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Abstract 

Explosive growth in wireless technology caused by development in digital and RF circuit 

fabrications put some serious challenges on wireless system designers and link budget 

planning. Low transmit power, system coverage and capacity, high data rates, spatial diversity 

and quality of services (QOS) are the key factors in future wireless communication system 

that made it attractive. Dual-hop relaying is the promising underlying technique for future 

wireless communication to address such dilemmas. 

Based on dual-hop relaying this thesis addresses two scenarios. In the first case the system 

model employs dual-hop amplify and forward (AF) multiple input multiple output (MIMO) 

relay channels with transmit and receive antenna selection over independent Rayleigh fading 

channels where source and destination contain multiple antennas and communicate with each 

other with help of single antenna relay. It is assumed that the source and destination has 

perfect knowledge of channel state information (CSI). Our analysis shows that full spatial 

diversity order can be achieved with minimum number of antennas at source and destination 

i.e.          . 

In the second case the performance analysis of dual-hop amplify and forward (AF) multiple 

relay cooperative diversity network with best relay selection schemes over Rayleigh fading 

channels is investigated where the source and destination communicate with each other 

through direct and indirect links.  Only the performance of best relay is investigated which 

participates in the transmission alone. The relay node that achieves highest SNR at the 

destination is selected as a best relay. Once again our analysis shows that full diversity order 

can be achieved with single relay with fewer resources compare to the regular cooperative 

diversity system. 
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Chapter -1 

INTRODUCTION 

Explosive growth in wireless technology caused by development in digital and RF circuit 

fabrications put some serious challenges on wireless system designers; in essence with time, 

mobile radio communication industry is get more organized and life gets tough without 

mobile phone. The concept of multiple inputs multiple outputs (MIMO) arises that could relax 

those constraints stated above, it uses multiple antenna at source and destination to create 

spatial diversity and exploits multi path. Multi path was considered as a serious drawback of 

mobile wireless communication but MIMO exploit this fact and that is why today in most 

scenarios MIMO is preferred  over single input single output (SISO) , it provide significant 

improvement in spectral efficiency and link reliability [1].  

Antenna diversity also referred to as space diversity is one of the most promising technique 

used in today‟s world wireless systems. It has provided a fascinated interest in order to reduce 

signal level fluctuation caused by fading, which means antenna diversity combat fading. In 

many cases it is not possible in mobile phones to use multiple antennas due to size  or 

other(required spacing between multiple antennas should at least half wave length) constraints 

so another type of spatial diversity introduced by J.N Laneman in 2004 named cooperative 

diversity that create spatial diversity in a distributed manner. In cooperative communication 

sometime referred as relay communication, mobile phone creates virtual MIMO that achieve 

uplink transmit diversity by relaying each other‟s message [2]. Still researchers are interested 

in more reliable and efficient system and needed to upgrade wireless system architecture so 

recently an idea of hybrid system is introduced in which MIMO technique is applied to ad hoc 

relay networks that combine the  benefits of MIMO systems and ad hoc network [1]. 

1.1 Problem statement 

In this thesis some problems related to MIMO relaying and cooperative communication in 

multi-user scenario are addressed. 

In the recent years combination of MIMO and relay has got significant attraction, for this 

scenario the source and destination are equipped with multiple antennas and communicating 
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with each other with help of single-antenna relay. MIMO relaying systems have size, power 

and hardware complexity problems since the space time coding and transmit beam forming 

requires multiple RF (radio frequency) chains each connected with multiple antennas.  

A problem still existed in cooperative communication in multiuser scenario is to find the 

cooperating terminal among randomly distributed relaying nodes that can help in relaying the 

source signal to the destination. In regular cooperative diversity (RCD) networks all the relay 

nodes relaying the source signal to the destination and they use orthogonal channels to avoid 

co-channel interference,  and hence the system resources increases linearly.  

1.2 Research approach 

Our research approach includes selection diversity i.e. antenna selection for MIMO relaying 

system and best relay selection for cooperative communication in multi-user scenario. The 

best antennas at source and destination provides a good trade off between cost, hardware 

complexity and power however the best relay selection among the set of distributed relays in 

multi user scenario helps in saving system resources. In each scenario, selection of antennas 

and relays is made possible because of the feedback channel state information (CSI) at the 

source either from relay or destination. In order to accomplish transmission both systems 

employed amplify and forward (AF) relaying protocol with independent non identical 

distributed Rayleigh fading channels. The AF scheme is preferred over decode and forward 

(DF) because it does not offer decoding delay and require less processing power at the relay, 

also it is shown that AF provides the same BER with less complex system compare to decode 

and forward [3]. Our final results are verified with help of Monte Carlo simulations. 

1.3 Objective 

The objective of this thesis is to investigate the performance analysis of two system models of 

cooperative wireless communication i.e. AF MIMO relaying channels and multiple relay 

cooperative diversity system. This work is mainly at physical layer and  the closed form 

expressions for CDF (cumulative distribution function) and PDF (probability density 

function) of the overall system SNRs are presented  based on which the bit error rate (BER), 

symbol error rate (SER) and outage probability of the proposed systems are found. 
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1.4 Thesis outline 

Our thesis are outlined as follow, chapter 2 includes the back ground studies of the 

cooperative diversity networks and some existing underlying techniques and schemes to it. In 

chapter 3, the survey of the on hand literature of the cooperative communication and MIMO 

relaying channels are provided in detail. In chapter 4, the performance analysis of MIMO 

relaying channels using AF scheme with antenna selection at source and destination over 

Rayleigh fading channel in terms of outage probability and symbol error rate (SER) is 

investigated. Chapter 5 includes the study of the performance analysis of multiple-relay 

cooperative diversity system selection with best relay selection our performance metrics in 

this case are capacity outage probability and bit error rate (BER). Finally, in chapter 6, the 

conclusion and a few liner comparisons between the two system models proposed in chapter 

four and chapter five were presented. 
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Chapter – 2 

BACKGROUND 

Signal fading arises from multipath propagation in wireless networks, creates severe form of 

channel impairment that can be mitigated with the help of diversity. Spatial diversity is a 

leading candidate to handle the fading problems because of its straightforward adaptability to 

other forms of diversity i.e. frequency and time diversity and offer remarkable performance 

gain when other types of diversity is not available [44]. In contrast to the physical array 

created by multiple antennas at the source or destination, space diversity is created in a virtual 

format with the collection of distributed antennas each belongs to independent terminals each 

with its own information to transmit; this type of space diversity is referred to as user 

cooperative diversity or cooperative diversity.  

The two important basic features of cooperative diversity are, first the broadcast nature of the 

wireless signal propagation, transmitted signal not only receive at the intended destination but 

also to the nearby nodes, second viewing the nearby nodes of relaying system as an individual 

distributed antennas that led generalization of multiple antenna system [4]. This chapter is 

build upon the study of state of art relay selection schemes in cooperative communication and 

other relevant topics in the area of diversity that will be highlighted before step further.  The 

rest of chapter is organize as follow section 2.1 is the brief description of the cooperative 

communication, 2.2 characterizes the fading channels, the statistical channel model of our 

concern is provided in section 2.3, section 2.4 and 2.5 covers the description of diversity 

schemes and diversity combing techniques. The characteristics of the relay are provided in 

Section 2.6 that is considered the back bone of cooperative communication. Finally section 

2.7 describes and categorizes the cooperative communication protocols.    

2.1 Cooperative communication 

Mobile communication has gone through two paradigms so far, one paradigm is the existing 

infrastructure of the current wireless cellular system in which mobile user communicates 

directly with the base stations. The second paradigm for mobile communication is the mobile 

ad hoc networks which are decentralized infrastructure less; easily deployable and self 

organizing networks [5]. Both these systems have certain advantages and disadvantages, 
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traditional cellular system has consistent performance and reputable technology support but 

have large cost infrastructure, it may suffer from dead spots because of terrible channel 

conditions and hot spots because of the intense communication traffic in busy hours [5]. In 

addition it has certain limitations regarding network expansion, channel data rate and capacity 

of the system. To overcome these limitations additional base stations and spectrum is needed 

that is clearly easy but costly. On the other side, MANETs is inexpensive to install because of 

its unlicensed spectrum 802.11 that made MANET a bit unreliable [5]. To address these 

limitations on the two systems researcher proposed the idea of hybrid system that combine the 

advantages of the two systems and ignore the drawbacks. This hybrid system was later known 

as cooperative communication.  

In cooperative communication wide area cellular network and ad hoc network are combined 

together where the nodes in ad hoc network provide transmit diversity to source and 

destination that may increase the quality of services (bit error rate, block error rate and outage 

probability measured at physical layer) via cooperation [6]. Cooperative communication 

exploits the benefit of MIMO in different scenario at lower cost and better performance [7]. 

Figure 2.1 shows the basic idea of cooperative communication, it can be seen that with the 

help of distributed nodes, spatial diversity can be created and exploits the benefits of MIMO. 

Cooperative communication is different from point-to-point communication. In cooperative 

communication the information is shared among the transmitters and creates collaboration by 

distributed processing where the user‟s information is send by both the user and collaborating 

users. The main purpose of cooperative communication in multiple user scenarios is to 

improve the system‟s capacity and coverage. 

 

Figure 2. 1 Traditional MIMO versus cooperative MIMO 
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There are some basic features that differentiate cooperative communication from the existing 

systems: 

 Cooperative MIMO: The main feature of cooperative diversity is that it 

achieved spatial diversity in a distributed fashion that avoids the requirement to fix 

more than one antennas at the handheld terminals [7]. 

 Low cost : As the distributed nodes created virtual antenna array and each node are 

having single antenna so it is much cost efficient compare to traditional MIMO 

systems [6]. 

 Complexity: Compare to traditional MIMO cooperative system looks less complex 

but there are still some complexities existed if it comes to the routing. Mobile stations 

act as a relay will need some power full computational component to handle complex 

routing algorithm [5]. 

 Security: Since the user information is route through another user‟s terminal so 

cooperative diversity required appropriate security measures.  

 Reduced propagation loss: The total distance between source and destination 

is divided into short distances that help in reducing propagation losses, decreasing 

transmission power and interference [4].  

2.2 Characteristics of fading channel:  

The radio wave propagation over wireless channels is complex phenomenon described by a 

variety of effects i.e. shadowing and multipath. Shadowing is the variation in terrain profile or 

nature of the surrounding (moving from densely populated area to mountainous area or 

wooden terrain), it introduces large scale fading [7]. Multipath introduces small scale fading 

that occurs when the signal is reflected from surroundings. It is described by rapid fluctuation 

in signal strength and phase while the mobile host made small changes in its position (as 

small as half wave length) [7]. 

The primary concern of this thesis is to study the improvement caused by the exploitation of 

multiple paths so only small scale fading will be discussed in some more detail. 
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Small scale fading has two manifestations i.e. signal time spreading (signal dispersion) and 

time variant behaviour of the channel [43]. The signal dispersion is further categorized 

according to fading degradation as frequency selective fading and frequency non-selective 

(flat) fading. Likewise the time variant manifestation is categorized as fast fading and slow 

fading. 

2.2.1 Frequency flat and frequency selective fading:  

These types of fading are characterized by coherent bandwidth of the channel. Coherence 

bandwidth is the measure of the range of frequencies over which fading process is correlated 

above 0.9 and it can be defined as frequency bandwidth over which the correlation function of 

the two samples of the channel response taken at the same time but at different frequencies 

falls below an appropriate values [8]. Coherence bandwidth can be related to maximum delay 

spread      as follow: 

   
 

    
                                                                      (2.1) 

 Frequency flat or frequency non-selective fading occurred in narrow 

band systems, where when the transmission bandwidth    of the signal is smaller than 

the channel‟s coherence bandwidth    of the signal i.e.        . It is known as flat 

fading because all the spectral components of the transmitted signal are faded equally 

[8].  

 Frequency selective fading occurs in broadband system, where when the 

transmission bandwidth is greater than the channel‟s coherence bandwidth i.e. 

      . In this case the spectral components of the transmitted signal are faded 

unequally in amplitude and phase [8].  

2.2.2 Slow fading and fast fading: 

The terms fast and slow refers to the rate at which the envelope and phase of the transmitted 

signal varies by the channel, it illustrates how fast the channel fluctuates with time. The 

notion of fast and slow fading is related to coherence time of the channel i.e.   . It can be 

define as, the measure of the time duration over which the fading process is correlated (or 

alternatively, it can be defined as, the time duration after which correlation between any of the 
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two samples of the channel impulse response at the same frequency but different time instants 

falls below a predetermined threshold [2]). Coherence time can be written in terms of 

channel‟s Doppler spread    as: 

    
 

  
                                                                      (2.2) 

 Slow fading occurs when the symbol period is shorter than the coherence time of 

the channel i.e.      . Any particular fading level during slow fading affects many 

bits that results in burst error [2]. 

 Fast fading occurs when the symbol period is longer than the coherence time of the 

channel i.e.      . In fast fading, the Successive symbols are having different 

fading correlation [2]. 

2.3 Statistical Channel Model  

When the components of a signal randomly delay, scatter, diffract or reflect they cause 

constructive or destructive interference which in turn causes Multipath fading. It is fast fading 

that creates rapid fluctuation in signal strength. An exact mathematical description of this 

phenomenon is either unknown or too complex for obedient communication system analysis 

[41]. However substantial attempt have been dedicated to the statistical modelling and 

characterization of these different effects, that results in a range of fairly simple and 

approximately exact statistical models for fading channels which depends on the certain 

propagation environment and the underlying communication environment [8] . There are 

several statistical channel models but our concern here is only the Rayleigh fading channel 

model, it describes the statistical behaviour of the multipath fading envelop.  

2.3.1 Rayleigh Model 

Rayleigh fading is a statistical model which assumes that the magnitude of signal through 

wireless medium changes randomly or fades according to Rayleigh distribution [41]. Rayleigh 

distribution is used to model the multipath fading when there is no direct line of sight (LOS). 

The probability density function (PDF) of fading amplitude   is given as [8] 

      
  

     
     

  

     
                                                          (2.3) 
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The instantaneous SNR of the channel    is exponentially distributed and is given by [8] 

      
 

 
     

 

 
                                                                          (2.4) 

2.4 Diversity schemes  

Diversity is a technique to improve the reliability of message signal by using two or more 

communication channels with different characteristics, by selecting more than one 

communication channel (path) the average and instantaneous SNR is improved 

considerably[44]. It provides considerable link improvement and plays a key role in combat 

fading and co-channel interference and avoiding error bursts. It is considered as an 

inexpensive technique to overcome fading compare to other techniques i.e. equalization and 

error coding [13]. Following are the main diversity schemes: 

2.4.1 Time diversity  

Time diversity separate transmission more than coherence time of the channel, it repeatedly 

transmits the multiple versions of the same signal at different time instants where multiple 

repetitions of the signal are received at the receiver with independent fading conditions [41]. 

2.4.2 Frequency diversity 

Frequency diversity transmits the information signal using more than one carrier frequency. 

The separation of these frequencies must be larger than the coherence bandwidth of channel 

so that they are uncorrelated and their fading is not same [13]. 

2.4.3 Space diversity 

In space diversity multiple antennas are strategically positioned associated to the common 

receiving system, so one antenna can see a signal peak and the other null, the receiver select 

the signal from the antenna with the best signal at any time [44]. In wireless networks space 

diversity is achieved by antenna diversity using multiple transmitter antennas called transmit 

diversity (signal transmitted over numerous different propagation  paths) and/or using 

multiple receiving antennas which is called receive diversity (signal collected from a number 

of diverse propagation paths). The Signals received from spatially separated antennas will be 

uncorrelated if the antenna separation is of one half wavelength or more. 
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2.4.4 Cooperative diversity  

Recently a new type of spatial diversity is examined that leverages cooperation between 

wireless nodes which is referred to as cooperative diversity. Cooperative diversity is a 

multiple antenna technique to improve or maximise the network channel capacities [10]. It 

exploits user diversity by decoding the combined signal of both relayed signal and direct 

signal. Using cooperative diversity we can exploit two benefits offered by relaying systems. 

First we can make use of the broadcast nature of the wireless medium that is the signal from 

the source not only propagates toward intended destination but also towards other multiple 

nodes [45]. Second individual nodes of relaying systems work as distributed antennas so 

cooperative diversity networks can be considered as generalization of multiple antenna 

systems as shown in figure 2.1. Thus cooperative diversity exploits conventional relaying and 

MIMO systems both together [7]. 

2.5 diversity combining techniques  

This section is about the techniques that combine diversity obtained particularly by multiple 

antennas i.e. spatial diversity. To get the „„diversity gain‟‟ achieved by signal received from 

multiple paths; these signals are combined in a specific manner that concern with the 

performance of the specific diversity techniques [44]. There are certain methods each having 

different complexity level with changing requirement of channel state information. The basic 

block diagram of receive space diversity combing techniques is shown in the figure 2.2 

below. 

 

Figure 2. 2 Basic diversity combiner 
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2.5.1 Maximal ratio combiner (MRC) 

MRC is a linear diversity combining technique; Signals from each diversity branches are 

individually weighted and summed together to obtain an output as shown in the figure 2.3. It 

combines all the signals received from antennas in a co-phased manner [8]. MRC is 

considered complex but optimal diversity combining technique as it required all the channel 

fading parameters. This technique requires information of channel fading amplitudes and 

phases so it can be used in conjunction with unequal energy signals (M-QAM and PSH i.e. 

amplitude and phase modulation) [8]. If it is possible to estimate the channel phase estimates 

this technique is better for coherent detection but not realizable for differential non-coherent 

detection. 

 

Figure 2. 3 Maximal ratio combiner 

Let each diversity branch are having gains    then the envelope signal applied to the detector 

is given as 

      
 
                                                                         (2.5) 
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Let us assume N be the average noise power of each branch so the total noise power applied 

to the detector is the weighted sum of the noise of single branch, thus 

       
  

                                                                    (2.6) 

Applied SNR at the detector can be denoted by     and is given by 

   
  
 

   
                                                                              (2.7) 

   Can be maximised by using Chebychev inequality, for      
  

 
  and substituting (5) and 

(6) in (7) it can also be written as 

      
 
                                                                            (2.8) 

Hence SNR at the output of the diversity combiner is the sum of the individual branch. 

2.5.2 Equal gain combiner (EGC) 

In some applications, variable weighting capabilities are not possible to provide to MRC, So 

EGC in those cases is the optimal solution. It sets all branches with unity gain before 

combining so unlike MRC it does not obligate any estimation of the channel fading 

amplitudes but it still require the estimation of the channel carrier phase because of the 

complex valued weights applied to each diversity branches whose amplitudes are set to unity 

[8]. As EGC does not have any requirement to estimate the fading amplitudes so it can be 

used in conjunction with coherent detection that is considered an attractive solution.  

2.5.3 Selection combining (SC) 

It is the simple diversity combining technique that selects the signal with largest instantaneous 

SNR among the number of received diversity branches as its output [44]. Received diversity 

system with „„n‟‟ number of branches is shown in figure 2.2. The total SNR at the output can 

be written as. 

         
 
 
 
    

 
                                                        (2.9) 

The coherent sum of each branch is not needed since the output of selection combiner is equal 

to the single branch. This scheme can be used for both coherent and non coherent modulation 

techniques, as it does not require the phase information of the signal of each branch. It is 
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difficult to measure SNR alone so the branch with highest  
   

 
 is used. It require individual 

modulator for each received signal and the output is pick form one of them. 

Selection diversity can be quantitatively explained as; let us assume, each of the diversity 

branches is having same average SNR.  

      
  

  
                                                                     (2.10) 

Let instantaneous SNR of each branch is  
 
, and then its probability density function (PDF) 

can be written as   

      
 

 
    

   

 
                                                                  (2.11) 

Where   is the mean SNR of each single branch, let     is some threshold SNR, the 

probability that single branch instantaneous SNR falls below threshold SNR can be written as, 

                  
    

 
                                                    (2.12) 

The probability (CDF) that instantaneous SNR of each „„n‟‟ diversity branches fall below 

threshold SNR can be written as  

                         
    

 
  

 

                 (2.13) 

Where         is the cumulative distribution function (CDF) of     that demonstrate the 

probability that each „„n‟‟ single diversity branches failing to get     , the probability that any 

of the single diversity branch attain instantaneous SNR that is greater then     can be written 

as 

                               
    

 
  

 

            (2.14) 

Equation (2.14) is the probability if any branch exceed the    while selection diversity is 

used. By using selection diversity to find the average SNR of received signal, we need to 

calculate the PDF of the received signal. Differentiating the CDF in (2.13) we get the PDF of 

    in order to determine average SNR. 

        
 

    
        

 

 
        

    

 
  

   

    
    

 
      (2.15) 
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Let the mean SNR of the output of selection diversity combiner is denoted by   , then   

                  
 

 
                                                                (2.16) 

The improvement in average SNR provide by selection diversity is 

  

 
  

 

 

 
                                                                                (2.17) 

2.5.4 Scanning diversity  

This type of diversity is not much different from the selection diversity, instead of using the 

all time best signal among „„n‟‟ number of received signals, scanning diversity scanned the 

received signals in certain sequence and the scanning is continued until it found the signal 

with SNR that exceed the threshold SNR. This scanning process started again when the 

received signal SNR falls below the threshold SNR. The block diagram of the scanning 

diversity is shown in the figure 2.4 below, it require only one receiver and the fading statistics 

provided by this method is not as finer as the other techniques resulted. 

 

Figure 2. 4 Scanning diversity 

2.6 Relaying  

Relays were first introduced by Van Der Meulen in the context of ad hoc and peer to peer 

network; recently the idea is extended to wide area cellular networks (WACN). This idea is 

termed as Multi-hop cellular networks (MCNs) and was presented first Y.D.Lin and Y.C.Hsu 

that uses the benefits of ad hoc relaying network and minimizes the drawbacks of traditional 
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(WACN) [9]. MCNs refer to the scenarios where the source node cannot communicate with 

the destination node directly but with the help of two or more single-hop transmitting link, 

each intermediate node between source and destination are called relay stations [23]. The 

basic idea of relay communication is to split the transmitting link into two or more parts so 

that decrease the transmit power of each terminal cooperating in the communication paradigm 

i.e. MCNs. Relay proposed the following advantages in WACN [7]: 

 

Figure 2.5 dual-hop relaying 

  

 Low transmit power: As each node in relay communication cover a distance of 

up to 500 meters so it require less transmit power compare to the traditional WACN in 

which the cell size is about 3km in which mobile station (MS) require more power [5]. 

 System capacity: With reduced transmit power the coverage area of base station 

(BS) is reduced and the frequency reuse factor is raised and hence caused increase in 

system capacity. In relay networks MSs are allowed to communicate directly with out 

BS i.e. peer to peer communication. This can saved the limited channels assigned to 

BS in traditional cellular networks [5]. 

 Data rates: In code division multiple access (CDMA) applications MSs close to the 

BS experience high data rates compare to the far ones whereas in relay 

communication, nodes away from BS also attain high data rate since the signal is 

relayed by the nodes located near to BS [5]. 

 System coverage: Relays increases system coverage incredibly. MSs located at 

the dead spot of the cell, dead spots includes border of the cell, highly faded areas 
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behind the building or in the metro stations, or highly interference areas. MSs can 

relay its traffic to the nearby MS in order to deliver to the BS [5]. 

 Transmit and receive diversity: In some cases relays provide the concept of 

diversity over fading channels to the MSs which creates virtual antenna array and 

alternatively a single handset turns into MIMO nature [5].  

As it is stated earlier relaying is used to extend coverage by adding relay channels to the main 

channel, but beside relaying is basically the back bone for cooperative communication that 

would let relay concept to rather different emphasize. 

2.7 Cooperative communication protocols 

In order to make cooperative communication possible, some low complexity cooperative 

diversity protocols are designed that are exploited in the cooperative communication. These 

protocols are processing differently at the relay node and are having dissimilar impact on the 

different type of diversity combining techniques at the destination node [10]. Now some 

cooperative signaling methods that include fixed, incremental and selection relaying will be 

discussed briefly. 

2.7.1 Fixed relaying scheme (FRS) 

In fixed relaying scheme relays are allowed to amplify the received signal corresponding to 

the power constraints or decode, re-encode the received signal. 

2.7.1.1 Amplify and forward protocol 

In amplify-and-forward (AF) sometimes refer to as analogue or non regenerative signalling 

scheme, each cooperating node simply amplify the received signal based on the power 

constraint and retransmit it towards destination which contains both the amplified signal and 

amplified noise [26]. In order to correctly decode the signal transmitted from the source, it is 

assumed that destination keeps the channel state knowledge between source and relay link to 

assist in signal amplification [11], to put this assumption in practice, some mechanism is 

required to estimate the channel state information. In addition sampling, amplifying and 

retransmission values are nontrivial potential challenge [6].  AF relaying protocols are simple 

in nature but are difficult to implement because it require either large amount of storage for 

analogue data or expensive transceivers structures, Figure 2.6 illustrates AF relaying [6] 
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Figure 2. 6 Amplify and forward 

 

2.7.1.2 Decode and Forward protocol  

In decode and forward (DF) relaying also referred to as digital or regenerative signalling 

scheme, the relay first detect and decode the received signal and then re-encode the 

information into their transmit signals [10]. DF relaying has advantage in reducing the effect 

of noise but sometime it involve risk, if the incoming signal is detected incorrectly and 

retransmit erroneous signal to the destination. Laneman et al proposed a hybrid decode and 

forward scheme to avoid erroneous information toward destination, he proposed the idea, 

neighbouring node (cooperating node) can only take part in communication if the fading 

channel experience high SNR otherwise the particular node is slip back to the non-

cooperative mode (old fashion cellular system) [12]. Figure 2.7 illustrates the DF relaying [6] 
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Figure 2.7 Decode and forward relaying 

 

2.7.1.3 Hybrid Relaying (HR)  

In HR scheme the relays decode only the training sequence from the source signal to get full 

channel state information (CSI) and then using this knowledge, it filter the received signals 

without decoding. It multiply the signal vector with filtering weight matrix then amplifies and 

forwards the filtered signal towards destination [6]. 

2.7.2 Selection relaying scheme (SRS)   

Selection relaying introduces an adaptive version of AF and DF relaying in order to overcome 

the limitations on fixed relaying i.e. diversity gain. In this particular strategy, decode and 

forward relaying fall back to direct transmission if relay cannot decode [7]. The fading 

coefficients between source and relay     are measured with high accuracy by cooperating 

terminals. It then check this measurement with some threshold, if      
  is less than the 

threshold the source continues it transmission to destination in form of repetition or more 

powerful codes. However if      
   is greater than the threshold the relay starts forwarding 

using decode and forward strategy [7]. 

2.7.4 Incremental relaying scheme (IRS) 

A problem with fixed and selection relaying is that of inefficient use of spectral efficiency of 

the channel, specifically for high data rates. In order to cope with this problem, Incremental 
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relaying is introduced that exploit a feedback from the destination node i.e. Single bit 

feedback information is actually an acknowledgment for either success or failure of the direct 

transmission.  This type of protocol is actually an extension of incremental redundancy or 

hybrid automatic repeat request (H-ARQ), in relaying framework [10]. The source retransmits 

in the case of H-ARQ when the destination acknowledged negatively by means of feedback 

while same idea is translated in the context of incremental relaying as, relay retransmits to 

make use of spatial diversity. To gain some more insight, let a protocol comprise of feedback 

and amplify-and-forward is utilized for certain transmission at spectral efficiency R.  The 

success or failure of direct transmission is indicated by the destination with single bit 

feedback information to the source and relay with the assumption that at least relay decodes 

the feedback information correctly [7]. The feedback information represents the successful 

direct transmission if the direct link SNR from source to destination is adequately high and 

the relay keeps silent in this case. If the direct link SNR is inadequate for direct transmission, 

the feedback information in this particular case meant to requests the relay to amplify and 

forward what it has received from the source. Incremental amplifying and forward relaying 

protocol provide efficient use of degree of freedom of the channel i.e. information does not 

repeat very often in the system (avoid same copies of the message in the network). 

Incremental decode and forward protocol is also applicable however it is not as much efficient 

as incremental amplify and forward protocol is [2]. 

2.7.5 Best relay selection scheme 

The above schemes performed efficiently but the problem is that, it uses all the assigned 

channels to the system. The best relay selection scheme is introduced in this section; it can 

use either amplify-and-forward or decode-and-forward with the exemption of the preservation 

of numbers of channels. The best relay is selected among number of relays so as a result it is 

only required two channels regardless of the total number of relays [4]. Among the two 

channels, one is used for the direct link and other for the indirect link. So best relay selection 

scheme reduce amount of network resources.  

From the above discussion it is clear that the basic relaying protocols are amplify-and-forward 

and decode-and-forward, however selection relaying, incremental relaying and best relaying 

selection are the schemes to improve the performance, efficiency and best utilization of the 

resources of the network. 
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Chapter - 3  

Literature Review 

In this chapter the survey of the literature of the MIMO relaying channels and the cooperative 

diversity networks is presented. The study of cooperative communication is categorized in 

two groups i.e. communication theoretic studies and information theoretic studies. The 

communication theoretic studies are related to the performance in terms of reliability with the 

aid of certain modulation and coding techniques, where as information theoretic studies are 

concern with capacity of the system.  

Today multiple input multiple output (MIMO) systems are preferred over single input single 

output (SISO) such as antenna diversity and spatial multiplexing gains [13]. Antenna diversity 

also referred to as space diversity is one of the most promising technique used in today‟s 

world wireless systems. It has provided a fascinated interest in order to reduce signal level 

fluctuation caused by fading. The transmit diversity can be realized in both way either if we 

have channel state information or not at the transmitter. Space time diversity coding is used to 

take out the diversity in the absence of channel state information. The receive antenna 

diversity with channel stat information can be realize by combing the receive signals and get 

the resultant signal less faded compare to any of the incoming signals or by transmit beam 

forming, it is a simple transmission technique that exploit the channel information on source 

and destination, the signal to noise ratio at the receiver can be increased by transmitting in the 

direction of Eigen vector corresponding to the highest Eigen value of the channel [14]. 

The beauty of relay transmission is to create spatial diversity in a distributed fashion, and this 

is termed as cooperative diversity [10]. Compare to regular diversity networks, in cooperative 

diversity networks, space diversity is created by using combination of distributed antennas 

belongs to different terminals. It is called cooperative diversity since the nodes share their 

antennas and hence create a virtual antenna array [10].It is appropriate to any sort of wireless 

environment i.e. cellular or ad-hoc [10]. The cooperative diversity helps in increasing 

coverage area. Some transmission protocols were developed in order to exploit spatial 

diversity created by the distributed radio nodes between source and destination.  These 
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physical layer protocols are termed as amplify and forward (AF) and decode and forward 

(DF) protocols. These are constructed by observing the point to point link within the network 

protocol layer [3]. These are considered energy efficient protocols and energy saving results 

can be achieved by the use of these protocols [10] and [3]. The AF technique is rather 

considered simple technique, the signal received at relay from the source are amplified and 

forward to the destination node [15].  

In [2] coded cooperation have been studied, because of the small size of mobile phone it is not 

possible to fix multiple antennas over it, so conventional space time codes cannot be used 

here. Space time codes and turbo codes are exploited in order to demonstrate resulting gain. 

Bounds for bit error rate and block error rates are created to investigate the resulting gain in 

cooperative networks [2]. 

In [16], the performance of two hop diversity network over fading relay channel has been 

studied. Three different TDMA based cooperative protocols are studied for amplify and 

forward (AF) and decode and forward (DF) modes, the performance is observed in terms of 

degree of broadcasting (Number of nodes simultaneously receiving from source) and receive 

collision. Analysis shows that full spatial diversity can be achieved with these protocols if 

proper power control is in use, the analysis is further extended to the log-normal fading 

channel in [17] that provide accurate channel model for indoor wireless network scenario. 

In [18], distributed space time coding and differential time coding are exploited and, the 

proposed differential transmission scheme does not require channel information neither at 

relay nor at destination. 

In [19] the performance of two hop regenerative and non-regenerative system for single relay 

has been studied over Rayleigh fading channel and for multiple relays in [20]. The results 

showed that at low SNR regenerative systems outperform non-regenerative but in the high 

average SNR regime both are almost same in terms of average BER and outage probability. 

The same idea is extended for independent identical and for independent non-identical case 

over Nakagami fading channels in [21] and [22]. 

The effect of multi-user diversity over cooperative diversity is investigated in [23], the two-

hop amplify and forward (AF) multi-user cooperative relay network has been taken into 

consideration. A diversity order of two times that of the number of users in the system can be 
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extracted which clearly demonstrate the system performance affected directly by the number 

of users.  

Recently, cooperative/relay transmission with nodes provided with multiple antennas has got 

growing interest. The diversity-multiplexing trade off (DMT) of cooperative relaying system 

has been studied in [24] for four different configuration of source, relay and destination. The 

lower and upper capacity bounds for Gaussian and Rayleigh MIMO relay channels with fixed 

channel gain has been studied in [25], the SNR conditions to achieve capacity for two 

interesting cases are examined i.e. high SNR regime and scalar relay channel and the results 

obtained indicated that source and relay require independent coding schemes. The 

performance of beam forming in two hop AF relay network with multiple antennas installed 

at source and destination has been studied in term of SER [11]. 

In [26] the transmit antenna diversity with orthogonal space time block coding (OSTBC) has 

been studied for AF cooperative relay network over Rayleigh fading channel, the SER and 

outage probability analysis has developed with and without cooperative diversity, it is 

concluded that transmit and cooperative diversity improved performance. OSTBC is also 

investigated in terms of outage probably in [27] for cooperative MIMO relay channel with the 

assumption of perfect channel state information at relay and destination, the same codes are 

used at both source and relay while the relay and destination are equipped with MRC.  

The upper bound for the capacity of MIMO system has been analyzed with the sub set of 

antenna selection at the receiver end in [28] along with some algorithms that offers 

convenient antennas selection search over the possible combination of available antennas at 

any end of the MIMO system, it is concluded that subset of antenna selection provided almost 

the same capacity that as that of the full complex system i.e. without antenna selection.  

In [29] the authors have analyzed the performance of cooperative diversity networks over 

independent but not necessarily identically distributed Nakagami fading channels in term of 

outage probability. It has been shown that regenerative relay systems perform better than non-

regenerative relay systems for multi-hop systems with large number of hops. 

George K. Karagiannidis in [30] has formulated and created the upper bound for the end to 

end SNR for multi-hop wireless communication systems with non-regenerative relays. It has 

been derived simple closed form expressions for the moments of end-to-end SNR over 
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generalized fading channels. Outage probability and average error probability were studied 

using moment based approach for coherent and non-coherent modulation schemes. 

In [31] the authors have investigated the outage performance of cooperative diversity network 

when the cooperative nodes are at different geographical locations and concluded that the 

outage performance is better when the relay is in line of sight situation with source rather than 

to destination. 

In [32], comparison of regular cooperative diversity systems and asymptotic analysis of 

symbol error probability of amplify-and-forward best relay selection scheme at high SNR 

regime has been studied and concluded that the best-relay selection scheme maintains full 

diversity order. 

In [33] the authors have developed and analyzed a distributed method to select a best relay out 

of M available relays which require no topological information and is based on instantaneous 

channel state information (CSI). 

Multi-hop systems are beneficial over traditional communication networks in many areas 

such as deployment, capacity and connectivity by minimizing the need for fixed 

infrastructure. Relaying techniques enable network connectivity where traditional architecture 

are impractical due to location constraints and broaden coverage without using large 

transmitting power[34] 

YI Zhao, Raviraj Adve, and Teng Joon Lim have compared the performance of selection 

amplify and forward(S-AF) scheme and All-Participate amplify and forward scheme (AP-AF) 

in terms of symbol error rate and outage probability in [32]. They have shown that both S-AF 

and AP-AF achieves maximum diversity order M+1, but S-AF gives high throughput and low 

outage probability than AP-AF except at very lower SNR. They have also expected that S-AF 

should give same advantage in terms of SER over AP-AF as it gives in terms of outage 

probability due to more efficient use of channel resources 

The selection cooperation achieves full diversity order and provides better performance 

results than the distributed space-time codes (DSTC) in distributed systems for every network 

employed more than three relays. This is due to the facts that relay do not waste energy by 

transmitting over lossy channel. Results show that practically geographical distributed nodes 

provide better improvement for the channels whose quality is degraded by shadowing and 

attenuation [35].  
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Chapter - 4  

Performance Of Amplify And Forward (AF) Multiple 

Input Multiple Output (MIMO) Relay Channels With 

Transmit And Receive Antenna Selection (TAS/RAS) 

Performance analysis of amplify and forward (AF) multiple input multiple output (MIMO) 

relay channels are studied in this chapter. In the recent years combination of MIMO and relay 

has got significant attraction, for this scenario the source and destination are equipped with 

multiple antennas and communicating with each other with help of single-antenna relay. The 

focus is on the idea of transmit antenna selection (TAS) and receive antenna selection (RAS) 

schemes. In TAS the best transmit antenna out of numbers of antennas fixed at source is 

selected while in RAS the receive antenna is selected at the destination among numbers of 

antennas. The idea of TAS/RAS can be explained as; relay estimates the post processing SNR 

of two hops in order to select the best antenna at source and destination using training signal 

according to reciprocity theorem and feed back the end to end SNR [36]. It is assumed that all 

the channel state information (CSI) can be properly obtained at the source and destination 

node (with the assumption that channel state is stationary for particular period i.e. block 

period of time) because the full duplex corporation even cannot improve the transmission 

without channel state information (CSI) [10]. Since the channel estimation and feedback need 

some time so the channel must be stationary for that instant of time, so the performance over 

uncorrelated Rayleigh fading channel is investigated and closed form expressions for the 

cumulative distribution function (CDF) of the overall system signal to noise ratio (SNR) are 

presented. Based on CDF the outage behavior and the performance of symbol error rate 

(SER) are studied for different modulation schemes. It can be seen that the full spatial 

diversity can be obtained by selecting best antennas at source and destination. The outage 

probability event is calculated that helps in analyzing system robustness against fading, the 

criteria is strictly based on SNR regime.  
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4.1 System model 

The half duplex MIMO relay system shown in figure 4.1, where the source is equipped with 

      antennas and destination is equipped with       antennas and communicating with each 

other with the help of single antenna relay,     , the channel between source and relay,     

represents the channel between relay and destination. Fixed low complexity cooperative 

diversity protocol amplifiy and forward is used. The relay works in half duplex mode are 

assumed and the transmission is accomplish in two phases, in the first phase the source 

transmit with one of its antenna according to the feedback information from relay, in the 

second phase the source keep silent and relay simply amplify the signal and forward it to the 

one of the best antenna at the destination. Flat fading spatially uncorrelated Rayleigh MIMO 

channels are considered and assume that there is no direct link between source and destination 

[15].     represents channel between     antenna of source and relay and      represent the 

channel between relay and      antenna of the destination.  

 

Figure 4. 1 System model for AF MIMO relay with TAS/RAS 

The receive signal at relay can be written as: 
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Where   is the transmitted signal with zero mean and unit variance,    is the total transmit 

power of the source and    is the noise receive at relay can modeled as AWGN with zero 

mean and unit variance E[  ]=   . 

The received signal is multiplied with gain (G) at relay and forward to the destination. 

                                                                          

Where    is the total power with which relay forward the amplified version of the received 

signal from the source to the destination, G can be written as 

   
  

           
    

The resulting signal at the destination can be written as 

         
    

           
      

    
           

                    

The source transmit signal with its best antenna „i’ to the „j‟ antenna at destination which 

provides the best end to end SNR. According to reciprocity theorem relay estimates the 

received SNR for each hop i.e.     and     and acknowledge to the source and destination 

resulting in best antennas at source and destination. The feedback information is actually an 

event that if occurs so the best antenna selection scheme can be realized. The event can be 

written as  

       
  , 

where      is the threshold SNR and     
  is the estimated end to end SNR which is given by 

    
       

          
                                                         

    and      are the first and second hop SNR respectively and can be written as, 

    
  

  
     

          
  ,                       
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The antenna selection scheme to maximize     and     would maximize the end to end SNR 

as shown in equation 4.4 so the best way to choose the transmit and receive antennas is to 

select the antenna which provides the largest end to end SNR    

            
      

   
 . 

4.2 Outage probability 

The outage probability can be defined as the probability that the instantaneous SNR falls 

below a pre-determine protection ratio     [19]. The predetermine protection ratio is termed 

as threshold SNR above which the desire quality of services is obtained. The outage decision 

is taken at destination if the end to end SNR fails to meet the threshold SNR [21]. 

According to order statistics [37] for i.n.i.d (independent non-identical) random 

variables    
        

      

, the CDF of    with respect to   which is considered to be reference 

value is given by 

         
   
     

     

                                                                 

where  
   
     is the CDF of estimated end to end SNR [46] and can be written as 

 
   
               

 

   
 

 

   
   

    

       
     

    

       
                    

      is the 1
st
 order modified Bessel function of second kind [38].  

In the antenna selection scheme, the mutual information between the source and destination 

for amplify and forward relay is given by [36]. The mutual information I for the system under 

consideration is given by 

  
 

 
            

The factor 
 

 
 represents that the information is transmitted to the destination over two time 

slots. The random variable I is taken to be the mutual information between the source and 

destination. The outage event (   ) is an event that describe that the mutual information   



Chapter 4. Performance of AF MIMO relay channels with TAS/RAS 

 

28 
 

fall below a certain transmission rate R, and the probability of this event is referred to as 

outage probability       

                                                                        

Where     is the threshold SNR and can be written in terms of transmission rate as 

        . 

4.3 Symbol error rate (SER) 

For high average SNR’s per link the first order modified Bessel function of second 

kind can be approximation as [39] 

       
 

 
   

By substituting this approximation in equation 4.6, the CDF of the estimated end to 

end SNR can be written as 

                  
       

       
   

     

                                        

Based on (4.8) SER of various commonly used signal constellation can be obtained. 

The SER has uniform expression for commonly used modulation techniques [15]. 

      
 

   
     

  

 
  

   

   

 

 

                                                 

Where ‘a’ and ‘b’ are parameters determined by specific constellation. The explicit 

values of ‘a’ and ‘b’ are shown in the table below according to their corresponding 

modulation schemes. 
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Table 1: constellation table 

Modulation scheme a B 

BFSK 1 1 

BPSK 1 2 

M-QAM 4 3/(M-1) 

 

By substituting equation 4.8 in equation 4.9        can be written as 

      
 

   
           

  

 
  

       

       
   

     

 
   

   

 

 

                      

By using binomial theorem and by doing some mathematical manipulation (4.10) can be 

written as 

      
 

   
      

      
    

   

         
                      

         
    

 

 

  

After solving this integral the closed form expression can be written as [40] 

            
      

    

   

          

                     
                                 

4.4 Numerical analysis of SER 

First consider the SER performance of our system for three different modulation schemes as 

presented in the Table 1 above for balanced (       ) and unbalanced link (       
     ).  

The SER performance with      and      using different modulation schemes is shown 

in the figure 4.2. It is clear that with BPSK the system provides better result compare to the 

other three modulation schemes. It can be seen that the SER performance is also improved 

with increase in the number of antennas at source and destination. Figure 4.3 shows that with 

increasing the number of antennas at source and destination (         ) with balance 

link the graphs of each modulation schemes shift downward compare to figure 4.2 that means 

the SER performance is improved in each modulation schemes accordingly. 
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Also the performance improvement in SER can be obtained by applying different modulation 

schemes over unbalanced link (in our case second link i.e. (       
     )) as shown in figure 4.4, 

that clearly exhibits that an improvement in any link can improve overall SER performance.  

 

Figure 4.2 SER is plotted against overall system SNR for the same number of resources 

Ns=Nd=2 over balance link i.e.             . 
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Figure 4. 3 SER is plotted against overall system SNR for the same number of resources    

          over balance link i.e.             
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Figure 4.4 SER is plotted against overall system SNR for the same number of resources 

        over unbalance link i.e. .          
      . 
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Figure 4. 5 SER performance vs overall system SNR for AF MIMO relay system under 

balanced             and unbalanced link           
       using BPSK. 

The higher the modulation order is the more it will be sensitive towards the noise. Therefore 

in figure 4.5 the SER performance of AF MIMO relay system over balance and unbalance 

link is shown just for BPSK. The comparison of balanced and unbalanced link shows that, if 

the first hop is moderately good (          to that of         and           

to that of        ) compare to the second hop then an improvement in the second link 

significantly improve the overall SER. In contrast the insignificant SER improvement is 

observed if only improved the quality of one link as shown with the help of light blue line and 

green line. This shows that the SER performance is dependent on the quality of both links. It 

is obvious from the figure 4.5 that unbalanced 3x2 configuration has better SER result than 

balanced 3x2 configuration; the same is true for 4x3 configuration.  
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Figure 4. 6 SER performance vs overall system SNR for AF MIMO relay system under 

balanced             and unbalanced link           
        using BPSK. 

A more clear depiction of figure 4.5 is show in figure 4.6, first the link was balanced and both 

nodes had equal number of antennas (black line)         , in the second stage (blue line) 

the first hop is made better by adding more number of antennas at source but still the SNR of 

both link was same, It can be noticed that SER is improved compare to the previous case. In 

the third stage (red line) the improvement of 2
nd

 link i.e.        
       provides better result of 

SER. So again it is realized that the qualities of both links are required in order to get the 

attractive SER performance. Otherwise the SER performance is less attractive. 

In this section the SER performance associated with antenna selection scheme at source and 
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decreasing. The primary focus was to check the effect of SER with antenna selection at source 
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phases separated by 180 degrees i.e. one phase for the bit-1 and other for bit-0. Since the 

phase margin is comparatively large in BPSK modulation scheme then the other schemes so 

the probability of error is relatively low. So finally it is concluded that the probability of error 

is increasing according to the number of levels and phases.  

4.5 Numerical results for Outage probability 

The dual-hop outage probability of AF MIMO relay system is numerically investigated in this 

section in all SNR regimes. Outage probability is another important performance metric in 

MIMO and cooperative communication. The outage probability of our system was found for 

different antenna configuration for both balanced and unbalanced link and observed some 

results shown in the figures below; Outage probability has been analyzed with different 

antenna configuration for both balanced and unbalanced links, it is obvious from all the 

outage probability figures that outage probability is decreased when the overall system SNR 

is increased. Furthermore, the comparison of balanced and unbalanced link shows that the 

outage probability of unbalanced link is fairly better than that of balanced link.  

 

Figure 4. 7 Outage probability of the AF MIMO relay channels with TAS/RAS for 

balanced link             with the same numbers of antennas at source and destination. 
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The outage probability is plotted across end to end SNR with same number of antennas at 

source and destination (Ns=Nd=2, 3, 4, 5) for balance link           by keeping the end to 

end spectral efficiency R=1bps/Hz. It is observed that the outage probability is decreased 

rapidly when the number of antennas at both sides is increased equally. The lowest outage 

probability for the antenna configuration of         is approximately       at the SNR 

of 30db. Also we notice that minimum diversity order i.e.            can be achieved for 

AF MIMO relay channels with TAS/RAS at any antenna configuration.   

 

Figure 4.8 Outage probability of the AF MIMO relay channels with TAS/RAS for 

unbalanced link              with same numbers of antennas at source and destination. 

In figure 4.8 the outage probability is plotted for unbalanced link            
      by keeping the 

same antenna configurations and other settings as for figure 4.5, and it is noticed that each 

associated graph are shifted downward compare to figure 4.7 that clearly indicates that the 

outage performance is improved compare to the balanced link. It can be seen that the outage 

probability of approximately       can be achieved at the SNR of 30db while the antenna 

configuration for this is the same as in figure 4.7 i.e.        . 
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Figure 4.9 Outage probability of the AF MIMO relay channels with TAS/RAS for 

balanced link             with different numbers of antennas at source but that of same at 

destination. 

In figure 4.9 the outage probability is observed for different number of antennas at source but 

the number of antennas at destination is kept constant against end to end SNR. It is noticed, 

the outage probability is decreased with increasing the number of antennas at the source but 

this improvement is not worth noting as for the previous cases, this is because in this case the 

diversity order is different at the source and destination, the diversity order at the destination 

in this case is lower than the source. Better results are achieved if the number of antennas at 

the destination is starting to be increase gradually. The lowest outage probability that can be 

achieved regardless of antenna configuration is approximately       (black graph) when 

SNR is 30db. 
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Figure 4. 10 Outage probability of the AF MIMO relay channels with TAS/RAS for 

balanced link             with different numbers of antennas at source and destination 

In figure 4.10 for balance link the effect of the difference of the diversity order at both sides 

of the system i.e. source and destination is shown. By decreasing one antenna from source and 

increasing one antenna from destination or vice verse, the outage probability is reduced until 

the number of antennas at source and destination became equal. If the two different antenna 

configurations in the above figure represented by red and green graph i.e.           

and         are compared it can be observed that collectively the total number of 

antennas installed in the system are equal i.e. 10 but 5x5 configuration provide better result, it 

is because the diversity order at both ends are equal. The second hop in 7x3 configurations 

has fewer choices for selection diversity that degrades the whole system performance. So it is 

noticed that better outage performance can be achieved by setting equal number of antennas at 

source and destination compare to the irregular settings of antennas. 

4.6 Conclusion 

The performance of two hop AF MIMO relay channels with antenna selection scheme at 

source and destination over flat Rayleigh fading channels was studied and observed that it 
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provide a good tradeoff between cost, complexity and performance. The overall system SNR 

is computed first and then CDF of the overall system SNR is derived and based on which 

SER performance was formulated for different modulation schemes and outage probability 

expressions. In this chapter the numerical investigation regarding outage probability and 

symbol error rate performance is done. The theoretical analysis is validated by comparison 

through Monte Carlo simulation. It is also conclude that the system performance depends on 

the quality of both links; it is observed that if the SNR of any of the two links is increased, the 

SER and outage probability of the system is improved likewise. But the better performance 

results can be determined when the qualities of both links are improved.  Finally it is 

concluded that full spatial diversity order can be achieved with the minimum number of 

antennas at source and destination i.e.            for two hops AF MIMO relay channels 

with TAS/RAS. 
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Chapter - 5  

 

Performance Analysis Of Opportunistic Relaying Over 

Rayleigh Fading Channels 

Transmit diversity is created in the regular cooperative diversity (RCD) networks when the 

selected  nodes assist the source by relaying its information signal to the destination [20] 

using  orthogonal channels to avoid co-channel interference. This decomposition is necessary 

because practical limitations in radio implementation prevent the relay from simultaneously 

transmitting and receiving on the same channel [3]. K relays in RCD require K+1 channels 

which shows that as the number of relays increases the number of required channels increases 

linearly. This increase in channels gives fundamental drawback in all cooperative diversity 

networks. So if this problem is not addressed the cooperative diversity networks will lose 

attractiveness for high data rate, high efficiency communications. In this chapter this problem 

is addressed tried to find a solution. 

The performance of the best-relay selection scheme will be examined in which only the "best" 

relay takes part in relaying, therefore only two channels take part in transmission regardless of 

the number of relays. The relay node that gives the highest signal-to-noise ratio (SNR) at the 

destination node is considered to be the best relay [4]. A general mathematic probability 

model is presented and examined the performance of best-relay selection using amplify and 

forward (AF) scheme. Particularly closed form expressions for the error probability, outage 

probability and the moments of the end to end SNR are presented over independent and non-

identical Rayleigh fading channels.  

5.1    System Model 

Our system model is shown in figure 5.1 which consist of source node „S‟, destination node 

„D‟ and a number of cooperating  relay nodes    (i=1,2….,M). „S‟ communicates with „D‟ 

directly over a channel having Rayleigh fading coefficient     . Also „S‟ communicate with 

„D‟ via set of K relays using amplify and forward (AF) protocol, our goal is to select one 

relay out of the set of K relays in order to retransmit source signal to destination. The 
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Rayleigh fading channel coefficients between „S‟ and relay      are      
 and between relay 

     and „D‟ are       
  . These all channel coefficients           

 and      
 are considered 

mutually independent and non-identical. 

 

Figure 5. 1 Opportunistic relaying system model 

 

For indirect link AF protocol is used i.e. relays receive signal from „S‟, amplify it and forward 

it to the „D‟. The relay gain equals 
 

      
      

   Es represents the transmitted signal energy of 

the source. The indirect link S —>Ri —>D has the end-to-end SNR is given by [4] 

        
                          

             
                                               

where              
   

  
 and              

   

  
 are the instantaneous SNRs between source 

„S‟ and relay      and between relay      and destination „D‟ respectively. 

The relay which provides highest end-to-end SNR at receiver is selected for retransmitting 

source signal to destination. If maximum ratio combiner (MRC) technique at „D‟ is used then 

the resultant SNR at „D‟ can be written as [4] 
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where           
   

  
 is the instantaneous SNR between source „S‟ and destination „D‟. 

Equation 5.1 is expressed in more manageable forms so that later on total SNR is used in 

calculating outage and error performance. To accomplish this, the tight upper bound for 

        can be written as [4] 

                                                                      

The probability density function (PDF) of instantaneous SNR      can be written in terms of 

average SNR from „S‟ to Relay                   
  

  

  
 and from       to „D‟        

       
  

  

  
 as where     

             

              
  using the value of    in equation (5.2) the total SNR can 

be rewrite as   

                                                                              

This approximate end-to-end SNR is analytically more manageable and can be easily used in 

derivation of CDF, PDF and moment generating function (MGF) of the SNR. This 

approximation is enough accurate especially on medium and high SNR values. 

5.2   Error probability analysis  

In this section closed-form expressions for the error probability of the amplify-and-forward 

relaying over independent non-identical Rayleigh fading channels are presented. As MRC 

technique is assumed at destination „D‟ so error probability will only be calculated for 

coherent reception. In case of multi-channel coherent reception the error probability can be 

calculated by averaging the multi-channel conditional error probability over the joint random 

variables         which represents the SNR values of direct and indirect links. 

                                                                   

Where,             is an error function, which characterizes the error probability performance 
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of digital signals in a way that is analytically more desirable for fading channel. In its general 

form it can be written as [40, equation-8.250.1]. 

        
 

  
           

 

 

  

 Alternatively, the classical mathematical error probability function often referred to as 

Gaussian probability integral [41] can be written as 

        
 

 
      

  

       
 

   

 

                                                 

Following (5.6) the error function in (5.5) can be written as 

                  
 

 
     

    

     
     

    

     
  

   

 

                           

Substitute (5.7) into (5.5) we get, 

             
 

 
     

    

     
     

    

     
 

   

 

                                         

Also it is assumed that random variables         are independent, the joint PDF 

                  can be written as                   . Therefore the error probability can be 

written as 

                                            

 

 

                                       

Substitute (5.8) into (5.9), we get 
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As the order of integration can be interchange [41] so the error probability in (5.10) can be 

written as 

     
 

 
      

 
 

       
 

   

 

   
 

 

       
                                 

Where, 

     
                       

 

 

        

   
                 

 

 

      

represents the MGF of direct link SNR i.e.      and via relay i.e.    respectively. To find      

we have to find PDF and then MGF of      &   , the PDF of      has an exponential 

distribution whose mean is represented by      , hence the MGF of      can be written as, 

     
    

 

        
                                                                             

To find the MGF of    first the CDF and then the PDF is calculated, the CDF of    has the 

form, 

    
              

This can be written as 

    
                  

 

   

                                                       

By taking the derivative of (5.13) with respect to   and after doing some manipulation the 

PDF of     can be calculated, 
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With the help of PDF in (5.14) the MGF is calculated as, 

   
                 

 

   

                

 

   

 
 

    
  

 

   

 

     

         

     

       

     

    

 

 

 

   
            

 

   

    

     

       

     

    

  
 

   

 

         

                        

Where  

   
 

    
 

 

   

   

Substituting (5.15) and (5.12) in (5.11) and evaluating its integral, the probability of error in 

closed form can be written as,  

              

 

   

    

     

       

     

    

  

 
 
 
 
  

 
 

 
           

 

 
 

  
 
 

 

 

         

 
     

 
       

 
      

       
                                                                                                 

5.3 Outage Probability 

The outage probability is defined as the probability that the instantaneous total end-to-end 

SNR falls below a given required rate R. For opportunistic amplify and forward relaying with 

direct link using antennas selection, the outage probability for best antenna selection can be 

written as [4] 
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It can be seen      is actually the CDF of    evaluated at      , therefore  

          
                                                                             

The expression for outage probability in (5.17) can be easily rewritten for regular dual hop 

cooperative diversity network without best-relay selection scheme as 

               
                                                                         

This expression shows clearly that the outage probability for regular dual hop cooperative 

diversity network is greater than that of best-relay selection scheme for K > 1. 

Where     is the CDF of the total end-to-end SNR using the opportunistic relaying in 

cooperative diversity and can be found as follows [42] 

           
     

      
   

 
 
   

                                               

Where     denotes the inverse Laplace transform, the inverse Laplace transform can be 

performed analytically and CDF of the total SNR can be written as (by doing some 

multiplication and partial fraction operations) 
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5.4 Numerical results and analysis 

In this section outage probability        and bit error rate (BER) for binary phase shift keying 

„BPSK‟ modulation scheme are plotted. These graphs are plotted in terms of bit error rate 

„BER‟ and outage probability        versus the average SNR. From equation 5.12 it can be 

noticed that the performance of the proposed scheme is related with number of relays.  

 

Figure 5. 2 Outage probability versus average SNR for our system at end-to-end spectral 

efficiency R=1bps/Hz, for balanced link                  & the direct link SNR           . 

Figure 5.2 shows the outage probability as a function of average SNR for the proposed 

scheme with different number of relays for balanced link                  with the direct link SNR 

      db that is in deep fade. It is observed that the outage probability is decreasing when 

increases number of relays. This means that required outage probability is achieved at small 

value of SNR if we keep the number of relays large enough. The same outage performance in 

case of small number of relays would be possible only if the system achieve large value of 

SNR that is sometimes not possible. For example in the above figure for K=5 the outage 

probability of       is achieved by the system at the SNR of approximately 24db (black 

curve) but the same outage probability is achieved by the system with number of relays i.e. 
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K=4 at an SNR of approximately 27db (green curve), the (blue curve) achieved the same 

outage probability at approximately 30db.   

 

Figure 5. 3 Outage probability versus average SNR for our system at end-to-end spectral 

efficiency R=1bps/Hz, for unbalanced link                     & the direct link SNR            

In figure 5.3 the outage probability is plotted against average SNR with different number of 

relays for unbalanced link                 for the same direct link as it was in the previous figure 

i.e.        at end-to-end spectral efficiency R=1bps/Hz. It can be observed that the outage 

performance is getting better with unbalanced link compare to the balanced link. It can be 

seen that as the number of relays increases from 2 to 5 in unbalanced link its outage 

probability decreases more compare to the balanced link because the lowest outage 

probability achieved at 30db SNR is approximately      (black curve) however for balanced 

link in figure 5.2  the outage probability of approximately        is achieved at the same 30db 

SNR. We observe that the outage performance of unbalanced link is better than the balanced 

link by the comparison of figure 5.2 and 5.3. It is noticed that the improvement in any single 

link can notably improve the overall performance of the system.  
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Figure 5. 4 BER performance against average SNR with the increasing number of relays 

for balanced                  & the direct link SNR          . 

  

Figure 5.4 shows the BER performance of the best relay selection schemes for different 

number of relays (k). The proposed scheme is for identical channels and balanced link 

   
               having the direct link that is in deep fade with the SNR of          . It can be 

seen that the proposed scheme achieves the better BER performance as the number of relays 

are increasing, as it can be seen from the above figure that the bit error rate decreases as the 

number of relays increases for some fixed values of SNR because diversity gain and virtual 

antenna array gain are monotonically increasing function of relays (k). The black curve in 

figure 5.4 are plotted with five number of relays (k) indicates the better BER performance 

among all the curves because the source in this case have more choices to select the best relay 

among the available number of relays.  
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Figure 5. 5 BER performance against average SNR with the increasing number of relays 

for balanced link                     & the direct link SNR          . 

In figure 5.5 the BER performance is analyzed against average SNR for identical channels 

and unbalanced link    
                with the same direct link SNR as in the previous cases       

    for increasing number of relays. Again it is noticed that the BER performance is 

improved for unbalanced link as compare to the balance link. It shows that bit error rate 

decreases as the number of relays increases. Observing figure 5.4 and figure 5.5 it can be 

noticed that the BER performance achieved with unbalanced link is little more than that we 

achieved in balanced link. Every single graph in this figure is shifted downward compare to 

figure 5.4. Again it can be seen from this figure that the performance is improved with the 

improvement in any single link, but the good results can be obtained with the quality of both 

links. 

5.5 Conclusion 

The performance of the best relay selection scheme and MRC reception at the destination for 

cooperative diversity networks with amplify and forward relaying over independent and non-

identically distributed Rayleigh fading channels is analyzed. The Rayleigh fading channel is 
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used because the direct link between source and destination is in deep fade. The closed form 

expressions for the probability of error and the outage probability are established in this 

chapter. 

It is concluded that the best relay selection scheme save resources as compared to the regular 

cooperative diversity networks. By increasing the number of relays in regular cooperative 

diversity network the channel capacity is reduced by 1/M while in relay selection scheme the 

channel capacity is reduced by just 50%. So by increasing the number of relays in best-relay 

selection scheme the diversity order will increase without any decrease in channel capacity. In 

best relay selection scheme minimum signal overhead is involved at cost of minor 

complexity. Finally it is concluded that the overall performance of the system is dependent on 

the improvement in any link but of course the better performance can be achieved if the 

quality of both links is improved. 
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Chapter – 6  

Comparison and conclusion 

 

In this thesis two different scenarios i.e. non-regenerative MIMO relaying system and multi-

user cooperative diversity networks are studied. Two system models related to these scenarios 

were presented and studied them in communication theoretic point of view. Both these 

systems were operated by considering flat fading spatially uncorrelated Rayleigh fading 

channels, and concluded that the antenna selection at source and destination with single relay 

between them provides better result in terms of outage probability and error probability as 

compare to the relay selection with fixed source and destination as shown in figure 6.1 and 

6.2. 

In chapter 4 AF MIMO relay system with TAS/RAS were analyzed and observed that antenna 

selection at source and destination provides good trade off between cost complexity and 

performance. It is further noted that full spatial diversity order can be achieved with AF 

MIMO relay channels with TAS/RAS with minimal number of antennas at source and 

destination i.e.             Our more emphasize was on antenna selection at source and 

destination that is alternative to the transmit beam forming and space time coding.  



Chapter-6. Comparison and conclusion  

 

53 
 

 

Figure 6. 1comparison of the outage probability achieved with two system models 

In chapter 5 AF best relay selection scheme is analyzed and it is observed that best relay 

selection save channel resources compare to the regular cooperative diversity network. It is 

noted that with increase in number of relays there is increase in diversity order without 

reducing channel capacity with maintaining full diversity order. Emphasize in this chapter 

was on the selection of best relay among the set of relays that is available to the source and 

destination. The improvement of outage performance in relay selection scheme is more 

dependent on number of relays instead of transmit SNR unlike regular cooperative diversity.  

6.1 Comparison between AF MIMO relay and cooperative 

diversity network 

The system models are operated in different scenarios. 

 In AF MIMO relay system the function of relay is to extend the coverage only, while 

in the cooperative diversity network, relays are mainly used to create virtual spatial 

diversity with coverage too. 
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 Diversity is created by the antennas installed on the source and destination in AF 

MIMO relay case,  whereas on the other hand in our cooperative diversity model the 

diversity is created by the distributed relays located between the source and 

destination. 

 

Figure6. 2 comparison of the error probability of two systems 

It is noted that both system provides full diversity order but still antenna selection scheme 

provide better results compare to the relay selection scheme, and the reason for this is that in 

the former, MIMO and cooperative diversity is merged together to create a system. The 

common point between the two systems is that an improvement in any single link cannot 

significantly improve the overall system performance but the system performance is 

determined by the quality of both links. Furthermore the antenna selection provides low error 

probability in high SNR regime while the relay selection provides that in low SNR regime as 

shown in figure 6.2.  
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