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I 

 

ABSTRACT 

In this research, we investigate cooperative spectrum sensing using distributed orthogonal space 

time block coding (DOSTBC). Multiple antennas are introduced at the transmitter and the 

receiver to achieve higher cooperative diversity in the cooperative wireless (CW) networks. The 

received signals from the primary users (PUs) at the cooperative relays (CRs) are encoded and 

retransmitted to the cooperative controller (CC), where further decisions are made depending on 

the information sent from the CRs. The cooperative relaying protocol employed here in CRs is 

based on decoding forward (DF) technique. The proposed Alamouti scheme in orthogonal space 

time block code (OSTBC) has been found to enhance detection performance in CW networks. 

The analyses over independent Rayleigh fading channels are performed by the energy detector. 

In CW networks the secondary users (SUs) use the available frequency band as the PUs is 

absent.  The SU discontinue using the licensed band and head off as soon as the PU is present. 

The SUs is more responsive and intelligent in detecting the spectrum holes. The principal aim of 

the CW network is to use the available holes without causing any interference to the PUs.   

The CRs are preferably placed close to the PU to detect transmitted signal, with decoding 

capability the information collected are decoded by CRs using Maximum Likelihood (ML) 

decoding technique. The CRs then re-encode the decoded data and retransmit it to the receiver. 

The energy detector accumulates information from various users, compares it using threshold 

value (  ) predefined and the final decision made. The probabilities of detection and false alarm 

are observed using DOSTBC on PU and SU in cooperative communication via DF protocol. The 

system performance is investigated with single and multiple relays; with and without direct path 

between the PUs and SUs. Selection Combining (SC) and Maximum Ratio Combining (MRC) 

schemes are applied in energy detector and the outcomes are evaluated with and without direct 

link between PU and SU.  The proposed cooperative  spectrum  sensing  using  DF  protocol  at  

CRs  with  Alamouti  space time block code (STBC)  is processed and results are validated by 

computer simulation. 
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CHAPTER 1 

1.1 Introduction 

Multiple-Input Multiple-Output (MIMO) [5] signal processing is a new brand of promising 

wireless technology to increase the frequency spectrum utilization of the limited spectral [7] 

resources, spatial multiplexing gain, and reducing intersymbol interference when it comes to 

high data transmission in cellular mobile, internet and multimedia services. Different diversity 

techniques are employed in signal propagation to combat fading and the use of multiple antennae 

have lead to improve performance in link budget and cochannel interference [4]. 

 

The use of MIMO antennas enhances network capacity as compared to single-input single-output 

systems (SISO), by employing spatial multiplexing and diversity gains. Diversity gain have been 

able to combat the problem of multipath fading in wireless network as it reproduces replicas of 

signal strength over time, frequency or space. In environment with no line of site propagation, 

the signal will be time varying but due to Raleigh distribution of the received signal there may be 

need to improve the signal strength which are independent of each other. DOSTBC has been 

proposed as an alternative approach for a high data transmission in a multipath fading 

environment [3, 4]. DOSTBC can optimize channel transmission efficiency, symbol error rate 

(SER), bit error rate (BER) and signal-to-noise ratio (SNR) by avoiding interference with 

licensed and unlicensed users in their transmission pathways [1]. 

1.2 Thesis Outline 

This thesis is organized into six chapters.   

Chapter 1 introduces an overview of cooperative communications  

Chapter 2 gives an overview of MIMO technology, containing the definition of diversity 

techniques, operations and applications of MIMO technology. In addition, this chapter presents 

spectrum sensing types and challenges for spectrum sensing techniques.     

Chapter 3 describes the cooperative diversity protocols, the signal combining techniques and the 

relay positioning.     

Chapter 4 describes the methodology of decode forward relay, OSTBC, the assumptions of 

deterministic MIMO channels and the analysis of the error probability over Rayleigh Channels. 

Chapter 5 presents the model, the assumptions used in the simulation and the results.  

Chapter 6 presents the conclusions and recommendations for future work. 
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CHAPTER 2: MIMO Techniques for Wireless Communications 

2.1 Introduction 

In radio, multiple-input and multiple-output, MIMO employs multiple antennas at both the 

transmitter and receiver to boost communication performance [2].  

MIMO, as an emerging technology has received research attention in wireless communications, 

since it offers noteworthy boost in data throughput and link range without supplementary 

transmit power or bandwidth. It attains these as it sends equal sum of transmit power over the 

antennas to achieve an array gain that enhances spectral efficiency and diversity gain that 

reduces fading to improve the link reliability [3,4]. 

In wireless networks, the capacity, spectrum sensing and transmitting power has to increase 

proportionally. MIMO has been proposed to enhance efficiency and data transmission. MIMO is 

at the center of the 802.11n draft specification for 100Mbps wireless. It is occasionally referred 

to as spatial multiplexing, for the reason that it uses a third, spatial dimension as information 

carrier. Jack Winters and Jack Salz at Bell Laboratories [7] published numerous papers on 

beamforming related applications. However, Greg Raleigh and John Cioffi [11] redefined novel 

approach to MIMO technology; in viewing of a configuration to improve the link throughput 

efficiently as the multiple transmit antennas are co-located at one transmitter. 

Bell Labs was the first to make obvious a laboratory model of spatial multiplexing in 1998       

[6, 10] where spatial multiplexing is a prime technology to improve the performance of MIMO 

communication systems. Several groups including Samsung have developed MIMO with 

Orthogonal frequency-division multiple access (MIMO-OFDMA) based solutions for IEEE 

802.16e Worldwide Interoperability for Microwave Access (WiMAX) broadband mobile 

standard. The operations of the upcoming 4G systems will make use of applications of MIMO 

technology [5, 8].  

2.2 MIMO Diversity Techniques 

In wireless communications, the diversity technique employs to improve the signal reliability, by 

using multiple communication channels [7]. Diversity performs an essential task in 

eliminating fading and co-channel interference and the principle of diversity to combine different 

versions of the transmitted signals at the receiver [1]. This assumption is based on the fact that 

the probability of the individual channel experiences independent fading and interference is 

greatly reduced. On the other hand, an addition of redundant forward error correction code boost 
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the message transmitted over the channels and diversity techniques may take advantage of 

the multipath propagation resulting in a diversity gain [3, 5]. The following are some of the 

classes of diversity techniques. 

2.2.1Time diversity 

Multiple versions of the same signal transmitted at different timeslots. In order to get better error 

correction, error bursts are avoided.  The messages by mean of bit-interleaving are spread in time 

before they are transmitted.  

2.2.2 Frequency diversity 

Different frequencies are use in this form of diversity scheme. The form may be the use of 

different channels, spread spectrum OFDM modulation. 

2.2.3 Space diversity 

In this diversity, the signal is transmitted over a number of diverse paths of propagation. In the 

wireless transmission, it can be achieved by using both transmit diversity (multiple transmitter 

antennas) and reception diversity (multiple receiving antennas). In the reception diversity, 

a diversity combining technique is applied for the antennas at different positions to take 

advantage of the various radio paths in the terrestrial environment. 

2.2.4 Polarization diversity 

The antennas with different polarization of multiple versions of a signal are transmitted. 

A diversity combining method is applied at the receiver node. 

2.2.5 Cooperative diversity 

The antenna achieves a diversity gain as it uses distributed antenna, cooperatively with each 

node. It maximizes channel capacities of the total network at a given bandwidths which utilizes 

the user diversity by decoding the signal combined at the relay and the direct signal path in 

wireless multihop networks [35]. 

2.3 Forms of MIMO Techniques 

The MIMO wireless technology [5] is able to significantly improve the capacity with throughput 

of the channel linearly increased by increasing the number of transmit and receive antennas to 
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the system. This formulates MIMO techniques as one of the most advanced wireless technology 

to be an area of study in research. As the bandwidth is a more costly commodity for wireless 

network systems, MIMO techniques are considered necessary to use the available bandwidth 

more efficiently [8]. Different MIMO designs of single or multiple antennas links are defined as 

below: 

 SISO – Single Input Single Output 

 SIMO – Single Input Multiple output 

 MISO – Multiple Input Single Output 

 MIMO – Multiple Input multiple Output 

2.3.1 SISO 

SISO is a radio system where the transmitter and the receiver have single antenna. No diversity 

of an additional processing is required. The main advantage of a SISO system is its simplicity 

[43]. Conversely the SISO channel is restricted in its performance as the Interference and fading 

impact the system and channel bandwidth is limited. 

TX RX

 

Figure 2.1 SISO – Single Input Single Output 

2.3.2 SIMO 

The SIMO is where the transmitter has a single antenna and the receiver has multiple antennas. 

These antennas are used to optimize the data speed and also minimize errors. This is known as 

receive diversity [4]. 

TX RX

 

Figure 2.2 SIMO – Single Input Multiple Output 

SIMO comes in two forms: 
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Switched diversity SIMO: This form of SIMO decides on for the available strongest signal and 

switches to that antenna. 

Maximum ratio combining SIMO:  This form of SIMO selects both signals and combined 

them at the receiver.  

SIMO technology is widely used in digital television (DTV), mobile communications, wireless 

local area networks (WLANs), and metropolitan area networks (MANs). SIMO diversity 

reception antenna is used by military, commercial, amateur, and shortwave radio operators at 

frequencies below 30MHz. The use of two or more antennas at the destination can reduce the 

impediment caused by multipath fading and intersymbol interference [46]. 

2.3.3 MISO 

MISO is when the transmitter has multiple antennas and the receiver has a single antenna. The 

receiver selects the optimal signal to get the essential data. MISO is also termed transmit 

diversity.  

TX RX

 

Figure 2.3 MISO – Multiple Input Single Output 

The advantage of using MISO is in reducing redundancy of the signal by the receiver. This 

requires a low battery consumption instances and has found used in cellular systems [44].   

2.3.4 MIMO 

MIMO is the use of multiple antennas at both the transmitter and receiver to enhance 

communication performance and data link reliability. MIMO provides improvement in both 

channel throughput as well as channel robustness, by improving SNR and by increasing the 

capacity of the link data [5, 7, 18]. 
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TX RX

 

Figure 2.4 MIMO – Multiple Input Multiple Output 

2.4 Functions of MIMO 

MIMO can be subcategorized into three main classes. 

2.4.1 Spatial multiplexing 

It transmission technique used in MIMO technology to transmit independent and separately 

encoded data signals, called streams, from each of the multiple transmit antennas. However, the 

space dimension is multiplexed, more than one time [2]. 

If the transmitter is equipped with    antennas and the receiver has    antennas, with a linear 

receiver, the maximum spatial multiplexing order is 

      (      )       (   ) 

The    streams can be transmitted in parallel, ideally leading to an    increase of the spectral 

efficiency over the wireless channel. The practical multiplexing gain can be limited by spatial 

correlation, as some of the parallel streams may have very weak channel gains [1]. 

Spatial multiplexing is used to increase the channel capacity at higher SNR. It can be used with 

or without channel knowledge at the transmitter and therefore used for simultaneous 

transmission to multiple receivers.  

2.4.2 Precoding 

 It is multi-stream beamforming to sustain transmission in multiple antenna wireless 

communication. The multiple data streams sent from the transmit antennas with independent and 

right weightings maximizes the link throughput at the receiver. One of the benefits of 

beamforming is to increase the received signal gain, making sent signals from different antennas 

combine constructively and to minimize the fading effect. The transmit beamforming at the 
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receiver with multiple antennas cannot maximize the signal level simultaneously, and precoding 

with multiple streams is used. At the transmitter, the precoding needs knowledge of channel state 

information (CSI) [5]. 

2.4.3 Diversity Coding 

This technique is used when the transmitter has no channel knowledge of CSI. The transmitter 

sends a single stream of data, but the signal is coded using space-time coding techniques [1]. The 

signal send are with full or near orthogonal coding and since it has no channel knowledge, there 

is no beamforming or array gain from diversity coding. 

2.5 Applications of MIMO 

MIMO technology is used in Mobile radio telephone for instance such as 

in 3GPP and 3GPP2 standards. In 3GPP, Long Term Evolution (LTE) and High-Speed Packet 

Access plus (HSPA+) standards considers the applications of MIMO technology.  

In non-wireless communication systems, MIMO technology can be used. For example, the 

transmitting of multiple signals over multiple AC wires is the home networking standard ITU-

T G.9963, which characterizes the system of power-line communications [5, 11].   

2.6 Cooperative spectrum sensing 

According to the cooperative communication techniques, its decisive objective is to improve 

spectrum utilization by locating the optimal spectrums available with reconfiguration capability 

[24]. To allocate spectrum, the greatest challenge for cooperative communications technology is 

how to enable PUs to utilize the unused spectrum available allocated with licensed users (LUs) 

with no interference. Figure 2.1 portrays how cooperative users (CUs) dynamically use spectrum 

available holes that are temporarily unused in space, frequency and time. If  LU uses a band, the 

PU at this band either relocate to another spectrum hole or maintains using the band but it 

changes their transmit power and modulation scheme to avoid interference with the LU [28]. By 

this mechanism dynamic spectrum access (DSA) is maintained.  

http://en.wikipedia.org/wiki/Channel_state_information
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Figure 2.5 Spectrum hole concept 

 Spectrum Sensing: This function detects unused spectrum holes and shares it without 

interference with PU while the CU depends on a licensed band. 

 Spectrum Management: This function is used to choose the best available spectrum 

based on the quality of service and requires the use of CU without generating 

unwarranted interference with PU. 

 Spectrum Sharing: It provides the reasonable spectrum scheduling method. It is used in 

resource allocation by coordinating channel access with PUs. 

 Parameter Adjustment: This function modifies communication parameters to 

adaptively act in response to environmental changes. 

2.7 Interference Cancellation Technologies 

 In cooperative wireless systems, interference mainly falls into three kinds: CUs’ interference 

with LUs, internally CUs interference and LUs’ interference to CUs. To improve the quality of 

LUs operation, it is required to maintain CUs interference to LUs at a lesser level than the 

interference temperature. Currently, some of the interference cancellations approach used is to 

implement an algorithms of accurate spectrum sensing and to use an algorithms of conflict-

avoidance spectrum allocation [22, 33, 47]. 
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CHAPTER 3: Cooperative Communication 

3.1 Introduction 

In cooperative communication, multipath propagation of radio waves causes degradation in the 

signal received strength, which is a function of transmitter and receiver location, movement and 

frequency. This generated variations in wireless channel properties known as fading effects. As 

the wireless channel experiences fading, it causes the attenuation in signal at a given 

transmission [2]. The signal received at the relays from the source is processed and retransmit to 

the destination so as to increase its capacity and improve its reliability of end-to-end 

transmission. To combat the fading effects, the diversity technique was introduced to improve 

the performance of wireless systems. The spatial diversity technique called cooperative diversity 

enabled by relaying was proposed by Laneman and Wornell in 2004 [35]. 

 In cooperative communication the distributed radio terminals work mutually to transmit 

information to enhance the reliability of the systems in terms of SER, BER and outage 

probability [19]. The fundamental design is that terminals equipped with multiple antennas are 

positioned between source and destination in a distributed form to produce virtual MIMO.  

3.2 Cooperative Communication Techniques 

In wireless communications, the Space Time Coding (STC) is the performance used to transmit 

multiple data stream across a number of antennas. This enhances received copies of the data to 

sustain the reliability of data transfer.  The STC jointly combines all copies of the received signal 

in an optimal mode in order to extract more information from each of them as possible. The STC 

maximizes both data rate and diversity gain and is conventionally implemented by using MIMO 

transmitting antennas. There are two types of STCs: Space Time Trellis Code (STTC) and STBC 

[18]. The STBC have good diversity gain, less coding gain and less complexity to decode than 

STTC and hence the STBC are used frequently as an encoding technique for transmitting 

different streams of data.   

Spatial diversity was introduced to solve fading problem as to maintain data streams from the 

source to the destination. Multiple antennas are positioned at the transmitter to achieve full 

transmit diversity independent copies of signals transmitted [12].  

As the distance between transmitter and receiver is long enough, cooperative relays are implored 

at both ends. The cooperative relays act as Access Point (AP), receiving the broadcasted data 

streams from transmitter, processing and forwarding them to destination end. Several protocols 
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are implemented at relays such as, Amplify Forward (AF) and Decode Forward (DF) [18, 27]. 

Our proposed DF protocol is implemented at wireless cooperative relay that firstly decodes the 

signal received from the transmitter, re-encodes it and finally forwards to destination. Figure 3.1 

depicts a cooperative multi-hop relay communication system with source node S and the 

destination node D and cooperative relays            

D

R2

RN

R1

S

DestinationSource

Relay
 

Figure 3.1: Cooperative multihop relay communication 

3.3 Cooperative Diversity Protocols 

The principle of the cooperative relaying is that the source transmits the signal to the relay and 

the destination. The signal received at the relays is decoded, re-encoded and retransmitted to the 

destination. The destination combines the signal received in order to boost the reliability, and 

consequently arrive at a better spatial diversity [25]. Cooperative diversity employs a multiple 

antenna performance for maximizing the capacity of channel in the network for given set of 

bandwidths by decoding the joint signal from both the relay node and the direct node in wireless 

multihop networks. Cooperative diversity uses distributed antennas from each node in a wireless 

network. Interestingly, it has been found that cooperative diversity could achieve better spatial 

diversity with multiple antenna technique in a distributed space time coding [50]. Based on their 

forwarding techniques, cooperative diversity protocols could be further subcategories as: AF and 

DF [27] 
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3.3.1 Amplify Forward (AF) 

The basic algorithm of AF is that the relay takes the signal that it receives from the source and 

amplifies it to the destination as depicts in Figure 3.2.  

S D

R

hRS hRD

hSD

 

Figure 3.2: The fundamental relay channel 

The relay is able to amplify the received information based on their power constraints. To 

illustrate this algorithm, we assume the case where a relay is placed between source and 

destination. According to this algorithm, the entire transmission is divided in two hops [30]. In 

the first hop transmission, the source transmits   [ ] for              .  The relay will 

process the received signal   [ ] and retransmit the information by 

  [ ]       [   ]                       ( ) 

where      is amplifying gain factor given by 

    √
  

|   |      
       ( ) 

  ,     and    denotes the average transmit power at the source, relay and variance. 

        depend on the coefficient of fading    between source and relay.  At the destination, the 

signal received   [ ] for                is constructed via diversity combining method of the 

two hop transmission data, each block length of . In respect to multiple relays, each relay 

transmits information through their channel to avoid obstruction at the destination.  This 

approach offers better diversity mechanism but has less bandwidth efficient. Fig 3.3 depicts the 

performance of AF relay [27, 35] protocol used over symmetric relay system in terms of symbol 

error probability (SEP). 
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Figure 3.3: Performance of AF relay protocol in terms of symbol error probability. The path loss 

exponents,    has symmetric relay nodes and independent Rayleigh fading. 

3.3.2 Decode -Forward (DF) 

In this approach, the relay station receives signal from the source. The relay station eliminates 

the effects of noise, before re-encoding and retransmitting it to the destination station [4]. The 

implementation of Cyclic Redundancy Check (CRC) in coding gives full diversity orders [37, 

49]. Consider the network of three nodes shown in Figure 3.4. A source is connected to a relay 

and a destination, with the channels between the nodes given by                   respectively 

Channel 1

Channel 2 Channel 3
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Figure 3.4: DF relay channel 
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We assumed that the transmit power is fixed, and the available time is equally split between the 

two phases, the overall data rate per unit bandwidth is 

 

  
 

 
   [   (  

  |   | 

  
)      (  

  |   | 

  
)]      ( ) 

where     and    are the powers used by source and relay, and     is the noise power. The values 

of      and    can be optimized or fixed at a certain power constraints and the values of the 

channel coefficients     and    . The powers are adjusted in the latter case such that the 

capacity of the source-relay link and the relay-destination link are the same [40, 45]. Thus, their 

optimum power allocation are given as  

     

|   | 

|   |  |   |  |   | 
       ( ) 

     

|   |  |   | 

|   |  |   |  |   | 
        ( ) 

In the DF mode, as the relay station needs to decode the information received from the source 

before forwarding to the destination, there are transmissions of errors. The source to relay link 

might experience impairments due to error transmitted. This can lead to poor performance if the 

relay station wrongly decodes the signal.  

As the relay station decodes the signal received and retransmits the re-encoded signal, the signal-

to-interference ratio (SIR) at the relay station can be expressed as 

      
       

|   |   

∑ |  |   
 
   

         ( ) 

and the SIR at the destination is given by 

            
       

|   |   

∑ |  |
 
  

 
   

          ( ) 

The relay station has an error correcting code that makes it possible to correct the received bit 

errors. It can also detect errors in the received signal using a checksum. During the first hop the 

primary user transmits the signal   
́ [ ]  where j = 1, 2. . . n. At the relay station, the signal is 

estimated using decoding technique and retransmits the estimated   
́ [ ] signal to the secondary 

user at the second hop. As a result the transmitted signal by the relay, denoted   [ ]  is given by 

  [ ]  √
  

  
  
́ [   ]                            ( ) 
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where    and     are average transmitted signal powers from the source and the relays 

respectively. At the destination, the signal received   [ ] for                is constructed by 

diversity combining method of two hop transmission information.  The relays can decode the 

received information from the source using repetition coding based to correlate the codeword 

from the source [34, 35]. The repetition based coding has the benefit of low complexity but has 

poor scheduling and spectral efficiency. The Figure 3.5 shows the performance of DF relays 

protocol in terms of SEP. 

 

Figure 3.5: Performance of DF relay protocol in terms of symbol error probability. The path loss 

exponents,    has symmetric relay nodes and independent Rayleigh fading. 

The DF mode can be further classified into:  

3.3.2.1 Fixed Decode Forward (FDF) 

The relay node forwards its received signals, probably propagating errors which lead to wrong 

decision at the destination. The Figure 3.6 illustrates the performance of FDF relays protocol in 

terms of SEP. 
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Figure 3.6: Performance of FDF relay protocol in terms of symbol error probability. The path loss 

exponents,     has symmetric relay nodes and independent Rayleigh fading. 

3.3.2.2 Adaptive Decode Forward (ADF) 

In ADF, the relay node forwards the signal to the destination when it decodes correctly the 

received information from the source. The relay node stays if the signal is wrongly decoded. It is 

worth noting from the simulation results that, the ADF achieves higher SEP than AF and FDF as 

depicts in Figure 3.7. 
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Figure 3.7: Performance of ADF relay protocol in terms of symbol error probability. The path loss 

exponents,    has symmetric relay nodes and independent Rayleigh fading. 

The DAF approach is the most often preferred method to process data in       the relay since there 

is no amplified noise in the signal sent. 

3.3.2.3 Opportunistic Decode and Forward (ODF) 

In [15], a new extension of the DF cooperative protocol called “opportunistic decode and 

forward” (ODF) was proposed [16].  The idea based on the fact that when the source node to 

relay station channel fade deeply, the best option is for the source node to transmit directly to the 

destination node without any assistance from the relay.  The ODF protocol is termed 

opportunistic in the sense the source node only uses DF transmission protocol if it has gain low 

transmission energy with respect to direct transmission [15]. Figure 3.8 shows the schedule of 

the ODF cooperative transmission protocol (allowing for unequal time allocation between the 

source and relay). 
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Figure 3.8: Opportunistic decode and forward (ODF) protocol schedule 

The major advantage of the DF protocol is that, the time allocation between the source and relay 

is not required to be identical. 

3.4 Diversity Combining Techniques. 

Different techniques are used to combine the diversity of signals at the receiver [13]. The 

Combining procedures are method of combining the multiple received signals of 

a diversity reception device into a single enhanced signal. We will consider the three of such 

techniques in this thesis.  

3.4.1 Equal Ratio Combining (ERC) 

This procedure has a low performance, but is the easiest combination method for signals. All 

signals received are summed coherently to maximize the computing time [27]. It can be 

represented as follows: 

  [ ]  ∑    [ ]

 

   

        ( ) 

The equation becomes:  

  [ ]      [ ] +     [ ]     (  ) 



18 

 

where      represents signal from the relay and      represents the received signal from the 

source. 

3.4.2 Maximum Ratio Combining (MRC) 

For this combining method, the signals received are weighted with respect to their     and then 

summed. The receiver does not need prior knowledge of the exact channel type, but uses the 

channel quality to combine the signals with lesser estimating power. The resulting    becomes      

∑    

 

   

               (  ) 

where      is     of the signal received   

For a dual sender transmission with MRC at the receiver, their performances can be expressed 

as: 

    
 

 
(   ) (   );                √

 ̅ 

   ̅ 
        (  ) 

where  ̅  show the average signal-to-noise ratio, defined as  ̅  
 

    (  )  and             

where  (  )    
. 

This gives an optimal performance as the relay terminal might employ individual symbol 

decoding and allow the destination to complete the full decoding [30, 41]. 

3.4.3 Selection Combining Diversity (SC) 

In selective combining, the receivers select the antenna with the highest signal received power 

and highest SNR. If there are N independent signals and are Rayleigh distributed [23, 30], the 

likely diversity gain has been proved to be expressed in power ratio as  

∑
 

 

 

   

       (  ) 

Therefore, as the number of channels increasing, there is quick diminishes with an extra gain.  

 

3.4.4 Signal-to-Noise Ratio (SNR) 

The SNR is used on deciding the weigh up of the signals received and their link quality. A better 

performance is achievable only when proper decisions are made for the incoming signals [18]. It 

can be expressed as: 
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  [ ]  ∑    

 

   

     [ ]      (  ) 

Using a single relay station: 

  [ ]             [ ] +             [ ]         (  ) 

Where          represents the link over the relay channel and        represents the SNR of the 

direct link. 

In multi hop relaying, for example, if the relay link is using a DF protocol, the receiver sees only 

the channel quality of the last hop [30]. The assumption is that some additional information 

about the quality of the unseen hops is sent by the relay to the destination so that SNR could be 

estimated.  

3.4.4.1 Estimation of SNR using DF 

BER of the link quality is first calculated to estimate the SNR using DF. The result is 

consequently converted to an equivalent SNR. Therefore, BER of a single relay link could be 

calculated as: 

                (        )   (        )           (  ) 

For a BPSK modulated Rayleigh faded signal this will be           

     
 

 
[   (   )]        (  ) 

Where Q is the Marcum-Q function. 

3.5 Relay Positioning 

A cooperative wireless network with single source, multiple relay stations and single destination, 

having multiple users relay channel is considered as depicts in Figure 3.9 
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Figure 3.9: System model of multiple relay DF communication over Rayleigh fading channel. 

Each terminal is equipped with single antenna that works in half duplex mode. In the first time 

slot, the transmitted signal is sent from the source node (S) to both destination node (D) and 

cooperative relays nodes (  ).The received signals at cooperative relays node are then encode, 

re-encode and forward to the destination node under DF protocol [27]. Table 1 summarizes the 

transmission protocol.   

Table 1 Transmission Protocol 

Time slot Mode of transmission 

1 S   and S   

2 S   and     

 

Due to Rayleigh fading, each hop has a channel power denoted by |   |
 
  and independent with 

exponential random variable mean               This is the fading coefficient of the link 

between node x and y. The source node and cooperative relay has an average transmits powers 

denoted by      

We define        |   |
 
 as the instantaneous SNR for each link. In addition, we defined for the 

non-cooperative transmission received SNR as     
  

  
|   |             

  

  
   is the 

transmit signal over noise power of the source node. The     denotes the coefficient of channel 

fading between the source and the destination link [32]. It is assumed that the receivers at both 

the cooperative relays and destination node have perfect CSI. For the cooperative network, the 
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source node broadcast signal through multiple relays by choosing the relay that corresponds to 

max|   | . 

3.6 Node Placement 

Three segments of signal node placements will be considered for the simulation for this thesis.  

3.6.1 Relay Centered 

The relay is placed in an equidistant between the source and destination as illustrated in Figure 

3.10.  

Source Channel 2 Relay Channel 3

Channel 1

Destination

 

Figure 3.10: Relay positioned at Centre 

 

3.6.2 Relay Close to Source 

Here the relay is positioned close to the signal source as shown in Figure 3.11 below. 
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Figure 3.11:  Relay close to Source 

 

3.6.3 Relay Close to Receiver 

Here the relay is positioned close to the receiver as shown in Figure 3.12 below. 

Channel 1 Channel 2
Relay Channel 3

Channel 1

Destination

 

Figure 3.12: Relay close to Destination 
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CHAPTER 4: Decoding Forward Relay Using DOSTBC 

4.1 Introduction 

Space time block coding (STBC) is the technique used for transmitting information with the aid 

of multiple antenna [8] system and exploiting the received information in order to enhance the 

reliability of the transmitted information in a cellular and wireless environment [3]. The idea of 

STBC implementation is to deliver the most suitable output and hence attaining maximum 

diversity gain. During the signal transmission, the transmitted signal gets scattered, reflected, and 

refracted before it reaches the receiver and it is further corrupted by the thermal noise of the 

receiver. This increases the possibility of acquiring the true signal after decoding the received 

signal. STBC plays a vital role as it combines all the received signals in an optimal way and 

helps in extracting all the possible information from the signal. In STBC the data is transmitted 

in a stream of encoded blocks, which is distributed across space and time. It is mandatory to have 

multiple transmit antennas as the performance of the system improves with multiple receiving 

antennas [6, 18]. This process of receiving diverse copies of the transmitted information via 

multiple channels is known as diversity reception. STBC system with antenna arrays at both ends 

of the link increases the capacity gain of the system in high-scattered environment. STBC can be 

categorized into two classes as linear and nonlinear STBC. 

4.2 Orthogonality 

STBC is basically an orthogonal system. This means that the vectors of the STBC matrices are 

designed in such a fashion that the vectors of the coding matrix are orthogonal at any given time 

and space. This yields a simple, optimal, and linear decoding at the receiving terminal [1]. The 

only disadvantage of orthogonal system is that any one of the received signal that satisfies the 

above criterion has to denote some portion of its data rate. The implementation of orthogonality 

in space time block codes plays a vital role as it provides sufficient discovery of the transmitted 

packets, decoupling the intended information from noise [21]. This makes the optimal detection 

of the packets information easier from the received data at the destination. With the theory of 

orthogonal designs, Vahid Tarokh and Hamid Jafarkhani [14] modeled the “generalized 

orthogonal designs” for any number of transmitting antennas. These encoding techniques achieve 

full diversity order offered by the transmitting and receiving antennas [12]. On the basis of linear 

processing at the receiver these coding techniques have very simple maximum likelihood 

decoding algorithms [36].  
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Broadening the STBCs, theories of generalized complex orthogonal designs were developed. 

These designs also exist for any number of transmitting antennas and have simple maximum 

likelihood decoding algorithm with linear processing at the receiver with 1/2 of maximum 

possible data rate and full spatial diversity [8]. By considering the application of orthogonal 

codes, in this thesis, we will focus Distributed Space Time Block Codes (DSTBC) [50, 51] on 

the complex orthogonal designs, which is an extension in the theory of real orthogonal designs 

[20, 48]. 

4.3 System Model 

Assume a wireless network consisting of a source node, a destination node, and a set of R relay 

nodes   {        }   Each node has a single antenna and a half-duplex radio with 

information transmitted in two phase protocols [30]. First, a signal of duration symbol    periods 

is transmit by the source and received by the relays. But during the second phase, a subset of the 

relays will simultaneously transmit signals of duration symbol    periods, and the destination 

will receive a noisy sum of the relay signals. Depending upon transmission and channel delays, 

the estimated         of the consecutive symbol periods the source move on to the next 

message. We however assume that there is no direct link between the source and destination, 

although the protocols and their performance analyses work for such a link [25, 49]. 

We assumed a discrete-time model, whereby the signal transmitted by the source at the first 

phase is denoted by the vector    (         )
    The individual symbols          are each 

drawn from a complex constellation X of M symbols. The average energy of the normalized 

constellation signal is unity. 

 

 
∑ | | 

   
        (   ) 

The normalized constellation signal is intensify and transmit at the source with power    at the 

first phase. Let    symbolize the complex gain of the channel between the node        the source. 

Thus the received signal by node     during the first phase is 

     √            (   ) 

where    [            ]
  is a noise vector having free circularly symmetric complex 

Gaussian random variables (         ) 
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In the second phase, a subset     of the relays will simultaneously, without symbol 

synchronization, transmit to the destination. At this phase, node       will transmit a signal 

represented by the discrete-time vector    [             ]
 
with power   . 

When the signals are perfectly synchronized, the signal received at the destination will be 

  ∑   √    
      

        (   ) 

where    is the complex gain of the channel between node     and the destination, and    

[             ]
 
  the noise vector having free circularly symmetric complex Gaussian random 

variables (         ). Assume the signals are not synchronized; the system model must be 

generalized to explain for time offsets. 

In general, the power  |  |
  and  |  |

  with the channel gains     and     respectively depend on 

characteristics of the wireless network. The network is assumed to be independent and 

identically distributed. Each    and    is assumed to be symmetric complex Gaussian, so that 

their envelopes |  |     |  | are Rayleigh distributed [50].  

 

4.4 Orthogonal STBC 

Orthogonal STBC (OSTBC) is an important subclass of linear STBC [14].OSTBC that achieves 

rate of 1, full diversity gain needless to sacrifice its data rate [14]. It guarantees that the coherent 

maximum likelihood (ML) detection of different symbols 〈  〉 is decoupled, and at the same time 

achieves a diversity order equal to     . For two transmit antennas, OSTBC is presently being 

considered as a means for improving the performance of global system for mobile 

communications (GSM) [20], wireless local area networks, and enhanced data rates for GSM 

evolution. OSTBC is a linear space time block code with the following unitary property [10, 20]: 

    ∑|  | 

  

   

      (   ) 

This property of OSTBC is the key reason for the name it bears. It should be noted that the 

identity matrix, I on the right hand side of (   ) could be scaled by using an arbitrary constant 

factor. 

4.4 Diversity Criterion 

Let  
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 ∑     

 
    

 

  

   

      (   ) 

be  the  signal  received  by     antenna  at  time  slot   ,  the receiver receives signal matrix at 

receive antennas.   

Assuming perfect channel state information is available; the receiver computes the decision 

metric. 

∑∑|  
 
 ∑     

 

  

   

|

   

   

 

   

     (   ) 

using all codeword    
   

    
    

   
    

     
   

     
   and choose the codeword that 

minimizes this sum. 

Given perfect channel state information at the receiver, we may approximate the probability that 

the receiver decides inaccurately in favor of a signal 

    
   

    
    

   
    

     
   

     
   

Assuming     
   

    
    

   
    

     
   

     
   was transmitted; this analysis leads to the 

formation of the matrix 

 (   )  

(

 

  
    

    
    

 

  
    

    
    

  
  

    
 

  
    

 

   
  

    
    

     
     

     
  )

       (   ) 

For any pair of distinct codewords   and   the matrix has to be full-rank in order to give the 

maximum possible diversity order of     . If instead,  (   ) has minimum rank   over the set of 

pairs of distinct codewords, then the space time code offers diversity order    
. An assessment of 

the example of OSTBCs [20, 27] shown below reveals that they all satisfy this criterion for 

maximum diversity 

4.5 Alamouti STBC 

Although Alamouti did not introduce the term “space time block code” he proposed the simplest 

form of STBCs in 1998 [13].  It was intended for a two-transmit antenna system and has the 

coding matrix: 

 

          [
     

 

    
 ]………….(4.8) 

Where * designate complex conjugate. 
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Figure 4.1: A block diagram of the Alamouti space time encoder 

From (4.8), we can be deduced that the column vectors in           are orthogonal to each other.  

The encoder outputs have two consecutive transmission periods from two transmit antennas. For 

the first transmission period, the signals     and    are simultaneously transmitted from antenna 1 

and antenna 2 respectively. In the second transmission period, signal    
  is transmitted from 

transmit antenna one and signal   
  from transmit antenna 2, where   

  is the complex conjugate of 

   [13, 18]. 

The encoding is performed in both the space and time domains. Suppose the transmit sequence 

from antennas 1and 2 are    and    respectively. 

   [      
 ]  and    [     

 ] 

The key feature of the Alamouti scheme [13] is that the transmit sequences from the two transmit 

antennas are orthogonal, since the inner product of the sequences           is zero. 

          
    

      

The code matrix has the following property 

    [
|  |

  |  |
  

 |  |
  |  |

 ] 

                (|  |
  |  |

 )         (   ) 

Where    is     identity matrix. 

Let the fading channel coefficients from the first and second transmit antennas to the receive 

antenna at time t are designated as   ( ) and   ( ) respectively. Assuming that the fading 

coefficients are constant across two consecutive symbol transmission periods, they can be 

expressed as follows 

  ( )    (   )  |  | 
    

  ( )    (   )  |  | 
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|  | and    ,i=0,1, are the amplitude gain and phase shift for the path from transmit antenna i to 

the receive antenna, and T  is the symbol duration. 

At the receive antenna, the received signals over two consecutive symbol periods, denoted by     

and     for time t and t + T , respectively, can be expressed as 

                                (    ) 

         
      

    ………………...........(4.11) 
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Figure 4.2: Receiver for the Alamouti scheme 

where    and   are complex independent variables with zero mean and power spectral 

density    ⁄  per dimension, representing AWGN samples at time t and t + T correspondingly. 

4.6 STBC for Complex Signal Constellations 

Recall from (4.8), it is known that the Alamouti code [13] is a complex STBC with     , 

which achieves the maximum diversity order of 2 at rate-1 code.   
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In  general,  if  an       complex  transmission  matrix     with  complex  entries    ,  , . . . ,     

satisfies 

       
   [|  |

  |  |
    |  |

 ]         (    ) 

the space-time block code can provide the full transmit diversity of    with a code rate of    . 

However, when       researchers have proved that no code for more than 2 transmit antennas 

could achieve full-rate. The code design goal at higher transmit antenna is to construct high rate 

[12] complex transmission matrices    
 

 that achieve full rate with minimum decoding 

complexity that. For orthogonal designs, the value of   must be lessen in order to minimize the 

decoding delay [31]. 

Consider, for example the complex transmission matrices,   
 

(    ) and    
 
(    ) for 

orthogonal designs of STBCs with three and four transmit antennas [21], respectively. The 

Matrices   
 

 and   
 

 are given as follow:  

     
 

 |

        

      

      

     
 

      
 

        
 

   
    

    
 

    
     

    
 

    
      

     
 
|      (    ) 

   
 

 |
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Figure 4.3: Designs with rate R = 3/4 for   = 3 and    = 4 transmit antennas 

From the(    ) and (    ), it can be concluded that taking any two rows of the inner product of 

these matrices is zero, which verify the orthogonality of these structures. With   
  

matrix, four 

complex symbols are taken at a time, and transmitted by the use of three transmit antennas in 

eight time slots; thus the transmission rate is 1/2 [13, 41]. Again   
 
 matrix, taken from a complex 

constellation at a time and transmitted via four transmits antennas in eight time slots, resulting in 

a transmission rate of 1/2 as well. 

The following two code matrices   
  and   

  are complex generalized orthogonal designs of 

STBCs for three and four transmit antennas with codes achieve rate     ⁄  respectively [29]. 
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Figure 4.4: Design with rate R = 3/4 for    = 3 and    = 4 transmit antennas 

Both (    )   (    )exhibit uneven power among the symbols they transmit. This means that 

the signal does not have a steady envelope and that the power each antenna must transmit vary, 

both of which are undesirable. An improved version of (    ) that overcome this problem has 

since been designed.         

   
   |

     
    

 

    
  

     
 

      

 
   

 

  
 

  

|     (    ) 

Similar decoding algorithms can be derived for STBC with complex signal constellations. For 

the rate     of STBC   
 
      

 
, the decision statistics   ́   can be represented by 

  ́  ∑ ∑    ( )

  

      ( )

  ́ 
 
 ́    ( )

       (    ) 

Where 

 ́ 
 ( )  {

  
 
                                     

 

(  
 
)
 
     

                               
 

  ………….(4.19) 

and  

 ́    ( )
 {

     ( )

                                     
 

     ( )
                                    

      (    ) 

The decision metric is given by 

|  ́    |
  ( ∑∑|    |

 
  

  

   

  

   

) |  |
       (    ) 

Generally, for arbitrary complex signal constellations, the results [14, 20] of OSTBCs have 

established that: 

 For   =2,   an   OSTBC will have rate          

 For   =3,4, an  OSTBC will have rate          ⁄  
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 For      an   OSTBC will have rate          ⁄  

These results emphasize that when using multiple transmit antenna in transmitting symbols from 

their complex constellation, OSTBCs always have loss in bandwidth efficiency. For exceptional 

case,           is achievable for all    . 

4.7 Deterministic MIMO Channels 

For deterministic MIMO channels [7], it can be assumed that the matrix gain of the channel H is 

fixed. In fixed wireless links, the variations in the environment are negligible. 

Using singular value decomposition (SVD), we can write 

                (    ) 

where U and V  are unitary matrices of   ×    and    ×    respectively, and   is    ×    non-

negative diagonal matrix whose diagonal elements are the singular values of the matrix H . 

We assume that there are    transmit and    receive antennas, with no intersymbol interference 

(i.e., the sub-channels are flat fading) the input–output relationship of the MIMO channel [5, 7] 

is given by  

  √         (    ) 

4.7.1 Equal Transmit Power Allocation 

Let us suppose the MIMO channel is deterministic, without only receiver having an access to the 

channel matrix, hence the transmitter cannot optimize its power allocation among its antennas.  

With the given trace constraint, we assume that the transmitter does not have the channel state 

information [5, 18]. The channel capacity achieves an input vector with independent complex 

Gaussian with equal power on each of the antennas. Therefore, the channel capacity is given by 

     {   (   
 

 

  
   )}        (    ) 

                                        ∑   (  
 

  
  )

 

   

           (    ) 

 

as the channel capacity of the MIMO.  

4.7.2 Single Transmit Antenna 

For the case of a single transmit antenna,   = 1, we merely have receive antenna diversity. The 

gain matrix of the channel is a row vector of size 1 ×   , denoted by  . The capacity is given by 
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   [   (   ‖ ‖ )]   (    ) 

which, for the case of independent Rayleigh fading, can be evaluated to be 

  
 

(    ) 
∫    (    )     

 

 

        (    ) 

The capacity approaches    (     ) as the number of receive an antennas increase which 

shows that capacity increases only logarithmically with   . 

4.7.3 Single Receive Antenna 

For the case of a single receive antenna, the channel matrix is a column vector of size    × 1, 

denoted by h. The channel capacity is given by 
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and for independent Rayleigh fading, we have 
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∫    (  

  

  
)      

 

 

         (    ) 

which approaches a constant, log(1 + ρ), as the number of transmit antennas is increased. For a 

fixed total received SNR, the capacities for both single receive antenna and single transmit 

antenna cases approach a constant.  

4.7.4 Equal Number of Transmit and Receive Antennas 

Let us now consider the case of equal number of transmit and receive antennas and thus    

  = n. For independent Rayleigh fading, the capacity is given by 

   ∫    (    )
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          (    ) 

It can approximated as n is increased, as [17] 

   ∫    (    )
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         (    ) 

This result is very important as it shows that, for a given transmit power level, the MIMO 

channel capacity scales linearly with the number of receive and transmit antennas used. This is a 

tremendous increase that motivates the search for good coding techniques for practical wireless 

MIMO communications [42]. 
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4.8 Channel Capacity with OSTBCs 

The channel capacity is the total information of data stream which reliably can be transmitted 

over a channel [45]. The channel capacity for SISO AWGN channels was first derived by Claude 

Shannon [26, 45].  In compare to AWGN channels, multiple antenna channels solve fading and 

cover a spatial dimension. The channel capacity of a deterministic MIMO channel is known by 

      {   (   
 

 

  
   )} [                 ]   (    ) 

It has been shown that OSTBCs [27] can achieve the maximum information rate when the 

receiver has only one receive antenna. Hence, in general OSTBCs cannot reach the capacity of a 

MIMO channel. 

Assuming that the OSTBC transmits    symbol at   time slots, the maximum achievable 

capacity of OSTBC achieved with uncorrelated input signals and results in: 
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Using the SVD approach with,         the capacity [18, 45] can be rewritten as: 
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However, for a given channel, the capacity of the equivalent MIMO channel without channel 

knowledge at the transmitter is 
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Where    
      

 

 
 and   represents a MIMO channel matrix. The expression in(    ) is 

obtained using the SVD approach, where    are the positive eigenvalues of     and   is the rank 

of the channel matrix  .  

4.9 Mutual Information of OSTBC 

Let the average transmitted energy (accumulated over all    transmit antennas) per time interval 

be equal to one. It then holds that 
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Assuming       the   has rank one, then [46] can be proof as following 
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If the rank of   is one, and      then it follows that      ( )        ( ) 

4.9 Error Probability Analysis over Rayleigh Fading Channels 

There are two probabilities of error that come to play over Rayleigh fading channel. These are 

Symbol Error Probability (SEP), the probability that an error occurs in transmission of a symbol 

or a message and the Bit-Error Probability (BEP), the error probability[19] in transmission of a 

single bit. 

In [17], the known BEP equations, for Binary Phase Shift Keying (BPSK) over an AWGN 

channel is given as 

   (  )   (√   )     (    ) 

Under the assumptions of both the large values of M and the SNR, the exact equation for SEP of 

M-ary PSK in AWGN channel can be approximated [18]. The approximated SEP expression is 

given as 

  (  )    (√      
 

 
)      (    ) 

 Similarly, the approximated BEP is given by 

    
 

     
         (    ) 
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Letting the           to be BEP of M-ary signal constellation with STBC in AWGN channel, the 

Rayleigh fading channel with error probability can be  obtained  by  averaging (    ) over  the  

PDF  of     and is given as in [18]  

          ∫   (  )         (  ) 

 

 

     (    ) 

Using the systematic approach in [18, 19], in making use of SEP, the exact BEP for BPSK can 

be derived and therefore is given by 
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and the  BEP of  BPSK  approximated is obtained as   
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CHAPTER 5: Applying DOSTBC in DF Cooperative Networks 

5.1 Introduction 

There is an increasing demand for wireless technologies consequently need for sufficient 

spectrum utilization. However, the available spectrum resources are very limited [24, 28, 33]. 

Most part of the available spectrum has been allocated to wireless services and the frequency 

bands allocated are not allowed to be used by unlicensed users. However, the frequency bands 

allocated are under-utilized. This under-utilization of allocated spectrum establishes spectrum 

holes. The unlicensed users get an access to use the free holes when they are available. 

The emerging wireless technologies demand such a technique which allows the SU to use the 

spectrum holes resourcefully. Recently, cooperative wireless technology has been proposed to 

solve the use of the licensed band by SU without interference with the PU. The SU can only get 

access to the licensed band when it locates the unused spectrum holes to occupy. This spectrum 

utilization achieves DSA [22, 52]. 

To avoid interference with PUs and for protection to be guaranteed, the cooperative wireless 

network should be more alert. By non-stop spectrum monitoring, this alertness and protection 

can only be achieved and gives the cooperative network ability to refill spectrum holes and serve 

SUs without distracting PUs operation [28].  

The undertaking of cooperative network is relatively difficult since PUs may use the different 

data rates and transmission powers under diverse modulation performance [34]. In spectrum 

sensing environment for cooperative network another challenge is multipath propagation. In this 

kind of environment, the signal fading effects of reflection, refraction, diffraction and absorption 

of the signal caused by multipath propagation, becomes difficult in detecting the spectrum holes 

in the area of PUs accurately [33, 52].  

However, in recent time, cooperative communication has gotten recognition due to its dominant 

operation to achieving spatial and diversity gain. In cooperative network, it operates as an 

independent unit in the communication environment and regularly exchanges information about 

the environment among the networks and gives access to other CRs. The relay nodes mainly 

draw together spectrum information from the radio environment or licensed spectrum, encode it 

and then retransmit to the destination node [35]. After the destination node collects messages 

from different relay nodes, it decides either the spectrum holes are available or not and then 

dynamically allocate the free bands to SUs. To achieve more spatial diversity, OSTBC is 

introduced on both PU and SU [27]. The overall alertness and detection time are observed. 
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In our thesis, we investigate cooperative relays and Alamouti’s STBC based on cooperative 

spectrum sensing in cooperative network. The proposal is to set up relay nodes which transmit 

the processed signal, received from PUs with two transmitting antennas, to destination node 

having two receiving antennas [21]. The destination node, after receiving spectrum information 

from the different relay nodes, evaluate them with a known threshold level based on energy 

detection, and then calculate approximately the presence or absence PU in the spectrum holes. 

The relay nodes are used in DF mode, which transmit the re-encoded version of the received 

signal to destination. The CSI is assumed to be available from source node to cooperative relay 

and from cooperative relay to the destination (dual hop communication) [6, 30]. 

5.2 Cooperative Network System Model 

This system model includes primary user (PU), cooperative relays (CRs) and cooperative 

controller (CC). The CC acts as the decision maker [8, 18, 31] and all channels between PU and 

SU are assumed as Rayleigh fading channel. The coefficient of fading between PU and CC is 

denoted by     . 

Cooperative 
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Figure 5.1: Proposed system model for cooperative network using DOSTBC with DF relaying 

protocol. 

A relay nodes,    (  = 1, 2, ...,  ),  is placed midway of PU and CC.  The cofficients of fading 

between PU and relaying nodes (  ) is      
; the relaying nodes (  ) and cooperative controller 

( ) is       respectively. It is assumed the coefficients of fading:      
       and      are 

mutually independent [27,40].  
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The channel impulse responses (CIRs) for S     and    D are independent identically 

distributed (IID) zero mean circular Gaussian random variables with unit variances. We have 

also assumed that the channel all the relays and destination node noises are modeled as IID 

additive white Gaussian noise (AWGN) with zero mean and unity variance, i.e.,    (0, 1) [9]. 

In the proposed system model, we have regarded as a collinear geometry for locating that are PU, 

CRs and CC terminals as shown in Figure 5.1. The exponentially decaying path loss model is 

assumed in this system. The distance between the PU and CC is taken as  , and the mean power 

of channel for the direct path,       , where     is taken to be 0.1. The mean power of the 

channel between PU and CRs is          and the mean power of the channel between the 

CRs and CC is    (   )     [27].  

The path loss exponent   = 4, and the distance factor   chosen to between         for the 

well positioning of the CRs to the PU. In detecting the signals between PU and the CRs, the   

range will be varying in different cases and the path loss exponent α in the model also has 

varying exponentially decaying property. In this system we have also considered Alamouti 

STBC scheme with two transmit and two receive antennas for both PU and CC respectively [13]. 

Each relay is assumed to be equipped with single transmit and receive antenna and purposely to 

achieve diversity gain at the CC. 

In the proposed model, we reflect on a two hop cooperative diversity protocol [30] with   relays 

as the channel considered being constant for a coherence time      and with new values changes 

independently for each     . All terminals are assumed with half duplex capability and equipped 

with a single antenna, i.e., a terminal cannot simultaneously transmit and receive signal. 

5.2.1 First-Hop Transmission: Source-To-Relay 

In first time-slot, the PU transmits    symbols   [           
]
 
 chosen from a signal 

constellation , with average transmit power per symbol   . To apply the orthogonal designs as in 

multiple antennas schemes [14, 34], we double the number of channel usage of the first-hop, to 

enable source node sends the s conjugate version in the second time-slot. At the  th relay during 

the first and second time-slot, the received signals are respectively expressed as: 

  
        

        (   ) 

  
     

    
         (   ) 
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Where   
 ,  =1,2, is  the  received  vector  at  the   th  relay during  the   th  time-slot, 

     (    ) is  the  coefficient of Rayleigh fading channel for the source- th relay link; 

    the channel mean power; and   
  is complex AWGN of zero mean and variance    [20]. 

5.2.2 Second-Hop Transmission: Relay-To-Destination 

In the second-hop transmission,  , the relays are made to function in the DF protocol mode to 

minimize the signaling cooperation overhead. The average power constraint with distributed CSI 

on   at the relay can only be satisfied when the relaying gain operation is determined. From the 

proposed model, the cooperative relaying nodes transmit the signal to the CC passing through 

multipath propagation using time division multiplexing access (TDMA) technique. 

In order to construct a DOSTBC [48], the  th relay multiplies   
  and   

  with    and    

respectively. With a scalar gain  , these two products are summed up and amplified, at each 

relay before re-encoded forward to the destination. As a result, the transmitted signal vector     

from the  th relay is as follows 

    (    
      

 ) 

                                                   [  (       
 )  (    

      
 )]   (   ) 

Where    and    are         matrices which follows from(   )     (   ) . 

Assuming    than the      of    , the received signal vector    at the destination is give by 

   ∑     

 

   

          (   ) 

                                                  ∑   [  (       
 )  (    

      
 )]

 

   

     (   ) 

where  (5.6)  follows  immediately  from  (5.6),       (    ) is  the  coefficient of Rayleigh 

fading channel for the source- th relay and destination  link;        the channel mean power; and 

   is AWGN at the destination of zero mean and variance    [20, 25]. 

5.3 Energy Detection Method in Cooperative Controller 
In order to normalize the noise variance and reduce the noise power, the energy detector uses an 

ideal band pass filter whose carrier frequency is    and bandwidth  (  ). The energy of the 

received signal is considered, by means of squaring the output of the filter and then integrating it 

over the period    
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Figure 5.4. Energy Detector Implemented in Cooperative Controller of Relays 

 

To estimate PU signal energy( ), detected signal from PU is initially passed through bandpass 

filter (   ) then further to integration device for integrating over time interval   [18]. 

The received signal for each number of samples component is denoted by       where  the 

time is taken to obtain the samples [20, 23]. The outcome from integral device is denoted as     

and then  forwarded  to  threshold  device  to weigh against  the  resulted  signal  energy with 

known value of threshold energy.  In threshold device when the PU signal energy is lower than 

the known energy value, PU is assumed to be available, or else not available. The final decision 

from cooperative controller is always in binary digit: 0, 1; where 1 represents the occupied PU 

spectrum and 0 is when for free spectrum. From the energy detection method, the estimated 

signal      after integral device is given as [25, 29] 

                                             (   ) 

Where    , the input signal and     , the AWGN with zero mean and variance     ⁄  

 

Case 1:  When PU is present in the spectrum 

When  =1, this represents the occupied PU spectrum and SU needs to queue for free spectrum 

availability [18, 19, 21, 26]. The received signal   follows non-central chi square distribution of 

degree of freedom   [19, 20]. The (   ) becomes 

                (   ) 

and  

 (   )  |   |
 
 |   |

 
      (   ) 

The cumulative distribution frequency (   ) is similarly estimated from (5.9) as 

  ( )   [ (   )   |   ] 

                                                                              ∫  ( )

 

 

   

  ( )   
 

 
               (    ) 

Where         the transmit symbols with signal powers [20]. 
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Thus, the probability of detection and probability of false alarming are calculated by using the 

following expressions: 

                          (√  √ )     (    ) 

                           
 (  

 
 )

 ( )
       (    ) 

Where      the Marcum-Q function [19, 27, 23] and  (pronounced as “capital gamma”) is the 

upper incomplete gamma function having degree of freedom (.). From (5.9) and (5.10) it can be 

shown that the probability of false alarming is independent on end-to-end SNR and therefore it 

remains constant in all kinds of fading channel [19, 20, 25]. 

Case 2:  When PU is absent in the spectrum 

When  =0, this represents the absence of PU signal in the spectrum and SU has the chance to 

use the spectrum available until PU needs back spectrum for their utilization. The received signal 

  follows chi square distribution of degree of freedom    [19, 20, 38]. Hence (5.7) becomes 

            (    ) 

And  

 (   )  |   |
 
    (    ) 

The cumulative distribution frequency (   ) is further estimated from (5.14) as 

  ( )   [ (   )   |   ] 

 ∫  ( )

 

 

   

                     ( )             (    ) 

 

5.4 Single Relay 

The system model in this scenario includes PUs, CRs station and the CC. The relay carefully 

checks all the signals received from the source node. The received signal at the CC is denoted as 

     and is given as 

                

where      denotes the channel gain between the PU and the relay,   indicates the absence or 

presence of the PU and    is the additive noise signal at the relay. 

We further assumed that the cooperative relays follows DF protocol, and have an amplification 

factor,    given as 

|  |
 

 
  

        
    

     (    ) 
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where    is the power of the transmitted signal from the source node and    is the transmission 

power constraint of the relay. Hence, the signal received at the destination node,     is given as 

              √              

                                                 √            √            

                                                (    ) 

 

Where,    is the noise signal at the destination node and      illustrates the channel gain between 

the relay node and the destination node. 

Finally, the total end-to-end SNR for the single CR with single antenna for PU and CC, under an 

exponential-decay path loss model, is known as 

 ̅  
[   ̅      ̅   ]

[   ̅       ̅   ]
       (    ) 

 

Where  ̅    |    |
   

  
, the SNR from the source node to the relay node,  ̅    |    |

   

  
, the 

SNR from the relay node to the CC. 

 

It is further observed that the overall SNR from source node to cooperative controller for dual 

hop transmission system is similar to that of relay based single-input single-output system 

described in [27] and is given as 

     (
        

         
)      (    ) 
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5.5 Multiple Relay 

In proposed technique four CRs are placed between source node and CC. The distance between 

source and CRs is controlled by distance control factor . Both the end-to-end SNR for 

cooperative relay path and the direct path are calculated but the fading matrix estimation will not 

be the same as a result of the complex random nature of the fast Rayleigh fading channel [8, 32, 

34].   

At the receiver, the total end-to-end SNR of the P     path is estimated by implementing 

MRC technique. This can be expression as: 

        ∑ |
   

     
 

   
     

 |

 

   

    (    ) 
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Where   is a constant. 

The SC method is applied at receiver to combine the incoming signal from CR linkage with 

direct path [25, 42]. In SC receiver decides on the highest SNR cooperative relay link between 

source node and CC. SC again joins with direct path transmitted data to retain the transmitted 

information from source [20, 23]. 

      (  )       
     

|
   

     
 

   
     

 |    (    ) 

 

5.6 Direct Path SNR 

Direct path communication provides a direct link between the PU and the CC by introducing 

spatial diversity.  The direct path SNR for Alamouti(  
    

     ) is given as 

      ‖ ‖ 
         (    ) 

Where     the direct path channel mean power from the PU to the CC and ‖ ‖ 
   is given by 

‖ ‖ 
  ∑∑|   |

 
      (    )

  
 

   

  
 

   

 

Where F is the Frobenius norm of the matrix  , and   is the direct path fading matrix from PU 

to SU. 

 

5.7 Maximum Likelihood (ML) Decodable DOSTBC 

The received signal at relays is decoded using ML decoder. The ML decoder explores the 

neighboring received codeword with all possible message sequence that is equally sent over the 

channel. This defines the parameters that maximize the probability of detection of PU spectrum 

[25, 36]. 

Decoding process is found to be ML decodable with repetition based cooperative diversity [35]. 

However, at relay the distorted version of the transmitted signal is received because of the 

presence of noise and fading within channel.  

In recent times, the distributed space time block codes (DSTBC) were designed for high data rate 

cooperative networks [12]. In this regard, DSTBC with amicable orthogonal design [29] have 

been found to achieve full diversity and better single ML decodable. The received signal Y can 

be written in the matrix form as 

                   (    ) 
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Where Y, H and W are received signal, fading and AWGN matrices, respectively. Therefore the 

maximum likelihood [36, 39] metric can be written as 

‖    ̂‖
 

 
   [(    ̂)(    ̂)

 
]         (    ) 

Where   [(    ̂)(    ̂)
 
] shows trace of  -square matrix; ‖    ̂‖

 

 
  is the Frobenius 

norm of the matrix     ̂ and the superscript † stands for transpose conjugate. By performing 

several manipulations, the estimated signal transmitted matrix arrives at 

 ̂        
 ̂   

∑|[    (     )       (     )]  ‖ ‖ 
  ̂ |

 
 

   

     (    ) 

Where  ̂  ML receiver is selects for     

In conclusion, the decoupling property of DOSTBC [41], has the symbol ML decoding vector 

given by 

 ̂        
 ̂   

|[    (     )       (     )]  ‖ ‖ 
  ̂ |

 
     (    ) 

5.8 Simulation Results 

In this section, we present some of the simulation results illustrating the system performance of 

our proposed DOSTBC approach. During our simulation work, the parameters used in simulation 

are defined as:  

 The distance control factor between primary user(PU) and relays  is chosen as 0.3  

 The channel mean power for direct link is d 

 Path loss exponent, α= 4 and the channel mean power for the direct path, = 0.1  

 The received waveform time-bandwidth product for pulse duration and width is  

 The wireless channel assumed, is Rayleigh faded channel and AWGN with mean 0 and 

variance  

  is the probability of false alarming (wrong signaling)  

  is the probability in detection of PU signal  

 The energy of the PU signal, threshold value  is used within the relays  

Figure 5.3 shows a graph for direct path from source nodes to the destination nodes and Figure 

5.4 the depicts a relays placed in the middle of source nodes and destination nodes in terms  of 

probability of detection  to detect weak PU signal (SNR=5dB). 

Figures 5.5 and 5.6 illustrate the impact of on under systems with DOSTBC and without 

DOSTBC. From both systems, it is evident that values of    decrease with increasing value 
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of    . It can be observed that increases with higher number of cooperative relays and also for 

direct path. Comparing the two systems at the same value, the relays for n = 4 and n = 1 are 

improved.  

Figures 5.7, 5.8 and 5.8 of the simulation results are plotted in logarithmic scale. It is evident 

from the graphs that increase for higher number of cooperative relays. It is observed that the 

direct path plays a vital role in for the given values of    . It is also seen that   for the system with 

DOSTBC is improved for n = 1 compared with the system without DOSTBC.           is 

suitably improved for higher values of threshold     for a DOSTBC system.   

Figure 5.10 and 5.11 show the plotted values of BER and SNR [dB] for BPSK modulation. 

Figure 5.12, 5.13 and 5.14 show plotted values of     and     on logarithmic scales, as the 

cooperative relays positions are varied. It is important to recognize how the positioning affects 

the performance either better or worse when the distance of the relay varies. The best 

performance was achieved when the relays was situated between the source and the destination. 

 

Figure 5.3: Probability of detection (Pd) versus Threshold (Tf), with Tx=Rx=1  Rayleigh 

fading channel for direct link. 
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Figure 5.4: Probability of detection (Pd) versus Threshold (Tf), with Tx=Rx=1 Rayleigh 

fading channel for different number of relays (n).  
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Figure 5.5: Probability of detection (Pd) versus Threshold (Tf) with Tx=Rx=1 Rayleigh fading 

channel for different number of relays (n)  

 

Figure 5.6: Probability of detection (Pd) versus Threshold (Tf), with Tx=Rx=2 Rayleigh 

fading channel for different number of relays (n)  

 

Figure 5.7: Probability of detection (Pd) versus Probability of false alarm (Pf), with Tx=Rx=1 

Rayleigh fading channel, for different number of relays (n).  
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Figure 5.8: Probability of detection (Pd) versus Probability of false alarm (Pf), with Tx=Rx=2 

Rayleigh fading channel, for different number of relays (n).  

 

Figure 5.9:  Probability of detection (Pd) versus Probability of false alarm (Pf), with Tx=Rx=2 

Rayleigh fading channel, for different number of relays (n).  
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Figure 5.10:  BER for BPSK modulation with Tx=Rx=2 Rayleigh fading channel.  

   

 

Figure 5.11:  BER for BPSK modulation with Tx=Rx=2 Rayleigh fading channel.  
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Figure 5.12: Relay closer to the source, when the distance control factor       
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Figure 5.13: Relay positioned at the center when the distance control factor       

 

 Figure 5.14: Relay closer to the destination when the distance control factor       
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CHAPTER 6: Conclusion and Future Work 

6.1    Conclusion 
This thesis focused on achieving cooperative diversity by implementing DF protocol at CRs 

using STBC with transmitter and receiver antennas in 2-hop cooperative communication when 

applied to different relaying positioning. We have considered DOSTBC system in 2-hop DF 

relaying under different conditions. DF relays encode and retransmit the received signal from the 

source to the destination, which consequently increases the end-to-end SNR. This result was 

used along with MRC and SC techniques to improve    for combining the received signals at the 

CC.  

In this thesis, by applying the DF relay technique, we have compared the results of both systems 

with and without DOSTBC. The simulation results illustrate the variation in    and    for both 

systems. Our simulation were carried out for signals with SNR = 5 dB and for SNR = -6 dB and 

it is observed that the signals from the PUs for low values of SNR; it was detected with good    

for DOSTBC system.  In Figures 5.3, 5.4, 5.5, 5.6, 5.12, 5.13, and 5.14 we compared the     for 

both the systems with    , the system operating with DOSTBC has considerable 

improvement     . 

In Figures 5.7, 5.8, and 5.9 we compared the simulation results between    and    for both 

systems, and we found out that system with OSTBC has    improved by a margin of 21% for  

n = 1 compared with the system without OSTBC. In addition, in Figures 5.10 and 5.11, we have 

shown how BER changes with SNR at a given values for BPSK modulation systems with and 

without OSTBC. There is a significant improvement in BER for the higher values of SNR.  

 

6.2 Future Work 

In future we would like to broaden our work by  

1. Employing DF relaying protocol in 3-hop cooperative communication process where the 

relays would have different capabilities of regenerative and non-regenerative nodes. The 

system set up in 3-hop cooperative communication is made of a source, regenerative 

relays, non-regenerative relays and destination. In first hop, the source transmit data 

stream to regenerative relays and  in  second  hop, the regenerative relays  forward  data 

stream received to non-regenerative relays and finally in third hop, the non-regenerative 

relays forward them to destination, to attain receive diversity for steadfast data 

transmission.    
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2. Employing DF relaying protocol in cooperative wireless networks using STTC as an 

alternative to STBC.   
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