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Abstract 

 
In wireless Communication, the need of radio spectrum increases nowadays. But in the 

system we are losing approximately 82-86% of spectrum most of the time due to the 

absence of Primary User (PU). To overcome this issue Cognitive Radio (CR) is an 

admirable approach.  The concept of cooperative communication needs to be 

considering because high data rate is the demand for wireless services. Cooperative 

diversity in the network realized by 3-hop Decode, Amplify and Forward (DAF) and 

Decode and Forward (DF) and in 2-hop DF and Amplify and Forward (AF) Protocols 

implemented in cognitive radio communication network using Orthogonal Space Time 

Block Coding (OSTBC). The communication between end points is accomplished by 

using Multiple Input and Multiple Output (MIMO) antenna arrangement. During the 

Propagation, Alamouti Space Time Block Coding is used to accomplish spatial diversity 

and the encoded data is transmitted through Rayleigh fading channel.  CR decodes the 

transmitted signal using Maximum Likelihood (ML) decoding method. Afterward 

signal broadcast toward the destination. To check the energy level of signal, energy 

detection technique applies at the Cognitive Controller (CC). Finally, CC will take 

ultimate decision for the presence of primary user if the energy level of signal is greater 

than predefined threshold level, it means PU is present otherwise it is absent. The main 

objective of this thesis is to analyze the performance of 3-hop and 2-hop communication 

network using relays. The performance is compared on the bases of two parameters i.e. 

Bit Error Rate (BER) and Probability of Detection (PD). The results are processed and 

validated by MATLAB simulation.  
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1 Introduction 

In a wireless transmission the quality signal, degrades due to the fading effects in 

channel caused by the multipath propagation [1]. In order to reduce these effects, 

cooperative communications is one of the best methods [2][3]. The cooperative 

communication may employ path diversity to transfer the signal from source to 

destination. Here path diversity means to introduce relay in the channel [4][5]. 

Several relaying protocols and their combination considered to view the performance of 

the system [4]. The transmission relaying protocols used in this thesis are: 1) Amplify 

and Forward (AF), 2) Decode and Forward (DF) and 3) Decode, Amplify and Forward 

(DAF). 

1.1 Motivation 

In this modern era, everyone likes to use new technologies like laptops, smart phones, 

PDAs and these new generation machines becomes a very important element in modern 

life. While using the equipment user use services like internet, mobile 

telecommunication, video conferencing, online gaming to maintain their social network. 

To entertain the user with these services with guaranteed quality of service we need 

higher data rate and large bandwidth. But in real scenario/environment we have 

limitation of spectrum in our system as assigned by the authorities [6]. Also due to noise 

and fading in the channel degrade the data rate [1]. In addition of that most of the time 

about 84% of spectrum is unused due to the absence of the licensed users. 

So here we have a motivation that if we can improve our system performance by 

utilizing this free spectrum and also make some suitable arrangements in the network so 

that we can able to provide these services with guaranteed quality of service. 

1.2 Problem Statement and Hypothesis 

A shift in the communication networks towards cooperative communication is 

mandatory because of user wants high data rate with good quality of service. So we 

ends up with some problem statement that  

• how radio spectrum will be used efficiently by cognitive radio?  
• how do the multiple relays affect the cognitive radio performance? 
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In cooperative communication, relays and cognitive radio need to be in consideration to 

get better Bit Error Rate (BER) and MIMOs are used to get space diversity in the 

system [7]. In 2-hop communication network, performance of the detection probability 

increase but still there are free spaces in the spectrum which were not encountered, but 

if we consider 3-hop communication network then performance of PD could be better as 

compared to 2-hop communication network [2]. 

Hence we hypothesis that unused spectrum can be used more efficiently by using 

Dynamic Spectrum Access (DSA) and fading can be reduced by using more number of 

relays, hence we had a good quality signal at the receiver so that we can improve the 

detection probability. 

1.3 Thesis Outline 

In this thesis, we use Alamouti Space Time Block Coding (STBC) and Multiple Input 

and Multiple Output (MIMO) for propagation of the signal. The diversity achieved by 

multi-hop relaying network to implement the cooperative radio network [8]. Later we 

analyse the performance of 2-hop DF / AF and 3-hop DAF and DF. 

 

Chapter 2 gives a brief detail about cognitive and cooperative communication, its 

operations and explains the methods and functions validate in Cooperative 

communication. 

 

Chapter 3 describes the cooperative spectrums and different procedures involve in the 

process of spectrum sensing. 

 

Chapter 4 explains the scenarios, which adopted as a simulation model in this thesis 

work. 

 

Chapter 5 is about simulation results related to, probability of detection (Pd) versus 

Threshold Level, Pd versus Signal to Noise Ratio (SNR) and Bit Error Rate (BER) 

versus Spectral density (Eb/No), 2-hop and 3-hop relaying network.   

 

Chapter 6 provides the conclusion and suggested future work.  
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2 Cognitive and Cooperative Radio Communication 

2.1 Cognitive Radio 

Cognitive radio is that type of radio that has the capability to sense and use several 

methods to learn through the surrounding environment. It has the ability to change the 

parameters of the propagation for the efficient communication [10]. 

Mitola and Maguire first introduced the novel idea of cognitive radio in 1999 [10]. They 

explain that how the cognitive radio plays a vital role in the field of wireless 

communication. 

The Question is why this kind of approach in the wireless communication needs to be 

developed. Therefore, the answer is that in wireless communication we have a limited 

range of radio spectrum. In addition, radio spectrum is free for most of the period. To 

overcome the problem the Federal Communications Commission (FCC) and Office of 

Communication (OFCOM) ends up with an idea that give permission to the unlicensed 

users, they can use the licensed spectrum until and unless the licensed user is absent 

without creating an interference with rightful user [6]. 

2.2 Cooperative Communication 

The idea of cooperative communication in cognitive radio networks increases the 

consumption of spectrum to facilitate the wireless services of higher data rate.  

During the propagation of signal in wireless communication, fading parameters affects 

the signal. Therefore, to overcome these fading effects we use the concept of relay 

network. 

In Cooperative communication, each node i.e. relay in the network must play an 

important role in order to achieve the full utilization mode of the radio spectrum. To get 

the maximum utilization, radio spectrum needs to allow the Secondary User (SU) use 

the empty spaces created by the Primary User (PU) as it is not active in specific time 

interval [5]. 
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2.3 Multiple Input Multiple Output (MIMO) 

Channel in the wireless network endures from the fading and other interferences issues 

due to absence of line of sight and other user’s presence. Therefore, to overcome these 

problems we use MIMO in our network. Due to multiple antennas on both sides of the 

channel helps in term of the efficient utilization of bandwidth [2][3]. 

As we have a multi-user environment, each node in the network has single antenna so 

with the help of cooperative communication we develop a virtual multi input and multi 

output  network where each node share its antenna with the neighbouring node [9] [8]. 

Figure 2.1 shows a 3x3 MIMO network.  

 

 

Figure 2.1 3x3 MIMO Channel Network 

2.4 Diversity 

The reliability of the signal increases with usage of different communication channel 

with distinctiveness. Some of the basic diversity techniques are discussed below: 
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2.4.1 Space Diversity 

Signal is transmitted through different physical transmission path. It helps when there is 

no line of sight between the endpoints of the communication channel. Each signal 

travels through different path with facing several fading effects.  However, at the 

receiver end, receiver will have several copies of the data and it will select the 

appropriate information. It is also known as antenna diversity technique [31].   

 

2.4.2 Transmit Diversity 

Signal transmitted through the communication channel with different transmitter 

frequency or the multiple copies send at different time slots [13]. Multiple copies of the 

signal reduce the fading effect [13]. With the help of these multiple copies, reaches at 

the receiver select the best signal for the further processing. The fading features of the 

independent signal have an effect on the performance of the reception of the signal [13]. 

 

2.4.3 Cooperative Diversity 

The relay signal is considered to be interference and only direct link signal taken for the 

decoding of information in single hop system. In cooperative diversity, number of 

multiple antennas and relay used to increase the efficiency of the communication [4] 

[23]. It decodes the information from combination of direct path and relay path signal [4] 

[23]. Therefore, cooperative diversity inferred to an antenna diversity technique that 

uses disseminated antennas for each node in communication network [4] [23].  

 

2.5 2-hop Relay Communication 

The propagation of the signal completed in 2-hops. In the first hope the signal transmits 

from the source to the relay and in second hope signal is further transmit to the 

destination [2]. 

After the first hope relay applies some algorithm on the received signal then forward the 

processed signal to the destination or the Cognitive Controller (CC). 

At the CC, we have multiple copies of the data because CC receives signal from the 

relay path as well as from direct path [3][7][15]. After receiving the multiple copies at  
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CC it applies a combiner method to get the original signal [15][17][18]. Further 2-hop 

relay network is discussed in chapter 4. 

2.6 3-hop Relay Communication 

In 3-hop relay communication network signal reached to destination in 3 hops. In the 

first hope signal broadcasts to the relay then relay applies specific algorithm on the 

received signal and forward it to the next relay in the second hop. The received signal 

further processed by the second relay and forwards it to destination or CC in the third 

hop.  

After that, CC will combine multiple copies of the received signal, thus applying 

combiner algorithm to get the original signal. Further 3-hop relay network explains in 

detail in chapter 4.  

 

2.7 Cooperative Relaying Protocols 

2.7.1 Amplify and Forward 

We call the relaying protocol as non-regenerative relay. In AF protocol, the received 

signal simply amplifies by relay station. Afterward the processed signal further 

transmits it to destination as shown in figure 2.2. The main purpose of this relay is just 

to amplify the received signal without regeneration with available techniques of the 

signal [7][16]. 
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Figure 2.2 Amplify and Forward Relay Network 

In figure 2.2, small blue balls shows the data packet and the spikes indicated the noise 

added due to interference. Here, the received signal 𝑋𝑋𝑟𝑟(𝑛𝑛) at the relay is multiply with 

the factor of amplification β and gives the processed signal 𝑌𝑌𝑟𝑟(𝑛𝑛) as shown in equations 

2.1 and 2.2. 

 

𝑌𝑌𝑟𝑟(𝑛𝑛) = 𝑋𝑋𝑟𝑟(𝑛𝑛).𝛽𝛽 + 𝑁𝑁(𝑛𝑛)                                    (2.1) 

  

𝛽𝛽 = � 𝑃𝑃𝑇𝑇𝑥𝑥
|ℎ|2.𝑃𝑃𝑅𝑅𝑥𝑥+𝜎𝜎2                                          (2.2) 

 

where h is the fading coefficient of the channel, 𝑃𝑃𝑇𝑇𝑥𝑥  is the SNR of transmitter and 𝑃𝑃𝑅𝑅𝑥𝑥  

is the SNR of receiver, 𝜎𝜎2is the noise variance and 𝑁𝑁(𝑛𝑛) is the AWGN noise [2][7][19]. 

 

2.7.2 Decode and Forward 

DF is also termed as regenerative relay. It helps in the regeneration of the received 

signal to maintain the signal in good quality as it has degraded with the fading in the 

channel. 
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In DF protocol [16][21], the received signal decodes and then re-encodes the signal with 

some specific decoding algorithm by relay station. Afterward the processed signal 

further transmits it to destination. The main purpose of this relay is to decode the signal 

and then re-encode the signal. Figure 2.3 illustrate DF relaying network.  

 

Figure 2.3 Decode and Forward Relay Network 

There are some cases which need to be considering in real environment that it may be 

possible that relay could not decode the signal or make some delay in decoding 

[2][15][22] so we have two classifications of the DF protocols; Fixed DF (FDF) 

protocol and Adaptive DF (ADF) protocol [2][17][24]. 

Here, the received signal 𝑋𝑋𝑟𝑟(𝑛𝑛) at the relay is multiply with 𝑋𝑋𝑟𝑟_𝑒𝑒𝑒𝑒𝑒𝑒 (𝑛𝑛), the estimation of 

the received signal and some noise, 𝑁𝑁(𝑛𝑛) added due to the presence of Added White 

Gaussian Noise (AWGN) in the channel.  

 

Now the equation is 

 

𝑌𝑌𝑟𝑟(𝑛𝑛) = 𝑋𝑋𝑟𝑟(𝑛𝑛).𝑋𝑋𝑟𝑟_𝑒𝑒𝑒𝑒𝑒𝑒 (𝑛𝑛) + 𝑁𝑁(𝑛𝑛)                                   (2.3) 
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2.7.3 Decode, Amplify and Forward 

DAF Protocol is a combination of the DF and AF relaying protocols. It consists of both 

decoding and amplifying functions, applies on the received signal before re-

transmission of the signal towards destination [7][25][26]. The combination is observed 

in the figure 2.4. 

 

Figure 2.4 Decode, Amplify and Forward Relay Network 

This combination helps to acquire performance against fading and noise caused by 

neighbour environment [26][27][28]. 

2.8 Alamouti STBC 

In 1999, Alamouti STBC introduced in the publication of “A Simple Transmit Diversity 

Technique for Wireless Communication”, with this new idea of encoding schemes 

performance of error rate improved [20].  These codes work efficiently in that 

environment in which we send multiple copies of the main signal to the receiver and use  

multiple antennas like MIMO as transceiver.  
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STBC works in matrices form in which rows represents time and column is space [1]. 

Mathematically it can be written as 

 

𝑒𝑒𝑠𝑠𝑠𝑠(𝑛𝑛) = � 𝑥𝑥0(𝑛𝑛) 𝑥𝑥1(𝑛𝑛)
−𝑥𝑥∗1(𝑛𝑛) 𝑥𝑥0

∗(𝑛𝑛)�                                                (2.4) 

 

Here 𝑥𝑥0(𝑛𝑛)  and 𝑥𝑥1(𝑛𝑛)  are the signal transmitted from the first antenna and second 

antenna respectively. 𝑥𝑥∗0(𝑛𝑛)  and −𝑥𝑥∗1(𝑛𝑛) are the complex conjugates of the 

transmitted signals and 𝑒𝑒𝑠𝑠𝑠𝑠 is the matrix of transmitted signal. 

STBC also known as OSTBC because it is based on harmonious orthogonal designs 

have plain receiver configuration. Therefore it has least amount of processing at the 

receiver [12]. Figure 2.5 shows the encoder use for transmission using OSTBC and 

BPSK modulation Scheme. 

 

 

Figure 2.5 Transmission encoder using OSTBC 

In Alamouti 2x2 STBC scheme displays two paths: direct and relay path. The signal 

directly transmits to destination through direct path. However, in relay path signal 

transmitted to the relay, which further broadcasts it to the destination. Figure 2.6 shows 

STBC transmission scheme with two transmitter and receiver antennas. 
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Figure 2.6 Alamouti 2x2 STBC Transmission scheme 
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3 Cooperative Spectrum and Sensing Techniques 

3.1 Spectrum Distribution 

The radio spectrum distribution is done with the parameter of license. Therefore, radio 

spectrum consists in two parts; licensed spectrum and unlicensed spectrum.  

According to calculation, licensed user has been remaining idle about 82-86% of the 

time [11][26]. It means there will be always some empty spaces in the radio spectrum. 

The best way is to fill these spaces in the spectrum is by Cognitive radio [29].  

Cognitive radio has the ability to learn from its surrounding environment. It changes the 

parameters of propagation according to it. Hence the unlicensed user will access those 

parts of the spectrum, which are free due to the absence of the licensed user [14].  

Figure 3.1 shows the frequency spectrum sensing, free holes in the spectrum and 

dynamic access of it [38]. 

 

Figure 3.1 Spectrum holes, sensing and access in cognitive radio 



    13 

 

 

 

 

As in this process, unlicensed user needs to access the licensed band; consequently, 

unlicensed user is responsible for the request to cognitive controller in finding the 

allocation band for it [2].  

The limitation of the radio spectrum leads to segmentation of the radio spectrum. 

Therefore, each user will carry a range of spectrum available for communication. Radio 

spectrum has two segments according to users i.e. licensed spectrum and unlicensed 

spectrum. 

 

3.1.1 Licensed Spectrum 

A specific frequency band that is fixed for particular services, and authority issued 

license to users, is considered to be a licensed spectrum. Licensed user use the band any 

time according to their need [2][11]. It has following services for instance television 

spectrum, broadband wireless, cellular spectrum, satellite spectrum, and aeronautical 

radio navigation spectrum, digital broadcast satellite, AM Radio and FM Radio, etc. 

[32]. 

 

3.1.2 Unlicensed Spectrum 

Free spectrum in frequency band is known as unlicensed spectrum. A part of spectrum 

is said to be a free spectrum for which do not need any license to use it [2][32][33]. 

Also unlicensed user first follows some rules and standard to use the unlicensed 

spectrum because of some transmission powers [3][29]. It has following bands for 

instance Industrial, Scientific and Medical (ISM) radio bands, Television bands (54-72 

MHz, 76-88 MHz, and 174-216 MHz) and Wireless local area networks (WLANS), etc. 

 

3.2 Spectrum Detection Technique 

Spectrum sensing is the core step to implement the Cognitive radio. It is the technique 

of identifying the empty spaces (spectrum holes) in the radio spectrum. This is further 

useful for unlicensed users to communicate. In this whole process, one thing should be 

keep at higher priority that there should not be any interference among licensed and 

unlicensed users.  
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There are several methods to detect of spectrum holes like Waveform detection, Energy 

detection, Matched filter detection, Cyclostationary detection, etc. Waveform detection, 

Energy detection, Matched filter detection will be discussed below: 

 

3.2.1 Waveform Detection 

Waveform detection method aims to recognize expected series within the primary user 

signal or preceding information of the signal in the course of detection by correlation 

[34][35]. Normally in wireless communication there is a pre-known model like preface, 

pilot signal, etc for signal recognition, to maintain the synchronization, and other 

functions. [37].  

In waveform detection, sensing process can be done by the correlation of the detected 

signal with the pre-known model. Then make a decision of the presence of the Primary 

user [2][7]. Waveform detection technique supposes that a model available in the PU 

signal should be synchronized to secondary user and identifiable [35][37]. Drawback in 

this technique is that if the detector is used to detect wide range of PU, the database of 

known patterns or codes may become large and complex to manage [3][29]. 

 

3.2.2 Energy Detection 

Energy detection technique is used for the spectrum sensing within a specific time 

period. In this technique the detected signal is compared with pre-fined threshold value 

for checking that either the unlicensed user is available or not [7][29][33]. 

If the energy level of the received signal is higher than fixed threshold level it concludes 

that spectrum is in use of licensed user. But if the level is lower than that so we ends up 

with spectrum is free and  is available for the unlicensed users until when unlicensed 

user will not active again [2] [26]. This technique is just identify the presence of user it 

does not explain the nature of user [11].    

 

3.2.3 Matched Filter Detection  

Matched filter detection is a technique of detection in which the received signal 

compared with the acknowledged signal [2], and then if the unidentified signal proves 

resemblance with the acknowledged signal model then it makes believe that licensed 

user is present in the spectrum. But on other hand if the signal does not proves any  
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likeness with acknowledged signal model then it means spectrum is free for a certain 

time and other users (unlicensed users) can use the band in that period [10][11]. 

The source signal is multiply with its conjugate by changing domain in order to increase 

the SNR of the signal and transmitted over the Added White Gaussian Noise channel 

after that Matched filter applies on it [2][20]. It is mostly used in radars and other 

communication system in which the channel has noise in order to detect the signal 

whether it is present or not. 

In this thesis, energy detection technique is considered to identify the spectrum 

availability. The main reason is the simplicity of the energy detection technique to be 

executed as compared with other available techniques and also in the technique former 

knowledge of the transmitter is not mandatory as in others [2][29][33]. 

 

3.3 Spectrum Sensing Deployment 

During Wireless networks propagation, the signals have travelled through air. In the 

propagation of the signals, strength degrades due to specific problems and it will create 

complexity for the detection of the Primary user that whether it is active in that time or 

not.  So Cooperative sensing provides a better solution to the problems those are arising 

during the signal detection like fading, refraction, noise, reflection, shadowing, etc. 

Cooperative sensing is achieved by implementing Time Division Duplex (TDD) 

mechanism between the propagation of source and destination. There are two main 

ways to deploy cooperative spectrum sensing: Hard Cooperative and soft cooperative. 

 

3.3.1 Hard Cooperative 

The propagation path consists of relays. These relays execute individual decisions on 

the received data signals and send it to the CC. At the end, CC will make the final 

decision based on the received data signals [2][3] as shown in figure 3.2. 
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Figure 3.2 Hard Cooperative deployment 

The Cognitive Controller is a central unit; which receives the entire signal from relays 

and from direct path. It will process the entire information signal, makes the ultimate 

decision and then informs the Secondary user about the presence of primary user.  

 

3.3.2 Soft Cooperative 

Soft cooperation is a technique in which no decision has been made by the relay locally 

for the presence or absence of primary user. Each relay receives a data stream from the 

source and forwards it directly to the Cognitive Controller without taking any decision. 

At the end, CC checks the presence of the primary user whether it is active or not and 

then make the final decision [11][26][30] as shown in the figure 3.3. 
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Figure 3.3 Soft Cooperative deployment 

A survey concludes that the detection of licensed user improved around 35-40% when 

soft cooperation is to be considered [11][30]. 

 

3.4 Combiners 

Several combiners are available now days. These combiners are useful to combine the 

number of copies received by destination for detection of Primary user. Equal Ratio 

Combiner (ERC), Fixed Ratio Combiner (FRC), and Maximal Ratio Combiner (MRC) 

are describes below: 

 

3.4.1 Equal Ratio Combiner (ERC) 

The Equal Ratio Combiner is based on that the received signals add up to get final 

signal [4]. This technique is very useful when processing time have higher priority than  
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the quality of channel. The overall performance of this combiner is not too much 

satisfactory. Mathematical representation is  

 

𝑌𝑌𝑟𝑟(𝑛𝑛) = ∑ 𝑌𝑌𝑠𝑠(𝑛𝑛)𝐼𝐼
𝑠𝑠=1                                                 (3.1) 

 

Where 𝑌𝑌𝑟𝑟(𝑛𝑛) represents the summation of received signals, 𝑌𝑌𝑠𝑠(𝑛𝑛) relates to individual 

signal at the receiver through a range of sources and total number of sources is given by 𝐼𝐼 

[4]. 

 

3.4.2 Fixed Ratio Combiner (FRC) 

In FRC [4], a constant ratio is used to weigh the received signal; it is almost same in the 

entire communication. FRC is expressed as 

 

𝑌𝑌𝑟𝑟(𝑛𝑛) = ∑ 𝑌𝑌𝑠𝑠(𝑛𝑛)𝐼𝐼
𝑠𝑠=1 .𝑤𝑤𝑠𝑠                                        (3.2) 

 

Where 𝑌𝑌𝑟𝑟(𝑛𝑛) represents the summation of received signals, 𝑌𝑌𝑠𝑠(𝑛𝑛) relates to individual 

signal at the receiver through a range of sources and 𝑤𝑤𝑠𝑠  shows weight of the signal [4]. 

 

3.4.3 Selection Combiner (SC) 

Selection combiner is a very different way to select the resultant signal. In SC, receiver 

will select the signal among received signals that has better SNR [4]. Normally signal 

strength can be determined by its SNR. SC can be expressed mathematically as: 

 

𝑌𝑌𝑟𝑟(𝑛𝑛) = ∑ 𝑆𝑆𝑁𝑁𝑅𝑅𝑠𝑠 .𝑌𝑌𝑠𝑠(𝑛𝑛)𝐼𝐼
𝑠𝑠=1                                         (3.3) 

 

Where𝑌𝑌𝑟𝑟(𝑛𝑛) represents the summation of received signals, 𝑌𝑌𝑠𝑠(𝑛𝑛) relates to individual 

signal at the receiver through a range of sources and 𝑆𝑆𝑁𝑁𝑅𝑅𝑠𝑠  represent signal to noise ratio 

[4].  
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3.4.4 Maximal Ratio Combiner (MRC) 

In MRC, signals received by the receiver multiply each signal with its conjugate [4]. It 

provides much improved results than other available combining techniques. To 

implement this technique, receiver should have awareness of phase shift and attenuation 

of the Channel. The Maximal Ratio Combiner is given by, 

 

𝑌𝑌𝑟𝑟(𝑛𝑛) = ∑ 𝑌𝑌𝑠𝑠(𝑛𝑛)𝐼𝐼
𝑠𝑠=1 .𝑌𝑌∗𝑠𝑠(𝑛𝑛)                                (3.4) 

 

Where 𝑌𝑌𝑟𝑟(𝑛𝑛) represents the summation of signal, 𝑌𝑌𝑠𝑠(𝑛𝑛) denotes to received signal and 

𝑌𝑌∗𝑠𝑠𝑖𝑖 (𝑛𝑛) relates to conjugate of the received signal [4].  
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4 Simulation Modelling 

In this chapter, the simulation model is discussed. The model used for the simulation is 

shown in figure 4.1 and 4.2. In figure 4.1, 2-hop simulation model is shown and figure 

4.2 shows 3-hop simulation model. Three main parts of the simulation model are 

Primary User (PU), Relay and the Cognitive Controller (CC). 

 

4.1 Implemented 2-hop Relaying Network Model 

2-hop relaying protocol simulation model is shown in Figure 4.1. In the 2-hop relaying 

network, during the first hop data is transmitted from the PU towards relay through the 

OSTBC.  In first case DF relaying protocol is implemented. Then in second case AF 

relaying protocol is implemented. The received data at the relay is processed according 

to the relay specification after that it transmitted towards the Cognitive Controller (CC) 

in the second hop. At the CC, data also received from the direct link. Thus, firstly ML 

decoding technique implemented to get the encoded signals after that MRC is applied 

on it to acquire final signal. At last, energy detection algorithm is applied on the 

processed data for the spectrum detection. 
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Figure 4.1 Simulation Model of 2-hop relaying network with DF / AF relays 

4.2 Implemented 3-hop Relaying Network Model 

In this thesis, we also consider the 3-hop multi relays networks.  DAF and DF relaying 

protocols are implemented. Two relaying protocols are placed between the PU and the 

CC as shown in figure 4.2. The PU transmits the data through Orthogonal Space Time 

Block Coding (OSTBC). In the first hop, source transmits the data towards the first 

relay. At the first relays, DAF protocol is implemented. In the second hop DAF relaying 

protocol transmit the data towards the DF protocol. Then DF protocol decodes the 

received data and further transmits the data towards the Cognitive controller in third hop. 

At the receiver ends, multiple copies of data received at the CC. At the CC, firstly 

signals are decoded after that combiner will make a final signal. At last, energy 

detection algorithm is applied on the processed data for the spectrum detection.  
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Figure 4.2 Simulation Model of 3-hop relaying network with DAF and DF relays 

4.3 Energy Detection Technique 

Energy detection technique applied for spectrum sensing at CC.  A numbers of steps are 

implemented on the received data at the CC. The BPF is use to control the noise power 

and normalize the variance. To calculate the energy of the received signal at the CC, 

first signal passed through the BPF, and then squaring device implemented at the output. 

Later this output is compared with the pre defined threshold value. If the energy of the 

signal is greater than the threshold value, it means signal is present (𝐻𝐻1). If the energy 

of the signal is less than threshold value it means signal is absent (𝐻𝐻0). The figure 4.3 

shows the whole process.  

 

 

Figure 4.3 A block diagram of Energy detection technique 
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5 Simulation Results 

Performance comparison between the 3-hop (DAF & DF) and 2-hop (DF or AF) is 

based on the MATLAB simulation results. The simulation results and analysis are 

presented in this chapter. The performance comparison is based on two matrices i.e. Bit 

Error Rate (BER) and Probability of Detection (Pd). According to previous study, we 

observed that the detection scope of weak signal is getting better on low value of SNR 

when signal transmitted with Alamouti STBC as compared to without Alamouti STBC 

[36]. In this thesis work, we used two different values of SNR (-6dB and -10dB) to 

check the performance of Probability of Detection (Pd) of the relays network. Also 

relays positions and their numbers are also analyzed. So this chapter can be divided into 

two main parts (Probability of detection and bit error rate).  

The matlab simulation parameters used are: 

• The path loss exponent used in wireless communication is α. 
• The mean power of channel for the direct link is given by d. 
• AWGN mean is 0 and variance is N0

2
  (N0 is noise power spectral density ) and 

the wireless medium presumed is Raleigh fading channel.  
• Probability of detection is Pd . 
• Matlab R2009b is used for simulation. 

5.1 Performance comparison in term of probability of detection 

5.1.1 Probability of detection vs Threshold energy of 2-hop AF 

Figure 5.1 and figure 5.3 shows the performance (probability of detection vs. Energy 

threshold) of the 2-hop Amplify and Forward relays networks when Cognitive relays 

are placed near the PU, and near the CC respectively with SNR is -6dB. Figure 5.2 and 

figure 5.4 shows the performance when the SNR is -6dB and -10dB respectively and 

relays are placed between PU and CC.  
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Figure 5.1 Probability of detection vs. Threshold energy (2-hop AF) relays are placed near the 

PU. 

 
Figure 5.2 Probability of detection vs. Threshold energy (2-hop AF) relays are placed between 

PU and CC. 
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Figure 5.3 Probability of detection vs. Threshold energy (2-hop AF) relays are placed near the 

CC. 

 

 
Figure 5.4 Probability of detection vs. Threshold energy (2-hop AF) relays are placed between 

PU and CC with SNR is -10dB. 
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From figure 5.1 - figure 5.4, we observe that, an increase in the numbers of relays also 

increases the detection performance. Whereas AF protocol is considered during 

propagation, we saw that the performance of the link having 4 numbers of relays is 

much higher as compared with the lower numbers of relays link. But when we 

compared figure 5.2 with figure 5.1 and figure 5.3, the performance of PD is better in 

figure 5.2 than others. Then the best result in this case is compared with different SNR 

value (-10dB). In this comparison the results are again much better in figure 5.2 (with 

SNR = -6dB) than figure 5.4 (with SNR = -10dB). 

5.1.2 Probability of detection vs Threshold energy of 2-hop DF 

In 2-hop Decode and Forward relay network, again we placed relays at different 

locations between PU and CC to analysis the performance of PD. Figure 5.5 and figure 

5.7 shows the simulation results when Cognitive relays are placed near the PU, and near 

the CC respectively with SNR is -6dB. We also observe the variation in PD when relays 

are placed in the middle of PU and CC in figure 5.6 (SNR = -6dB) and figure 5.8 (SNR 

is -10dB). 

 
Figure 5.5 Probability of detection vs. Threshold energy (2-hop DF) relays are placed near the 

PU. 
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Figure 5.6 Probability of detection vs. Threshold energy (2-hop DF) relays are placed between 

PU and CC. 

 
Figure 5.7 Probability of detection vs. Threshold energy (2-hop DF) relays are placed near the 

CC. 
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Figure 5.8 Probability of detection vs. Threshold energy (2-hop DF) relays are placed between 

PU and CC with SNR is -10dB. 

 

From figures 5.5 - figure 5.8, we observe that, an increase in the numbers of relays also 

increases the detection Probability. Whereas DF protocol is considered during 

propagation, we saw that the performance of the link having 4 numbers of relays is 

much higher as compared with the lower numbers of relays link. But when we 

compared figure 5.6 with figure 5.5 and figure 5.7, the performance of PD is better in 

figure 5.6 than others. Now figure 5.6 is compared with the results having different 

SNR value (-10dB). From figure 5.6 and 5.8, we saw that the detection probability in 

figure 5.6 is better as compare to figure 5.8. 

Also when we compared with the AF relays network, the performance is much higher of 

the DF relays networks. Because in AF when signal is amplified by the relay it also 

amplifies the noise present in the signal therefore CC can detect the noise instead of the 

original signal and make decision about the presence of the PU. 
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5.1.3 Probability of detection vs Threshold energy of 3-hop DAF and DF 

Now 3-hop ((Decode, Amplify and Forward) and Decode and Forward) relays network 

is considered to check the deviation in detection probability. First we placed the relays 

near the PU and near the CC as shown in figure 5.9 and figure 5.11 with SNR are -6dB. 

After that relays are placed in the middle of PU and CC to check the performance when 

the SNR is -6dB and -10dB in figure 5.10 and figure 5.12 respectively. 

 

 
Figure 5.9 Probability of detection vs. Threshold energy (3-hop DAF and DF) relays are placed 

near the PU. 
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Figure 5.10 Probability of detection vs. Threshold energy (3-hop DAF and DF) relays are 

placed between PU and CC. 

 
Figure 5.11 Probability of detection vs. Threshold energy (3-hop DAF and DF) relays are 

placed near the CU. 
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Figure 5.12 Probability of detection vs. Threshold energy (3-hop DAF and DF) relays are 

placed between PU and CC with SNR= -10dB. 
 

From figure 5.9 – figure 5.12, we saw that, an increase in the numbers of relays also 

increases the detection Probability. Whereas DAF and DF protocol are considered 

during propagation, again we saw that the performance of the link having maximum 

number of relays is much higher as compared with the lower number of relays link. But 

when we compared figure 5.10 with figure 5.9 and figure 5.11, the performance of PD 

is much better in figure 5.10 than others. Also when we compared figure 5.12 with 

figure 5.10 it is observed that the detection probability is good when we have SNR is  

-6dB. Now when we compared 3-hop relays network with 2-hop relays network, the 

performance is much higher in the 3-hop relays networks. In addition, as the numbers of 

relays increases the detection performance also increases same as in both scenarios of  

2-hop relaying communication network. Also, the performance of the link having 8 

numbers of relays is much higher as compared with the lower numbers of relays link 

and direct link. 
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5.1.4 Probability of detection vs. Signal -to-Noise Ratio 

Figure 5.13, Figure 5.14 and Figure 5.15 show the detection probability performance for 

the 2-hop and 3-hop relaying networks. The performance comparison is made based on 

the Probability of detection vs. signal to noise ratio with different values of energy 

threshold (lambda is 20 and 40). Figure 5.15 clearly illustrates that, the performance of 

the 3-hop (DAF & DF) is much better as compared with the 2-hop (DF) and 2-hop (AF) 

relaying networks on both SNR values (-6dB and -10dB). In addition, when we saw on 

SNR values -6dB gives better PD as compared to -10dB. Furthermore, when we 

compared only 2-hop relay networks the DF relaying protocol provides improved 

results than the AF relaying protocols. Figure 5.16 shows the performance when 

threshold level increased to 40. It is clearly shown that the performance of detection is 

low as compared to figure 5.15 (lambda is 20).  

 

 

Figure 5.13 Probability of detection vs. Signal to Noise Ratio (2-hop AF), and AF relays are placed 

between the PU and the CC.  
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Figure 5.14 Probability of detection vs. Signal to Noise Ratio (2-hop DF), and DF relays are placed 

between the PU and the CC.

 

Figure 5.15 Probability of detection vs Signal to Noise Ratio (3-hop DAF & DF), and relays are placed 

between the PU and the CC. 
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Figure 5.16 Probability of detection vs Signal to Noise Ratio (3-hop DAF & DF), and relays are placed 

between the PU and the CC with Lambda is 40 

5.2 Performance comparison in term of Bit Error Rate    

Figure 5.17 and figure 5.18 show the performance in terms of BER for the BPSK 

transmission with the 3-hop (DAF & DF), 2-hop (DF) and 2-hop (AF) relays networks.  

In first case (figure 5.17) two transmitters and 2 receivers are used while in second case 

(figure 5.18) two transmitters and 4 receivers have been used.  

The simulation results show that the BER performance of the 3-hop relaying networks 

is much better as compared with the 2-hop (DF) and 2-hop (AF) relaying protocols. It is 

also observed that, when the numbers of receivers increases to 4, the BER performance 

is increased significantly. 
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Figure 5.17  Bit Error Rate comparison of (3-hop DAF & DF), 2-hop DF and 2-hop AF. 
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Figure 5.18 Bit Error Rate comparison of (3-hop DAF & DF), 2-hop DF and 2-hop AF with 2 

transmitters’ antennas and 4 receivers’ antennas. 

5.3 Summary of Simulation Results 

3-hop relaying (DAF & DF) network performance is much better in terms of probability 

of detection when we have SNR is -6 dB as compare to 2-hop relaying networks. Also 

in terms of BER, 3-hop relaying network results are improved as compared with the  

2-hop (DF) and the 2-hop (AF) relaying networks. In addition, the best positions of the 

cognitive relays are between the PU and the CC to get better detection probability.  
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6 Summary, Conclusion and Future Work 

6.1 Summary and Conclusion 

In recent years, researchers are taking interest provided by multi-hop communication in 

wireless networks. In this thesis, our main target is at executing cooperative diversity, 

which is one of the opportunities offered by multi-hop communication. Here, we have 

considered an OSTBC system along with DF, DAF, and AF relaying protocols with 

MIMO antennas in 2-hop and 3-hop cooperative cognitive networks. To analyze the 

performance of the system, different proposed scenarios are implemented on MATLAB. 

 

Initially focus is on relay positioning, to check the Probability detection for PU 

availability. In figures 5.1, 5.5, 5.9 and figures 5.3, 5.7, 5.11, we compare the detection 

probability of PU when relays are close to PU, and close to the CC respectively. It 

shows that if relays are close to PU then we have better results. But the network 

performed better when relays are placed between the PU and CC as shown in figure 5.2, 

5.6 and 5.10. Furthermore, from figures 5.4, 5.8 and 5.12, it is observed that when we 

decreased the SNR to -10dB without changing the energy threshold level, the 

performance of the network degrades in terms of PD. In 2-hop network, the probability 

of detection of PU is higher by using DF relay instead of AF relay. It is concluded that 

3-hop (DAF, DF) network performs better than 2-hop DF and AF network. 

 

Furthermore, we have shown how Pd changes for range of SNR in 2-hop (DF or AF) 

and 3-hop (DAF, DF) networks. In figures 5.13, 5.14 and 5.15, the simulation results 

shown that the performance of 3-hop (DAF, DF) is much higher than 2-hop (DF or AF) 

as the number of relays increased under the influence of the OSTBC. And when we 

increase the energy threshold level the detection probability degraded as shown in  

figure 5.16 because the signal level is low and threshold level is too high for that. But 

when lambda is 20, results are much better as compared to high level threshold (lambda 

= 40). 

 

In last part of chapter 5 , Figure 5.17 and 5.18 show the performance of 2-hop DF and 

AF and 3-hop (DAF, DF) in terms of BER vs. Eb/No at Tx = 2 , Rx=2 and Tx = 2, 

Rx=4 for BPSK transmission using OSTBC. From results the performance of 3-hop  
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network is enhanced than 2-hop network and it also shows that by increasing the 

number of antennas, the results are improved. 

 

6.2 Future Work 

Following suggested works in this field would be innovative. 

• Use Quasi-Orthogonal Space Time Block Code (Q-OSTBC) instead of OSTBC 
technique. 

• Use other techniques like FRC, ERC and SC for combining the data receive 
from different number of relays at the destination  

• Analysis the performance by using different methods like matched filters, 
feature detection and cyclostationary detection to sense the spectrum availability 
for secondary user. 

• Increase the code rate by using different modulation techniques like QPSK and 
QAM would be innovative. 

• Use different error correcting and detection techniques to ensure the better 
decoding at the relays. 
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