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                                                                                ABSTRACT 

Nowadays, the world has observed a tremendous increase in the demand of radio spectrum 

in wireless communication. Services like broadband internet, telecommunication, 

videoconferencing, mobile IP, online multimedia gaming and other applications have been 

deployed using wireless services. All of this has put an immense pressure on the companies 

offering radio resources such as bandwidth and power to raise the data rates in order to 

provide a guaranteed quality of service and quality of experience for the users. The 

shortage of radio spectrum and power have led to an emerging of the need-based concept of 

Cognitive Radio to economize the exceeding utilization of spectrum in order to 

accommodate a rising demand of higher data rates for using wireless services by applying 

the concept of cooperative communication in cognitive radio networks. Multiple-input 

multiple-output (MIMO) antenna systems have practically been considered as a way 

forward to address these challenging demands by actually conceptualizing the advancement 

of cooperative communication in cognitive radio networks. MIMOs have the capacity to be 

implemented in mobile cell phones. This capacity can be harnessed by using the major idea 

of forming a virtual station of MIMOs antenna system by invoking a terminal known as 

relay station. The relay schemes of cooperative communication that run on this relay station 

to gauge all the wireless traffic are Amplify-Forward and Detect-Forward. We have 

proposed a model to study the hybrid form of Decode-Amplify-Forward, to see the drastic 

and rapid increase in the usability of the cooperative spectrum. This system typically 

consists of the Primary User, the Cognitive Relays, the Cognitive Controller and the 

Secondary User. The PU transmits data to the CRs and CRs decode and re-encode the 

transmitted data by using Maximum Likelihood estimation and 2 x 2 Alamouti OSTBC 

techniques and later amplify the data by squaring the Alamouti OSTBC (re-encoded) data 

at the relays. All the relays in the system forward their collective decision to CC to finalize 

its decision on the basis of the information provided by the relays. This system is simulated 

by MATLAB and results are validated using MATLAB to accomplish transmit diversity, 

spatial diversity, cooperative diversity and diversity gain in cognitive radio environment in 

handling detection probability of licensed (primary user) for the unlicensed user (secondary 

user) to use cooperative spectrum. 
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                                                                                       CHAPTER 1 

                        HISTORICAL PERSPECTIVE AND PROBLEM FORMULATION 

1.1  COGNITIVE RADIO 

The idea of Cognitive radio was first proposed by Mitola and Maguire in the year 1999 [1]. The 

patent was introduced with a novel and a most innovative idea of using the concept of Cognitive 

radio [2] as a means in the area of wireless communication. In today’s world, we see cell phones, 

portable PCs, personal digital assistants and laptops have become way too important in modern 

life. The services like broadband internet, mobile telecommunication, video conferencing, online 

gaming, have increased the tremendous need for higher data rates and guaranteed quality of 

service and quality of experience. 

The wired networks have the potential to generate duplicate versions of signals across various 

wired links between two nodes. Such networks do not suffer from the dearth or scarcity of 

resources like spectrum and power. However, the wireless communications extremely suffer on 

account of scarce resources of power and spectrum.  

The rising demand in wireless networks need the exceedingly use of a more and wider spectrum 

[6]. However, as the bandwidth resources are very short in wireless communication, and the 

significant portion of the spectrum has already been assigned to wireless users. Therefore, the 

allocated bands of frequency are out of range and inaccessible for the unlicensed users. It has been 

witnessed under the comprehensive study of Federal Communications Commission (FCC) [3] that 

the available spectrum resources allocated to the licensed users are most of the time under-

utilized. And, the utilization ratio change at variable frequencies, time and places. The under-

utilization of spectrum signifies the introduction of spectrum holes [5] that can be free frequency 

bands. These free holes allow the unlicensed users to occupy the spectrum resources when they 

are not in use and available. 

Cognitive Radio (CR) [2] substantially provides a solution for the dynamic access of such 

resources. CR has the mandate to resolve the outstanding issues related to unbalanced use of 

available spectrum. It has the resolve to target the lack of spectrum utilization and improve the 
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balance of spectrum sharing between the primary (licensed) and secondary (unlicensed) [4] users 

that co-exist in the contemporary radio environment. The primary users actually own the channel 

and are duly authorized to use the available spectrum. The secondary users wait and see the 

situation, and opportunistically vouch for that portion of spectrum that is under-utilized by the 

primary users. Secondary users simply quit the spectrum when the primary users only require it. 

The secondary users always get the vacant spectrum that is not occupied by the primary users. In 

the pursuance of this whole task, both primary and secondary users tend to communicate 

seamlessly. In addition to all this, CR has adapted to changes in the radio environment, and 

executes spectrum sensing and spectrum management in which spectrum mobility and spectrum 

sharing are handled.  

Due to the growth of population worldwide, the numbers of mobile users are on the rise. So, the 

mobile phones nowadays simply support 1-10 Mbps uplink and downlink. But in a few years, the 

uplink and the downlink would simply exceed 100-1000 Mbps. Moreover, it is also expected that 

higher data services will be offered based on quality of services and quality of experience 

parameters. So to cater to such demands and the requirements in the future, more and more of the 

bandwidth spectrum will have to be deployed for higher data rates. CR has the advantage to 

economize the exceedingly utilization of spectrums upon spectrums required for highest data 

rates, by using the concept of Cooperative Communication in Cognitive radio networks [7]. 

1.2  PROBLEM STATEMENT 

The World has switched over to cooperative communications in order to accomplish best service 

through best efforts and practices. In cooperative communication, we concentrate on the cognitive 

radio networks and the relay station they use to raise the probability of detection or bit error rate 

improvement. Cooperative communication setups a virtual environment of MIMOs (Multi-Input-

Output Users) [8] for different wireless users to share their antennas to accomplish transmit 

diversity. A relay station is used to forward and receive the signals in the cognitive radio 

networks.  

The relay schemes of cooperative communication that run on the relay station to smooth all the 

wireless traffic are Amplify-Forward and Detect-Forward.  
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The individual performance and improvement rate of both the relay schemes have been tested and 

simulated for quite some time. But, the suggested hybrid cooperative relay scheme (Decode - 

Amplify - Forward) [9] in detection probability under the cognitive radio networks has been 

missed and its performance caliber has not been tested. 

Therefore, the hypothetical question can be designed to further our research studies as follows: 

What rate of improvement will the suggested hybrid cooperative schemes (Decode - Amplify – 

Forward) bring in the detection probability of spectrum in cognitive radio environment? 

1.3  GOALS/OBJECTIVES 

Our purpose is to ensure, transmit diversity, spatial diversity, cooperative diversity and diversity 

gain in a cognitive radio environment in handling detection probability of licensed (primary user) 

for  the unlicensed user (secondary user) to use cooperative spectrum. The working of individual 

cognitive cooperative relay protocols as in Decode-Forward & Amplify-Forward have proved 

their efficiency in enhancing the usability of under-utilized spectrum in the radio environment [2]. 

Our role is to conduct a study on a joint protocol based on Decode-Amplify-Forward [9], to see 

the imminent and rapid increase in the usability of cooperative spectrum. And, to see the 

magnitude of improvement over detection probability of licensed spectrum in the cognitive radio 

environment.  Therefore, this would eliminate the inefficient utilization of spectrum and allow 

access to unoccupied resource opportunistically. Subsequently, we will apply OSTBC 

(Orthogonal Space time block code) in MATLAB to run simulations and obtain results to 

determine enhanced improvement in cognitive radio environment in handling detection 

probability of licensed spectrum. 
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1.4  METHODOLOGY 

In order to accomplish the highest success rate in our project, a correct and good methodology is 

required.  

 Develop an analytical model for spectrum sensing data. 

 Using the model to construct an Opportunistic Cognitive Decode-Amplify-Forward 

protocol for Cooperative Spectrum. 

 Perform Simulations in MATLAB to verify and validate our results. 

 

1.5  SUMMARY 

Cognitive radio provides the cutting edge technology to resolve the problem of spectrum under-

utilization by giving an option for dynamic access of the spectrum.  Cognitive radio makes the 

utilization efficient, in a way, where the primary (licensed) user PUs and secondary (unlicensed) 

users the SUs economically use the available resources. The primary users use the channel as the 

owners, whereas the secondary users use the channel, when it is not in use by the primary users. 

This whole phenomenon enables both the PUs and the SUs to communicate seamlessly and 

simultaneously. Our role is to conduct a study on a joint protocol based on Decode-Amplify-

Forward, to see the imminent and rapid increase in the usability of cooperative spectrum. 
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                                                                                           CHAPTER 2 

                                   BACKGROUND ON COOPERATIVE COMMUNICATIONS 

2.1  INTRODUCTION 

In recent times, cooperative communication has become the most popular concept to achieve 

Cooperative diversity, transmit diversity, spatial diversity and diversity gain in the cognitive radio 

networks. Therefore a new host of methods called cooperative communication has been devised 

that invoke multiple antennas at both ends, whether in cooperative communication be it 

transmitting or receiving sides to improve communication performance. It allows a single mobile 

antenna to carry out the sharing of antennas in a multi-user background in order to create a virtual 

multiple antenna transmitter to accomplish transmit diversity. 

2.2  A PROLOGUE TO DIVERSITY SCHEME 

A Diversity Scheme is based on the fact that various channels witness independent fading 

phenomena. It is therefore suggested to compensate for error effects, certain multiple logical 

channels [14] are added in between the transmitters and receivers in order to sending part of the 

signal over each channel. This technique does not eliminate errors yet it does minimize the error 

rate. In the cognitive radio networks, when the timeslots under TDD scheme that are broken into 

logical channels [14] are added to allow cooperative communications to take place, such logical 

channels refer to MIMO system, that work in the area of cooperative communication networks 

[15]. 

A characteristic MIMO [8] system is shown in the figure 2-1 in 1 x 1 order with the formation of 

physical arrays of antennas at the transceivers. Given the transmitter and receiver use Mt and Mr 

antennas, then the information messages transmitted over the Mt antennas and Ts timeslots could 

be illustrated as: 

 

 

 



[Chapter No. 2] [14] 
 

       

    Blekinge Institute of Technology  
 School of Engineering     

                 1     1  

 

                  2        
            Tx                              2      Rx  
     

                                                   3 

                    

                                                 Mt                                                                 Mr                                 

 

   

   

Where  

X = �
x11x21 ⋯ xTs

1

⋮ ⋱ ⋮
x1
Mtx2

Mt ⋯ xTs
Mt
�  ≋ {xtn ∶ n = 1, 2, 3, . . . . . , Mt}   2.01 

In equation 2.01 xtn is the transmitted information message at discrete time t, t = 1, 2, 3, . . . . , Ts  by 

antenna n, and n = 1, 2, 3, . . . . . , Mt 

At the recipient’s end, the information message is received by the antenna m, at a certain timeslot 

t. 

ytm =  ∑ Chmn
Mt
n=1 xtn + ztm,   t = 1,2, . . . . . , Ts    2.02 

In equation 2.02 Chmn is the channel coefficient in between the transmitter antenna n and the 

receiver antenna m with the addition of some Gaussian additive noise as ztm at a certain period t. 

Hence a compact form can be made from eq. 2.04 to express the communication of the physical 

array system in its entirety [48]. 

Y = (CH) ∙X + Z       2.03 

Y = {ytm: 1 ≤ t ≤  Ts, 1 ≤ m ≤  Mr}     2.04 

FIGURE  2-1:  CHARACTERISTIC MIMO PHYSICAL ARRAY SYSTEM 
[48] 
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Equation 2.04 is the received symbol rate with the matrix order Mr  ×  Ts.  

Mr  ×  Mt. Z = {Z t
 m: 1 ≤ t ≤  Ts, 1 ≤ m ≤  Mr}    2.05 

 Equation 2.05 is the additive white Gaussian noise with matrix order Mr  ×  Ts [48].  

Therefore, by cooperating and efficiently arranging the sharing of multiple users’ antennas, a 

corresponding virtual array can be organized, as mentioned in figure 2. This is done to overcome 

the limitation of the terminals for integrating a large hosts of antennas at both transmitter’s and 

receiver’s end [48]. 

 

 

 

 

 

 

 

 

FIGURE  2-2: CORRESPONDING MULTI-USER VIRTUAL ARRAY SYSTEM [48] 

2.3  DIVERSITY SCHEMES 

2.3.1 Cooperative Diversity [10] is a “cooperative multiple antenna” scheme for maximizing the 

total network channel capacities for a given set of bandwidths that exploits user diversity by 

decoding the hybrid signal of the relayed signal and leads the signal in wireless multi-hop 

networks. A conservative single hop system uses direct transmission line and in this system, a 

receiver decodes the information based on the direct signal and the relayed signal is marked as 

interference. However, in cooperative diversity; the indirect path signal is deemed as contribution. 

Therefore, cooperative diversity decodes the information by the combination of two signals. Thus, 
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it can be inferred that cooperative diversity is an antenna diversity technique that uses distributed 

antennas assigned to each node in a wireless network. In short, cooperative diversity can be 

accomplished by multi-hop relay networking systems. 

2.3.2 Transmit Diversity [11] in the radio environment uses multiple copies of signals that 

originate from more than one source. These multiple copies of signals are propagated to overcome 

effects of fading, power breakdowns and circuit inabilities. They might vary in their transmission 

characteristics at any point in time. During the application of transmission and reception diversity 

techniques, the improvement in the overall reception of the signal at the recipient’s end depend on 

the independence of the fading characteristics of the signal. 

 

2.3.3 Spatial Diversity [12] is also known as an antenna diversity technique that uses two or 

more antennas to raise the standard and usability of a wireless link. Most of the times, when there 

is no clear Line of sight involved between transmitter and receiver, the signals are reflected along 

multiple paths during propagation. The multipath reflections of the signal cause undesirable 

bounces which introduce phase shifts, time delays, attenuation and time relative distortions that 

cause destructive patterns of interference at the aperture of the receiving antenna. Spatial diversity 

is an effective way of mitigating these multipath effects. Each antenna will suffer a different level 

of interference environment. Therefore, if one antenna experiences an immense fading 

phenomenon, it is most likely that the other antenna would make up from the sufficient signal 

strength. Collectively, such a system can provide an effective way to tackle the number of 

connection drop outs. 

 

2.3.4 Diversity Gain [13] is the increase in the signal to interference ratio (S.I.R) due to some 

diversity technique, or how much transmission power can be reduced when a diversity technique 

is applied, without communication performance loss. Diversity gain is usually measured in 

decibels or power ratio because of being dimensionless. So, when X signals are independent, and 

Rayleigh distributed then the diversity gain can be shown in equation 2.06  

∑ 1
k

X
k=1       2.06 

In equation 2.06, the whole expression is measured as power ratio. 
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2.4  COOPERATIVE COMMUNICATION 

Cooperative Communication is a way of facilitating multiple receivers to share their antennas in 

order to develop a virtual Multiple-Input Multiple-Output (MIMOs) [8] system using cognitive 

radio networks (CRN). A relay station in the CRN [7] behaves as a transceiver and relays the 

radio signals. Cooperative communication has been a topic of research for quite some times, 

regarding the spectrum that is usually above 2 GHz, so the radio signals can be prevented from 

attenuation caused by environmental conditions and no-line-of-sight problems. A very expensive 

way out would be to increase the density of the licensed primary users (PUs), but the economical 

way to resolve this situation would be to use the relays to raise the density of CRN access points. 

The relays have the advantages of using less power as compared to the PU, to transmit across the 

CRN. The working of multi-hop transmission across relays is shown in figure 2-3. 

Source

Destination

Transmitted Signal
Received 

Signal

Relays Retransmitted 
Signal

 

FIGURE  2-3: A TYPICAL COOPERATIVE COMMUNICATION NETWORK 

In Cooperative communication, it has been studied that in a system the wirelesses users not only 

send their data bits but they also transmit a few data bits of their neighboring wireless users. So in 

this way, the system loses its channel code rate [15]. But on the other hand, by attaining 

cooperative diversity, the code rate of the channel rises and the spectral efficiency of each 

individual wireless user is improved and enhanced [15]. 
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2.5  COOPERATIVE RELAYING SCHEMES 

The principal idea behind cooperative relaying schemes is that originator transmits signal to both 

the relay station and the destination. The transmitted signal is then invoked for retransmission by 

the relay station towards the destination. The destination later compares both the copies of the 

received signals together from the relay station and the originator (source). This enhances the 

reliability and antenna (spatial) diversity of the whole system [12]. Formally, it has been noticed 

that cooperative diversity can be ensured by the application of multiple antenna technique and this 

all finally resulting in the accomplishment of antenna diversity in a distributed manner. 

Cooperative relaying schemes can additionally be subdivided into two main categories such as: 

decode-forward (D-F) and amplify-forward (A-F) schemes [9].The suggested Decode-Amplify-

Forward relaying scheme is briefly discussed here. This gives an overview of hybrid features, a 

relaying scheme must have to overcome the individual deficiencies of each relaying schemes. 

2.5.1 THE DECODE-FORWARD RELAYING SCHEME 

This relay scheme enhances the capacity of the system to retransmit the data in order to aid a 

wireless system to counter the fading environment. In this relaying scheme [16], [18], [9], [21], 

the relay station initially decodes the received data and later performs an encoding scheme over it 

and re-sends it towards the destination. On account of allowing the decoding scheme at the relay 

station, Decode-Forward (D-F) takes more time to send data over to destination via indirect path 

[15], [19], [24]. However another possibility also exists for a relay station in not carrying out 

better decoding at its end, because of getting more fading effects  that influence the overall 

performance of the system [25], [27].The D-F Scheme can further be subdivided into two 

categories such as: Fixed D-F scheme (FD-F) and Adaptive D-F Scheme (AD-F) [15], [19], [22], 

[24]. The FD-F relaying scheme just relay the information whether it is decoded properly or not. 

This brings the decline in the overall performance due to propagation of errors that further lead to 

confused decision at destination.  However, in an AD-F relaying scheme [17], [20], [24], the 

originator does not send the data to relay station unless the link existing between the originator 

and the relay is free. In the cases like when the link is reported busy, the originator transmits on a 

direct path to destination. However, the relay station either forwards the copy of data or stay silent 

towards destination [15], [23] formulated in the relation given below: 
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yo=xest*hs→r+ns→r     2.07 

In the following equation 2.07, yo  is the output data gathered at the relay station before its 

retransmission. xest is the estimated input signal and hs→r is the channel response between the 

(originator) source and the relay station. Last but not least, ns→r is the noise introduced due to the 

additive white Gaussian noise nature of the wireless link between the source and the relay. A D-F 

scheme is enforced on relay stations to detect the availability of spectrum holes [5] in the PU’s 

authorized spectrum which will result in better performance regarding detection probability 

[15],[19],[24]. During the first hop of communication that is between the originator and the relay 

station, the PU transmits the signal xsource[k] to the k=1, 2, 3, 4,…., l relays. The relay station 

then receives the signal and decodes it using a specific scheme and retransmits it to the SU during 

the second hop of communication. These hops of communication will be discussed in later topics. 

However the calculation of the transmitted signal xest[k] regenerated by the relay station is given 

below: 

xest[k]=�Prec.relay

Psource
(Xsource[k− 𝑠𝑠])    2.08 

Where k =  𝑠𝑠 + 1, 𝑠𝑠 + 2, . . . . . . , 2𝑠𝑠  

Here Psource and Prec.relay are the average transmitted and received signal powers of the PU and 

cognitive relay stations respectively. 

2.5.2  THE AMPLIFY-FORWARD RELAYING SCHEME 

In an Amplify-Forward Relaying Scheme, the relay station typically amplifies the received data 

from the (originator) source and forwards it to the destination without regenerating it [15], [26], 

[28]. However, if the relay station is shifted between the PU and the SU [4], the communication 

will certainly occur in two hops. The transparent non-generative relay stations simply amplify the 

received signal before carrying out the re-transmission of the received signal [15], [19]. Assume 

αn is the received signal at the relay station. yn is the received output at the destination and 𝑈𝑈 is 

the white Gaussian noise. The relay amplifies the output by convolving the A-F coefficients i.e. β 

with αn [25], [29], [30]. This phenomenon is simply expressed in the form as: 
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yn =  αn ∗   β + 𝑈𝑈      2.09 

In equation 2.09 coefficients of β are dependent on variance and fading (Rayleigh) [31] attributes 

and this is denoted in eq. 2.10: 

β = �
SNRsource

∂2+SNRrelay.rec.|σ|2
    2.10 

In equation 2.10, |σ|2 is the variance and fading coefficient between the originator (source) and 

the relay station. 

2.5.3 DECODE-AMPLIFY-FORWARD RELAYING SCHEME 

To develop such a system wherein the relay stations incorporates the combined features of 

decoding and amplifying right before re-transmission, the Hybrid Decode-Amplify-Forward (H-

D-A-F) Relaying scheme is implemented at the relay point [30], [32], [33]. This methodology aids 

in countering the fading mechanisms by combining and merging the overall enhanced capabilities 

of both the relaying strategies. This methodology provides the strategy to estimate and regenerate 

the signal using the Decoding scheme, and later amplify the regenerated signal that is free from 

both noise and fading effects of the signal [35], [34]. Moreover, during the study it has been 

witnessed that as we increase the number of relays between the originator (source) and the 

destination, the diversity gain also rises through the higher SNR links [9], [20], [23], [22]. 

2.6  2-HOPS COMMUNICATION 

The transmission between the originator (source) and the destination takes place in 2-hops [19], 

[15]. In the first hop of communication, the source broadcasts its status with the help of multiple 

antennas towards the neighboring relaying stations. In the second hop of communication, the relay 

station controller define some principles on the received data in order to help making a decision 

about the presence or absence of the PUs, and later transmit the decision towards the destination 

that also contain multiple antennas for the reception [2], [36], [30], [25]. The destination receives 

multiple copies of the same source but from different paths i.e. the direct path and the indirect 

path. The destination then receives the signals from both the source and the relay station to 

accomplish reliability and antenna (Spatial) diversity. The fact of the matter behind the whole 2-

Hops communication is to apply a Time Division Duplexing technique during cooperative 
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communication in cognitive radio networks [16], [15]. In the course of the 1st timeslot, the source 

broadcasts while all the nodes listen. In the course of the 2nd timeslot, the relay station 

implements defined protocols on the data. Later it re-transmits the data towards the destination. At 

the destination, the receiver again uses the Maximum Ratio Combining (MRC) algorithm to pull 

out original data from the combined data arrived at the destination from different paths of higher 

SNR [30], [49], [20], [29], [45]. Figure 2-4 is shown below to explain the 2-Hops communication. 

Direct Path

First Hop
Second Hop

Relay

Primary User Secondary User

 

FIGURE  2-4: 2-HOPS COOPERATIVE COMMUNICATION SYSTEM 
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2.7 SUMMARY 

Presently, cooperative communication has become the most popular tool to accomplish 

Cooperative diversity, transmit diversity, spatial diversity and diversity gain in the cognitive radio 

networks. Therefore a new host of methods called cooperative communication has been devised 

that allows the use of multiple antennas either as transmitters or as the receivers to improve 

communication performance. The information between the source (originator) and the destination 

is transmitted in two different ways. One way refers to the direct path and the other way refers to 

the indirect path. The cooperative diversity technique ensures maximization of channels capacities 

in specific bandwidth with the cooperation of multiple antennas both at transmitter’s and 

receiver’s end. The relay stations are placed at different locations between the source and the 

destination, where the source (originator) refers to the PU and the destination refers to the SU. The 

transmission of information is a process extended to 2-hops communication between Source 

Relay Destination using Time Division Duplexing scheme. Cooperative diversity can really 

take place while implementing strategies like Amplify-Forward Scheme, Decode-Forward 

Scheme, Fixed Decode-Forward Scheme, Adaptive Decode-Forward Scheme, and Decode-

Amplify-Forward Scheme. Therefore a careful design of a system is required in order to 

materialize the full gains of cooperative relaying systems and to ensure that cooperation does not 

lead to disruptions or degradation of the system performance. The implementation of an H-D-A-F 

scheme at the relay station to design a cooperative communication MIMO system under the 

premises of Cognitive radio network systems is the aim of this research thesis. Setting up and 

using H-D-A-F scheme at relays, provides improved detection probability of the PU signal and 

accomplishment of diversity by attenuating noise and fading effects. By increasing the number of 

relays between both the source and the destination while using the H-D-A-F scheme, the diversity 

gain and the overall performance of cooperative MIMOs communications system shows 

remarkable improvement. 
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                                                                                              CHAPTER 3 

                                                                                        PERFORMANCE 
ANALYSIS OF COOPERATIVE SPECTRUM SENSING AND SHARING 

3.1  INTRODUCTION 

Every now and again, the world has experienced a tremendous increase in the demand of the radio 

spectrum in cooperative radio networks. Nevertheless, the radio spectrum has been very limited to 

cater to the rising demands of the users. However, a more recent reason to this fact is that licensed 

users do not exhaust the allocated spectrum resources in its entirety. Mathematical calculations 

primarily show that at most of the times, the 18% to 89% of the total spectrum bandwidth is 

exhausted. Moreover, the extensive research has been made to find out the unoccupied frequency 

bands that licensed users failed to utilize and exhaust. This waste of precious resources, have 

materialized and actuated the distinctive concept of CR. CR has a job to seek the know-how to its 

surrounding radio environment and obtains a better working of spectrum sensing. The spectrum 

sensing could only be pursued if spectrum intelligence is exercised by learning the radio 

environment and cognitively adapting the transmission parameters. For instance, the unlicensed 

users could distinguish the surroundings of the radio environment and seek the understanding about 

the presence of the licensed user. Once, they find that the licensed users are unavailable at the 

moment, they could access the spectrum licensed for the licensed users. The licensed spectrum and 

the unlicensed spectrum will be discussed later. In addition to this, too much importance needs to be 

laid on the protection of the rights of the licensed user during spectrum sensing from undue 

interference and unwanted interruption of the unlicensed user. 

3.2  CLASSES OF RADIO SPECTRUM 

Different Schemes are used to provide static assignment of certain band of frequencies or spectrum 

to a specific service or a group of users who are authorized to use that spectrum. So, no matter 

whenever this band of frequency is allocated to specific service or user(s), then it is statically 

reserved and fully dedicated for those users [2], [6], [29], [39] and [45]. Certain shortcomings such 

as radio spectrum limitations are usually reported during the allocation of the band of static spectrum 
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due to rapid rise in wireless services. CR (Cognitive Radio) overcomes such shortcomings in 

managing the dynamic distribution of spectrum to wireless services [15], [19]. 

3.2.1 LICENSED SPECTRUM 

When a certain band of frequency is commissioned for a specific service and a license is issued by 

the regulated authority, then the purchased frequency band is referred to as the licensed spectrum. 

And, it can be accessed by the users who are licensed for that specific service, whenever they feel 

[15], [19], [31], for instance, television spectrum, wireless local loop spectrum, cellular spectrum, 

airborne warning and control system spectrum, satellite spectrum, sound and navigation ranging 

spectrum, etc. 

3.2.2 UNLICENSED SPECTRUM 

Besides the licensed spectrum, there are some frequency bands that are unoccupied and can be used 

by group of unlicensed users [15], [19], [40]. The unlicensed user must comply with certain rules 

and standards whenever it wants to use the unoccupied and unlicensed spectrum. The rules need to 

be defined such as the limitation of transmission power and extended coexistence capabilities [2], 

[39], [41]; for instance, Industrial Scientific and Medical band (ISM) band (900 MHz – 2.45 GHz), 

Television Bands (54-72 MHz, 76-88 MHz, 174-216 MHz and 470-806 MHz) and etc. 

3.3  SPECTRUM SENSING 

Spectrum sensing is the process of determining the unused spectrum of the licensed user and 

distributing it to the neighboring unlicensed users without causing any unwanted interruptions or 

undue interference. It is the obligatory function of any CR to sense spectrum holes that are also 

referred to as the white spaces or black holes [2], [15], [19], and [42]. 

No, doubt spectrum management is the growing demand of the users to ensure full utilization of the 

spectrum. Wasting of this resource can easily be contemplated if figure 3-1 is given due 

consideration and which explains the spectrum holes concept. During spectrum sensing, it is 

essentially important to preserve the rights of the licensed user authorized to use the spectrum and 

allow deliberate measures to prevent any interference between the PU and the SU for the licensed 
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spectrum. Also, the availability of the licensed spectrum ought to be sought for SU (secondary users) 

when free spectrum holes are indicated to SU, by the relays using the cooperative relaying strategy. 

To instantly understand the concept of Spectrum holes distribution, see the figure 3-1. Spectrum 

sensing can be subdivided into the number of methods on the basis of their detection techniques. 

3.3.1  TRANSMITTER DETECTION 

The key thing for the unlicensed user is to detect the signal coming from a licenser user if present in 

a channel, or otherwise. There are a host of techniques to carry out this detection. And, hereby such 

techniques are actually implemented by choosing either one of them at a time in the Cognitive 

Controller of the relay stations. The strength of the signal for licensed user received at the relay 

stations is calculated with one of these techniques and cognitive controller has the authority based on 

that technique to finalize the decision about the presence/absence of the licensed user within the 

spectrum by comparing the strength of the received signal of the licensed user with a predetermined 

value. Some of these techniques are briefly discussed to elaborate the whole scenario. 

Unoccupied Spectrum 
(Black Holes or White 

Space)

Occupied Spectrum

Power Frequency

Time

   

Figure  3-1: Concept of Spectrum Holes Distribution [45] 
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3.3.2 ENERGY DETECTION 

The energy detection technique is a process of detecting the transmitted signal energy for a specified 

time period. This detected energy is further compared with a predetermined threshold value and thus 

detection of the absence or presence of the licensed user’s spectrum is made [6], [30], [40], [43], 

[44]. If the detected energy falls below the predetermined or pre-designated threshold, then it is 

believed that the licensed spectrum is freely available and if the detected energy rises above the 

predetermined threshold, then it is believed that the licensed spectrum is occupied by the PU. And 

SU cannot use the spectrum unless the PU leaves the spectrum for the SU [15], [19], [33], [45]. 

Moreover, when the received signal energy is passed through a pre-filter with a presence of a certain 

proportion of AWGN, then the pre-filter is designated to select the particular band of the spectrum 

[15], [45]. It is purposefully done to restraint the noise energy and to normalize the noise variance 

that is concentrated in the received signal. The output response of the pre-filter is taken further and 

squared and integrated over a specified time period in order to scale the signal energy concentration 

[15], [45]. The accumulative energy is then compared with a certain predetermined threshold level to 

signify the absence and presence of the licensed user spectrum [43], [44]. The complete mechanism 

of energy detection technique at the relay station of the cognitive radio network using the combined 

cooperative strategies [30], [32], [33] is illustrated in the schematic figure 3-2. 

AWGN Signal Decision MakingEnergy Detector

Threshold Comparing

≥  𝜆𝜆           𝐻𝐻1 

<  𝜆𝜆           𝐻𝐻0 

𝑇𝑇𝑥𝑥  Signal 

Figure  3-2: Energy Detector [45] 
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3.3.3 CYCLOSTATIONARY DETECTION 

If the signal from the licensed user has cyclic features, this signal can easily be detected at a very 

low SNR with the help of Cyclostationary detection technique [15], [31]. This Cyclostationary 

detection process possesses statistical properties that show cyclic variations over time [15], [19], 

[31], [33]. Moreover, the spectrum correlation function of AWGN channel is zero because of 

stationary nature. This stationary feature of the AWGN channel makes the Cyclostationary detection 

technique more impervious against the uncertainty of noise factor. When the PU’s signal strength is 

Cyclostationary then with the calculation of the spectrum correlation function at the Cyclostationary 

detector, it is ascertained whether the signal is available or not. Later the output of the 

Cyclostationary detector is compared with a predetermined threshold figure for evaluating the 

availability or unavailability of the PU’s signal within the spectrum [15]. If the output of the detector 

is higher than the threshold value then the PU’s spectrum is available or otherwise not [46]. A simple 

diagram is drawn to show the schematic figure of a Cyclostationary detector. 

AWGN Signal Decision MakingPeak Search

Threshold Comparing

≥  𝜆𝜆           𝐻𝐻1 

<  𝜆𝜆           𝐻𝐻0 

𝑇𝑇𝑥𝑥  Signal 

Figure  3-3: Cyclostationary Detector [45] 
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3.3.4 MATCHED FILTER DETECTION 

Matched filter detection technique is an optimal way of detecting an unknown signal by correlating 

or matching it with a template or the likes of a known signal. If the unknown signal depicts 

similarity with the template of the known signal, then it is assumed that the spectrum is currently 

held or occupied by the users that are authorized licensed users and to whom the matched signal 

belong. Otherwise, if the unknown signal does not depict similarity with the template of the known 

signal then it is assumed that the spectrum is freely available for the unlicensed users to use it, for a 

certain time period. Matched filter also increases the SNR of the acquired signal in the presence of 

an AWGN channel [43], [47]. The transmitted signal from the PU is passed through the matched 

filter in the presence of an AWGN wireless channel. And, here the transmitted signal is convolved 

with its own conjugated time reversed template of the signal [15], [45] in order to enhance the SNR 

and this is also known as the non-coherent detection technique. The matched filter is of course a 

linear filter and it also enhances the output of SNR [16], [19], [36], [45]. They are used in the radar 

and other means of digital communication systems where even in the presence of noise, the purpose 

of detecting the availability of the signal is accomplished [15], [19], [45]. The schematic figure 3-4 

of matched filter is drawn below to elaborate the case.  

AWGN Signal Decision MakingMatched Filter

 𝐻𝐻1𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐ℎ𝑒𝑒𝑒𝑒      

𝐻𝐻0 𝑈𝑈𝑈𝑈𝑈𝑈𝑀𝑀𝑀𝑀𝑐𝑐ℎ𝑒𝑒𝑒𝑒            

𝑇𝑇𝑥𝑥  Signal 

Figure  3-4: Matched Filter Detector [45] 

 

3.3.5 COVARIANCE WAVEFORM DETECTION 

When the data is sent over to the destination, the preambles and pilots are also introduced in the data 

format. The preambles indicate the beginning of the transmission during synchronization between 

the source and the destination. The pilots assist the destination to perform accurate and continuous 

channel estimation to reduce bit error rate, etc. By the covariance waveform detection technique, the 



[Chapter No. 3] [29] 
 

       

    Blekinge Institute of Technology  
 School of Engineering 
  
  

preambles and pilots are detected, and this enhances the transmit diversity and transmitter detection 

capability with low complexity order [15], [18], [19], [30], [45]. The PU’s spectrum can also be 

detected with the aid of prior knowledge about the availability of the transmitter. This knowledge 

would include the transmission range, waveform type, frequency shape, and frequency hops [2], [6], 

[15], [19]. The key issue in this detection technique is the difficulty of getting the information about 

the PU transmitter parameters and because of this the dynamic spectrum sensing is preferred [45]. 

3.4  DEPLOYMENT OF COOPERATIVE SPECTRUM SENSING 

Cooperative spectrum plays a pivotal role in cognitive radio networks. The purpose of incorporating 

cooperative spectrum sensing in the CRN [7] is to improve and enhance the detection probability of 

the PU or the licensed spectrum [2], [6], [16], [30]. In wireless networks, it is often seen that when 

the data travels through the wireless medium and is transferred from the sender to the receiver, the 

sender has to propagate the signal (data) through the air. During the propagation of the signal, the 

data faces the number of problems like noise uncertainties, fading, multipath reflection or refraction, 

power consumption, hidden terminal problem or shadowing [6], [15], [18], [45], [50]. These 

problems could further complicate the process of detection and extraction of the exact copy of the 

transmitted signal at receiver point. If the cooperative diversity [10] is purposefully accomplished in 

any specific scenario, it would certainly alleviate all the chances of such problems to create problems 

in the communication process during wireless communications [19], [35]. Most of the recent 

researches show that the cooperative diversity can certainly be accomplished if the (CRs) are to be 

invoked between the sender and the receiver. Moreover, a two hop digital relaying system is in place 

between the PU and the SU [4], in order to invoke end-to-end diversity gain [13], [15]. Therefore, 

the cooperative spectrum sensing can be deployed by two major ways: soft cooperation and hard 

cooperation. 

3.4.1 SOFT COOPERATION 

In this cooperation technique, each relay station sends its received data bits to the cognitive 

controller directly. The cognitive controller actually behaves like a Central Processing Unit (CPU). It 

is responsible for the final decision making. It also informs the relay station about the final decision 

[15], [19], [45]. Therefore, when the unlicensed spectrum user needs to share the spectrum 
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authorized for the PU or the licensed spectrum user, then the unlicensed spectrum user or the SU 

would have to look for the empty slots within the PU spectrum [15], [16], [19], [30], [45]. The (CR) 

help the unlicensed spectrum user in seeking the final decision from the cognitive controller about 

the presence or absence of PU spectrum. Moreover, the relay stations do not make any decisions on 

their own, rather it is their job to receive data from source and relay it to the cognitive controller or 

the CPU. The phenomenon of soft cooperation is demonstrated in the figure below: 

Primary Users

CPU

Cognitive Relay 1

Cognitive Relay N

Cognitive Relay 1

Cognitive Controller is a 
decision maker about 

spectrum assignment to 
unlicensed spectrum users

 

FIGURE  3-5: SOFT COOPERATIVE SPECTRUM SENSING TECHNIQUE [15] 

3.4.2 HARD COOPERATION 

In this cooperation technique, each relay station makes a decision besides receiving data from the 

sender or the source and forwards its decision to the Cognitive Controller or the CPU [2], [6], [19]. 

After having received all the local decisions from the individual relay stations between source and 

the destination, the Cognitive Controller chooses a final decision [15], [45]. The power of decision 
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making is allocated to the individual relay stations, which affect the overall performance of the hard 

cooperation. But in practice, soft cooperation technique is better than the hard cooperation technique 

[15], [31], [39], [50] because in soft cooperation, the detection probability of the licensed spectrum is 

improved by 60% for any given level of the probability of false alarm. This technique is further 

demonstrated in the figure below: 

Primary Users

CPU

Cognitive Relay 1

Cognitive Relay N

Cognitive Relay 1

Cognitive Controller  
makes final decision about 

spectrum assignment to 
unlicensed spectrum users

Local 
Individual 

decision maker 
1

Local 
Individual 

decision maker 
2

Local 
Individual 

decision maker 
N

 

FIGURE  3-6: HARD COOPERATIVE SPECTRUM TECHNIQUE [15] 

3.5  SPECTRUM SHARING TECHNIQUES 

The arrangement of spectrum sharing and the access of radio spectrum around licensed and 

unlicensed users are regulated so that the unlicensed users can use the licensed spectrum without 

interference for the licensed spectrum users [45]. Some of the major spectrums sharing techniques 
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are horizontal and vertical spectrum sharing underlay spectrum sharing and overlay spectrum 

sharing, etc. which will be discussed later. 

3.5.1 Horizontal-and-Vertical Spectrum sharing 

Cognitive Radio (CR) does spectrum sharing in two major ways and they are different from one 

another. These two different ways are either horizontal spectrum sharing or vertical spectrum sharing 

[2], [6], [45]. The approach used by the CR for the licensed system to share the licensed spectrum 

with the unlicensed system without causing any undue interruption or unwanted interference is 

known as the horizontal spectrum sharing [6], [30], [40], [45].  The methodology now the CR uses to 

share the licensed spectrum with the primary radio system is known as the vertical spectrum sharing 

[18], [19], [26], [45]. To overcome any undesired interference, the licensed radio system would 

allow cognitive radios (CR)s to point out free holes in the spectrum, in vertical sharing scenario 

actually called as operator assistance [2], [15], [45], [49]. The horizontal and vertical spectrum 

sharing technique is further illustrated in the figure 3-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE  3-7: HORIZONTAL-AND-VERTICAL SPECTRUM SHARING TECHNIQUE [49] 
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3.5.2 Underlay Spectrum Sharing 

If the unlicensed signal is spread over a large band of spectrum which is just under the interference 

line, developed due to interference temperature prototype so that it may be assumed as an unwanted 

signal [15], [19], [45] below the level of both noise and interference, by the licensed spectrum users, 

then the process is referred to as the underlay spectrum sharing [9], [26], [19], [45]. It is a technique 

specialized to access radio spectrum with the least transmission power that will not raise the 

interference temperature above the predetermined threshold value [15], [45]. Spread Spectrum, 

OFDM and UWB are the examples of underlay spectrum sharing technique. Underlay spectrum 

sharing is shown in Figure 3-8 below [15], [45], [49]. 

 

FIGURE  3-8: UNDERLAY SPECTRUM SHARING TECHNIQUE [49] 

3.5.3 Overlay Spectrum Sharing 

If the unlicensed spectrum user utilizes the spectrum of the licensed spectrum user without creating 

any interference with the licensed spectrum users when the spectrum belonging to licensed spectrum 

user is under-utilized, then this kind of spectrum sharing is called overlay spectrum sharing [6], [30], 

[40], [45]. When the unlicensed spectrum user wants to access the licensed spectrum, they first try to 

look for the empty slots within the licensed spectrum. And, if they find it, then they use those slots 



[Chapter No. 3] [34] 
 

       

    Blekinge Institute of Technology  
 School of Engineering 
  
  

for a certain time period until the licensed spectrum user would vouch for those empty slots for their 

use. The figure is drawn below to show the illustration [15], [19], [34], [45], [49]. 

 

FIGURE  3-9: OVERLAY SPECTRUM SHARING TECHNIQUE [49] 
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3.6  SUMMARY 

Recently the world has seen and experienced a tremendous growth in the demand of the radio 

spectrum in the radio networks. No doubt, the radio spectrum is very limited to cater to such rising 

demands. The most obvious reason that attaches great importance to this fact is the reason that the 

users authorized for that spectrum known as the licensed spectrum users do not actually exhaust the 

spectrum resources in its entirety. Therefore to address this key impact of under-utilization of radio 

spectrum in the cooperative radio networks, the CR concept was designed [1]. The surest availability 

of spectrum for the licensed and unlicensed spectrum users have to be orchestrated by the equal and 

opportunistic arrangement of spectrum sharing among both kinds of the users. Keeping in view the 

proposition of such arrangement, the level of interference for the licensed spectrum users also have 

to be dealt with the concept of spectrum sensing. The spectrum sharing with zero-interference for the 

licensed user spectrum can be ensured if the unlicensed spectrum users with the help of CR concept 

search for the spectrum free holes within the licensed spectrum. These free holes within the licensed 

spectrum refer to that portion of spectrum which is available for the unlicensed spectrum users and 

are under-utilized by the licensed spectrum users. Moreover, these free holes or white space also 

promise zero-interference for the licensed spectrum users. There are some very important techniques 

of spectrum sensing of which the most conspicuous technique is the transmitter technique of 

spectrum sensing. The transmitter detection techniques are based on energy detection, 

cyclostationary detection, match-filter detection, and covariance waveform detection techniques. The 

major techniques for the spectrum sharing are horizontal-and-vertical spectrum sharing, underlay 

spectrum sharing and overlay spectrum sharing techniques. Moreover, the cooperative spectrum 

sensing can be deployed by two major ways: soft cooperation and hard cooperation techniques. And, 

herein the soft cooperation technique is better than the hard cooperation technique because in the 

hard cooperation technique the power of local decision making is delegated to individual relay 

stations in place between the PU and the SU, while the power of final decision making rests with the 

Cognitive Controller of the cooperative radio networks. Whereas, in the soft cooperation technique 

the power of decision making is centralized and elevated to Cognitive Controller alone and the 

individual relay stations only receive and forward the data streams. 
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                                                                                              CHAPTER 4 

                                                                                                                     HYBRID 
COOPERATIVE SCHEMES IN COGNITIVE RADIO NETWORKS USING OSTBC 

4.1  INTRODUCTION: 

The core idea of this cooperative scheme erupts from the concept that when a sender (originator) 

broadcasts the information to both relay terminal and the receiver, the relay responds with transmitting 

the information message to the receiver. The receiver later s the information captured both from the 

sender and the relay terminal to enhance the reliability factor. Hence, the spatial diversity is 

accomplished although when each individual contains a single antenna for relaying. Moreover, the 

cooperative diversity if modeled on MIMOs can further be resolved to achieve spatial diversity gain in a 

distributed manner [27], [28], [51], [52]. Most common techniques in the wireless medium to transfer 

multiple copies of original data from source to destination can be exercised in two ways; which are both 

antenna arrays and MIMOs. Usually the wireless networks contain array antennas deployed either at 

transmitter’s end or mostly at receiver’s end. But, the MIMOs are far more reliable for secure and 

consistent data transmission at both the ends of wireless network. 

4.2  SPACE TIME CODES (STC) 

In the year 1998, a guy named Vahid Tarokh designed the concept that Space Time Codes would 

bring significant improvement in error rate throughout single antenna processing[16], [36], [40].On 

the basis of this, Space Time Codes are further subdivided into two major types; Space Time Trellis 

Codes (STTC) and Space Time Block Codes (STBC) [6], [17], [27]. The STCs have a capacity to 

alleviating fading effects, attenuating noise and overcoming error rates, by sending multiple copies 

of the original signal through the multiple antennas deployed at both transmitter’s and receiver’s 

ends. The Space Time Trellis Codes (STTC) are old fashioned and way too complex that run trellis 

code over the multiple antennas to bring good channel coding and optimum diversity gain [30], [39], 

[50]. It has a structure of complicated encoding and decoding schemes that require Viterbi decoder 

[19], [15], [42] to decode original information obtained from multiple diversely received copies at 

the receiver. 
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However, Space Time Block Coding (STBC) is defined as a code matrix that contains both real and 

imaginary parts that are linear [53]. A generalized mathematical expression for the representation of 

the coding matrix as STBC is shown in equation 4.01 

𝑋 =  �[𝑅𝑅𝑒𝑒{𝑥𝑥𝑖}𝐴𝐴𝑖 + 𝑗𝑗𝐼𝑈𝑈{𝑥𝑥𝑖}𝐵𝑖

𝑁

𝑖=1

] 
4.01  

In equation 4.01 𝐴𝐴𝑖 and 𝐵𝑖 ∈ 𝐶𝐶𝑖𝑡 ×𝑅 , are known as covariance matrices. 

4.3  ORTHOGONAL SPACE TIME BLOCK CODES 

Over the same year, Sviash Alamouti brought forth the idea that if data is encoded in blocks during 

its transmission and is sent all over, through the deployed MIMOs technology, it ensures and 

accomplishes maximum diversity and optimum coding gain against other coding mechanisms [20], 

[42]. The Space Time block codes are mathematically expressed in figure 4-1, wherein columns 

refer to transmitting antennas’ space and rows refer to the number of time slots. 

 

 

 

 

 

 

 

 

 

Figure  4-1:  Space Time Block Code Transmission Methodology 

Therefore, 𝑆𝑆𝑝𝑞  is the modulated symbol rate distributed through multiple antennas by virtue of 

multiple timeslots. Here p represents the number of time slots and q represents the transmitting 

antenna. So, in the matrix of Space time block code scheme given above, there are N transmitting 

antennas and T time slots [31], [39], [50]. The orthogonality principle is fulfilled by any vector taken 

from the coding matrix, like for instance if �⃗�𝑥. �⃗�𝑦 = 0  then vectors �⃗�𝑥  and �⃗�𝑦  will be said to be 

orthogonal, and this would result in linear decoding and hence code rate enhancement at receiver’s 

end [15], [19]. So, the STBC’s coding matrix is designed in a way to ensure that all the vectors are 

�
𝑆𝑆11 ⋯ 𝑆𝑆1𝑁𝑁
⋮ ⋱ ⋮
𝑆𝑆𝑇𝑇1 ⋯ 𝑆𝑆𝑇𝑇𝑁𝑁

� 

𝑇𝑇𝑥𝑥  𝐴𝐴𝑈𝑈𝑀𝑀𝑒𝑒𝑈𝑈𝑈𝑈𝑀𝑀 
 𝑇𝑇𝑇𝑇𝑈𝑈

𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑀𝑀 
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orthogonal to each other and follow the orthogonality principle and that is why STBC is also called 

OSTBC [2], [6], [15], [16], [19]. OSTBC is good at accomplishing optimum diversity gain and rids 

the transmitter and the receiver of (ISI) Inter-symbol Interference. OSTBC is usually known to have 

a simple maximum likelihood (ML) detector that decouples different symbols like 𝑠𝑠𝑚 to accomplish 

complete diversity gain of order 𝑈𝑈𝑟  ×  𝑈𝑈𝑡.  

The only disadvantage of OSTBC is that spectral efficiency decreases when the transmitting 

antennas increase in numbers higher than two.  

Therefore for an order of transmitting antennas 2 × 2, in the Alamouti mechanism, OSTBC can be 

regarded as the best tool to improve the overall functionalities of wireless transmission capacity. So, 

all in all, Alamouti code is a modified form of OSTBC i.e. 2 × 2 OSTBC, and is taken as the real-

time standard in third cellular Wideband CDMA schemes. OSTBC is mathematically defined in 

equation 4.02 

𝑋𝑋𝐻 = �|𝑠𝑠𝑚|2
𝑚𝑠

𝑖=1

𝐼 
4.02  

In equation 4.02, 𝑠𝑠𝑚 is the mth symbol of code matrix and 𝐼 is the identity matrix, ms is the actual 

number of symbols and 𝑋𝐻 is the Hermitian matrix and a unitary matrix. 

4.4  THE ALAMOUTI (OSTBC) MECHANISM 

In order to transmit information symbols through the hosts of multiple transmitting and receiving 

antennas, the Alamouti mechanisms are mostly helpful. The Alamouti OSTBC scheme [15], [19], 

[42] is a useful technique for obtaining a maximum of code rate of 1. In this 2 × 2 coding 

mechanism demonstrated in figure 4-2, there are two transmitting antennas and two receiving 

antennas that accomplish spatial diversity by the help of two antennas designed on both ends [20], 

[34], [49]. Given a stream of message information {x1, x2, x3, x4, x5, . . . . . . , xm} that needs to be 

transmitted by virtue of the 2 × 2 order Alamouti mechanism [20], [42], a typical system can be 

represented in figure 4-2. 
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Direct Path
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Indirect

Paths

𝑇𝑇𝑥𝑥1  

𝑇𝑇𝑥𝑥2  

𝑅𝑅𝑥𝑥1  

𝑅𝑅𝑥𝑥2  

ℎ𝑠𝑠→𝑒𝑒  [1] 

ℎ𝑠𝑠→𝑟𝑟  [2] 

ℎ𝑠𝑠→𝑟𝑟  [2] 

ℎ𝑠𝑠→𝑟𝑟  [1] 

ℎ𝑠𝑠→𝑟𝑟  [1] 

ℎ𝑠𝑠→𝑒𝑒  [2] 

 

Figure  4-2: Alamouti 2 x 2 OSTBC Transmission Mechanism [45] 

 

As, the Alamouti OSTBC 2 × 2 transmission mechanism is used to accomplish transmit diversity 

[34], [42], [49]. The whole process of transmission from source to destination via the direct and the 

indirect path completes in 2 hops communication [2], [6], [16]. Thus, 2 hops communication means 

data is travelled in the form of 2 time slots using TDD scheme through the direct and the indirect 

path. Therefore, if we see figure 4-2, when the sequences of information symbols 

{𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3, 𝑥𝑥4, 𝑥𝑥5, . . . . . . , 𝑥𝑥𝑚} are processed in the Alamouti OSTBC 2 × 2 transmission mechanism, 

in the first time slot 𝑇𝑇1,  the information symbols 𝑥𝑥1 and 𝑥𝑥2  are transmitted through antennas 

𝑇𝑇𝑥1and  𝑇𝑇𝑥2  towards the receivers respectively. In the second time slot 𝑇𝑇2, the conjugate information 

symbol 𝑥𝑥1∗ is transmitted through antenna 𝑇𝑇𝑥2  towards the receiver and −𝑥𝑥2∗ is transmitted through 

antenna 𝑇𝑇𝑥1towards the receiver subsequently [25], [39], [40]. In the third time slot 𝑇𝑇3, information 

stream symbols 𝑥𝑥3  and  𝑥𝑥4 are transmitted through antennas 𝑇𝑇𝑥1 and  𝑇𝑇𝑥2  towards the receivers 

respectively. In the fourth time slot 𝑇𝑇4,  conjugate information symbol 𝑥𝑥3∗ is transmitted through the 

antenna 𝑇𝑇𝑥2  towards the receiver and 𝑥𝑥4∗  is transmitted through antenna 𝑇𝑇𝑥1towards the receiver and 

the process repeats itself. * implies the conjugate of information symbols [15], [19], [20], [24]. 

The transmitted sequences of information symbols 𝑥𝑥1 and 𝑥𝑥2 are processed in a 2 × 2 matrix with 

the aid of the Alamouti OSTBC technique. The code matrix is shown in figure 4-3 to give a list of 

symbols broadcasted in 2 × 2 order in the wireless medium. 
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𝐶𝐶 = �𝑥𝑥1 −𝑥𝑥2
∗

𝑥𝑥2 𝑥𝑥1
∗ � 

𝑇𝑇𝑥𝑥  𝐴𝐴𝑈𝑈𝑀𝑀𝑒𝑒𝑈𝑈𝑈𝑈𝑀𝑀 

 𝑇𝑇𝑇𝑇𝑈𝑈
𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑀𝑀 

 

Figure  4-3: Alamouti 2 x 2 OSTBC Transmission Matrix Mechanism 

 

As it has been shown, Alamouti has proposed an innovative idea of a MIMO scheme which is 

implemented in a number of ways nowadays in various wireless networks. Before the advent of this 

scheme, there was a technique in practice, about transmitting one symbol at a time in one time slot, 

but Alamouti changed this procedure of transmission by transmitting two symbols in one time slot 

[15], [19],  [34]. Although the data rate did not actually increase with the Alamouti 2 x 2 scheme, the 

Bit Error Rate (BER) performance of the Alamouti OSTBC mechanism under the Rayleigh fading 

channel is improved significantly as compared to the system with one symbol at a time in one time 

slot [15], [20], [21], [42], [45]. 

4.5  SYSTEM AND CHANNEL MODEL 

Herein, we consider the hybrid schemes of both Amplify – Forward and Decode – Forward 

cooperative relaying protocols. The hybrid form of these two relaying protocols make up the hybrid 

cooperative scheme of Decode – Amplify – Forward cooperative relaying protocol in cognitive radio 

networks. The channel model we intend to estimate is the Multi Rayleigh Fading Channel. 

The Amplify – Forward scheme simplifies the relaying phenomena in order to minimize the 

cooperative overhead and latency. The Decode-Forward scheme decodes the received message and 

retransmits it to the destination. This scheme is subdivided into two parts which are, Fixed Decode – 

Forward and Adaptive Decode – Forward. In Fixed Decode – Forward, the relay always forwards the 

message despite the fact that sometimes the propagating errors might lead to the wrong decision at 

the destination.  In Adaptive Decode – Forward, the relay will not be functional if it finds the signal 

from the source is damaged or corrupted. By considering [54], and laying emphasis on the worst 
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case scenario, it is revealed by the simulation results, that the performance of both Fixed Decode – 

Forward and Amplify – Forward are too poor. Moreover, in [9], the Combined Adaptive Decode – 

Amplify – Forward scheme has shown an improvement in the results. The fact of the matter is, the 

relay perform the soft decoding and forward the source information at the output of its own decoder 

towards the destination. The combine scheme is beneficial in reducing the overhead of both AF and 

DF mode.  

4.6  DECODE – AMPLIFY – FORWARD SCHEME 

In the following OSTBC based scheme, the PU is assumed to be with a set of transmitting antennas; 

𝑈𝑈𝑡𝑃 and SU is assumed to be with a set of receiving antennas;  𝑈𝑈𝑟,
𝑆 the symbols P and S denote the 

primary and secondary users respectively. The implementation of the H-D-A-F protocol at relays 

complete in two hops of communication. In the first step, the transmitted data from the PU is 

received by the relays and is decoded (estimation) using the ML approach [23], [51]. Later, the 

decoded data is further re-encoded by using the Alamouti scheme [34], [49], [42]. Thereafter in the 

second step, the amplified version of the re-encoded data is re-transmitted from the relay to the SU, 

using the OSTBC approach. The power radiated from the PU and the relay are considered to be 𝑃𝑃𝑃 

and 𝑃𝑃𝑅subsequently. The fading channel coefficients from the PUs to relay and from relay to the 

SUs are defined in 4.03 and 4.04 respectively. 

ℎ𝑅  = {ℎ𝑅𝑖}1×𝑛𝑡𝑃 4.03  

ℎ𝑆  = {ℎ𝑆𝑖}1×𝑛𝑟𝑆. 4.04  

where  ℎ𝑖𝑅 and ℎ𝑖𝑆  are fading channel coefficients of the ith index of transmitting and receiving 

antennas amid 1st and 2nd hops of communication of Multipath Rayleigh fading channels having real 

and imaginary parts that show Gaussian distribution with zero mean and N0
2

 variance.   

Suppose 𝑀𝑀1and 𝑀𝑀2 are two complex sequences of message symbols that are to be transmitted from 

the PU, where * represents the conjugate of the message information symbols. 

 

The signals received at the relays are then shown in equations 4.05 - 4.08 
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𝑌𝑅1= ℎ𝑅1 × 𝑀𝑀1 + 𝑊𝑅1 

 

4.05 

   𝑌𝑅2= −ℎ𝑅2 × 𝑀𝑀2 + 𝑊𝑅2 

 

4.06 

    𝑌𝑅3= ℎ𝑅3 × 𝑀𝑀2 +  𝑊𝑅3  
 

4.07 

𝑌𝑅4= ℎ𝑅4 × 𝑀𝑀1∗ + 𝑊𝑅4 4.08 

 

Equations 4.05 and 4.06 show that the signal is detected at the relay in timeslot 1 and equations 4.07 

and 4.08 show that the signal is detected at the relay in timeslot 2 [23], [32], [33] and herein W is the 

representation of AWGN. Meanwhile at the relays, the signal is decoded using the ML (Maximum 

Likelihood) decoding scheme [34], [35] and amplified in later steps using the Alamouti scheme.  As 

for the decoding process, it is required to estimate and evaluate the channel through which the signal 

travels towards the relay station. For a 𝑈𝑈 × 𝑈𝑈 matrix, the channel inverse can be deduced using the 

pseudo inverse method [15], [42], [49].  

 

(ℎ𝑅𝑖)1×𝑛𝑡𝑃
+= (((ℎ𝑅𝑖)1×𝑛𝑡𝑃)𝐻 × (ℎ𝑅𝑖)1×𝑛𝑡𝑃)−1 × ((ℎ𝑅𝑖)1×𝑛𝑡𝑃)𝐻 4.09 

 

In the following equation (4.09), the expression + is used to refer to the pseudo inverse of the channel 

and H is used to represent the Hermitian matrix for the ith index of transmitting antennas and here 𝑇𝑇 =

{0, 1, 2, 3, . . . . . . ,𝑈𝑈} . Therefore, the process of decoding the signal sent from the PU, is further 

extended to the multiplication of equations 4.05, 4.06, 4.07 and 4.08 with equation 4.09 and at the 

relay point, we get 

�𝑀𝑀1�𝑀𝑀2
� = (ℎ𝑅𝑖)1×𝑛𝑡𝑃

+. �𝑌
𝑅𝑙

𝑌𝑅𝑙∗
� 4.10 

 

Therefore, the ith index implies the received signal at certain relays at various timeslots [30], [29], 

[49] and 𝑠𝑠 = {0, 1, 2, 3, . . . . . . ,𝑈𝑈}. The decoded (estimation) data would approximately be parallel to 

the data sent by the PU, but due to the noise factor added to the signal during transmission to the 

relay in wireless medium, the originality of the PU signal can be approximately maintained to 95-
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98%. Hence, by implementing the ML approach, the signal quality is increased by 95-98% which 

would give optimum spatial diversity [20], [51].  

 

Now for the process of re-encoding the data in parallel, the Alamouti scheme is used,  

𝑌𝑆1= ℎ𝑆1 × 𝑀𝑀1 + ℎ𝑅1 × 𝑀𝑀2 + 𝑊𝑆11 4.11 

𝑌𝑆2= −ℎ𝑆2 × 𝑀𝑀2 + ℎ𝑅2 × 𝑀𝑀1∗ +  𝑊𝑆12 4.12 

The re-encoding process is extended from the relay to SU, for which equations (4.11) and (4.12) 

shows the signal received at timeslots 1 and 2.  In the above equation, ℎ𝑆1  and ℎ𝑆2  are channel 

coefficients of relay points to SU [18], [26], [19], [15]. 

 

�𝑌
𝑆1

𝑌𝑆2
� =  � ℎ

𝑆1 ℎ𝑅1
ℎ∗𝑅2 −ℎ∗𝑆2

� . �
𝑀𝑀1
𝑀𝑀2� + �𝑊

𝑆11

𝑊𝑆12
� 4.13 

 

The generalized form of the equation to represent the scenario is represented in equation 4.14 

𝑌𝑆= ℎ𝑆𝑙 × 𝑋𝑅𝑙 + 𝑊𝑆 4.14 

 

To further elaborate the process, the phenomena of re-encoding and amplification using the 

Alamouti scheme and the OSTBC approach would go side by side from relay points to the 

destination. 

 

For amplification process, the received signal at the relay is represented in the equation 4.15 

 

𝑌𝑅= ℎ𝑅𝑙𝑂𝑛𝑡
𝑃 × 𝑀𝑀1 + 𝑊𝑅 4.15 

  

In 4.15, 𝑂𝑛𝑡
𝑃  is the OSTBC with 𝑈𝑈𝑡𝑃  set of transmitting antennas. Here the rows represent the 

transmitting antennas and columns represent the number of transmitted symbols. Therefore, 𝑌𝑅  =

{𝑦𝑦𝑅𝑙}1×𝐿  and  𝑊𝑅 = {𝑒𝑒𝑅𝑙}1×𝐿 .The symbols, 𝑦𝑦𝑅𝑙  and 𝑤𝑅𝑙  are the received signal and AWGN 

respectively, having zero mean and 𝜇2variance at different relays during the lth index of the received 

symbols. Moreover, the size of the OSTBC block code is delineated by L. 

𝑌𝑆= ℎ𝐷 × 𝑋𝑅 + 𝑊𝑆 4.16 
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In the equation 4.16, 𝑌𝑆 = {𝑦𝑦𝑆𝑙𝑖}𝑛𝑟𝑆×𝐿 , 𝑊𝑆 = {𝑤𝑆𝑙𝑖}𝑛𝑟𝑆×𝐿  and 𝑋𝑅  = {𝛺𝑙𝑦𝑦𝑅𝑙}1×𝐿 . The symbols, 𝑦𝑦𝑆𝑙𝑖  

and 𝑤𝑆𝑙𝑖  are the received signal and AWGN respectively at destination having zero mean and 

𝜇2variance at the jth set of the receiving antennas during ith index of the received symbols.  𝛺𝑙 , 

represents the cumulative gain of the relay during amplification. 

𝛺𝑙 =  �
𝑃𝑃𝑃𝑈𝑈𝑡𝑃

𝑃𝑃𝑅 ∑ |ℎ𝑅𝑗|2𝑛𝑡𝑃

𝑗=1

 
4.17 

During the process of amplification, OSTBC code block is processed by applying the squaring 

method defined in [56], and the received signal captured at the SU is shown by [23], as can be seen 

in equation 4.18 and 4.19 respectively. 

 

In equation 4.18, the total received signal at the destination (SU) is expressed below and here the 

OSTBC code is estimated using the square technique.  ∑ �hSj�2nrS
j=1  represents the matrix order of 

fading coefficients from the source to relays. �∑ |hRi|2ntP
i=1 � represents the matrix order of fading 

coefficients from relays to destination.  

 

𝜎𝑘 = 𝛺𝑙4 ��|ℎ𝑆𝑗|2
𝑛𝑟𝑆

𝑗=1

�

2

.��|ℎ𝑅𝑖|2
𝑛𝑡𝑃

𝑖=1

�

2

𝐸[|𝑀𝑀𝑘|2] 

4.18 

In equation 4.19, the received noise power at the destination and is related to ak, is expressed below. 

E[.] is the expectation operator and estimates the mean value of ak. From equations 4.05 – 4.08, ak is 

the sequence of transmitted symbols. 𝜇2 is the variance of AWGN at the relay point with mean zero. 

𝜌𝑘 = 𝛺𝑙2 ��|ℎ𝑆𝑗|2
𝑛𝑟𝑆

𝑗=1

� .��|ℎ𝑅𝑖|2
𝑛𝑡𝑃

𝑖=1

� × �𝛺𝑙2 ��|ℎ𝑆𝑗|2
𝑛𝑟𝑆

𝑗=1

�𝜇2 + 𝜇2� 
4.19 

      

𝛾𝐷−𝐴−𝐹 =
(𝜎𝑘
𝜌𝑘

)

𝑊𝑆𝑙

1
log2 𝑀𝑀

=  𝜎𝛾 �
1

�∑ |ℎ𝑅𝑖|2𝑛𝑡𝑃

𝑖=1 �
+

1

𝑈𝑈𝑡𝑃 �∑ |ℎ𝑆𝑗|2𝑛𝑟𝐷
𝑗=1 �

�

−1

 
4.20 
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In equation 4.20, 𝛾 =  𝑃
𝜇2

 and =  𝐿
𝑛𝑡𝑃𝐾.log2 𝑀

 , and 𝑊𝑆𝑙 is the expression of the White noise from source 

to destination at lth  index expressed in equation 4.16. Therefore the cumulative Signal-to-Noise Ratio 

for H-D-A-F relay at SU in equation 4.20 is given above. 

 

Thus, in equation 4.21 the cumulative SNR from the PU to the SU would be: 

𝛾𝑃→𝑆 =  �𝛾𝑛𝐻−𝐷−𝐴−𝐹
𝑁

𝑛=1
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4.7  SUMMARY 

Since, there are two kinds of antennas who would be capable enough to send multiple versions of 

data from source to destination through the wireless medium. The first kind of antennas would be 

referred to as the array antennas, and the other kind would refer to as the MIMOs systems. In Multi 

antenna design, space time codes sustain communication performance with great improvement in 

contrast to single antenna design. The property of multipath propagation of the radio signal makes it 

prone to maximum SNR, if single antenna system is used to transmit and receive multiple versions 

of signal from both ways. Therefore, space time codes are divided into two major categories which 

are space time trellis codes & space time block codes respectively. The former category was 

complicated and decoding technique was very lengthy and time consuming but the latter category is 

easier to handle and decoding mechanism is much easier and time saving. So, the STBC’s coding 

matrix is designed in a way to ensure that all the codes are orthogonal to each other and follow 

orthogonality principle and that is why STBC is known as OSTBC scheme because no two codes 

should be repeatedly used in order to accomplish code rate’s enhancement. 

Sviash Alamouti brought forth the idea that if data is encoded in blocks during its transmission and 

is sent all over through the deployed MIMOs technology, then it ensures and accomplishes 

maximum diversity and optimum coding gain against other coding mechanisms. The key theme was 

to transmit data bits in a 2 × 2 order, in lieu of sending one bit at a time using one timeslot by 

applying TDD scheme that although does not raise data rate but enhance transmit diversity and 

reliable data transmission from source to destination. No doubt the encoded data using Alamouti 

OSTBC scheme is sent in air through multiple antennas in a wireless medium. This scheme is used 

to design a system that would enable the system to detect the source (PU) signal through the relays. 

The detected signal would be received at the relays and decoded using Maximum Likelihood ML 

technique. Thereafter, the decoded signal would be re-encoded using Alamouti scheme and 

amplified before forwarding towards the destination (SU) using OSTBC scheme. These operational 

techniques provide transmit diversity, spatial diversity and cooperative diversity helps in reliable 

data transmission from source to destination. 
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                                                                                              CHAPTER 5 

                                                                                        SIMULATION OVERVIEW 

5.1  INTRODUCTION 

From the beginning of this work, we have considered an efficient relaying strategy by extracting and 

incorporating the benefits of the amplify – forward and decode – forward relaying mechanisms. The 

most significant aspect of amplify – forward is that it imparts the soft reliability information 

extracted straight from the transmit channel without making use of the channel code that might exist 

in the source-packet. Therefore during transmission it builds its own running capacity to operate at 

all times even when the source relay channel experiences breakdown. The breakdown implies that 

the signals are corrupted by the fading phenomena and other deficiencies that impair the 

transmission during breakdown of channel. Now, decode – forward has the ability to exploit the 

channel code while forwarding the estimated (decoded) signals in a hard decision format without 

referring to how reliable they are. These significant observations have encouraged the study of a 

joint relaying scheme as; decode – amplify – forward that theoretically combines and vouches for the 

best features of soft signal characterization in AF and coding gain in DF. 

The Cognitive Radio Network [7] is purposed to be more dynamic to prevent interference caused 

within the Primary User’s licensed spectrum by guaranteeing its protection. This guaranteed 

protection can only be accomplished by continuous spectrum sensing. This enables the CRN to use 

the free frequency bands or free holes of the licensed spectrum to serve the Secondary User’s request 

for spectrum without causing any shortage of the licensed spectrum for the Primary User. To 

accomplish the overall spectrum monitoring successfully, the effective spectrum technique is used 

which is called Energy Detection Technique.  

The job of the Cognitive Radio Network (CRN) requires complex computations because the PU 

transmits different data rates under different radio powers using various technique of modulation.  

Multipath propagation is another dilemma for the radio spectrum sensing environment of Cognitive 

Radio Networks. Because the signal is traversed by the fading phenomena like diffraction, 

scattering, diversion, refraction, reflection, shadowing or absorption of signal energy caused under 
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multipath propagation effects. This increases the importance of accurately handling the detection 

probability of the free bands of frequency in the licensed spectrum intended for the PUs.   

In the Cognitive Radio Network, the cooperative cognitive communication can be handled by 

exchanging the soft reliability information among the Secondary Users. The Cognitive Relays sum 

up the information based on the presence of licensed spectrum by learning from the radio 

environment. And, after having processed it, they retransmit to the Cognitive Controller. The soft 

reliability information ensures reliable data transmission from source to destination in Cognitive 

Radio Networks exercised by relays only, should relays cooperate with source to transmit towards 

the destination. The Cognitive Controller (CC) finalizes the decision on the basis of collective 

information whether the free bands of frequency or spectrum holes are unoccupied or not and 

dynamically assign these free spectrum holes of licensed spectrum to the SUs. To accomplish 

enhanced spatial diversity and good coding gain, OSTBC is exploited on both sides of the relays 

between the PU’s and the SU’s. 

5.2  SIMULATION MODEL 

The Simulation Model discusses the coding approach used to implement the OSTBC code in an H –  

D – A – F [9] Cooperative Cognitive Radio Network and bring enhanced improvement in handling 

detection probability of spectrum holes available within the range of the licensed spectrum. The 

cognitive radio network model used in the coding approach contains a PU, a couple of CRs and CC. 

The CC is actually a fusion center and in our case, a Cognitive Controller that makes precise 

decision by applying an energy detection technique. The existent channel between the PU and the 

SU is kept as Rayleigh Fading Channel due to multipath propagation of the radio signal. The noise 

that distorts the wireless transmission is assumed to be Additive White Gaussian Noise with the 

variance = 𝑁0
2

  and mean = 0 [15], [19], [45]. The model is further shown in figure 5-1.  
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FIGURE  5-1:SUGGESTED COOPERATIVE CRN MODEL FOR APPLYING THE ALAMOUTI 
OSTBC SCHEME USING THE H-D-A-F RELAYING PROTOCOL 

In figure 5-1, the 2 × 2 Alamouti OSTBC scheme is used. The distance between the PU and the CC 

is 𝑒𝑒1 and the distance between the CC and the SU is 𝑒𝑒2. The equations showing mean power of 

channel on all possible wireless links suffered from path loss effect are given below in eq. 5.01 & 

5.02: 

hR =
𝛺𝑑

(∈)𝛼        5.01  

hD =  
𝛺𝑑

(1−∈)𝛼 5.02  

ℎ𝑅  is the mean power of the existent channel between the primary user and the cognitive relays.  

Likewise ℎ𝐷is the mean power of the existent channel between the cognitive relays and the destination 

[33], [19], [35]. The distance adapting and controlling element is denoted as: 𝜖. The channel mean 

power for the direct path between the PU and the destination is denoted by 𝛺𝑑. 1 (∈)𝛼�  in equation 
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5.01 is the distance adapting element between the Primary User and the Cognitive Controller, and α is 

the exponential path loss during multipath propagation. This α varies relatively within the CRN model 

and has the exponential decaying property [30], [50], [31], [15], [45]. Every designated path between 

the source and the destination bears fading coefficients as; ℎ𝑅 and  ℎ𝐷 .  ℎ𝑅  is the Rayleigh fading 

coefficient from the Primary User to the Cognitive Relays and ℎ𝐷 is the Rayleigh fading Coefficient 

from the Cognitive Controller to the Destination [40], [19], [20]. Since propagation of radio signals in 

wireless communication is multipath in nature, so it is obvious that data transmission would be prone 

to fading phenomena and additive noise distribution. Thus, the transmitted data is corrupted and 

decoding (estimation) becomes more complicated, resulting into incorrect decisions at receiver’s end 

due to a multiplicity of errors [15], [49], [42], [20]. The transition of data transmission is staged in 2-

hop communication from source to destination using the TDD scheme.  In the first time slot that 

comes in the 1st hop, the encoded data using the Alamouti OTBC scheme [15], [20], [29] is sent in air 

through a couple of transmitters in a wireless medium either choosing the direct path or indirect path 

that is based on multiple cognitive relays. In the second timeslot that comes in the 2nd hop, the 

cognitive controller finalizes the decision on the basis of collective information it gathers from CRs 

whether the free bands of frequency or spectrum holes are unoccupied or not by using the energy 

detection spectrum sensing technique [23], [21]. If CC outlines a decision marking the availability of 

licensed spectrum for SU, then the sharing of spectrum is allowed between the PU and the SU. The 

signal that is broadcasted either through direct path or indirect path between the PU and the CC 

contains a certain SNR value marking the strength of the signal of the link. Huge pile of data is easily 

sent through the links having the higher SNR values via the indirect path and there seems to be no 

impairment in the signal [49], [42], [45], [21]. In the proposed system, two antennas are considered to 

be on the transmitting side and two antennas on the receiving side assuming a full duplex control. 

However, the Cognitive Relays in the proposed model have the half duplex features [49], [42], [20], 

[45]. 

The signal received via both the direct and the indirect path towards the destination is denoted 

below. 

𝑦𝑦𝐷 =  ℎ𝐷 × 𝑀𝑀𝑛 + 𝑊𝐷 5.03  

𝑦𝑦𝑅 =  ℎ𝑅 × 𝑀𝑀𝑛 +  𝑊𝑅 5.04  
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Here ℎ𝐷and  ℎ𝑅are the channel coefficients and 𝑀𝑀𝑛represents the Alamouti OSTBC encoded signal.  

In equation 5.03, 𝑊𝐷represents Additive White Guassian Noise that normally is introduced during 

wireless transmission through the Rayleigh Fading channel from the PU to destination, using the 

direct path. In equation 5.04, 𝑊𝑅 is the Additive White Guassian Noise introduced during wireless 

transmission through the Rayleigh Fading channel from the PU to cognitive relays [19], [15], [35], 

[22]. 

5.3  THE ENERGY DETECTION METHOD AS A SPECTRUM SENSING TECHNIQUE 

The wireless transmission usually suffers from a number of problems like fading, noise, multipath 

scattering, reflection, refraction, diffraction, shadowing, etc. Therefore, to overcome these problems 

and to accomplish spatial or antenna diversity, every terminal cooperates with the other terminal in 

CRN. Hence, this is purposefully resolved when the detection probability of the licensed spectrum 

for the unlicensed user or terminal is calculated and enhanced to facilitate the CC to finalize decision 

about the availability of free bands of frequency within the licensed spectrum [6], [36], [40], [25]. To 

handle the detection probability of the PU’s spectrum, a spectrum sensing technique is used as a 

transmitter detection scheme whose most popular subcategory is known by the name the Energy 

Detection Method. The implementation of Energy detection technique in Cognitive Controller is 

based on a number of steps, shown in figure 5-2 to articulate the whole scheme’s operation [49], 

[20], [29], [51]. 

Band Pass 
Filter

 

(. )2 
1
𝑇𝑇
� 𝑒𝑒𝑀𝑀
𝑇𝑇

0
 𝜆𝜆 

B.P.F Integrate the 
previous output

Threshold 
Value

Squaring 
B.P.F result

𝑦𝑦𝑇𝑇×𝑗𝑗  Decision

 

FIGURE  5-2:  THE ENERGY DETECTION TECHNIQUE APPLIED ON COGNITIVE CONTROLLER OF RELAYS 

In order to calculate the PU’s signal energy [E], the detected signal of the PU is first sent through a 

Band Pass Filter [B.P.F] with carrier frequency 𝑓𝑐 and a bandwidth of B hertz. To square the 

bandwidth of the acquired signal, the output result of B.P.F filter is sent towards a squaring device 
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which subsequently forwards the squared output to an integrator for carrying out the integration with 

respect to the time interval T [31], [33], [19], [45]. The number of samples acquired against all the 

individual components of the received signal is represented by 

      𝑢 = 𝑇𝑇𝐵.  

The result gathered from 𝑢 in integer format and T is the time taken by the samples to arrive at the 

destination [19], [15], [34], [49]. 

The integral device processed output is represented as 𝑦𝑦𝑖×𝑗  and is further sent to a threshold 

comparator to initiate a comparison between the processed signal energy with a predetermined 

threshold energy of the signal. If a threshold comparator finds the processed signal's energy to be 

less than the predetermined energy of the signal, then it is considered that the licensed spectrum is 

available for the SUs. However, in the other case, the CC announces the decision about the 

unavailability of the PU's spectrum. This finalized decision is carried in the binary coded 

information where 1’s stands for an occupied spectrum and 0's stands for unoccupied spectrum. 

Furthermore, the signal 𝑦𝑦𝑖×𝑗 is represented by the equation 5.05 [49], [20], [45].  

𝑦𝑦𝑖×𝑗 =  𝜙 × 𝑀𝑀𝑖×𝑗 + 𝑊𝑖×𝑗 

 

5.05  

Herein, 𝑀𝑀𝑖×𝑗 is the input signal and 𝑊𝑖×𝑗 is the additive white Guassian noise with zero mean and 

variance  = 𝑁0
2

.   

Calculations of the probability of detection and probability of false alarm are given below: 

𝑃𝑃𝑑 = 𝑄��𝛾,√𝜆𝜆� 5.06  

 

𝑃𝑃𝑓 =
Ґ �𝑢, 𝜆

2
�

Ґ(𝑢)  
5.07  

Therefore, Q is the factor known as Marcum Quassi-function [19], [49], [29], [45], [60]. Ґ is called 

Capital Gamma and is the upper incomplete gamma function bearing (.) degree of liberty. It is 

denoted as [45]: 
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Ґ(𝑀𝑀, 𝑀𝑀) = � 𝑥𝑥𝑎−1𝑒𝑒−𝑥𝑒𝑒𝑥𝑥
∞

𝑡
 

5.08  

Equation 5.07 shows the probability of false alarm which must be considered incase if a false alarm 

is raised by the CC of relays over the absence of the PU within its spectrum and allow unfair and un-

opportunistic sharing of spectrum among the SUs. This false alarm actually gives incorrect responses 

or wrong answers during the spectrum sensing. Therefore, this degree of false alarm is countered by 

calculating its probability. Both equations 5.06 and 5.07 show that probability of false alarm does 

not rely on the SNR from source to destination either through the direct path or the indirect path. So, 

probability of false alarm remains the same in the chosen (Rayleigh) fading channel [19], [15], [42], 

[20], [45].  

5.4  SNR OVER THE DIRECT PATH 

There are mainly two ways with which the Alamouti OSTBC encoded data is broadcasted by two 

antennas from the transmitting side, reach destination. Either it is done using the direct path or the 

indirect path where this path involves multiple relaying channels [19], [15], [42], [49].  The best 

known role for direct path transmission is to determine probability of detection  𝑃𝑃𝑑  in order to 

accomplish spatial diversity [15], [20]. To show the mathematical deduction of SNR over the direct 

path in a cooperative cognitive radio network, equation 5.09 is given below:  

𝛾𝐷 = 𝑒𝑒 × 𝑀𝑀𝑖×𝑗‖ℎ𝐷‖𝐹𝑟𝑜𝑏2  5.09  

Here ℎ𝐷signifies the matrix of fading coefficients from PU to destination [15], [45]. Frob refers to 

Frobenius normalized or Euclidean Normalized form and is used to calculate the position of 

eigenvectors expressed in the equations [33], [23] and is practically used in forwarding of data 

between any two points.  

‖𝐻𝐻‖𝐹𝑟𝑜𝑏2 =  �(𝐻𝐻)2 = ��ℎ𝑖×𝑗�
𝑛𝑡𝑃

𝑖=1

��ℎ𝑖×𝑗�
𝑛𝑟𝐷

𝑗=1

 
5.10  

Here i and j imply the order of matrix of symbols transmitted using multiple antennas towards the 

destination [15], [42], [45].  
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5.5  SNR OVER THE INDIRECT PATH 

In the following scenario, four relays are used between the source and the destination. The distance 

variation is controlled and adapted to varying transmission parameters, by a distance adapting 

element denoted by ∈. The complete SNR over the indirect path is calculated in the same manner as 

was done in the case of direct path; however due to the stochastic nature of the Rayleigh fading 

channel, the fading matrix is formed on fast fading phenomena [30], [50], [31], [15].  

At the destination, the receiver uses Maximum Ratio Combining (MRC) to calculate the combined 

SNR of the path from the PU to the SU, from different paths [30], [49], [20], [29], [45].  Here in the 

equation 5.11, C refers to a constant in [19], [15], [34], [45]. 

𝛾𝑃→𝑆 = 𝐶𝐶 × ��
𝛾𝑝𝑟𝑛 𝛾𝑟𝑑𝑛

𝛾𝑝𝑟𝑛 + 𝛾𝑟𝑑𝑛 + 1�
𝑁

𝑛=1

 
5.11  

The Gamma Selection Combining (GSC) scheme is used to combine the signal sent all the way 

through the direct path from the PU to the SU with the signal received from the relays through the 

indirect path [49], [42], [20], [45].  Using the SC scheme, the receiver selects the link carrying 

higher SNR from source to destination and appends the received data with the data received via 

direct path, to receive original the information transmitted by the source [42], [45],[49].  

𝛾𝑃→𝑆[𝑈𝑠𝑖𝑛𝑔 𝐺𝑆𝐶 𝑆𝑐ℎ𝑒𝑚𝑒] = 𝐶𝐶 × 𝑈𝑈𝑀𝑀𝑥𝑥𝑛=1 .  .  .  .  .  .  𝑁 �
𝛾𝑝𝑟𝑛 𝛾𝑟𝑑𝑛

𝛾𝑝𝑟𝑛 + 𝛾𝑟𝑑𝑛 + 1� 
5.12  

  

5.6  THE MAXIMUM LIKELIHOOD DECODING SCHEME 

In the scheme of H-D-A-F protocol, the decoding of the signal is carried out using the Maximum 

Likelihood decoder [49], [24], [57]. The aim of the ML decoding scheme is used to look for the 

parameters that enhance the probability of detection of PU's spectrum [42], [20], [52]. Decoding of 

the received signal at the relays is based on obtaining one code word 𝑈𝑈1 out of all the possible codes 

N that were encoded using Alamouti OSTBC scheme. These encoded codes are broadcasted towards 

Binary symmetric channel BSC with the value of probability of error p [57], [52], [60], [58], [45]. 
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The Binary symmetric channel merely transmit one of two symbols either 0’s or 1’s. In case of BSC 

channel, the transmission is not ideal, and usually receiver gets the wrong bits. 

The corrupted version of the transmitted signal is acquired by the relay due to the fading phenomena 

and noise addition within the channel. The transmitted sample of codes is denoted by 𝑈𝑈1  and 

similarly the received signal at the relay by 𝑈𝑈2. The overall ML decoding can be expressed as [58], 

[59], [45]: 

ℙ(𝑈𝑈1𝑅𝑅𝑀𝑀𝑒𝑒𝑇𝑇𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒|𝑈𝑈2𝑅𝑅𝑒𝑒𝑐𝑐𝑒𝑒𝑇𝑇𝑣𝑒𝑒𝑒𝑒) 5.13  

The receiver calculates the combination of all possible probabilities, by receiving the input symbols 

for instanceℙ(𝑈𝑈11,𝑈𝑈2),ℙ(𝑈𝑈12,𝑈𝑈2),ℙ(𝑈𝑈13,𝑈𝑈2), .  .  .  .  .  .  .  . ,ℙ(𝑈𝑈1𝑘,𝑈𝑈2)and herein the signal 𝑈𝑈2  is 

the corrupted version of the signal introduced due to Rayleigh Fading channel. Therefore, coding 

diversity is accomplished by applying the decoding technique at the cognitive relays [58], [45]. It is 

often considered that the relay is only able to evaluate the received faded signal and not the input 

signal transmitted by the transmitter. So, ML estimation method is used to find the parameters that 

make the received information close to a format of original source information [45]. For calculating 

the estimation mean of the received signal, the sample average of the received signal is taken by the 

help of normal distribution [42], [51], [45]. The estimated mean of the signal [45] is represented 

by 𝜇�, and is given below in equation 5.14: 

𝜇� =
𝑈𝑈11 + 𝑈𝑈12 + 𝑈𝑈13 + 𝑈𝑈14+.  .  .  . +𝑈𝑈1𝑁

𝑘  5.14  

In order to carry out the ML technique, it is very important to calculate the combined density 

function of all the relevant observations that are IID i.e. independently and identically distributed 

[19], [15], [52]. Thus, for all the relevant observations, the joint density function is given below in 

equation 5.15: 

𝑓(𝑋1,𝑋2,𝑋3, .  .  .  .  . ,𝑋𝑛|𝜃) = 𝑓(𝑋1|𝜃).𝑓(𝑋2|𝜃).𝑓(𝑋3|𝜃).  .  .  .  .𝑓(𝑋𝑛|𝜃) 

 

5.15  

Where 𝑋1,𝑋2,𝑋3, .  .  .  .  . ,𝑋𝑛 are the designated observed parameters of the function and 𝜃 is an 

independently varying parameter [57], [52], [58], [59]. Therefore on account this observed property 

of the distributed function, it is referred to as the likelihood function as shown in equation 5.16: 
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Ɫ(𝜃|𝑋1,𝑋2,𝑋3, .  .  .  .  . ,𝑋𝑛) = 𝑓(𝑋1|𝜃). 𝑓(𝑋2|𝜃). 𝑓(𝑋3|𝜃).  .  .  .  .𝑓�𝑋𝑗�𝜃� 

                                                             = �𝑓�𝑋𝑗�𝜃�
𝑘

𝑗=1

 

5.16  

When the logarithm of the Likelihood taken, it is known as the Logarithmic-Likelihood function that 

is much easier to calculate [45], given in equation 5.17: 

Ɫ(𝜃|𝑋1,𝑋2,𝑋3, .  .  .  .  . ,𝑋𝑛) = � ln 𝑓(𝑋𝑖|𝜃)
𝑘

𝑖=1

 
5.17  

And, the component of single observation is estimated in equation 5.18 represented by 𝑠𝑠� : 

 𝑠𝑠� =
lnⱢ
𝑘  

5.18  

The phenomenon marking the estimation for 𝜃 is referred to as the Maximum Likelihood Estimator 

[MLE] of 𝜃 [45].  

 𝑠𝑠𝑀𝐿𝐸𝑠𝑡.� =  𝑠𝑠�(𝜃|𝑋1,𝑋2,𝑋3, .  .  .  .  . ,𝑋𝑛)𝜃∈ѳ
arg𝑚𝑎𝑥  5.19  

The fact of the matter is that the probability of detection of the PU's spectrum is calculated by the 

Euclidean distance or binary symmetric channel formulas. On account of this reason, the process of 

decoding is called maximum likelihood or perhaps the minimum distance scheme as in [45], [51], 

[59]. The path between the PU and the relays that contain higher SNR is used to decode the 

maximum data before reception towards destination, in order to aid the source to accomplish spatial 

diversity and hence enhancing code diversity [45], [58], [59], [60]. 

5.7  AMPLIFYING AND FORWARDING USING OSTBC SCHEME 

In the scheme of the H-D-A-F protocol, the amplification of the signal is carried out using the 

OSTBC scheme [15], [19], [22]. The Amplification factor is denoted by ∝𝑅and here in eq. 5.20 𝑧𝑅 is 

the constraint of the transmitted power radiated power cognitive relays [15], and where 𝑧𝑝 is the 

transmitted power constraint radiated by the PU. The Amplification factor is therefore expressed in 

the equation 5.20: 

∝𝑟=
𝑧𝑅

𝜙2𝑧𝑃‖ℎ𝐷‖𝐹𝑟𝑜𝑏2 + 𝑊𝐷 
5.20  
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When the multiple copies of signal transmitted from the source arrives at Cognitive controller, 

then 𝑧𝑟→𝑑 is the transmitted power constraint from relay to destination [15] expressed in equation 

5.21: 

 𝑧𝑟→𝑑 = √∝𝑟 𝑧𝑃→𝑅ℎ𝐷 + 𝑊𝐷 

= 𝜙�∝𝑅 ℎ𝑅ℎ𝐷 + √∝𝑟 𝑧𝑃→𝑅ℎ𝐷 + 𝑊𝐷 

5.21  

With the exponential path loss, equation 5.22 is generated by modifying equation 4.13 as such: 

𝛺𝑅 =  �
𝑃𝑃𝑃𝑈𝑈𝑡𝑃

𝑃𝑃𝑅 ∑ ‖ℎ𝐷‖𝐹𝑟𝑜𝑏2𝑛𝑡𝑃

𝑗=1

 
5.22  

 

�̅� = 𝐶𝐶 × ��
𝛺𝑅𝛾𝑝𝑟𝑛  𝛺𝑑𝛾𝑟𝑑𝑛

𝛺𝑅𝛾𝑝𝑟𝑛 + 𝛺𝑑𝛾𝑟𝑑𝑛
�

𝑘

𝑛=1

 
5.23  

Where, 𝛾𝑃→𝑅 = ‖ℎ𝑅‖𝐹𝑟𝑜𝑏2 𝐸𝑏
𝑁𝑜

  is the cumulative Signal to Noise Ratio from the PU to the cognitive 

relay, and 𝛾𝑅→𝐷 = ‖ℎ𝐷‖𝐹𝑟𝑜𝑏2 𝐸𝑏
𝑁𝑜

   is the cumulative SNR from the Cognitive Relay to the destination 

that can either be a Cognitive Controller or in case of direct path, a Secondary User. In equation 

5.23, 𝛺𝑅 and 𝛺𝑑  are respectively channel mean powers from the PU to the relay and from the relay 

to the Cognitive Controller.  𝛾𝑝𝑟𝑛  represents the SNR from the PU to the relay and 𝛾𝑟𝑑𝑛  represents the 

SNR from the relay to the destination. C is a constant in [19], [15], [34], [45] already defined in 

equation 5.11. 

During the amplification, the Alamouti OSTBC 2 × 2, the point-to-point SNR for a single relay [15], 

[52], can be given in equation 5.24 as: 

         𝛾𝐷−𝐴−𝐹 =
�𝜎𝑘
𝜌𝑘
�

𝑊𝑆𝑙

1
log2 𝑀𝑀

 

=  𝜎𝛾 �
1

𝛺𝑅 �∑ ‖ℎ𝑅𝑖‖𝐹𝑟𝑜𝑏2𝑛𝑡𝑃

𝑖=1 �
+

1

𝑈𝑈𝑡𝑃 �∑ ‖ℎ𝑆𝑗‖𝐹𝑟𝑜𝑏2𝑛𝑟𝐷
𝑗=1 �

�

−1

 

5.24  
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Furthermore, most of the parameters used in equation 5.24, have been defined in chapter 4 under 

equation 4.20. However, ∑ ‖ℎ𝑅𝑖‖𝐹𝑟𝑜𝑏2𝑛𝑡𝑃
𝑖=1  represents the matrix order that while using the frobenius 

norm, forward the information using fading coefficients from source to relay. ∑ ‖ℎ𝑆𝑗‖𝐹𝑟𝑜𝑏2𝑛𝑟𝐷
𝑗=1   

represents the matrix order that while using the frobenius norm, forward the information using 

fading coefficients from relay to destination. 

Using the GSC scheme expressed in equation 5.25, the receiver chooses the path containing the 

higher SNR, from source to destination and appends the received data with the data received via the 

direct path, to receive the original signal transmitted by the source [42], [45], [49] using n relays.  

𝛾𝑃→𝑆[𝐺𝑆𝐶] = 𝐶𝐶 × 𝑈𝑈𝑀𝑀𝑥𝑥𝑛=1 .  .  .  .  .  .  𝑁 �
𝛺𝑅𝛾𝑝𝑟𝑛  𝛺𝑑𝛾𝑟𝑑𝑛

𝛺𝑅𝛾𝑝𝑟𝑛 + 𝛺𝑑𝛾𝑟𝑑𝑛
� 

5.25  
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5.8  SIMULATION RESULTS 

In order to evaluate the proposed system’s efficiency and efficacy for the implementation of the 

Alamouti OSTBC scheme in a D – A – F relaying scheme, simulations in MATLAB are performed 

on a case by case basis. First case was taken to observe the major improvement in case of adapting 

the distance of the PU from the number of relays in the indirect path transmission. The level of 

improvement of indirect path was compared with the direct path transmission to judge the 

improvement in handling the detection probability of the licensed spectrum for unlicensed users in 

the cognitive radio networking environment. The second case was taken to observe the major 

improvement in case of strong signal vs. weak signal by tweaking SNR for both the direct and 

indirect transmission with respect to the detection probability of the licensed user’s spectrum. The 

third case was taken to observe the major improvement in case of strong exponential path-loss fading 

phenomenon vs. weak fading phenomenon for both the direct and indirect path transmission with 

respect to detection probability of the licensed user’s spectrum in the cognitive radio networking 

environment.     

The Parameters chosen in the simulation are defined as: 

1. The distance adapting and controlling element denoted as: 𝜖. 

2. The channel mean power for the direct path between the PU and the 

destination is denoted by: 𝛺𝑑 

3. The exponential path loss factor used in the simulation 𝛼 = 4 

4. The noise factor is chosen to be AWGN and here the variance = 𝑁0
2

 and 

mean = 0. 

5. The channel chosen in the simulation of wireless networks is the Multi 

Rayleigh Fading Channel. 

6. The acquired time-bandwidth product wave oscillation for pulse time 

duration and width is u=2. 

7. 𝑃𝑃𝑓 refers to the probability of false alarms causing incorrect responses. 

8. 𝑃𝑃𝑑 refers to the probability of detection of the PU’s signal. 
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9. The energy or the envelop of the signal is denoted by 𝜆𝜆 and is the threshold 

level used by the CC for threshold comparison to match energy of the 

signal with predetermined energy of the signal. 

In our proposed model, the detectability of the PU's spectrum is handled using the Alamouti OSTBC 

2 × 2 encoding scheme wherein 𝑇𝑇𝑥 = 𝑅𝑅𝑥 = 2 with the H – D – A – F protocol and observations are 

made under different scenarios. Therefore, 4 relays are used at different distances between the PU 

and the SU to validate with simulated performances. In this way, system performance can be 

observed by varying certain parameters on a case by case basis whereby the magnitude of 

improvement can easily be evaluated.   

5.8.1  EVALUATION OF SYSTEM PERFORMANCE BY KEEPING RELAYS AT A 
DISTANCE FROM THE PU 

 

FIGURE  5-3: THE ENERGY THRESHOLD LEVEL�𝜆𝜆� IN THE X-AXIS W.R.T THE PROBABILITY 
OF DETECTION (𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF 
RELAYS IN THE ALAMOUTI OSTBC SCHEME  

When the CRs are kept at a farther distance from the PU and nearer to the SU to evaluate system 

performance in case of probability of detection for the PU's spectrum, and wherewith the distance 

adapting element is kept at 𝜖 = 0.9, and channel mean power for direct path is 𝛺𝑑=0.3, the system 
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detects the decrease of the 𝑃𝑃𝑑 of the PU's signal with SNR=-15 dB or 0.03, shown in figure 5-3. The 

figure 5-3 categorically indicates that as the threshold level or 𝜆𝜆 of signal energy is increased, the 𝑃𝑃𝑑 

drops steeply, hence the cognitive relays have a key role for detectability of the PU's weak signal 

[19], [15], [20], [42]. Thus, when the relays increase between the PU and the destination (SU), the 

probability of detection increases by showing major improvement as compared to direct path 

spectrum detection. Hence, when the direct path transmission is compared with n=2 relays, 

performance improves 3 times and with n=4 relays, performance improves 11 times vs. the direct 

path estimation.  

 

FIGURE  5-4: THE PROBABILITY OF FALSE ALARMING �𝑃𝑃𝑓� IN THE X-AXIS W.R.T 
PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒)  IN THE Y-AXIS USING (2 × 2)  ANTENNAS WITH 
DIFFERENT NUMBER OF RELAYS IN THE ALAMOUTI OSTBC SCHEME 

 

In figure 5-4, the probability of false alarm raises the probability of detection for the multiple relays 

like n=2, 3, 4. When the CRs are kept at a farther distance from the PU and nearer to SU to evaluate 

system performance in case of probability of detection for the PU's spectrum, and wherewith the 

distance adapting element is kept at 𝜖 = 0.7, and channel mean power for direct path is 𝛺𝑑=0.2, the 

system detects the decrease of 𝑃𝑃𝑑 of the PU's signal with SNR=-15 dB, shown in figure 5-4. For n=1, 
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2, 3, 4, the 𝑃𝑃𝑑 still improves 2 times but for direct path transmission, the performance suffers as long 

as 𝜖 increases. 

 

FIGURE  5-5: COMPLETE SNR IN THE X-AXIS W.R.T PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒) IN THE 
Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF RELAYS IN THE ALAMOUTI 
OSTBC SCHEME WITH 𝜆𝜆 = 40 
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FIGURE  5-6: COMPLETE SNR IN THE X-AXIS W.R.T THE PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒) IN 
THE Y-AXIS USING (2 × 2)  ANTENNAS WITH DIFFERENT NUMBER OF RELAYS IN THE 
ALAMOUTI OSTBC SCHEME WITH 𝜆𝜆 = 20 

In figure 5-5 and 5-6 two small cases are considered to see how significantly performance improves 

in case of 𝑃𝑃𝑑 vs. 𝑆𝑆𝑁𝑁𝑅𝑅𝑑𝐵 for both direct and in direct links transmission. When the CRs are kept at a 

farther distance from the PU and nearer to the SU with 𝜖 = 0.9 and 𝛺𝑑=0.3, while energy threshold 

level 𝜆𝜆 = 40 in fig 5-5, the 𝑃𝑃𝑑significantly decreases for the indirect link whereas the performance 

improves 5 times. It has generally been observed that when the energy threshold level is increased at 

the CC of relays, the 𝑃𝑃𝑑 decreases tremendously and vice-versa for indirect link transmission. 

However, with 𝜆𝜆 = 20 in fig 5-6, the performance in terms of probability of detection improves 10 

times w.r.t to the direct path vs. indirect path transmission with CRs n=1, 2, 3, 4. 
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5.8.2  EVALUATION OF SYSTEM PERFORMANCE BY PLACING COGNITIVE RELAYS 
NEARER TO THE PU. 

 

FIGURE  5-7: THE ENERGY THRESHOLD LEVEL �𝜆𝜆� IN THE X-AXIS W.R.T THE PROBABILITY 
OF DETECTION (𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF 
RELAYS IN THE ALAMOUTI OSTBC SCHEME  

To observe the system performance carefully, by placing the relays nearer to the PU in order to 

check on the probability of detection  𝑃𝑃𝑑 , the distance adapting element is kept at 𝜖  = 0.2 and 

assigning the channel mean power for direct path transmission 𝛺𝑑= 0.2. Then, the system detects the 

signal having the strength 𝑆𝑆𝑁𝑁𝑅𝑅𝑑𝐵=2, as shown in figure 5. This figure 5-7 reveals that as the energy 

threshold level 𝜆𝜆 is raised or increased, the  𝑃𝑃𝑑 is shown to decrease. However, when 𝜆𝜆 is reduced, 

the 𝑃𝑃𝑑 shows the maximum increase [15], [19], [42], [45]. Therefore, in the current scenario, the 

signal power is better. That is why the detectability of the PU signal shows 5 times an improvement 

of the performance. Besides evaluating and comparing direct path attributes and putting n=1 and 4 

relays for detection of the PU signal, a 2 and a 5 times improvement is spotted during the system 

performance respectively.  
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FIGURE  5-8: THE PROBABILITY OF FALSE ALARM �𝑃𝑃𝑓�  IN THE X-AXIS W.R.T THE 
PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒)  IN THE Y-AXIS USING (2 × 2)  ANTENNAS WITH 
DIFFERENT NUMBERS OF RELAYS IN THE ALAMOUTI OSTBC SCHEME  

 

In figure 5-8, 𝑃𝑃𝑑 shows a remarkable improvement while using the multiple relays and wherein 𝑃𝑃𝑓 

also increases clarifying the backdrop perspective that the detection of the PU signal is greatly 

improved as compared to direct link detection [15], [42], [45]. So for n=4 relays and 𝑆𝑆𝑁𝑁𝑅𝑅𝑑𝐵=2, the 

detection of the stronger signal is also raised by 99%. 
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FIGURE  5-9: COMPLETE SNR IN THE X-AXIS W.R.T THE PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒) IN 
THE Y-AXIS USING (2 × 2)  ANTENNAS WITH DIFFERENT NUMBER OF RELAYS IN THE 
ALAMOUTI OSTBC SCHEME WITH 𝜆𝜆 = 20 

In figure 5-9, the energy threshold λ = 20 is predefined or predetermined in order to detect and 

evaluate the strength/energy of the signal that falls within the predefined range. There is no doubt 

while observing the results, a higher performance can be seen when the comparison is held between 

the signal detection through the direct path transmission and signal detection through the indirect 

path with multiple relays. A 7 time improvement is viewed when the detection of the PU signal is 

compared between both the direct path transmission and indirect path with n=1 relay. In case of n=4 

relay (indirect path) transmission, a 13 times improvement is observed against the direct path 

transmission and here SNR is improved too. Now the PU’s signals are detected higher because of the 

reason that the strength of the signal is greatly improved and increased against the lower threshold 

level predefined at the Cognitive Controller for energy level comparison. The use of relays have 

reinforced the study and 𝑃𝑃𝑑 unequivocally increases for detecting stronger signal than the lowly 

predefined value at CC of relays. 
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5.8.3  EVALUATION OF THE SYSTEM PERFORMANCE BY DECREASING THE 
STRENGTH OF THE SIGNAL 

 

FIGURE  5-10: THE ENERGY THRESHOLD LEVEL�𝜆𝜆� IN THE X-AXIS W.R.T THE PROBABILITY 
OF DETECTION (𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF 
RELAYS IN THE ALAMOUTI OSTBC SCHEME  

 

To evaluate the system’s performance, the strength of the signal has a key impact on the overall 

functionality of the wireless communication. The system should be optimized in such a way that if 

𝑆𝑆𝑁𝑁𝑅𝑅𝑑𝐵 drops steeply due to fading, shadowing, multipath scattering, or etc., then the probability of 

detection 𝑃𝑃𝑑 for the PU’s spectrum should be affected minimally. Therefore, the system has to be 

evaluated to see what chances it stands in a worst case scenario if 𝑆𝑆𝑁𝑁𝑅𝑅𝑑𝐵 drops astronomically and 

hamper the performance of the overall communication process.  In figure 5-10, the channel mean 

power for the direct link is 𝛺𝑑= 0.2 and the distance adapting element 𝜖 = 0.7 while 𝑆𝑆𝑁𝑁𝑅𝑅𝑑𝐵= -10 to 

examine the decrease in the overall performance of measuring the probability of detection for the 

licensed spectrum for unlicensed users against the energy threshold level 𝜆𝜆 at the CC of relays. The 

graph shows that for n=1 relays the probability of detection shows 9 times improvement while for 

n=4 relays, a 42% improvement is detected in terms of 𝑃𝑃𝑑 for the PU’s spectrum against the direct 

link transmission. 
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FIGURE  5-11: THE PROBABILITY OF FALSE ALARMING �𝑃𝑃𝑓� IN THE X-AXIS W.R.T THE 
PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒)  IN THE Y-AXIS USING (2 × 2)  ANTENNAS WITH 
DIFFERENT NUMBER OF RELAYS IN THE ALAMOUTI OSTBC SCHEME 

In figure 5-11, the probability of detection of the licensed spectrum is reduced as the SNRdB decreases. 

The channel mean power for the direct link is Ωd= 0.2 and the distance adapting element ϵ = 0.7 while 

keeping SNRdB= -9 to examine the declination in the overall performance of measuring the probability 

of detection of the licensed spectrum for unlicensed users against the probability of false alarm. The 

probability of false alarm increases while the probability of detection for direct path suffer and show 2 

times improvement for n=1, 2, 3, 4 relays.  
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FIGURE  5-12: COMPLETE SNR IN THE X-AXIS W.R.T THE PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒) 
IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBERS OF RELAYS IN THE 
ALAMOUTI OSTBC SCHEME WITH 𝜆𝜆 = 20 

 

In figure 5-12, the probability of detection of the licensed spectrum for the direct path transmission is 

reduced as the SNRdBdecreases. The channel mean power for the direct link is Ωd= 0.2 and the 

distance adapting element ϵ = 0.8 to examine the decrease in the overall performance of measuring the 

probability of detection of the licensed spectrum for unlicensed users against the strength of the signal. 

For n=1, 2, 3, 4 relays, the probability of detection improves 7 times in comparison to the direct link 

transmission when the case of improved SNR is observed in figure 5-12. 
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5.8.4 EVALUATION OF THE SYSTEM PERFORMANCE BY INCREASING THE 
STRENGTH OF THE SIGNAL 

 

FIGURE  5-13: THE ENERGY THRESHOLD LEVEL�𝜆𝜆� IN THE X-AXIS W.R.T THE PROBABILITY 
OF DETECTION (𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF 
RELAYS IN ALAMOUTI OSTBC SCHEME 

 

In figure 5-13, as the energy threshold rises, the probability of detection of the licensed spectrum 

reduces. When the channel mean power for the direct link is Ωd= 0.3 and the distance adapting 

element ϵ = 0.5 while keeping SNRdB= -1 to examine the increase of probability of detection against 

the energy threshold level 𝜆𝜆, the probability of detection of direct path transmission against the rise of 

𝜆𝜆 improves 15 times. However for n=1, 2, 3, 4 relays, the 𝑃𝑃𝑑  improves 85%. The fact of the matter is 

that when at CC of relays, the energy threshold level 𝜆𝜆 increases with a higher proportion; then it 

means that the PU is busy using its spectrum and there are no free holes available in its spectrum for 

the SU. 
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FIGURE  5-14: THE PROBABILITY OF FALSE ALARM �𝑃𝑃𝑓� IN THE X-AXIS W.R.T PROBABILITY 
OF DETECTION (𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBERS 
OF RELAYS IN THE ALAMOUTI OSTBC SCHEME  

 

In figure 5-14, it is obvious that with a good strength of the signal, the probability of detection of the 

licensed spectrum increases as much as the probability of false alarm. The channel mean power for 

the direct link is Ωd= 0.4 and the distance adapting element is ϵ = 0.4 and here SNRdB= -3 is reduced 

to see that how the overall performance of measuring the probability of detection  𝑃𝑃𝑑  is increased 

against the probability of false alarm 𝑃𝑃𝑓. For direct path transmission, the 𝑃𝑃𝑑 improves 2 times while 

for n=1, 2, 3, 4 relays, the 𝑃𝑃𝑑  improves 10 times and that is how the performance is enhanced by 

attaining spatial diversity. 
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FIGURE  5-15: COMPLETE SNR IN THE X-AXIS W.R.T THE PROBABILITY OF THE DETECTION 
(𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF RELAYS IN THE 
ALAMOUTI OSTBC SCHEME WITH 𝜆𝜆 = 20 

In figure 5-15, it can be seen that the probability of the detection of the licensed spectrum increases 

as much as the strength of the signal itself. The channel mean power for the direct link is Ωd= 0.4, 

the distance adapting element ϵ = 0.8 and the energy threshold level 𝜆𝜆 = 20, to examine the increase 

in the overall performance of measuring the probability of detection 𝑃𝑃𝑑 of the licensed spectrum for 

unlicensed users. For the direct path transmission, the 𝑃𝑃𝑑 improves 60% while for n=1, 2, 3, 4 relays, 

the 𝑃𝑃𝑑 shows a 100% improvement and thus the overall performance is augmented in the Alamouti 

OSTBC scheme with 2 × 2 antennas using different antennas.  
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5.8.5 EVALUATION OF SYSTEM PERFORMANCE BY INCREASING THE 
EXPONENTIAL PATH-LOSS FACTOR 

 

FIGURE  5-16: THE ENERGY THRESHOLD LEVEL�𝜆𝜆� IN THE X-AXIS W.R.T THE PROBABILITY 
OF DETECTION (𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF 
RELAYS IN THE ALAMOUTI OSTBC SCHEME  

From equations 5.01 and 5.02, it can be established that  ϵ  and  Ωd  are dependent on α while 

calculating hR and  hD. Thus, in figure 5-16, the poor strength of the signal could be contributing, if 

the fading phenomenon is affecting the overall process of communication. Therefore, the channel 

mean power for the direct link is Ωd= 0.2, the distance adapting element is ϵ = 0.7, the signal’s 

strength SNRdB= -15 and the exponential path loss factor 𝛼 = 8 is increased to measure the decrease 

of the probability of detection against the energy threshold level λ in case of increased exponential 

path loss factor. The probability of detection experienced by the direct path transmission over the 

indirect path with relays n=1, 2, 3, 4 against the rise of λ is reduced by 15%. 
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FIGURE  5-17: THE PROBABILITY OF FALSE ALARM �𝑃𝑃𝑓� IN THE X-AXIS W.R.T PROBABILITY 
OF DETECTION (𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBERS 
OF RELAYS IN THE ALAMOUTI OSTBC SCHEME 

 

In figure 5-17, the fading exponent which has the decaying property causes the  𝑃𝑃𝑑  to decrease for 

direct path transmission, whereas the relays n = 1, 2, 3, 4 show a 12% improvement while 𝑃𝑃𝑓  is still 

on the gradual rise. From equations 5.01 and 5.02, if we increase the exponential path loss fading 

factor 𝛼 = 8 then we see the decrease of both  𝑃𝑃𝑑  and  𝑃𝑃𝑓 in this case for direct path. The channel 

mean power for the direct link is Ωd= 0.2, the distance adapting element is ϵ = 0.7, the signal’s 

strength SNRdB= -15 and the exponential path loss factor 𝛼 = 8 is increased to measure the decrease 

of probability of detection of the licensed spectrum for unlicensed users against the probability of 

false alarm in case of increased exponential path loss factor.  
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FIGURE  5-18: COMPLETE SNR IN THE X-AXIS W.R.T THE PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒) 
IN THE Y-AXIS USING (2 × 2)  ANTENNAS WITH DIFFERENT NUMBER OF RELAYS IN THE 
ALAMOUTI OSTBC SCHEME WITH 𝜆𝜆 = 20 

 

In figure 5-18, it can be seen that the probability of detection of the licensed spectrum decreases as 

the exponential fading path-loss exponent increases. This means that exponential path-loss factor has 

a decaying effect on the signal of the PU. Thus, in figure 5-15, the SNR is increased as the strength 

of the signal improves. In figure 5-18, the fading is exponentially decaying the PU signal to reduce 

the SNR of the PU signal. The channel mean power for the direct link is Ωd= 0.2, the distance 

adapting element is ϵ = 0.9, the energy threshold level 𝜆𝜆 = 40, and the exponential path loss factor 𝛼 

= 8 is increased to measure the decrease in the probability of detection 𝑃𝑃𝑑 of the licensed spectrum 

for unlicensed users in case of increased exponential path loss factor. For direct path transmission, 

the 𝑃𝑃𝑑 shows minimum improvement up to 2%, while for n = 1, 2, 3, 4 relays, the 𝑃𝑃𝑑 shows 32% of 

improvement. 
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5.8.6  EVALUATION OF SYSTEM PERFORMANCE BY DECREASING THE 
EXPONENTIAL PATH-LOSS FACTOR 

 

FIGURE  5-19: THE ENERGY THRESHOLD LEVEL �𝜆𝜆� IN THE X-AXIS W.R.T THE PROBABILITY 
OF DETECTION (𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF 
RELAYS IN THE ALAMOUTI OSTBC SCHEME  

In figure 5-19, the moment energy threshold level rises, the probability of detection of the licensed 

spectrum decreases and vice-versa. The channel mean power for the direct link is Ωd= 0.2, distance 

adapting element is ϵ = 0.4, the signal’s strength is SNRdB= 1 and the exponential path-loss factor 𝛼 = 

4 is decreased to measure the relative increase of probability of detection  𝑃𝑃𝑑  against the energy 

threshold level 𝜆𝜆. It is practically seen that when the energy threshold level rises, then it is considered 

that the PU is using its spectrum and probability of detection  𝑃𝑃𝑑 of the PU spectrum decreases because 

that spectrum is in use by the PU and is not available for the SU. But here when exponential path-loss 

is decreased the probability of detection  𝑃𝑃𝑑  increases and for n = 1, 2, 3, 4 relays, the  𝑃𝑃𝑑  improves 

61%.    
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FIGURE  5-20: THE PROBABILITY OF FALSE ALARM �𝑃𝑃𝑓� IN THE X-AXIS W.R.T THE 
PROBABILITY OF DETECTION (𝑃𝑃𝑒𝑒)  IN THE Y-AXIS USING (2 × 2)  ANTENNAS WITH 
DIFFERENT NUMBERS OF RELAYS IN THE ALAMOUTI OSTBC SCHEME 

 

In figure 5-20, 𝑃𝑃𝑑 shows a 100% improvement while using the multiple relays n=1, 2, 3, 4 and 𝑃𝑃𝑓 

also increases as both energy threshold level 𝜆𝜆 and exponential fading factor decreases. The reason 

for this is that as energy threshold increases, probability of detection decreases and probability of 

false alarm also decreases. The channel mean power for the direct link is Ωd= 0.2, the distance 

adapting element is ϵ = 0.4, the signal’s strength is SNRdB= 1 and the exponential path-loss factor 𝛼 

= 4 is decreased to measure the increase of the probability of detection of the licensed spectrum 

against the probability of false alarm in case of decreased exponential fading factor. The probability 

of detection of direct path transmission is relatively increased by the probability of false alarm as the 

fading diminishes. 
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FIGURE  5-21: THE COMPLETE SNR IN THE X-AXIS W.R.T THE PROBABILITY OF DETECTION 
(𝑃𝑃𝑒𝑒) IN THE Y-AXIS USING (2 × 2) ANTENNAS WITH DIFFERENT NUMBER OF RELAYS IN THE 
ALAMOUTI OSTBC SCHEME WITH 𝜆𝜆 = 20 

 

In figure 5-21, it can be observed that exponential fading effects decrease while the probability of the 

detection of licensed spectrum for the unlicensed user increases 100% for relays n = 1, 2, 3, 4 and 

90% increase for direct path transmission. The channel mean power for the direct link is Ωd= 0.5, the 

distance adapting element is ϵ = 0.9, the energy threshold level is  𝜆𝜆 = 20, and the exponential path 

loss factor 𝛼 = 4, is decreased to measure the increase of the probability of detection of the licensed 

spectrum in case of decreased exponential fading factor.  

At CC the main technique of energy detection is used to decide the availability of the PU’s spectrum 

for the SU. When the PU’s spectrum fall below the predefined limit of the (𝜆𝜆) energy threshold level, 

then the remaining spectrum is spared for the use of the SU. Therefore, the optimum strength of the 

PU’s signal aids the CC to make precise decisions with the help of the energy threshold comparator 

that informs the CC the latest update about the licensed spectrum's present situation [15], [42], [45]. 

The results reinforce the concept of the Cognitive Radio that CRs have a key impact in the transition 

of 2-hops communication via multipath propagation. Thus collective performances improve in each 
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case of comparison between the direct and the indirect path communication. Hence, when the direct 

path propagation of the signal from the PU to the SU is compared with the indirect path using 

multiple relays in between the PU and the SU, then it can be observed that the multipath propagation 

using the indirect path with multiple relays show a marked improvement over the direct path in case 

of spectrum sensing [42], [45], [49]. 
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5.9  SUMMARY 

The Cognitive Radio Networks perform complex computations because the source radiates different 

powers while extracting different data rates from the transmit channel, using various modulation 

techniques. This is because the propagation of radio signals in wireless communication is multipath 

in nature. Hence multipath propagation becomes a dilemma for radio spectrum sensing, because the 

signal is traversed by the fading phenomena like diffraction, scattering, refraction, reflection, 

shadowing or absorption of signal energy caused under multipath propagation effects. Therefore, this 

increases the significance of accurately handling the detection probability of the free bands of 

frequency in the licensed spectrum of the PUs. The Cognitive Radio Networks consist of the PU, 

cognitive relays, the CC and the SU. The distance adapting element 𝜖 controls the distance variation 

in between the PU and the relays. While using the hybrid D-A-F scheme, it is very convenient for 

the relays to perform a detection of the PU signal. The relays can then easily decode, and amplify the 

detected signals by using the ML estimation technique and squaring the Alamouti OSTBC re-

encoded data at the relays. There are a bunch of transmitter detection techniques to facilitate the 

handling of the probability of detection. A prominent technique of spectrum sensing is applied which 

is known as the energy detection technique to address this key aspect of the   𝑃𝑃𝑑 . The energy 

detection technique helps the CC to make the accurate decision regarding the detection of the PU 

signal (spectrum). The CC comprises of a threshold comparator that fairly compares the calculated 

envelop or energy of the PU’s spectrum with a predefined energy waveform and finalizes its 

decision about the presence or the absence of the PU signal within the spectrum. In the simulation 

portion of this chapter, the results are gathered from simulating and implementing the Alamouti 2 × 

2 OSTBC encoded data in an HDAF cooperative cognitive relaying scheme, which show that by 

reducing the distance between the PU and the cognitive relays, increasing the signal strength, 

decreasing the path-loss exponent, and raising the number of relays between the PU and the SU, the 

probability of detection and the SNR increases while the performance improves altogether. 

Simulation results also reinforce and backup the theoretically proposed system of the thesis that it is 

even better to estimate (decode) and amplify the received data at the relays before retransmitting it 

towards the destination, and this really improve the overall performance of the proposed system. 
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                                                                                                CHAPTER 6 

                                                                                     SYNOPSIS AND FUTURE WORK 

6.1 CONCLUSION 

The purpose of this thesis is to conduct a study on the hybrid D-A-F relaying scheme in order to 

ensure transmit diversity, spatial diversity, cooperative diversity and diversity gain in handling the 

detection probability of the licensed (primary user) for the unlicensed user (secondary user) to use 

cooperative spectrum. In the pursuing this objective, simulations were performed in MATLAB to 

observe the imminent and rapid increase in the usability of cooperative spectrum. Thus, motivated 

by the observation, we proposed a system that embedded the best features of both the DF protocol 

and the AF protocol.  

In the simulation model, a concept of MIMOs is applied both at the transmitter and the receiver. Two 

paths are selected to measure the overall performance of the system from the source all the way 

through the destination. The first path chosen is the direct path and the other is the indirect path. The 

only difference between these two paths is the number of relays that decode – amplify – forward the 

PU’s spectrum information towards the destination. At the transmitter (PU), an Alamouti Scheme 2 

× 2 OSTBC scheme is applied to encode the PU’s spectrum information and two timeslots are used 

to transmit that information towards the direct path and the indirect path (involving relays) in 2 hops 

communication. At the relays section of the indirect path, 4 relays are used to receive the spectrum 

information and let (CC) of the relays apply two main methods to evaluate the PU’s spectrum 

information for the SU. The first method is the spectrum sensing technique in which energy 

detection technique is applied to compare the received energy spectrum with the energy threshold 

that contains predetermined values of the energy of spectrum, to decide the availability of the PU’s 

spectrum. If the PU’s spectrum is available for SU, then the second method is invoked; which in our 

case is the proposed model of H – D – A – F. In H – D – A – F, decoding is carried out by using the 

ML estimation technique; re-encoding of the estimated information is performed using the same 2 × 

2 OSTBC Alamouti scheme, amplification of the re-encoded information is done by squaring the 

estimated PU’s spectrum information and forwarding is carried out in two timeslots. At the 

destination (SU), the information about the PU’s spectrum is arrived both from the direct and 
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indirect paths. A technique called Maximum Ratio Combining (MRC) is used to combine the output 

from all paths at the SU, and the extraction of information about the PU’s spectrum is exercised by 

using Gamma Selection Combing (GSC) technique to choose that path which contains the higher 

SNR, and this ascertains the reliability of the information at SU. 

While simulating the whole environment, three main cases are considered. The first case includes the 

decreasing and increasing of the distance between the PU and the cognitive relays, the second case 

includes the decreasing and increasing of the signal strength, and the third case considers the 

decreasing and increasing of the path-loss exponent. Therefore it is proven, that while comparing the 

direct path and indirect path transmission, 92% improvement is seen while using our proposed 

model of H – D – A – F at the cognitive relays in handling the probability of detection of the 

licensed spectrum for unlicensed users.  

Our designed model introduces a host of successfully simulated concepts that can be helpful for 

bringing accuracy in the area of spectrum sensing and spectrum management among the unlicensed 

users who would opportunistically tap the spectrum by dynamically sharing it with the licensed 

users. By using  𝑇𝑇𝑥 = 𝑅𝑅𝑥 = 2 antennas scheme in OSTBC mechanism, cooperative diversity is 

attained, and by transmitting multiple copies of data from more than one source, transmit diversity is 

attained. Moreover, by using both direct path transmission and indirect path with relays mechanism 

in between source and the destination, spatial or antenna diversity is attained. Last but not least, 

diversity gain is attained by using multiple relays in between the source and destination. 

6.2 FUTURE WORK 

There is no limit to the innovative ideas that can pop up in the perspective of applying the hybrid 

decode-amplify forward technique. A high degree of future work can be suggested in favor of the 

hybrid compress-amplify forward technique for cognitive radio networks that have been adapted to 

changes in the radio environment, and execute spectrum sensing, spectrum management, spectrum 

mobility, and spectrum sharing. HDAF would certainly perform decoding (estimation) using ML 

technique. But if the estimation phenomena would be used to compress the received data after its re-

encoding, then the compressed data would later be referred to the amplification process for 

enhancing reception diversity, by countering Nakagami fading effects. The Nakagami fading 
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distribution includes the fading distribution models like the Rayleigh fading distribution and the one-

sided Gaussian distribution. 

Hence, the Nakagami effects can be alleviated by reducing the outage probabilities that cause a 

stochastic breakdown of signal powers transmitted from the source towards the destination. This 

future work would definitely be a significant step towards incorporating more of the cognitive radio 

concepts in digital image processing, etc.  
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