs Metric
60
50

40

3
2
1 I I
0

Handoff Handoff Handoff Handoff Handoff Handoff Handoff Handoff

o

o

o

ANFIS ANN TSK Tsukomoto Mamdani SNRA MCCA RCA

B 2 channels ® 3 channels 4 channels 5 channels

Figure (4.13): Comparison of Handoff among different techniques

4.8.3 Delay time

The simulation results for the delay time for searching and

selecting between radio channels are shown in Figure (4.14).

The results showed that the benchmark algorithm MCCA
achieved the least delay time, followed by algorithm RCA
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This is because MCCA algorithm performs fewer switching

operations and less selection time compared to other algorithms.

Delay Time
2
1.8
1.6
T 1
S 1
Q
“ 08
% 0.6
o 0.4
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0
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N e
/\‘1
5 channel 4 channels 3 channels 2 channels

Figure (4.14) Comparison of delay time among different techniques

4.9  Other Experimental

4.9.1 A Different Number of Radio Channels.

In this study, the effect of increasing the number of radio
channels on the throughput of the cognitive network, Figure (4.15)
shows a comparison between the different decision-making methods for
a different number of available radio channels, where the number of
different channels is used in ascending order (2, 3, 4, 5, 6,7,8,9,10). The
minimum number of channels was 2, and the largest number of channels

was 10.

As it becomes clear from the results, the network throughput
begins to rise with the increase in the number of available radio channels,
as there is a greater possibility of finding channels available for a longer

period and in a larger number. This leads to increased network

117



Throughput (Mbps)

Chapter 4 Simulation Result & Analysis

throughput, as there are fewer transfers between channels and also less

waiting time to find a new or available network. It was also noted that

the throughput of most methods begins with stability, and the increase

becomes small compared to the increase in the number of available

channels.

throughput Metric
3000

2500
2000
1500
1000

50
0

o

throughput throughput throughput throughput throughput throughput throughput throughput

ANFIS ANN TSK Tsukamoto mamdani MCCA

M2 W3 W4 w5 W6 m7 M8 W9 m10

SNR Random

Figure (4.15) Comparison of throughput among different techniques

4.9.2 A Different Number of SUs.

To study the effect of using a different number of secondary

users on the throughput of the cognitive network, we will design a

cognitive network based on the central model.

The proposed cognitive network consists of a fusion center,

where all secondary users submit requests for spectral frequency access

to this center.
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The Fusion Center will determine the available spectral
channels (idle channels) and assign them to secondary users according

to the principle of queuing, as the first arrivals will serve before others.

The throughput in this system (central model) is calculated
through the throughput rate (average) for all secondary users, as it
represents the throughput of the cognitive network and not individual

secondary user throughput.

The cognitive network that we will use consists of five
channels with a fusion center and the number of secondary users consists
of (2,3,4,5,6,7,8,9,10).

Figure (4.16) shows a comparison between the different
decision-making methods with the use of a different number of

secondary users.

The simulation results have shown that the throughput of the
cognitive network decreases with the increase in the number of

secondary users in the network for all the methods used.

Analyzing the reason for these results, it can be said that the
increase in the number of secondary users with the constant number of
channels in the network, will lead to increased competition in obtaining
available resources (available radio channels), and as a result, the more
secondary users there are, the more time is required to wait in the queue
to access spectral channels by assigning available channels to secondary

users by FusionCenter.

Thus, the throughput of all secondary users will decrease, and
the delay time to find an available channel and switch to it, and then use

this channel for transmission, will increase.
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It was also noted that the fuzzy logic algorithms improved
their performance by increasing the number of users compared to the
ANNSs algorithm.

Throughput Metric
3000

2500

2000

1500

1000

) | | | ‘ “ ‘l “l
1 2 3 4 5 6 7 8 9 10

HANFIS ®mANN mTSK Tsukamoto M mamdani W MCCA ESNR B Random

Throughput (Mbps)
o

o

Figure (4.16) Comparison of throughput for all techniques with different number of SUs

4.9.3 Comparison the Results

A comparison with other related models should be made to
evaluate our proposed model. In this dissertation, the model described

in [19] is used for comparison.

The paper [19] propose scheme of fuzzy logic-based decision
support system (FLB-DSS) that jointly deals with channel selection and
channel switching to enhance the overall throughput of CRNSs.

The evaluation measures throughput, handoffs and delay time
are used to compare the two models.
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Tables 4.10,4.11, 4.12, 4.13 and 4.14 present a comparison of
the scheme in [19], compared with the results obtained from the

proposed system for ANFIS algorithm.

Table 4.10: Number of handoffs for proposed ANFIS algo. vs. the scheme in [21].

No. of channels

No. of Handoffs

Properties of

Algo.

simulation
5 10 Time : 50 (Sec)
Scheme in [19] No. of SUs: 10.
Proposed ANFIS |5 8

Table 4.11: Throughput for the proposed ANFIS algo. vs. the scheme in [21].
Throughput under varying number of licensed channels.

No. of SUs Throughput Properties of
(Mbit) simulation
Scheme in [19] 30 2250 Time : 50 (Sec)
Proposed ANFIS | 30 2306
Algo.

Table 4.12: Throughput for the proposed ANFIS algo. vs. the scheme in [21].
Throughput under varying number of SUs.

No. of channels | Throughput Properties of
(Mbit) simulation
Scheme in [19] 5 600 Time : 50 (sec)
Proposed ANFIS |5 1624
Algo.

Table 4.13: Time consumed for channel selection in the proposed ANFIS algo. vs.

the scheme in [21]. Time consumed in channel selection under varying

transmission times.

Time of Delay time (sec) | Properties of

simulation simulation
Scheme in [19] 125 8 No. of SUs: 10
Proposed ANFIS | 125 4.3 No. of PUs: 5
Algo.
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Table 4.14: Time consumed for channel selection in the proposed vs. the

conventional scheme. Time consumed in channel selection under varying number

of licensed channels.

No. of channels Delay of time Properties of
(sec) simulation
Scheme in [19] 5 7 Time: 50 (sec)
Proposed ANFIS |5 2.6 No .of SUs: ...
Algo.

The comparison between the scheme in [19] and the proposed
algorithm in the tables (4.10,11,12,13 and 14) shows that the proposed
algorithm has an advantage in some of the measures used (throughput,

handoffs and delay time).
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Chapter 5 Conclusions and Future Works

5.1Conclusions

This dissertation introduces an approach to decision-making-
based-different techniques to enhance the channel selection of CRNSs.
This dissertation focused on selecting the suitable available channels
with a CRNs environment. Also, this dissertation focused on channel
selection and compared two spectrum sensing models (cooperative, and

non-cooperative).

Matlab code is used for simulating the proposed approach and
comparing the results between FIS algorithms, Neural networks, and
benchmark algorithms with data transmitters throughput, Handoffs, and
delay time terms, and the improvement channel selection in CRNs. All
results show that the network performance of the proposed approach can
be enhancing the efficiency of the decision-making of the cognitive
radio network. Several conclusions have been found through the

development and implementation of the proposed approach:

1. The number of parameters and the nature of these parameters play
an important role in improving the decision-making process in
choosing the best channels.

2. In this work, many decision-making techniques were implemented
to select the best channel for secondary users in cognitive radio
networks, where the fuzzy neural network (ANFIS) algorithm has
proven its superiority over the rest of the fuzzy inference systems
(FIS) and also the artificial neural network (ANN) algorithm in the
metrics of throughput and handoffs between channels.

3. The power of signal and signal-to-noise ratio attributes in radio
channels represent important attributes that help in decision-

making for channel value (important).
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4. The cooperative sensing model showed better results compared to
the non-cooperative model, as it helped improve the performance
and productivity of the cognitive radio network.

5. Other radio channel attributes (bandwidth, distance, spectrum
demand, and idle time) are used to improve available channel
selection.

6. Three methods of fuzzy inference system were used, where fuzzy
rules were used for the selected parameters, and two sets of fuzzy
rules were created, one for each set of parameters.

7. The presentapproach has improved the selection of radio channels
by using different techniques of decision making, Where the
(ANFIS) algorithm showed a remarkable superiority over the rest
of the techniques.

8. Thus, the cooperation model helps to enhance the cognitive radio
network and adds more information that allows secondary users
(SUs), to find the best channel selection from the range of

available channels.
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5.2 Future Works

For future works, some suggestions can be viewed as follows:

1. The proposed approach can apply to real radio channel datasets
like 4G LTE or 5G that have different characteristics.

2. A hybrid approach of interweaving and underlay can be used to
improve the performance of the CRNSs.

3. Experiment with different sets of parameters for radio channels,
and analyze the results obtained.

4. Different scenarios of the cognitive radio network can be tested,
and the performance results of these different scenarios can be
analyzed.

5. The parameters (attributes) selected (extraction) from channel
state information (CSI) in this dissertation will be manually, and
it can be developed into the dynamic in future works.

6. Work on developing fuzzy logic algorithms, by developing the
inputs of these algorithms and also developing fuzzy logic rules,
to improve their ability to make decisions with more accuracy.

7. Using different types of neural network algorithms such as long-
term memory (LTM) neural networks to improve the ability of
cognitive radio networks to make decisions and choose the best
radio channels with a minimum of time and memory to up to date
of channel information.

8. Using a different set of weight combinations for the parameters
used in making the decision, and then comparing them to find the

best combination of weights.
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