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ABSTRACT

Cognitive Radio Networks (CRN) are aimed at efficiently utilizing the spectrum to solve
the spectrum surge generated by large wireless node deployments. Such networks allow
users to operate within the best frequency band available, ensuring smooth connectivity
requirements during spectrum transitions. The spectrum can be used by both licensed
(also called primary) and unlicensed (also called secondary) users. However, unlicensed
users vacate the spectrum whenever demanded by the licensed users. This study presents
the performance assessment of the Multi-Carrier Code Division Multiple Access (MC-
CDMA) based cooperative CRN over Rayleigh fading channel. The proposed network
scenario consists of Primary Transmitter (PT) and Primary Receiver (PR) pairs as well as
a group of Secondary Transmitters (STs) and Secondary Receivers (SRs). A PT
communicate with PR using inactive ST/SR and only one active ST may transmit data at
the same time slot using the licensed channel of the PT, if the transmitted power of ST
does not exceed predefined interference threshold. Analyses are carried out in order to
obtain the expressions for the Signal to Noise plus Interference Ratio (SNIR) expressions
of MC-CDMA systems. Based on the analytical models, a closed-form expression for the
outage capacity as well as the outage probability over Rayleigh fading channel was
derived. The analysis is further extended to derive SNIR of cooperative systems using
Amplify and Forward (AF) or Decode and Forward (DF) relaying system. Finally, the
performance of the proposed system is evaluated, showing changes in performance over
state-of-the-art systems. In outage probability analysis, a close match has been found
between simulation and numerical results and it depends primarily on the number of
antennas being used in the PT/PR and ST/SR, and max interference temperature limit.
The outage probability reduces (more than 3 dB) if the number of antennas increases
(from 2x2 to 4x4) and interference temperature reduces. As selected ST/SR nodes are
identified between PT and PR, the power analysis demonstrates efficiency improvement.
If the active ST is situated farther away from the PR, the outage capacity of PU over
Direct Link (DL) transmission as well as the cooperative relay link increases as a result.
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CHAPTER 1
INTRODUCTION

1.1 Background

Multi-carrier CDMA is one of the most promising multiple access techniques for next
generation wireless network. MC-CDMA combines Orthogonal Frequency Division
Multiplexing (OFDM) and Direct Sequence CDMA (DS-CDMA) where all users can
access the entire frequency spectrum at any time. Upcoming high data rate demand of
wireless networks has created radio frequency spectrum scarcity. Cognitive Radio
Network (CRN) is defined as a system that detects an electromagnetic environment which
IS suitable for its operation. To be precised, the system which can dynamically and
automatically adjust its operating parameters i.e., maximize throughput, minimize noise
and interference, advancing interoperability, access secondary markets etc. in order to
modify system performance. Firstly, with advanced digital signal processing techniques
MC-CDMA has the strength to provide larger capacity than other multiple schemes. Use
of orthogonal sub-carriers by OFDM technique in a MC-CDMA system provides higher
data rate over multipath fading channels. It increases spectral efficiency to attain
throughput of 1 Gbps or above and improves link reliability. One of the main reasons to
use OFDM is to increase the robustness against frequency selective fading or narrowband
interference. Secondly, bandwidth of high data rate demand and capacity of wireless
network has become crucial with increase of users and the Quality of Experience (QOE)
especially reliability and throughput are the major concern for the users. Bandwidth
scarcity becomes challenging to accommodate huge amount of traffic in limited spectrum.
Thus, CRN has been introduced to solve bandwidth scarcity problem of wireless

networks.

A great deal of next generation network (NGN) has been attracted to it in order to
enhance the utilization of limited bandwidth resources [1-3]. There are limited number
licensed bandwidths allocated into a number of wireless network nodes which are called
primary users (PU). If the licensed user’s spectrum is used by any other users use that
user is known as secondary user (SU). In cognitive radio user, the licensed bandwidth of
PUs is used by a SU without creating any harmful interference to PU [4-6]. Recently,
spreading spectrums based on MC-CDMA has drawn attention for the developing of



cellular mobile communications. Outage capacity analysis for the SUs with optimal
power allocation under different types of fading channel in CRNs and power constraints
were investigated in [7].

The capacity is a vital parameter of a wireless network for determining the performance
of fading channel. Originally there are two types of capacity in wireless network: Ergodic
capacity and Outage capacity. Ergodic capacity is applicable only for fast fading channel
because delay constrains is not considered here. On the contrary, outage capacity can be
defined in terms of data rate when system outage is allowed to occur with given
probability. It works in slow fading with interference limited environment. When signal
travels to receiver in scattered way, it suffers from distortion which is called fading. Due
to fading effect PU experiences signal outage. Outage probability is defined then power
level of PR is below the achievable data rate i.e. receiver is out of the range due to
multipath fading, interference from SU. Channel state information (CSI) is a term used in
wireless communications to describe the known channel characteristics of a
communication link. CSI indicates the condition of the channel where the transmitted
signal is propagating. It is necessary to calculate CSI at the receiver for measuring the

channel capacity of wireless communication system.

1.2 Literature Review

A detailed analysis of the work on possible Quality of Service (QoS) provisioning [8-10],
channel assignment strategies [11-13], as well as alternative power management and
control approaches of the CRN has been published by several researchers [14-16].

Spectrum sensing is the most challenging difficulty that CRN has faced. For SUs, the
radio environment has spectrum gaps that must be identified as part of spectrum sensing.
Although, it is possible for CR to measure the channel between the PT and PR directly,
this is problematic. However, getting a direct measurement of the channel between the PT
to PR is challenging for CRN [17]. CR can't broadcast and sense the radio environment at
the same time. That's why fast spectrum sensing algorithms are required. Matched Filter
Detection, Energy Detection and Cyclostationary Feature Detection are among the
transmitter detection techniques investigated. Receiver uncertainty and the shadowing

phenomenon are two constraints of transmitter detection [17].

In [18], Xie and Guo provide a comprehensive overview of the different channel fading

models. Under average and peak interference power limits, secondary systems channel
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capacities in several fading scenarios such as Rayleigh fading, Nakagami fading and
lognormal shadowing were investigated in [18]. Cooperative spectrum sensing [19-20]
has been shown to increase performance. In [19], the authors looked at the optimum
power loading issue in order to optimize transmission data throughput while keeping
disturbance to primary users to a minimum. The authors of [21] developed a novel
approach to sharing spectrum while avoiding certain problematic assumptions like full
CSI at the secondary transmitter. He et al. [22] also talked about the challenges of
choosing CRNSs responsiveness, complexity, security, robustness and stability may all be
improved by Intelligent Algorithms (Al). The present and future developments in CR are
examined, as well as the applications for the smart grid [23-24], machine-to-machine

(M2M) communications [25], and cloud computing.

Review of the previous works on MC-CDMA based CRN wireless network are

summarized below in Table 1.1.

Table 1.1: Review of the previous works contributions and limitations

Reference | Contribution Limitation

[33] A protocol is proposed where secondary | The impact of the access delay
subscribers can share the licensed | on the capacity in the two
spectrum  simultaneously  with  the | cooperative relay phases is not
primary  subscriber. The proposed | considered in the analysis.

network scenario illustrates a single PTx-
PRx pair and a group of M STx-SRx
pairs and it is designed within the
transmission range of the primary
system. Spectrum efficiency and data
speed can be significantly amended by

CRNs with cooperative communications.

[35] It trails an underlay example to approve | The existing models have
sharing the spectrum by SUs to the | emphasized more on theoretical
indoor devices. Searching a spatial | analysis rather than on the

opportunity, ie., deciding its | practical i.e. hardware




transmission over the primary subscriber
channels, CR represents its deployment
scenario and the arrangements of the PRs

and indoor devices.

deployment. Regarding this
issue, because of the complexity
of the underlying problem,
these models have a tendency to
oversee certain aspects. Noise
uncertainty, channel
knowledge, signal uncertainty,
and hardware and model
limitations e.t.c are fundamental
to a hardware implementation
which is overlooked. The
deficiency of such
imperfections in the system
model reduces the overall
analysis of performance of the

CR system unfinished.

[37] A new outage probability-based NUM | The  proposed  system is
formulation is suggested, and its solution | analyzed only for Rayleigh
method developed in an integrated | Fading channel and no
fashion in order to solve the problem of | comparison  among  other
privation of unambiguous cooperation | channel is shown.
between CR and PU systems which may | The power algorithms, effect of
cause difficulties for difficult for CRNs | SNIR on outage probability are
to acquire CR-to-PU and CR-to-CR | not studied here.
channels accurately.

[39] Here, a partial relay selection scheme is | The system is assumed to

proposed and the analysis is based on an
underlay cognitive network with fixed
gain relays operating in the vicinity of a
PU. A closed-form expressions are
derived for the received Signal to Noise
Ratio (SNR)
outage, and probability of BER and

distributions,  system

operate on direct link only.
Therefore, the performance
analyses don’t include any
comparison between DF link

and DL.




average channel capacity of the system.

[40]

Here, for a slow fading channel the
outage capacity of a cooperative relaying
based CRN has been analyzed in this
study.

It illustrates that performance of outage
capacity of cooperative link increases
with the increase of number of
cooperative node as well as with that of

.

The proposed system has not
considered bit allocation and
optimal power allocation based
on outage probability analysis.

It is anticipated that only one
ST is active in parallel with the

PU simultaneously.

[41]

In fading environment, the performance
of a MIMO system is evaluated where
correlated and uncorrelated MIMO

channels are considered under the
condition when CSI is not known at
transmitter and CSI is known at receiver

side.

Due to the correlation between
channels the capacity loss is
occurred. In order to gain high
capacity, an amount of SNR has
to be sacrificed.

[43]

OFDM  based
cognitive relay networks is investigated.

Power allocation in
Here, Relay-assisted cognitive radio
network (RCRN) combines diversity gain
with spectral sharing technique and thus
improves the spectrum utilization
efficiency compared to single hop CRN

(SCRN).

The proposed system has not
considered bit allocation and
optimal power allocation based

on outage probability analysis.

[45]

The capacity of MIMO systems in

realistic ~ propagation  environments
considering spatial fading correlation,
double scattering, and keyhole effects are
studied. A closed-form capacity bounds
for constant correlation cases and the
closed-form solution for the ergodic

capacity of keyhole MIMO channels was

BER and Outage probability
performance are not studied

here.




also analyzed.

[46] Here, the performance of several MIMO | The analysis has not showed
systems has been studied in terms of | outage  probability,  power
capacity and BER in Rayleigh fading | allocation, and SINR
channels with various STBCs which | performance for MIMO
concluded that increasing the number of | systems.
receiver antenna compared to that of | The results were investigated
transmitting one improves capacity. | only for BPSK scheme and not

compared with any other
modulation technique.

[47] The effect of errors in the channel | The impacts on errors in the

estimation on the transmit diversity based | channel estimation only for the
on Alamouti’s STBC for a downlink | MIMO MC-CDMA system.
MC-CDMA is examined using Moment
Generating Functions (MGF) method.
As the errors in the channel estimation
degrades the system performance, the
proposed closed BER expression can
contribute significantly for computing
performances.

[48] The performance of Alamouti’s STBC | The system analysis is limited
for outdoor scheme with up to two |to Quadrature Phase Shift
transmitters and receiver’s using realistic | Keying (QPSK) modulation
MIMO channel model is analyzed. scheme. No comparison is
It is found that spatial diversity | shown among other modulation
significantly improves the performance | techniques.
of MC-CDMA systems including in
outdoor scenarios, and presents a good
trade-off between performance and
complexity.

[55] The near-far problem in MC-CDMA | The BER is examined in terms

system is studied and a new expression

of BER in case of Nakagami fading

of number of users, it does not

consider  other  parameters




channel is derived here. In this case, both | which can affect the system
Equal Gain Combining (EGC) and MRC | performance like SNIR,
are used and it is shown that MRC has | interference threshold etc.

better performance than that of EGC.

[58] In the proposed NCCCN, considering | The proposed system has not
peak  and average interference | considered bit allocation and
constraints, the problem of power | optimal power allocation based
allocation optimization is formed where | on outage probability analysis.

interference temperature is taken into
account. The proposed system performs
better than the single hop CRN.

Higher data rate is achieved by the
proposed system for optimal power
allocation than that of suboptimal power

allocation.

1.3 Research Gap

The research gaps retrieved from the literature are as follows: in wireless network,
capacity is considered as one of the most vital metric for performance measurement in
fading channels. The limitation regarding outage capacity as well as outage probability
for MC-CDMA based CRN considering Ity power limited system for the mentioned
network has been found from the above discussion. Previously, just one active ST had
been considered for theoretical analysis as well as simulation for system performance

analysis.

Finally, the performance of the system is not evaluated considering CSI. As a result, these

issues are being addressed in an attempt to resolve them.
1.4 Motivation

Now-a-days, high data rate speed is an inevitable metric in wireless communication.
Besides, wireless spectrum is an important resource. Many of times, the spectrum of
licensed users remains unoccupied. In addition, number of users has been increasing

rapidly though scope of increasing spectrum is not possible to cope up with the number of
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users. As a result, spectrum scarcity has become a burning question. This problem can be
solved by CRN. With the help of CRN based MC-CDMA technology, not only the
unoccupied spectrum of licensed users can be utilized but also high-speed data rate can be
achieved. Moreover, the interference can be limited using this technique.

1.5 Problem Statement

The problem has investigated in this thesis is as follows:

1. Closed form SNIR equation has been derived for some others systems [51] but to the
best of author’s knowledge, the closed form SNIR equation for MC-CDMA based
CRN has not been analyzed yet.

2. In [27], closed form equation of joint Probability Density Function (PDF) has been
expressed for different distribution as well as for several wireless channel. However,
it was not derived considering two random variables with expected mean values for
Rayleigh random distribution under CRN.

3. Several channels have been used for deducing a closed form equation of outage
capacity and outage probability for different wireless network over Rayleigh fading
channel [33], [59] but closed-form expression for the outage capacity as well as the
outage probability for MC-CDMA based CRN has not been considered yet.

1.6 Scope of the Study

The performance of proposed system was analyzed using MATLAB simulation where
known values of CSI were considered in this study. However, the proposed system has
not yet been put into operation on a practical level. The value of Interference Temperature
(ItH) power is taken into consideration in this simulation, which is utilized in a real
application. Though simulation work does not consider some conditions, they are taken

into account in case of practical work.
1.7 Objectives

The main objectives of this work are to evaluate the Outage Capacity Analysis of MC-

CDMA Based CRN. The specific objectives are as follows:

1. To propose a MC-CDMA based CRN.
2. Toderive a closed-form SNIR equation of MC-CDMA system.



3. To acquire a closed-form expression for the outage capacity as well as the outage
probability over Rayleigh fading channel.

4. To simulate the proposed system in MATLAB and evaluate the performance of the
system.

5. To compare the performance between the proposed system and the existing system.

1.8 Methodology

All nodes use Binary Phase Shift Keying (BPSK) modulator MC-CDMA based
transmission using single antenna and all the links are considered to follow Rayleigh flat
fading plus additive white Gaussian Noise (AWGN) as OFDM converge frequency
selective flat fading. The numerical results of the outage capacity as well as the
probability for the performance evaluation of cooperative relaying cognitive wireless
network scheme are presented in this work. The results are simulated using MATLAB for
MC-CDMA under Rayleigh channel considering with AWGN. Walsh-Hadamard
spreading codes (N=256) are used in this system. Channel condition does not change
during phase of transmission. The outage capacity of the cooperative relay links for the
different values of . | have considered three cases of ¢ where ¢=0.1, ¢= 0.01 and e=
0.001.

1.9 Organization of the Thesis

The remainder of the paper describes the layout of the thesis which is organized into

seven chapters.

Chapter 2 includes related works on CRN, outage capacity for MC-CDMA, Space-Time
Block Coding (STBC) MC-CDMA systems, modeling of system and interference effect
on MC-CDMA based CRN system.

Chapter 3 presents MC-CDMA system model and channel fading characteristics. The
system model consists of transmitter, receiver with OFDM sub-carriers and MC-CDMA
based CRN with direct link transmission and decode and forward transmission model.
Here, the system scenario of cognitive cooperative relay with MC-CDMA is also
represented. Multipath propagation for Rayleigh fading distribution is considered as a

channel model.



Chapter 4 introduces an analytical approach to evaluate outage capacity performance of a
MC-CDMA based CRN. The closed form expressions are derived for SNIR, joint PDF,
outage probability and finally outage capacity for both direct transmission and decode and
forward transmission of CRN with MC-CDMA considering Rayleigh fading channel.

In chapter 5, the analysis is further extended to multiple input multiple output (MIMO)
MC-CDMA of cognitive cooperative relay network (CCRN) to evaluate system

performance based on the analytical equations of outage capacity and outage probability.

Chapter 6 covers the results of the numerical analysis. The system performance is
presented for different set of system parameters such as number of receiving antenna,
OFDM sub-carrier, spreading code, modulation system for a given SNIR and the outage
probability. The results are presented in terms of outage capacity vs SNIR and outage
probability vs SNIR.

Chapter 7 concludes the thesis and summarizes the results of the work. Areas for future

work are also indicated.
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CHAPTER 2
RELATED WORKS

2.1 Review of Previous Research on CRN

A powerful and promising spectrum sharing technology which is the solution to
bandwidth limitation problems is CRN technology [28-29]. It has provided a lucrative
deal of NGN to make it more efficacious the utilization of limited bandwidth resources
which was described by [30]. In [5], authors describe the information theoretic limits,
models, and design of CRN. A study of wireless communications and Cognitive Radio
(CR) transmissions under quality of service (QoS) constraints and channel uncertainty has
been carried out in [31]. A time-varying Rayleigh fading channel assuming no prior
channel is available at the transmitter and the receiver it was investigated the performance
of pilot-assisted wireless transmission strategies. They analyzed different channel
estimation techniques, including single-pilot minimum mean-square-error (MMSE)
estimation, and causal and noncausal Wiener filters, and analyze efficient resource
allocation strategies. The PU is demonstrated in [32] as a number of wireless network
nodes into which limited number licensed bandwidth are assigned. The licensed spectrum
may be used by any other user that is known as SU. In CRNs, SUs can use the licensed
bandwidth of PUs without creating any harmful interference to PU. Another research in
this regard has been carried out in [33]. They proposed a protocol where SUs are
permitted to share the licensed spectrum of the PU. The proposed network scenario
illustrates a single primary transmitter-receiver (PTx-PRx) pair and a group of M
secondary transmitter-receiver (STx-SRx) pairs and it is designed within the transmission
range of the primary system. Spectrum efficiency and data rate can be significantly
improved by CRNs with cooperative communications. In [34] authors proposed a
scenario where three possible transmission modes are described. They are: direct
transmission mode, multi-hop transmission mode and cooperative communication mode.
Here, the authors optimize the outage capacity for CRNs with cooperative
communications in order to solve the problems jointly. The proposed algorithm has some
advantages of gaining fast convergence rate and computation easiness. In addition, the
time-varying radio environment scenario is also considered, and it is shown that the
algorithm has good tracking capability for it. Finally, the performance of the scheme is

proved by simulation. An extension of CR network has been idealized in [35]. It trails an
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underlay example to approve sharing the spectrum by SUs to the indoor devices.
Searching a spatial opportunity, i.e., deciding its transmission over the primary subscriber
channels, CR represents its deployment scenario and the arrangements of the PRs and
indoor devices.

There is privation of unambiguous cooperation between CR and PU systems; hence it is
sometimes challenging for CRNs to acquire CR-to-PU and CR-to-CR channels
accurately. To solve this uncertainty a novel outage probability-based Network Utility
Maximization (NUM) formulation is appeared, and the method of solution is developed

in a combined fashion in [36].
2.2 Outage Capacity for MC-CDMA

The achievable data rate Rpy at receiver is less than the prescribed or target data rate then
the CRN abandons the transmission. So, the system can be defined as outage and outage
is allowed to occur with probability is known as outage capacity. For advancing the
cellular mobile communication, spreading spectrums are used which is based on MC-
CDMA recently. A system is proposed in [37] where outage capacity for the SUs with
optimal power allocation under several types of fading channel in CRNs and power
restrictions are investigated. It has been evaluated that the outage probability and outage
capacity for selective relaying basis and without direct link (DL) combining which was
illustrated in [38]. For best relay selection with decode and forward relay networks under
Rayleigh fading channel, outage capacity has been evaluated which is studied from the
research [39]. Outage probability is also analyzed in [58] where the system is based on
cooperative relay with and without network coding. Here, a comparison is performed
between the proposed system's spectral efficiency and previous existing systems,
thereafter a relative improvement is determined. In fading environment, the performance
of a MIMO system is evaluated in [41], where correlated and uncorrelated MIMO
channels are considered under a specific condition. The condition is without knowing CSI
at transmitter and knowing at receiver side. The Ergodic Capacity, the delay-limited
capacity, and the outage capacity of SU block-fading (BF) channels under spectrum
sharing has been studied by some authors. They derived the optimal power allocation
stratagems for SU to attain aforementioned capacities. The interference power constraint

to protect PU, the transmit power constraint of SU transmitter was also reflected [42].
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Now-a-days, MC-CDMA over Rayleigh fading channel and cooperative relay selection
CRN have become most concerned topic for researchers. Research has been performed
where cognitive network partial relay selection is investigated in the impact of
interference temperature threshold on the AF model [43]. A study has been carried in
order to investigate cooperative diversity performance in this system with orthogonal and
non-orthogonal spreading codes [44]. Here, it was shown that the orthogonal spreading
code cancels Multiple Access Interference (MAI) and the performance does not depend

on the size of the spreading code.

To enhance the performance of the wireless communication system, the transmitter and
receiver coding scheme should be changed such as applying the code block in multi

antenna systems, known as MIMO. The capacity of MIMO system is analyzed in [45].
2.3 STBC MC-CDMA Systems

One of MIMO transmission techniques often used is STBC found in [46]. The effect of
errors in the channel estimation on the transmit diversity based on Alamouti’s STBC for

an uplink MC-CDMA is also studied [47].

In [48], the performance of Alamouti’s STBC for outdoor scheme with up to two

transmitters and receiver’s using realistic MIMO channel model is analyzed.

A research [49] concluded the expressions of closed-form for the single-user capacity of
maximal ratio combining diversity systems. Here, a Rayleigh fading channel with two

types of correlation was taken into account.
2.4 Modeling of MC-CDMA System

In [50], the authors evaluated the capacities of CDMA systems for multimedia services in
a single cell and a multiple cell environment. They designed a model assuming N user
groups described in section 2.2 where a group is for voice service, and rest of them are for
various data services. The users in a group have the same quality and information data

rate constraint.

To find the outage capacity and SNIR performance of proposed system and to establish
the system model several studies are performed. Basic principle of MC-CDMA and MC-
DS-CDMA system modeling is described in [51]. An article [52] also presents three kinds
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of MC-CDMA schemes and their benefits and drawbacks in terms of transmitter and
receiver arrangements, the spectral effectiveness and the downlink Bit Error Rate (BER)
performance in a frequency selective low Rayleigh fading channel. Those three schemes
are DS-CDMA, MC-CDMA and modified MC-CDMA scheme. The CDMA signal and
the fading channel models presentation followed by optimal joint detection and channel

estimation and the suboptimal channel estimation methods are described in [53].

A research [54] focused on some computational analysis on the down-link BER
performance in a frequency selective slow Rayleigh fading channel. A new expression of
BER in case of Nakagami fading channel is derived in [55]. The near-far problem in MC-
CDMA system was considered here. Considering the same channel another theory of
error rate was established where MC DS-CDMA system in conjunction with Maximal
Ratio Combining (MRC) was used [56].

The Symbol Error Probability (SEP) of cooperative systems considering AF or DF
relaying has been studied in [57]. This research combines the signals received from all
relays and the source using MRC strategy. The outage capacity of a cooperative relaying-
based CRN in slow fading channel has been analyzed in [40].

2.5 Interference effect on MC-CDMA based CRN system

The outage capacity of MIMO channel is studied where interference power to the receiver
is taken to consideration [59]. They investigated the impact of the MIMO diversity on
such multi constraint CR-MIMO systems. They peak interference power constraint is
taken into consideration at the PR and peak transmits power constraint at the CR
transmitter. Both of the authors conducted another study on same perception considering
a multiple input single output (MISO) channel [59]. An article [58] emphasized on the
radio resource allocation where interference temperature constraints for the network
coded cognitive cooperative network (NCCCN) is considered. Analog network coded
(ANC) OFDM progresses the capacity of the cognitive cooperative network (CCN). A
better system performance than that of the conventional DS-CDMA system is analyzed
where they derived and new expression of the signal-to-interference-noise ratio (SINR)
for single cell MC-CDMA (MC- link of a MC-CDMA) wireless system in a frequency-
selective Rayleigh fading channel [60].
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MC-CDMA based direct link (DL) as well as cooperative relaying CRNs is proposed in
this paper. The main objective in this paper is to derive a closed form SNIR equation of
MC-CDMA system. Thereafter, the contents from the derived equation are used to
closely derive the outage probability and outage capacity under Rayleigh fading channel
through DL as well as cooperative relay with consideration of active and inactive SUs
[64]. The derived results are exposed of the analysis on the parameters of outage capacity
as well as probability of PUs. The proposed numerical analysis is also proven by
simulations. An article [59] proposed a novel spectrum sensing method established on the
instantaneous SINR of the received data. This scheme permits the terminals of a CRN to
momentarily sense the presence of Co-Channel Interference (CCI), whether PUs or other
CR users without the need to roster a Quiet Period (QP). To achieve the virtues of
cooperation, several cooperative sensing protocols are projected. The first protocol is a
centralized majority-voting protocol while the other two protocols are distributed
protocols that are assimilated with multi hop techniques, namely AF and DF. The
proposed method and protocols were demonstrated to accomplish good detection

performance over a varied range of conditions.

2.6 Chapter Summary

This chapter gives an idea of several spectrum sharing techniques of CRN and their
evolution over the different fading channel. This chapter also provides a comprehensive
review on system designing with different coding techniques, interference effect and
capacity for MC-CDMA wireless network. At the end of the chapter, a thorough
discussion on the current research on the designing of MC-CDMA based CRN under

Rayleigh fading channel has been presented.
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CHAPTER 3
SYSTEM MODEL

3.1 Introduction

MC-CDMA is a raising technology for next generation wireless network that can solve
higher data rate user demand and it improves the performance over multipath links [50-
52]. [52] MC-CDMA system works together in combination of DS-CDMA and OFDM
where all users can access the entire frequency spectrum at a time. Wireless
communication performance is degraded due to multipath fading, Inter Symbol
Interference (ISI) and MAI [54]. It assembles the facilities of CDMA with natural
strength to frequency selectivity offered by OFDM and in MC-CDMA, the processing as
well as spectrum sharing takes place in frequency domain [64]. Due to high data rate
demand of wireless networks, there is a possibility of scarcity of radio frequency
spectrum. CRN is a powerful spectrum sharing technology to solve this bandwidth

limitation problem.

3.2 Channel Model of CRN based MC-CDMA System

In this model, it is assumed that signal passing through the wireless medium then it varies
randomly according to Rayleigh fading. In addition, AWGN is a channel model in which
the only white noise with a constant spectral density with equal amplitude. Therefore, the
channel co-efficient can be denoted by, hpr.pr, hpr-stj, hstj-pr, hpr_sti and interference
channel co-efficient hsristj. Where, i is the active SU and j is the inactive SU which gains
are distributed with Rayleigh random variables with the mean values of Jpt.pr, ApT-sTj, AsT}-

PR, APT_sTi and Asti-sTj respectively.

3.3 Transmitter Model of MC-CDMA

Figure 3.1 shows the transmitter block diagram of a MC-CDMA with OFDM modulator.
In this, input data stream with bit duration Ty, of the j™" user is converted into Nc parallel
data streams. The new symbol duration of each stream becomes, Ts= Nc*Ty. Parallel data
symbols at each data stream of j" user are coded by the particular Pseudo Random Noise
(PN) code having chip duration Tc, processing gain Gp. Thereafter, each data symbol is

spread in the time domain.
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Figure 3.1 Block diagram of MC-CDMA transmitter

The coded symbol of every parallel data is being modulated by sub-carrier of respective

channel using OFDM modulator.

Sub-carriers are produced after taking Inverse Fast Fourier Transform (IFFT) and Fast
Fourier Transform (FFT) at transmitter and receiver sides respectively. Finally, all

symbols are combined and transmitted through the transmitting antenna.

3.4 Receiver Model of MC-CDMA

Let, there are K-number of users is received data in frequency domain where 1" subcarrier
data is converted into N, parallel data stream by serial to parallel conversion. I'"" subcarrier
is multiplied by PN code sequence, ¢! and then it is demodulated. The frequency of
subcarrier is fuc. The parallel data in time domain is converted into serial data by parallel

to serial converter. The design is illustrated with figure 3.2.
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Figure 3.2 Block diagram of MC-CDMA receiver
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3.5 CRN with MC-CDMA

All the links are considered as Rayleigh flat fading plus AWGN as OFDM converge
frequency selective flat fading. It is also assumed that channel condition does not change
during phase of transmission. Here, a CRN scenario which is shown in figure 3.3. The
primary communication system consists of a PT and PR which have been considered in
the figure 3.3 (a). When the direct transmission link is failed to transmit the data to
destination due to long distance or interference. Then we have been proposed another
system that is shown in the figure 3.3 (b). It is assumed that in proposed network scenario
only one active SU may transmit data simultaneously with the co-existence of PU below a

certain I to the PR at the same time slot when PU is active.

active
secondary user

inactive secondary
user

(a) (b)

Figure 3.3 (a) Direct link transmission and (b) Decode and forward transmission

3.6 MC-CDMA based Cognitive Cooperative Relay Network

3.6.1 System scenario

Figure 3.4 illustrates a scenario for cooperative relay based CRN. It is assumed that there
are M pairs of ST and SR where two types of secondary transmitters (STs) are considered
as active ST and inactive ST. There are K (Ke M) numbers of active STs and the N
number of inactive STs where, N = M — K. The active ST group is marked as ST, (x =
1,2,...,K) and inactive ST group as ST, (y = 1,2,...,N). When the PT transmits data
using direct link to the PR, if the data rate falls below Rpr then the N numbers of inactive
STs are used as relay through which the PT can communicate with PR. This method is
called AF or DF. While inactive STs are acting as relays, both relays and PRs are affected

by the interference from active STs. If the interference is below the I level, the inactive
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STs and PT can transmit data to PR simultaneously otherwise, the STs cannot be used as

relay to communicate with PR.
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Figure 3.4 Proposed scenario of MC-CDMA based cooperative relaying CRN
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3.6.2 Channel model of MC-CDMA based CCRN

When the transmitter transmits data through Rayleigh fading channel, the magnitude of
transmitted signals varies randomly according to Rayleigh distribution. In case of long
transmission, fading remains almost constant for Rayleigh flat fading with AWGN while
it varies in case of short transmission. The fading channel coefficients for the link, PT to
cooperative relay are assumed to be apr_sr,, @pr_sr, - Apr—sTy respectively for N
number of inactive SUs. Similarly, those coefficients for the link cooperative relay to PRs
and the interference link between active STs to inactive STs are considered as agr, _pg,
AsT,—pR - AsTy—pr ANA Agry_sT,, AsTx—5T, - AsTx-sTy fOr K number of active STs
respectively. The channel co-efficient for PT— inactive STs are hpr_gr,, hpr_sr,
..hpr_sry and for anactive STs — PR are hgr,_pr, ,hsr,—pg - hsry—pr Which are

exponentially distributed with mean values Apr_gsr,, Apr—sr, - Apr-sry, Asr,—pr:

Ast,—pr -+ AsTy—pr [95].
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At the receiver, multiple antennas are used for improvement of receiver diversity and
each of them is arrayed with MC-CDMA receivers. MRC combining technique is used to
combine the outputs of MC-CDMA receivers. Finally, the outputs of all the receiving
antennas are again combined with OFDM demodulator. The destination coherently
combines the signals that are received from the source. All the relays use MRC

combining technique.

A cooperative hybrid spectrum sharing model is proposed in [33] where ergodic capacity
and outage probability analysis has been performed but no specific modulation scheme
was considered. However, in this proposed system MC-CDMA based CRN is adopted.
Moreover, at the receiver multiple antennas are used for the improvement of receiver
diversity and MRC technique is used to combine the outputs of the receivers. On the other
hand, such techniques are not deployed in proposed system of [33].

While comparing new proposed system model with that of [33] it is found that
interference from SU and inactive SU have been considered in the referred work. On the
other hand, interference from active ST is also taken into account along with interference
from PU and inactive SU in the proposed scenario.

3.7 Chapter Summary

In this chapter, a transmitter and receiver model of MC-CDMA wireless communication
has been proposed. In order to solve the bandwidth scarcity as well as effective allocation
of spectrum resources and also provide higher demand of bandwidth, a MC-CDMA based
CRN scenario is proposed where two transmission systems are considered for
communication such as direct link transmission and DAF transmission. Subsequently, this
chapter also illustrates the cooperative relay based CRN as well as also describes link

gain and channel coefficient for Rayleigh fading channel.
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CHAPTER 4
ANALYSIS OF OUTAGE CAPACITY

4.1 Transmitter Analysis of MC-CDMA System

Let, the subcarrier k of the j user the combined MC-CDMA transmitted signals can be
written as [62],

SI{;IC(t) =

Aoaécé ) cos(anOt)+A1a{c{(t) cos(2mfit)+.. .+AN_1a,{,_1c1{,_1(t) cos(2mfit)

= YNZ3 Aralp(t — kT)cl () cos[2r(fi, + kf)t]) (4.1)

Where, Axis the amplitude of the carrier signal aiis the data bit for j" user of subcarrier k.
c,{represents the k™ chip of the spreading sequence of the j" user. Where, k=0, 1, 2, ... N-

1, T is the symbol bit period, fq is the subcarrier separation, S,{'M(t) is the Multi-carrier
transmitted symbol and p is the number of parallel paths. After performing N point IFFT
operation equation (4.1) expressed by [62],

She® = 25423 Al — kD)l exp (1 ke + (e + kf))  (42)
By sampling the modulated signal N times during an OFDM symbols represents as:

S(m) = % % o INZE Aralp(t — kT)c)(t) exp (j%”kn + (fie + kfd))

(4.3)
Where, S(0) = [SO; S1; S2::: SN-1]T.
Adding cyclic prefix equation (4.3) can be derived as,
3 0 Sm() = Yoo Smin —m(N + N,,)) (4.4)

Where, N, is the number of cyclic prefix bit.

4.2 Receiver Analysis of MC-CDMA System

At the MC-CDMA receiver, the reverse action takes place. The down-converted received
signal was sampled and converted into a parallel stream of k™ subcarrier. So, the received

signal can be written as,
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r(n)= X h()Sm(n — k) + Z(n)

(4.5)

Where, Z(n) is the AWGN noise for projected network scenario. The FFT is applied in

order to recover the desired frequency components. Then the equation (4.5) can be

derived as,

Vi m=2nzd (N + 1) exp (—j %"kn) +Zn
Where,

rm)=[rMm), T Mm + 1) . Ty, + N = DT
And

Nm ==m(N + Ngp) + Ngp

Finally derived a closed-form of MC-CDMA received signal,

2

A2 o
y}i,m = 7hk,maicljc(t) +Zxm

=Phy maicr(t) + Zim

Where, the receiver power P,

=

-1

&N

2
0

&
Il

And h is the channel co-efficient for this system.

4.3 Joint PDF of Rayleigh Fading Channel

(4.6)

When the transmission power of the ST is Pg, which is the same for every antenna, the

signal strength of PR and SR is y,, and y, respectively.
Yp = ak

ys:ﬁPs

A SU can use in the PUs bandwidth, if the PU satisfies an interference temperature

constrains as follows:

Yp = ab < Iy,
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Where, I, is the interference threshold power. Then the maximum transmitted power can

be written as follows:

Iy
PSmax = 7

Received signal strength at the SR is:

ys = PFs

=yilry, (4.8)

Where, « and g are two Rayleigh random variables. Here the Rayleigh distribution
function is considered, which is a continuous probability distribution for position-valued
random variables. Then the PDF of Rayleigh distribution functions for the PU and SU

respectively,

-3
L) =5e (4.9)
14
-2
o) =ge (4.10)

The joint PDF equation for the Rayleigh random variables formula,

fri = Iy v L) dy (4.11)
From equation (4.11),
vy L3y (‘%
i) =y yge ze vy (4.12)
The results of (4.12) can be obtained as a closed form joint PDF expression for the
Rayleigh random distribution,

4222%

FG) = [u) = o (4.13)

The detail derivation of (4.13) is shown in the section of the Annex-A.
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4.4 Outage Capacity Analysis

In this section, outage capacity as well as the outage probability are focused for the
proposed MC-CDMA when the direct link has been failed to communicate with the

destination then the proposed network scenario in figure 3.3 (b) has been considered.

4.4.1 Direct link transmission

The achievable data rate can be written as,
Rpr_pr = log,(1 + SNIR) (4.14)

Where,

N-14%
ApPT-PRYk=1—

SNIR=

B A2 .2
asT;—~PR Zh=i = @j_, P(t=kTp)Cpy ()+Non

apr—-prXPR
asr;—pr(0%+I)

(4.15)

=P (JI:I:—I)

Where,
Pp = ZIIX=1 Aé
I= asr,—pr Zg;%%i ai_lP(t - ka)C;ZZ(t)
%= Non

From equation (4.14),

P
Rpr_pr = log, (1 +p (021:_1) )

s teren = (14 2 )

(62+1)

PR
(62+1)

= p = 2RpT-PR 1

= p = (2RPT-PR — 1) ((02'”)) (4.16)

PR

All the link gains assumed in this research are exponentially distributed random variables

with their mean values are shown in section 3.6. The outage probability for the direct link,
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P-(Rpr—pr < Rpr) = B{-2=EE < p} (4.17)

aST -PR

Outage probability [64],

f Br— PRAST,~PR J 42525
Foue = (APT pr + 31, PRx) (/12"'/12’5)2
Let,

A1 = Apr—pr

Ay = ASTi—PR

p = A2+2A3x

Asdx = dp

x=0,p =22

x=p,p=2A+A3p
Hence,

Pour = 42323 f LIS
out (A2+23x)?

_ A5 MR 1 ip
A3 22 p?

e 1 1
2+A%p 22

472
A+23p

423 4257, _pRP
— 2P — L
A3+243p  Apr_pr+ASr,_pre

(4.18)

The outage capacity with the given outage probability,

C. = log,(1 4+ SNIR) (1 — ¢)

=log; (1+p' %) (1 - &) [59] (4.19)
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Where,

2 !
4AST,-PRP

&= 2 2 !
Apr-pRHAST;—PRP

(4.20)
2 I 2 2 !
= 4A5r,—prP’ = EApr—pr + EAS,—pRP

2 l; 2 I 2
= 4A5r,—prP’ — EAST,—pRP" = EApr_pR

2
, EApr_pR

=>p =

2 — .2
4257,—pr — €AST,—PR

L pr = e (2 ) (4.21)

B Ar,—pr \4—¢
4.4.2 Decode and forward transmission

The achievable data rate can be written as,
RPT—PR = logz(l +SNIR) (422)
Where,

N-1
Y=o lal?P?
Zﬁ':_ollOtkl2MA1+21;¥=_01|[>’k|2PSTi—PR+02

SNIR = (4.23)

From equation (4.22) data rate can be written as corresponding CRN scenario in figure
3.3 (b).

1

Rpr_sr; = ;loga(1 + SNIRpr_sr)) (4.24)
1

Rsr;—pr = 510g2(1 + SNIRsr,_pr) (4.25)

SNIR in equation of (4.24) and (4.25) approximated as follows:

aP

SNIRPT—ST]' = m (426)
LP
SNIRST]._pR = m (427)

Where ¢ is the variance and | is the interference of the MC-CDMA system. From
equation (4.25) and (4.26),

1 P
Rpr—sr; = 51082 (1 + apr—st; O'Z—-I-I)
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2
CZPT_ST]_ _ (ZZRPT—STj _ 1)JTH (428)

Similarly,

Bstj-pr = (ZZRSTj_PR - 1) o (4.29)

P
Outage Probability can be written as,

a 4AZA3

Pout = fO de (430)
Now the outage probability is according to equation (4.30) for the two link of PT-ST jand
STj-PR corresponding [64].

2
4apr-sT;AST; 5T

P {RPT—ST]- < RPT} = ’ (4.31)

2 2
Apr—sT;+@PT-ST ;AT ;5T

2
4ast —PRAST;-PR

PT‘ {RSTj—PR < RPT} = AgTj_PR+aSTj_PR/1§Ti_PR (432)

Two hop co-operative relay link is minimum one of the hop for transmit end to end data.

S is denoted as the set of relays that can be considered for relay selection as [65],

S = j""Ror s7iRs7jpR)

If the inactive SUs does not achieves the data rate of Rpr i.e. |S = 0|the outage
Probability [59],

Poutr = Pr{llsll = 0}

Pour = Pr{maxmex(min{RPT—STm,RSTm—PR}) < RPT}

N-1
Powe = | [(B-A(min{Ror_s,, Rsr,o-ra})} < Ror)
m=0

N-1
Pout = l_[[l - (1 - Pr{RPT—STm < RPTD(l - Pr{RSTm—PR < RPT})]

m=0

(4.33)

Therefore, the outage capacity can be written from given outage probability, € equation
(4.33) as,
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Ce = log, (1 + apr-st1,,-PR L) (1—¢e)[59] (4.34)

o2+I
Where, the value of apr_gr, _pr Can be calculated as follows:

N-1

€= 1_[[1 — (1 = P{Rpr-st,, < Rpr})(1 = P-{Rsr,,—pr < Rer})]

m=0

R E= 1 - (1 - PT{RPT—STm < RPT})(l - PT{RSTm—PR < RPT}) [Let,%=

€]
" 4QPT-STAST STy 4asT,,-PRAST;~PR
€=1-{1-5 +a 12 -2 +a 12
PT—STmy " APT-STm” ' ST;—STm STm—PRTYPT-STm/ST;—PR
(4.36)
Now equation (4.36) replaced by,
a' = apr _ sTm=AsTm-PR=QPT — STM—PR
Aso = /@Ti—srm
Apo = /1123T—5Tm
Asy = Ag‘Ti—PR
Ap1 = /@Tm—PR
, 4a'l 4a')
e=1-(1-—2)(1-—=L
Apo + @ g0 Ap1 + ads
4‘6(’151 %94 ’ASO 4‘(1,150151
E = ’ 12 - r r
Apr+aldsy  Apg+aldsg  (Apg + a'Aso) (Ap1 + a'Ag1)
€ = ¢ (4.37)

"~ (Apota'Aso)(Ap1t+a'dsy)
Where,
Q = 4‘6[1511[)0 + 4a’2150151 + 4‘0/&501;}1 + 4‘(1’2150151 - 16(1’2150

= 4‘(1?.511;)0 + 4‘05’150).]31 - 8(1’2/150151

== 61/1})011:1 + 6@%51/11;0 + Eya'lsollpl + Eyalzllsol_gl

= 4‘(1?.511;)0 - E’a!lsjlpo + 4‘“’150).]31 - 6,0(’150/1;;1 - 86{'2150/151

’ /2 _ ’
—€a“Asods1 = € ApoAp1
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= (42s14po — € As1dpo + 4AsoAp1 — € AsoAp ) — (8 + € ) ?Aspds,

= € Apolp1
= € Apodp1 = @ {As1Apo(4 — €) + AsoAp1 (4 — €)} — (B + € )a?Aso sy
= a?A50251(8 +€) —a'(4 — €)(As1Apo + AsoAp1) + € ApgApy =0
=>Aa?+Ba'+C=0

+ _ —B+VBZ—4AC

2A

a (4.38)

Therefore, outage capacity cannot be negative. So, equation (4.38) can be expressed as,

a' __ —B+VBZ-4AC

- (4.39)

Where,
A= Agods1(8+€)
B = (¢ = 4)(As1Apo + Asodp1)
C = € Apoldp1

Now putting the value of Aso, Apo, As1, Ap1 and € then the equation of A, B and C can be

derived as,
A= Nr,st, Ar-pr(8 + Ve)
B= (Ve - 4){)'123T—STmA§‘Ti—PR + Agri—srmflérm—PR}
C:%AIZDT—STmAE‘Tm—PR

4.5 Chapter Summary

In this chapter, the transmitted and received signals of MC-CDMA wireless network are
derived by numerical equations. The analysis is extended to find the closed form SNIR
equation of MC-CDMA system. Thereafter, a joint PDF of Rayleigh fading channel is
analyzed. Finally, closed-form expressions of the outage probability and outage capacity
are derived for direct link transmission as well as decode and forward transmission based
CRN.
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CHAPTER 5
ANALYSIS OF MIMO MC-CDMA BASED CCRN

5.1 Primary Transmitter

According to the block diagram of MC-CDMA transmitter shown in figure 3.4, the
transmitted signals are modulated by BPSK modulation systems. The proposed MC-

CDMA transmitted signals can be expressed as [62],

Sic(O=T—o0 X1 D1 /2Pr bL()C] (M)P(t — nTy)cos (wn + 6;) (5.40)

Here, Pr, bI{, 6 and Ts are defines the transmitted power per symbol, transmitted bit
symbol of J" user in P" sub-channel being modulated by the L sub-carrier, the
instantaneous phase angle of each sub-carrier which are assumed to be uniformly
distributed over [0:2x], the symbol duration for the projected MC-CDMA respectively.

5.2 Primary Receiver

The signals transmitted by K number of users are received by the receiver of the J™ user.

After combining all the transmitted signals at the receiver end and expressed as [62],

()= oo 2y Xkt 2B BB ()¢ ()P (t — nTy) cos(wn + 6, + 8,) + (1)
(5.41)

Where, Py is the received power, ¢ is the phase shift and £’ is the amplitude attenuation.
The received signal at the output of the Coherent Demodulator corresponding to 1% path

is derived and so on.

y, = ZlewIZPrﬁl] b{clj(n)P(t —nT) cos(win + 0, + @) X clja{ cos(wn+ 6, +
®1) (5.42)

y, = ZlewIZPrﬁl] bgczj(n)P(t —nTy) cos(wyn + 6, + ;) X czjag cos(w,n+ 6, +
®2) (5.43)

Yk = Zj{ZKW/ZPr,Bl] bici(n)P(t —nTg) cos(wyn+ 60, + @) X cL]ai cos(w,n+ 6, +
®L) (5.44)
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After passing through the low pass filter of the MC-CDMA systems, the output signal can

be written as-

Py
Y =Y Yy 7[31] bic,{(n)P(t —nT,) cos(w,n+ 60, + ¢;) X CL]CZZ cos(w,n +

Now, Signal power for the MC-CDMA systems is defined as-
P = |[ZXiclat (5.46)
P =PYiiiaf (5.47)
Where, ;2 is the variance and P = \/%.

5.3 MIMO MC-CDMA

Finally, a close form SNIR equation of MIMO MC-CDMA systems is derived-

|HI? [FExil af
SNIR = —2“—— (5.48)

On

CAUSE: Consider the wireless communication scenario shown in figure 3.4. Here, MC-
CDMA transmitter is communicating with MC-CDMA receiver through a cooperative

relay network which is inactive ST for the designed system. Assume that MC-CDMA is
transmitting a signal S{,,,C(t) which has an average power normalized to one. The received

signal at cooperative relay network can be written as,

Tsr = aprst, (S )+ 11} + 13 (5.49)

The received signal at the end of the relay is then multiplied by the gain of the relay and
then re-transmitted to the MC-CDMA receiver. The received signal at receiver can be

written as,

Tpr = aSTy—PRG{al'S](;[C O+n1} + 1, (5.50)
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Where, amplification gain,

1

(5.51)

Pr
S i al|hPT STy|dPT sTy o

The destination of the projected system combines the received signals using a MRC and
the overall SNIR for MC-CDMA cooperative relay network at the receiver end can be

written as,
YMrc = Ypr—PR T VPT-5T,—PR [57]
YPT-STyVSTy—PR
= — 5.52
YMrc = VPT-PR +-VPT—STy+VSTy—PR+1 (5.52)
YMRrCc =
PreL-1_2
2 2i=1 9 - _
P—rZ{;'laz \/PTZ{“ll fZ] Tplblve ) |h123T—STy|dP%—STy|h§‘Ty—PR|dST¢!y—PR
PZ Yicta? Z] 1Blb1+on ‘hPT sry‘dpr sryrzz aj I‘hSTy—PR‘dSTy—PRFZl iaf
\/72% 11 %Z] 1ﬁ’b’+an \/72% 11 %21 1B]b]+0n
(5.53)
Data rate corresponding the cooperative relay nodes are,
1
Rpr_sr,=510g2(1 + SNIRpr_sr)) (5.54)
1
Rst,—pr=310g2(1 + SNIRgr, _pg) (5.55)
Where, SNIR in equation of (5.54) and (5.55) approximated as follows:
Tict af
SNIRpr—s1,=|nbr-sr,| == & — (5.56)
ryitat¥iz) Blv]+ok
__ PPT-sTyPs
SNIRPT_STy =T (5.57)
PsTy,-PRPS
SNIRSTy—PR = I}:I-T (5.58)
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Where, | define the interference of the MC-CDMA system. |hPT_STy|,|hSTy_PR|are

assume that the channel coefficient and link path gain to the corresponding channels are

2 2
Ppr-st, = |hPT_5Ty| and Pst,-PR = |h5Ty_PR| [63]. From equation (5.54) and (5.55),

1 pPpT-sT,Ps
Rprst, = 3log, (1 +2—2=2) (5.59)
2
prr—sr, = (257757 — 1) ’*P_‘S’ (5.60)
Similarly,
2
psty—pr = (22T PF — 1) ”P—‘S’ (5.61)
Outage Probability can be expressed as [40],
_ (P 4232}
Poue = Jo Gzanznye (5.61)

Where, A, Ap are expected random variables and z is expressed as random variable of
PDF for Rayleigh fading channel. The outage probability follows equation (5.62) for the
two links of PT — ST, and ST,, — PR respectively.

2
4PPT-STy AST5-STy

P-(Rpr—sr, < Rpr-pr) = [P —— (5.63)
4pST,-PRASTX—PR
P-(Rsr,—pr < Rpr—_pr) = > (5.64)

Asrj-pr+PSRAST,—PR
Where, / is the exponential random variables with mean value. Dual hop cooperative
relay link is a useful method in reducing channel scarcity where minimum one of the hop
is involved to transmit end to end data. S is denoted as the set of relays that can be

expressed for relay selection as [65],
G=,Min (Rsty-PRRSTy-PR) (5.65)

When, |S = 0] , that is the inactive SUs do not attain the data rate of Rpr_sr, the Outage

Probability is expressed as [64],

Poye = BA{llsll = 0} (5.66)
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Poyt = B{max;en (min{RPT—STm' RSTm—PR}) < Rpr }

N-1
Poue = | [{F (min {RPT—STy’ RSTy—PR}) < Rpr }

m=1

N-1
Pour = | ._[1 — (1 = P{Rpr—st,, < Rpr})(1 — P{Rsr,,—pr < Rer})]

m=1

(5.67)
5.4 Chapter Summary

This chapter provides the theoretical analysis of MIMO MC-CDMA based CCRN under
Rayleigh fading channel. The analysis is also carried out for SNIR equation of MC-
CDMA based CCRN considering MRC at the receiver and applying transmit and receive
diversity. In the end, total system’s outage probability is derived for cooperative relay

based network.
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CHAPTER 6
PERFORMANCE RESULTS AND DISCUSSION

6.1 Results and Discussion

This section shows the numerical results of all nodes use BPSK modulator MC-CDMA
based transmission using single antenna. The numerical results of the outage capacity as
well as the probability for the performance evaluation of cooperative relaying cognitive
wireless network scheme is presented in this work. The results are simulated using
MATLAB for MC-CDMA under Rayleigh channel considering with AWGN. The SNIR
performance results of a MC-CDMA cooperative relay system with diverse system
parameters and order of Rayleigh fading with and without receive interference are
evaluated. To end, the optimum values of system parameters like number of OFDM sub-
carrier, spreading code, modulation system for a given SNIR and the outage probability
are determined from the simulation results. The parameters are used for the numerical

simulations are shown in table 6.1 below.

Table 6.1: Table of System Parameters

Parameter Attributes
Spreading codes, C Walsh-Hadamard Code (256)
Channel Rayleigh fading
Modulation BPSK
Antennas SISO, SIMO, MISO, MIMO
Interference temperature power 0,0.2,10dB
Equalization technique MRC
Cooperative relay, N 1,2,3,4
Outage probability, € 0.1, 0.01, 0.001

6.2 SNIR vs Outage Probability of Primary Network Analysis

Figure 6.1 illustrates that the outage probability decreases with increase of SNIR as well
as increase number of cooperative relay. It can be observed that the proposed cooperative
relaying scheme shows better outage probability performance than the direct link
transmission system. Moreover, analytic and simulation results clearly indicate the
improvement of the proposed transmission scenario as increasing number of cooperative

relay.
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Figure 6.1 SNIR vs Outage probability of the primary network with or without
cooperative relaying.

In figure 6.2 shows the effect of SNIR on the outage probability when the Ity 10 dB. In
proposed scenario all active ST have same transmit power and each ST satisfy equation
(4.7). For that reason, if increases the SNIR as well as decreases outage probability and
after 10 dB figure 6.2 becomes flat.

10° I I I 3
—o—Direct Transmission[|=10dB] |1
—o—With one relay[I=10dB]
——With two relays[l=10dB]
2107"F
._E
©
Qo
2
o
(]
(o))
S
3102
10-3 | | | 1 | | | |
0 2 4 6 8 10 12 14 16 18

SNIR[dB]

Figure 6.2 SNIR vs Outage probability through direct transmission and also varying

relay.
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6.3 SNIR vs Outage Capacity Analysis of CRN

In figure 6.3, it is seen that the outage capacity of the cooperative relaying links for the
different values of €. Here, three cases of € are considered where e= 0.1, 0.01and 0.001

respectively.

From the figure, it is observed clearly that outage capacity decreases by varying the
position of active ST for the given outage probability. It can be observed that the outage
capacity decreases at the outage probability of €é=0.001 when active ST closer to PR. For

the simulation it has been considered that SUs are located with the range of PT and PR.

10" I
F| —#—epsilon=0.001
[| —=—epsilon=0.01
| —*—epsilon=0.1

N
o
o

T T T T T

Capacity Outage [bps/Hz]
=)

-
o
N

2 4 6 8 10 12 14 16
SNIR [dB]

Figure 6.3 SNIR vs Outage capacity with varying epsilon.

6.4 SNIR vs Outage Capacity for SIMO and MISO Systems

The channel capacities of OFDM and MC-CDMA for SISO and MIMO system are
compared in figure 6.4. For all systems, channel capacity increases with the increase of
SNIR.

Moreover, MC-CDMA always provides higher channel capacity than OFDM irrespective

of the number of received antennas.
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Figure 6.4 SNIR vs Outage capacity for SIMO and MISO systems without interference.

From the analysis, it can be seen from figure 6.5 that for 10 dB SNIR per antenna channel
capacity of OFDM and MC-CDMA are about 1.5 bps/Hz for SISO system. However, for
MIMO system the performance of channel is improved with the increase of received

antenna.
14 ‘
——NMCCDMA (2X2)
12 H-e-OFDM (2X2)
——MCCDMA (1X2)
10 H-=-OFDM (1X2)
~ ||=~MCCDMA (2x1)
T 8[|-¢-OFDM (2X1)
8 ______
S5
o\
N e
e
Q=
-10 5 0 5 10 15 20

Eb/No(Average) per received antenna

Figure 6.5 SNIR vs Outage capacity for MIMO systems without interference.
The best performance is observed for MC-CDMA, 4x4 MIMO system where channel

capacity is 10 bps/Hz for the same value of SNIR. Here, the comparison is shown for the
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channel capacity of MC-CDMA and OFDM for MISO, SIMO and MIMO multiplexing in
figure 6.6. For same SNIR (10 dB), MC-CDMA shows the most improvement for MIMO
(almost 4.8 bps/Hz) than all other multiplexing where OFDM with MISO multiplexing

shows the least value of channel capacity (slightly more than 2 bps/Hz).

25 H—*+MCCDMA(1

-¢-MCCDMA(1
—=—MCCDMA
'|-=-MCCDMA
——MCCDMA
-e-MCCDMA

X1
X1
2X2
2X2
4X4
4X4

N
o

)
)
)
I 2
)
)

—~ A~~~ A~~~

—
()]
T

C(bps/Hz)

—_
(e}

____

-10 -5 0 5 10 15 20 25
Eb/No (average) per antenna

Figure 6.6 Effect on SNIR on the link capacity.
6.5 SNIR vs Outage Probability for MIMO Systems with Pmax

In figure 6.7 and figure 6.8, the SNIR varies from -8 dB to 2 dB. In figure 6.7, the outage
probability is analyzed with SNIR for MIMO multiplexing.

Here, the outage probability Poy for 4x4 and 2x2 antenna for -2 dB SNIR is 0.0001 and
0.28 respectively, which indicates that Pout performance is dependent on MIMO system.
Therefore, Pout improves for 4x4 MIMO system compared to 2x2 MIMO system.
Interference temperature power has an impact on MIMO system outage probability

performance, as shown in figure 6.8.

When MRC combining methods are employed at the receivers, the outage probability for
a 4x4 antenna is better than 2x2 antenna system. The Iy limit increases the Pout

compared to no interference limit case.
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Figure 6.7 The effect of SNIR on the Outage probability for MIMO systems.
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Figure 6.8 The effect of SNIR on the Outage Probability for MIMO systems with varying
max values.

Moreover, the probability decreases for all MIMO multiplexing with the rise of SNIR.
Hence, the outage probability of cooperative relay is better than that of non-cooperative
relay. Both the simulation result and numerical analysis clearly indicates that the

proposed system provides better performance due to the increase of cooperative relays.
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6.6 Comparison with Previous Research

1

10

Outage Capacity

| —®— N=4 (e=0.1)[40]
1 —®— N=4 (e=0.01)[40]
4 — N=4 (e=0.001)[40]
| —©— N=4 (e=0.1)[Proposed]
—+— N=4 (e=0.01)[Proposed]
<O—— N=4 (e=0.001)[Proposed]

10 4 6 8 10 12 14 16 18
SNIR (dB)

Figure 6.9 SNIR vs outage capacity for different values of € and with N=4 number of ST
(cooperative relays).

The outage capacity has been observed considering SNIR from 2 to 18 dB and varying

the given probability €=0.1, 0.01, 0.001 for N=4 relays.

1

10 . : :
L ST at 20,20 Proposed
| ST at 40,40 Proposed
v ST at 60,50 Proposed
© ST at 20,20 [40]
0 ST at 40,40 [40]
= 10? |~ ST at 60.50 [40]
£
=
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L]
g
. 10
»10 -2 1 1 1 1 1 M i
2 4 6 8 10 12 14 16 18
SNIR (dB)
Figure 6.10 SNIR vs outage capacity with varying position of ST where relay position is
fixed.
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However, outage capacity of the proposed system with existing system is also analyzed
considering same number of relays for same SNIR shown in figure 6.9. Comparing this
figure, it is noticed in figure 6.9 that the suggested system's outage capacity is 1, 0.6, 0.25
at 12 dB SNIR, while these values are approximately 0.9, 0.54, 0.23 in the referenced
study for outage probability, e =0.1, 0.01, 0.001 correspondingly. Hence, it is concluded

that the suggested system increases outage capacity by increasing SNIR.

On the contrary, figure 6.10 shows the outage capacity with varying position of active ST

for a given outage probability.

100 : T T T T T T T
C —S— N=1

— 4+ —N=2

Outage Probability [bps/hz]

107
2 4 6 8 10 12 14 16 18

SNIR

Figure 6.11 SNIR vs outage probability for different values of nodes (cooperative relays).

When the active ST is located far away from the PR, as shown in Figure 6.10, the outage
capacity increases as the interference effect decreases. For the nearest location of ST (20,
20) to PR, the outage capacity of a research [40] has been found almost 0.9 at 10 dB
SNIR while for new proposed system it has been evaluated to be about 1 for the same
location and same SNIR. Hence, new designed model shows better performance in terms

of outage capacity compared to [40].

Observing the simulation results, it is found that better outage probability has been
investigated in new proposed system shown in figure 6.11. For instance, at 8 dB SNIR,
[40] outage probability of the previous research is approximately 0.013 for four relays
while for the same condition, the outage probability is 0.004 in our proposed network
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shown in figure 6.11. Hence, the proposed scheme can be considered as improved version

in terms of outage probability.
6.7 Chapter Summary

This chapter shows the behavior of some important user parameters for the
implementation of proposed MC-CDMA based CRN under Rayleigh fading channel.
Performance of the proposed system model has been evaluated using MATLAB
simulations. This chapter provides the results of outage probability as well as outage
capacity with SNIR and cooperative relay. The results analysis clearly shows the better
system performance for proposed model of the CRN. In the end, the outage capacity and
outage probability by increasing SNIR of proposed system with existing system is

investigated.
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CHAPTER 7
CONCLUSION AND FUTURE WORK

7.1 Conclusion

In this paper the outage probability and outage capacity expression have been deduced for
cooperative relaying link of a least temperature constraint CRN. A closed form equation
of the outage probability as well as the outage capacity and joint PDF has also been
derived. The establishment of a cooperative relay network is the cost of this enhancement
which includes primary and secondary systems. The primary networks are divided into
two phases, where the first phase is from PT to inactive SU (relay) and the second phase
is from relay to PR. It involves dividing STs into active and inactive groups, using a
better relay selection procedure, as well as coordination and synchronization between PT,
PR, and relays during the first phase and the second phase. Numerical results show that
the performance of the proposed system is better for cooperative relay nodes and when
the number of nodes N increases to two or more, we observed that the cooperative link
outperforms the DL transmission in terms of outage capacity. It has also been found that
the theoretical and numerical results matched properly.

To share the spectrum of other mobile it is necessary to analyze the performance of the
proposed MC-CDMA cooperative relay communication system. The performance of
SNIR for Rayleigh fading channel with MRC technique for different systems like SIMO,
MISO and MIMO with and without interference are determined and also the derived

expression of outage probability matched with the simulation result.
7.2 Major Contribution of this Thesis

In this thesis, the research is different from other previous works. Some distinguishable

contributions of this research are given below:

1. The closed form SNIR equation of MC-CDMA system-based CRN is analyzed where
pair of SUs has been considered in the proposed system scenario.

2. The closed from joint probability equation is derived in order to evaluate the outage
probability as well as outage capacity of cooperative relay based CRN under
satisfying interference temperature I;y; for MC-CDMA primary system where

inactive STs act as a cooperative relay.
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3. The outage capacity is shown to be improved when the number of relays increase and

better outage probability has been found in proposed network.

7.3 Scope of Future Work

Thesis paper developed the framework for a MC-CDMA system-based CRN technique.
Although several features were investigated, few of the issues were not considered due to
the work required and complexity of analytical analysis. Higher order modulation scheme
such as QPSK can be used in future for further analysis. In addition, some, forward error
correction coding techniques can be used for further increasing the system performance
i.e., convolution coding, turbo coding etc. Further works can be carried out for MC-DS-
CDMA with cooperative relay-based CRN technique and also applying MIMO transmit
and receive diversity for this system. It is assumed that CSI is known in this analysis.
Determining capacity for unknown CSI will be a problem in the future.
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ANNEX-A

A. Derivation of equation (4.13)

Let /p and /s are the two expected mean value of Rayleigh random variable. The joint

PDF equation (13) can be derived as follows:
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