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Chapter–1 

INTRODUCTION 

 

A new era of wireless communications combats with many challenges, including 

the performance issues and the demand of higher data rate. Upcoming generations 

of wireless communications will bear the resemblance in terms of same issues. The 

main goal of engineers and developers is to advance the algorithms and techniques 

to provide a better quality of service (QoS) and also guarantee the higher data 

rates. Among wireless system generations, diversity is of primary importance due 

to the broadcast nature of the wireless environment [33]. Cooperative diversity is 

one of the most promising techniques for improving the capacity and reliability of 

wireless communications over fading channels [19]. Cooperative technique utilizes 

the broadcast nature of wireless signals by observing that a source signal intended 

for a particular destination can be “overheard” at neighboring nodes. 

 

This thesis investigates the performance of dual–hop amplify–and–forward (AF) 

relaying networks using cooperative diversity technique with co–channel 

interference at the relay. It is assumed that the relays operate in a limited 

interference environment over Rayleigh fading channels. The performance of the 

relaying network in terms of bit error rate (BER) depends on the number of relays 

between source and destination. However, the system insures better performance 

by using adaptive modulation in terms of spectral efficiency. 
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1.1 Research Approach 

The research approach includes the selection of best relay among multiple relays 

between source and relays in amplify–and–forward dual–hop relay networks. The 

performance analysis is based on some constraints which are detailed in Chapter 4. 

It is assumed that the distance between the relays and destination is large. The AF 

scheme is preferred in this thesis over decode–and–forward (DF) scheme because 

AF does not offer any delay constraints of decoding and encoding as present in DF 

scheme. Also, the complex implementation of DF may overburden the system. The 

channel state information (CSI) is used to select the best relay.  

1.2 Goals and Achievements 

The main goal of this thesis is to perform analysis on dual–hop relay network 

running on AF scheme using adaptive modulation. The investigation will be done 

in terms of signal–to–interference–noise–ratio (SINR), BER, outage probability 

and spectral efficiency. The relays are under the influence of non–identical 

independent distributed interferences. Channel state information at the sender end 

is instantaneous and partial, based on the best relay being selected for the 

communication. We will familiar ourselves with the theoretical and practical 

knowledge of adaptation in wireless systems.  

1.3 Outline 

The thesis is outlined as follows. Chapter 2 includes the background studies of 

wireless networks, brief overview of fading channels, interferences and 

cooperative communications and its protocols. Diversity systems, outage 

probability, SINR are also been studied under this chapter. Chapter 3 is the survey 

of literature that has been discussed for this thesis. Chapter 4 has the introduction 

of adaptive modulation (AM). Chapter 5 introduces the system model followed by 
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its performance analysis. Chapter 6 will exhibit the numerical results and 

comparison with simulated results and discussion. The conclusions of the overall 

thesis are presented in Chapter 7. 
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Chapter–2 

BACKGROUND 
 

2.1 History of Wireless Communications  

Wireless communication is a two way communication without using any 

connecting wire. In 1896, Guglielmo Marconi invented the wireless telegraph. In 

1901, he launched telegraphic signals to a distance of 32000km across the Atlantic 

Ocean which permits two parties to communicate by sending alphanumeric 

characters encoded in analog systems [35]. Last century this invention led progress 

in wireless technologies to radio, television and satellite communication. 

Communications satellites were first launched in 1960s. The first satellite was 

capable to handle only 240 voice circuits. Now, satellite carries about one third of 

voice traffic and all other television signals between countries. Satellites are sent to 

low orbit to transfer data with less delay. 

Engineers are working on wireless networks to develop wide area networks 

(WANs), local area networks (LANs) and metropolitan area networks (MANs) 

without a cable plant. IEEE has developed 802.11 as a standard for wireless LANs 

(WLANs). The mobile telephone is a modern equivalent of Marconi’s wireless 

telegraph offering two way communications.  

The cellular revolution is apparent in the growth of the mobile phone market alone. 

ITU (International Telecommunication Union) is working to develop a standard for 

next–generation wireless devices. This new standard will use high frequencies to 

increase the capacity. A first generation digital wireless network focuses on AMPS 
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(Advances Mobile Phone System) in North America and Australia using 

frequency–division duplexing (FDD) offering 19.2 kbps. The first generation uses 

analog signaling to modulate higher frequencies and is designed to support voice 

channels in frequency modulation (FM) environment.  

An example of a second generation of mobile communications has been developed 

in the form of the Global System for Mobile Communications (GSM) and Personal 

Communication Services (PCS). The two standards of PCS, which are IS-95 and 

IS-136, employ code division multiple access (CDMA) and time division multiple 

access (TDMA), respectively. The PCS IS-136 and GSM use dedicated channels at 

9.6kbps for data service. Thus offering greater capacity, high data rate, and better 

quality signals to support digital services. The goal of third generation (3G) 

wireless communication is to provide reasonably high data rate wireless 

communication to support video data and multimedia in addition to voice. 3G 

systems assure, unlike wireless access methods, that was never achievable before.  

 There are numerous projects developing broadband wireless standards around 

several distinct applications. These standards wrap everything from wireless LAN 

to small wireless home networks and offer broadband network services. The data 

rate varies from 2 Mbps to 100 Mbps. It is expensive to install a fixed 

infrastructure. However, the primary wireless LAN (WLAN) standard IEEE802.11 

provides a data rate of 54 Mbps [35]. 

2.2 Fading Channels 

Fading in wireless communications refers to the distortion in the received signal 

caused by the fluctuation in transmission path. Over the distance from transmitter 

to receiver, radio link undergoes many hurdles which directly influence the signal 

and its strength. It is important to measure the strength of signal at receiving end so 
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that the engineers, directly involved in radio frequency planning, will know their 

system coverage. Fading channel is the communication channel which comprises 

attenuation or fluctuation in the signal strength during transmission. Fading is one 

of the immense challenges that need to be addressed while deploying a real system. 

The main reasons for fading are multipath and shadowing which are discussed 

briefly in the next section. 

2.2.1 Properties of Fading 

As mentioned earlier, fading has two properties which are the main reasons due to 

which fading occurs. These properties are multipath and shadowing. 

2.2.1.1 Multipath 

There are possibilities for the broadcasted signal in wireless communications that 

the receiver gets multiple copies of the original signal. This concept is called 

multipath. This phenomenon is due to reflection of a signal from buildings or other 

hurdles or weather conditions, for example, atmospheric ducting. Especially  in  

the  urban  and suburban  areas where cellular  phones  are  most often  used,  the 

communication  environment  changes  quickly  and  thus  introduces  more 

complexities  and uncertainties  to  the channel  response [9]. It is considered as a 

small-scale phenomenon in a sense that the attenuation level of the signal changes 

substantially [16]. Mathematically multipath effect can be represented as linear 

time varying band-pass filter shown in Figure 2.1. 

                                       x (t)           y (t) 

                         Transmitted Signal                         Received Signal 

Figure 2.1: Band-Pass Filter Exhibiting Working of Multipath 

Fading. 

                         

h (t,)  
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2.2.1.2 Shadowing 

The other property of fading is shadowing. Shadowing refers to variations in 

terrain profile or nature of the surroundings. For example, the communicating 

mobile node is not stationery. Maybe it is located in a moving vehicle. In 

particular, shadowing means that the fluctuations in signal strength due to the 

obstacles occur between transmitter and receiver. 

2.2.2 Slow and Fast Fading 

It has been shown in previous works that multipath propagation can have both the 

aspects of slow and fast fading. Slow fading occurs when the symbol time Ts is less 

than the coherence time Tc of the communication channel (Ts << Tc). Fast fading 

occurs when Ts is greater than Tc (Ts >> Tc ). Coherence time is the time duration 

over which the impulse response of the system is considered to be stable or not 

varying. 

2.2.3 Frequency Selective and Flat Fading 

Flat fading is the case when the coherence bandwidth Bc of the channel is larger 

than the signal bandwidth Bs of the channel (Bc >> Bs). All the frequency 

components of the signal experience the same effect of channel conditions.  

While on the other hand frequency selective fading occurs when the channel 

bandwidth is narrower than the signal bandwidth (Bc << Bs). In this case every 

frequency component of signal will experience different effects of channel 

conditions.    

2.2.4 Rayleigh Fading 

Due to different types and properties, fading magnitude follows different kinds of 

probability distribution functions such as Rican, Rayleigh or Weibull distributions. 
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This section will focus on the Rayleigh distribution which is the case of this thesis 

model. 

Rayleigh fading model is used when there is no dominant copy of a signal. In other 

words the wireless system in which there is no direct line of sight (LOS) between 

the transmitted and received antenna, Rayleigh fading statistical model is the most 

appropriate to apply. It is considered that the transmitter and receiver are far away 

from each other and no LOS between the transmitter and receiver and the signal  

distribution is Rayleigh in this thesis.  

 

Figure 2.2: Rayleigh Fading. 

2.3 Interference 

Interference means the unknown disturbance acting directly or indirectly on the 

transmitted signal. Different types of interferences are as follows. 
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2.3.1 Electromagnetic Interference 

The disturbance in the operation of the system due to magnetic field induction of 

an external source, i.e., another electronic device, is called electromagnetic 

interference (EMI). 

2.3.2 Co–Channel Interference  

Co–channel interference (CCI) is also recognized as crosstalk. This type of 

interference occurs if two or more transmitters operate on the same frequency and 

transmit signal at same time interval, then there are chances of overlapping of 

signals which is known as crosstalk. 

2.3.3 Adjacent Channel Interference 

It is adequate to introduce the proper frequency filtering on each base station (BS) 

to avoid adjacent channel interference (ACI). The unbalance power for channels 

may give the opportunity to high power channel to disturb the transmission of its 

adjacent.  

2.3.4 Inter–symbol Interference 

Inter–symbol interference (ISI) is the unwanted phenomena in which one symbol 

of signal disturbs the other symbols in sequence. If the signal is transmitted over a 

band–limited channel or the signal goes through a multipath propagation, these are 

the main causes of ISI to occur.  

2.4 Cooperative Communications and Its Background 

In conventional point–to–point wireless communications, the channel links can be 

immensely unreliable due to fading and transmission between source and 

destination is uncertain. 



Chapter-2 Background  

10 
 

In recent years, a new paradigm for wireless cellular networks and wireless ad hoc 

networks was introduced. The basic idea of this approach is that all nodes in a 

wireless network can assist each other to send the information data. 

Each client sends a signal not only for itself but also for the neighbor clients. Thus, 

the probability of detecting the desired signal at destination is high which results in 

rare chance of loosing transmission between source and destination. Therefore, 

multiple copies of data signals are transmitted due to the cooperation among relays 

which results in cooperative diversity. This improves the robustness and system 

performance. 

The basic idea behind cooperative communications is that it utilizes a set of mobile 

terminals in order to virtually realize the frame work of single–input–single–output 

(SISO) systems, thus maintaining the signal strength and keeping the bit error rate 

(BER) low in different propagation scenarios. Figure 2.3 shows a simple topology 

of a cooperative communication system. 

 

Figure 2.3: Topology of a Cooperative Communication System. 
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2.5 Relaying 

The concept of cooperative communication relay network was first introduced by 

Van Der Meulen in ad hoc and peer to peer networks [11][25]. Recently, the idea is 

extended to wide area cellular networks (WACN) [11][34]. A relay can be 

described as a midway booster of a signal. This concept comprises that a relay, 

which is mostly a neighboring mobile node, helps in supporting a very large 

distance communication. The relay receives the signal at first half of the time and 

retransmits/forwards the message in second half of time. Cooperative relaying 

networks increase the coverage area by deploying AF or DF relays between the 

source and destination. 

2.5.1 Dual–Hop Cooperative Communication Networks 

Dual–hop implies that there is a presence of single or multiple relays between the 

transmitter and receiver. Figure 2.4 shows the description of dual–hop cooperative 

communication networks. It is worth mentioning that there can be multiple relays 

in parallel in dual–hop scheme.  

 

Figure 2.4: Dual–hop Cooperative Communications. 
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In this graphical illustration a single mobile node has been selected as a relay for 

communication.  

2.5.2 Multi–Hop Cooperative Communication Networks 

More than one relay can be used for cooperative communications. This gives the 

concept of multi–hop cooperative communications. Consider a system comprise of 

multiple relays in series as shown in Figure 2.5. 

 

Figure 2.5: Multi–hop Cooperative Communications. 

 

In Figure 2.5, a combination of multiple relays is used to extend the coverage of 

the sender. Like in dual–hop schemes, a number of relays can be used in each hop 

in parallel which gives the opportunity to the sender for the best path selection for 

communication. 
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2.6 Cooperative Communication Protocols 

The applicability of cooperative communications is realized by different types of 

schemes or protocols. These designed schemes for cooperative communications 

work differently on relays, having pros and cons of each. Many previous studies 

have shown the working of each scheme under different scenarios [7] [19] [33]. 

This thesis restricts to amplify–and–forward scheme due to its low complexity and 

easy implementation.  

2.6.1 Fixed Relaying scheme 

Fixed relaying constitutes the idea of having a stationary cooperating node or 

nodes in the communication system [38]. In the following, the different types of 

fixed relaying scheme are presented.  

2.6.1.1 Amplify–and–Forward 

There are several relaying protocols which have flourished in the past few years for 

striving the best performance of the system. The AF scheme is one of the relaying 

protocols, where the relay just amplifies the source signal and forwards it towards 

the destination. It is a very attractive relaying protocol for reducing the 

implementation complexity and avoiding complex code design [19]. Figure 2.6 

illustrates the working of the AF protocol. 
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Figure 2.6: Amplify–and–Forward Cooperative Communications. 

 

2.6.1.2 Decode–and–Forward  

The decode–and–forward (DF) protocol is also referred to as the regenerative 

signaling scheme. The working of this protocol has dual time divisions. In the first 

cycle of transmission, the relay receives and decodes the signal. In the second 

cycle of transmission, the relay encodes the signal again and forwards it towards 

the destination. Figure 2.7 shows the working of the DF protocol.  
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Figure 2.7: Decode–and–Forward Cooperative Communications. 

In both AF and DF protocols, the source and the relays send the information to the 

destination on orthogonal channels [15]. 

2.6.1.3 Hybrid Relaying Scheme 

Hybrid relaying scheme is the combination of both AF and DF. The relays in the 

network are divided into two groups according to their implemented protocol (i.e., 

AF or DF). The sender selects the best relay by looking into CSI of channel for 

each relay. Then, the signal is transmitted through the selected relay using its 

protocol. However, the hybrid relaying scheme selects the best of both schemes, 

i.e., AF or DF, but yet is not very suitable in terms of implementation. It requires 

more complex algorithms and computation, more powerful hardware to run both 
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AF and DF schemes within the same system. It is important to mention that all the 

above schemes are implemented for fixed relaying schemes. 

2.6.2 Selection Relaying Scheme 

Selection relaying uses the idea of selection mechanism for AF or DF. The 

selection of either AF or DF depends on the instantaneous CSI situation of the 

channel statistics. Considering the DF scheme, if the relay fails to decode the 

signal data, the DF will adopt direct transmission. The fading coefficients between 

sender and relays may be measured with high accuracy at cooperating terminals 

[34]. 

2.6.3 Incremental Relaying Scheme 

In this particular relaying scheme, the concept of feedback information has been 

introduced. Feedback is a one bit signal transmitted by the destination in order to 

alarm the sender about the failure or successful arrival of a data packet. In fixed 

relaying and selection relaying schemes, the mechanism of feedback may follow 

the hybrid automatic repeat request (H-ARQ) protocol. This protocol is a 

combination of forward error correction (FEC) and ARQ. It is assumed that the 

sender decodes the feedback bit correctly. Incremental amplify–and–forward 

relaying protocol provides efficient use of degree of freedom of the channel, i.e., 

information is not repeated very often in the system. Incremental decode–and–

forward protocol is also applicable, however, it is not as efficient as incremental 

amplify–and–forward protocol [34]. 

2.6.4 Best Relay Selection 

This relaying scheme is the best to use when it comes to using minimal network 

resources. It requires only two channels for transmission. On the other hand, it 

shows that all the above schemes are using all the network channels in single 
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transmission. The best relay is selected among the number of relays depending on 

the defined criteria which allows only two channels, i.e., between sender and relay 

and between relay to destination for communication. The relaying protocol can be 

AF or DF [26]. 

2.7 Advantages of Cooperative Communications 

There are some advantages of cooperative communications which needs to be 

highlighted in order to understand the importance of cooperative communications. 

a) Cooperative Diversity 

The concept of diversity has been explained in Section 2.9 in detail. The main 

advantage of cooperative communications is that it attains full diversity. It 

improves the capacity and reliability of the wireless systems. Cooperative diversity 

also shows that a multi–terminal single antenna can create an array of virtual 

antennas for communication. 

b) Low Cost 

The cost of the networks is also reduced in terms of using less number of 

equipments. As we see that single antenna terminals create virtual effect of 

multiple antennas which reduces the requirement of more antennas [38]. 

c) Reduced Propagation Loss 

The total distance is divided into short intervals that helps in reducing propagation 

losses and transmission power [38]. 

d) Quality of Service (QoS) 

The QoS is improved in terms of outage probability and BER in cooperative 

communications [38]. 



Chapter-2 Background  

18 
 

2.8 Disadvantages of Cooperative Communications 

Beside the advantages, cooperative communications also have some disadvantages 

which are mentioned as follows. 

a) Increased Overheads 

Cooperative communications requires handover, extra security, synchronization, 

etc., clearly increasing the overheads in comparison with other communication 

systems [38]. 

b) Increased Interferences 

Relays will generate extra, intra and inter cell interferences which can be the cause 

of disruption in signal flow and corruption of transmitted data [38].  

c) Tight synchronization 

One major disadvantage of cooperative communications is that it requires tight 

synchronization and maintenance to facilitate cooperation which increases the cost 

in terms of more powerful hardware and more protocol overheads [38]. 

d) Tight Security 

The user information is routed through another terminal, so cooperative diversity 

required high security measures [38]. 

2.9 Diversity System 

One of the important issues in the communication process is the reliability. This 

means to make sure that the signal at the receiver end has been received and 

translated properly with acceptable error. Diversity in cooperative communications 

refers to the technique of improving reliability. This technique is currently being 

investigated for meeting next–generation goals, i.e., high date rate. The diversity 

techniques include advanced signal processing, tailoring system components such 

as coding, modulation, and detection in wireless communications. However apart 
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from classic subdivisions, such as source and channel coding, increasing data rate, 

image robustness, and channel coding effects on multimedia. Diversity amongst 

these holds more importance as it is basically for the wireless environments [33]. 

Diversity also combats with fading occurring in communications channels and 

helps to reduce the impact of co–channel interference. Multiple copies of the signal 

are combined at the receiver end by one of the flavors of diversity techniques, 

hence improving the reliability of the system. The results have shown that diversity 

improves the average and instantaneous signal–to–noise ratio (SNR) of the 

systems. 

2.9.1 Diversity Schemes 

There are some well known forms of diversity schemes discussed later in this 

section. It has been noted that regardless of the form of diversity that has been 

used, multiple antennas for transmission has been desired by this technique [34]. 

However, the practicality of this concept questioned the size of mobile unit but this 

problem is coped by using other neighboring mobile nodes as virtual transmitting 

antennas [33].  

a) Time Diversity 

In this technique, multiple copies of the same signal are transmitted over different 

time intervals.  

b) Frequency Diversity 

In this type of diversity, the same signal is modulated over different carrier 

channels using multiple frequencies. 

c) Space Diversity 

Space or spatial diversity is achieved by transmitting a number of copies of the 

same signal on different propagation paths.  
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d) Cooperative Diversity 

Cooperative communications provides full diversity gain. Different cooperating 

nodes provide multiple copies of the same signal to the receiver in cooperation.  

2.10 What is SINR? 

The term SNR is usually used for measuring the statistics and behavior of the 

communications channels from sender to receiver. It is very important to calculate 

the SNR because many communication decisions are based on the SNR value. In 

some scenarios, the system may experience the effect of interferences which affect 

the transmission and also change the statistics of the communicating channels. 

Therefore, the concept of using SINR instead of SNR arises. SINR is the ratio of 

transmitting signal with respect to interference plus noise in the communication 

channel. In this thesis, the data transmitted from source to relay are under the 

influence of interference. 

 Mathematically, SINR can be written as 

       
 

   
                                                                                                                 (2.1) 

 

where P represents power of the signal, I and N represents interference and noise 

powers, respectively. 

2.11 Outage Probability 

In mobile communications, typically a certain level of minimum SNR is required 

for proper communication. In general, there is always an acceptable threshold 

value of SNR for the communication systems. The signal will experience outage 

below the SNR threshold level. The probability of such dropping of signal is 

referred as outage probability. Detail analysis of outage probability is discussed in 
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Chapter 4 and Chapter 5 of this thesis. Generally, from [28], outage probability is 

expressed as 

   = Pr (    
<    ) =      

 (   )                                         (2.2) 

 

where Pr (.) denotes the probability,     
 is the SNR,    is the acceptable 

threshold SNR and      
    is the commutative distribution function (CDF) of the 

SNR. 

 

2.12 Spectral Efficiency  

Capacity of a system is one of the key issues in wireless communications. Spectral 

efficiency means the rate of transmitted information. In other words, capacity or 

spectral efficiency of a system means that how much data traffic a communication 

system can handle with available bandwidth. This thesis work analyzes adaptive 

modulation technique which results in more capacity of the system detailed in 

Chapter 4 and Chapter 5.  

 

2.13 Bit Error Rate 

BER is the ratio of error bits on receiver to the total number of bits sent by the 

transmitter. Obviously, the higher BER means the system is less reliable.
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Chapter–3 

LITERATURE REVIEW 
 

This chapter includes the literature study of dual–hop amplify–and–forward 

cooperative diversity networks. In wireless communications, multipath fading 

affects the reliability of channel links due to which communication between the 

transmitter and receiver [39]. To challenge multipath fading impairments and to 

provide further diversity advantages [40], a new paradigm for communications has 

been suggested for wireless cellular and ad–hoc networks named as cooperative 

communications [7][33][27]. Cooperative communications is renowned as an 

efficient technique for small size and less power consumption mobile terminals 

[36]. 

 

Cooperative communications studies are classified into two major branches, i.e., 

information theoretic studies and communication theoretic studies. Information 

theoretic studies deal with capacity of the system and communication theoretic 

studies deals with reliability, coding, and modulation techniques for the system 

[25]. The basic idea of cooperative communications is that the mobile users or 

nodes can assist each other while sending the signal to the destination to achieve 

larger coverage [12]. In AF cooperative communications, the relay node amplifies 

the source signal and then sends it to the destination to gain spatial diversity [29]. 

An important concept for improving the capacity and reliability of wireless 

systems over fading channels is cooperative diversity, where single antenna 

terminals share their resources to form virtual antenna arrays and utilize transmit 
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antenna diversity to provide reliable communication [19]. The cooperative 

diversity protocols are used to attain full diversity and improve system 

performance and robustness [7]. In recent years, many designs were proposed for 

cooperative diversity protocols that can contest severe fading effects in wireless 

communications [12]. The cooperative diversity protocols can be considered with 

other types of diversity techniques such as frequency diversity and temporal 

diversity to further improve the system performance [33] [27]. In fixed relaying 

cooperative protocols such as amplify–and–forward and decode–and–forward, the 

adoption depends upon channel measurements between source and destination, 

while incremental relaying is based on limited feedback information from 

destination node [7]. The amplify–and–forward relaying is considered in several 

previous works because of its simplicity [22]. In AF relaying, the relay simply 

amplifies the source signal and sends it to the destination. The implementation 

simplicity and avoiding complex code design make the AF protocol more 

prominent [19]. 

 

The diversity gain is attained according to the number of relays in both 

opportunistic and traditional multiple relay transmissions, although the system 

performance is increased in both schemes by increasing the number of relays [19]. 

In AF cooperative communications networks, the relay selection depends on some 

well defined parameters. In dual–hop AF relaying networks, the relay selection 

criteria depend on the best instantaneous SNR across the two hops. This criterion is 

referred as distributed relay selection [37]. Also, continuous channel feedback 

from all the links of the network is necessary in centralized approaches [4]. 

In non–identical independent distribution Rayleigh fading channels, partial relay 

selection method is considered for AF cooperative networks. The search is 
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supportive for practical wireless sensor networks (WSNs) where selection of a 

relay node depends upon the instantaneous channel information of source–relay 

hop and derived exact symbol error rate (SER) and outage probability expression 

[29]. The favorable relay selection is based on the most prominent instantaneous 

SNR across the source–relay link [29]. The instantaneous gain can be attained by 

changing the objective SNR and number of relays between source and destination 

[36].  

 

The performance of AF relaying with co–channel interference at relays or 

destination has not been appreciably investigated because of high complexity [19]. 

The performance of dual–hop relay networks is investigated by considering co–

channel interference at the relays in the presence of Rayleigh fading [28]. In [19], 

the authors investigated the performance of AF opportunistic relaying with co–

channel interference over Rayleigh fading channel. The closed form expression of 

outage probability shows that the diversity gain depends on the number of relays. 

Moreover, the opportunistic relaying outperforms other relaying schemes, such as, 

random relaying or multiple relaying, however the multiple relay transmission 

requires precise synchronization among numerous transmitters in different 

locations. The outage performance in dual–hop AF partial relay selection with 

multiple interferences imposed to the relay node which corrupts the transmission 

channels [22]. The best relay selection is based on comparing the effect of SINR 

among all source–relay paths. The interference affects the relays but not the 

destination because the power of interference is not enough to affect the 

destination node, so only relays are under the influence of interference [22]. The 

outage arises when the instantaneous capacity drops just beneath the threshold 

value of transmission rate. Diversity order is increased by increasing the number of 
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relays in the network which bring low error level and outage in high SNR level. 

 

Dual–hop relay fading channels are analyzed in the interference limited situation, 

where the relay node is impaired by additive white Gaussian noise (AWGN), 

whereas co–channel interference is imposed at the destination node [21]. 

Considering this scenario, the outage probability expression is derived for both AF 

and DF schemes. However, the majorization theory proves that in a specific sum 

power, the equal–power interference situation causes the worst performance in 

terms of outage probability in the fixed relay schemes [21]. 

 

The BER and capacity performance is increased by adding relays in (SISO) 

relaying networks. [18]. In [12], the optimum power allocation of uncoded AF and 

DF cooperative protocols are discussed. The source and relay communicate with 

the destination through orthogonal channels. A closed form expression of SER is 

derived for phase shift keying (PSK) and quadrature amplitude modulation 

(QAM). Optimum power allocation depends on the quality of channel link of AF 

cooperative communication. In the case of all channel links being available, the 

optimum power allocation depends only on the channel links of AF cooperative 

communication related to the relay. 

Capacity is the main concern in dealing with wireless communications systems [3]. 

Multilevel modulation schemes, i.e., M–QAM, improve the capacity performance 

of mobile links by sending multiple bits per symbol [30]. However, the mobile 

links are under multipath fading effect which results in high BER or low transmit 

power [30]. In Nakagami multipath fading (NMF) channels, the rate adaptation 

technique is used to improve link capacity [3]. In [31], pilot symbol assisted 

modulation (PSAM) technique is considered to deal with fading. This method 
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introduces a training sequence into the stream of M–QAM data symbols to extract 

the channel attenuation which is further used for symbol detection. In [23], a 

performance analysis of AF cooperative networks using rate adaptive M–QAM is 

provided. The upper bound equations are derived to assess spectral efficiency, 

BER, and outage probability are given for both independent and identically 

distributed (i.i.d.) and independent non identical distribution (i.n.i.d.) Rayleigh 

fading. Joint adaptive modulation and diversity combining (AMDC) is examined in 

[14]. The analysis investigated the effect of feedback error on the system 

performance and utilization of adaptive diversity to compensate performance 

degradation. The performance is appropriately computed in terms of average BER, 

number of combined paths and spectral efficiency in the existence of feedback 

error. Bit error probability and outage performance are investigated by dealing 

with threshold based relaying scheme in combination with partial relay selection 

[26]. The results illustrate that if the received SNR exceeds the threshold value, the 

best selected relay will broadcast mutually with the source using fixed relaying 

scheme or else it will remain still. Numerical and simulation results are in excellent 

agreement which illustrate that the suggested protocol offers a decent cooperation 

between direct link and typical dual–hop relaying with partial relay selection. 

Moreover, this technique is appropriate for adaptive schemes as well, where a 

threshold value can be tuned to modify the level of assistance and to adopt the 

desired quality of received signals. 

 

A virtual antenna array offers impressive gains in slow fading. The distributed 

method is developed to pick the best relay that relies on confined measurements 

of instantaneous channel state information. Information theoretic studies of 

outage probability verify that unlike more complex protocols where distributed 
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space–time coding and synchronization are needed for relay nodes, this scheme 

provides the similar diversity–multiplexing tradeoff as achieved by complex 

protocols [1]. 
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Chapter–4 

ADAPTIVE MODULATION 

4.1 General Overview 

The basic idea behind adaptive modulation is to identify the channel conditions at 

transmitter and adapt the modulation level according to the conditions. The 

parameters which include adaption are the combinations of instantaneous BER, 

coding schemes, coding rates, and symbol time. The channel undergoes the effect 

of fading which is related to the distance of the receiver. If the statistics of the 

channel variation are unknown, the channels with deep fading will typically have a 

capacity close to zero [5]. 

Amongst various modulation schemes, adaptive modulation is superior when it 

comes to the spectral efficiency of the system. In many previous works, it has been 

shown that adaptive modulation plays a key role in increasing the capacity of the 

system. In our research work, the transmitter power is constant and modulation rate 

is varied, said to be adaptive M-QAM.  

4.2 Adaptive Modulation 

Adaptive modulation has been proven viable for implementation in real systems in 

previous works. The destination only needs to calculate the total SNR, select the 

appropriate transmission rate and send this information back to transmitter [16]. 

The analysis and mathematical derivation are discussed in Chapter 5. 

4.3 Quadrature Amplitude Modulation 

Quadrature amplitude modulation (QAM) has been widely applied to many 

communication systems. The modulation technique has overcome many 
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difficulties for the developers, i.e., improve link capacity and to deal with 

multipath fading effects. 16–QAM and 64–QAM are widely used by developers 

nowadays. Figure 4.1 shows a transmitter block diagram for QAM. Ht(f) is the 

frequency response of the transmitter’s filter. 

  

 

Figure 4.1: QAM Transmitter. 

 

4.4 Adaptive Discrete Rate M–QAM 

Adaptation occurs in two forms, i.e., continuous rate and discrete rate M–QAM. 

However, due to limitations in infrastructure of adaptive continuous rate (ACR) 

implementation [23], we are only considering ADR for this thesis. In ADR, the 

number of transmitting bits per symbol varies on the basis of instantaneous SNR 

value.  

Adaptive discrete rate (ADR) is implementable with the constellation size    

   
where   is a positive integer. However, the restriction in this thesis for the value 

of    is,    

                                                                                                                       (4.1) 
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In ADR, the range of the effective received SNR is divided into N+1 regions, 

where in each region a specific constellation size    is used [23]. The partition of 

the effective received SNR depends on the desired BER level or BERo [23]. 

Consulting [34] to evaluate and control the desired BER, we have 

                                                                                                             (4.2) 

 

   
 

 
                                                                                                       (4.3) 

 

                                                                                                                 (4.4) 

  

where erfc
-1 

is the inverse complementary error function and from [23][34], Ko is a 

constant. 
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Chapter–5 

PERFORMANCE ANALYSIS 
 

Performance analysis of dual–hop amplify–and–forward networks with partial 

relay selection using adaptive modulation is studied in this chapter. The main goal 

is to evaluate the system performance in terms of BER, outage probability, and 

spectral efficiency.   

5.1 System Model 

In this system model, the transmission occurs in Rayleigh fading environment, 

and there is no direct path between the source and destination. The source and 

destination are equipped with a single antenna and communicate with each other 

through a single antenna relay. All the nodes are in half duplex mode, so they 

transmit or receive data at single interval of time. K relays are introduced between 

the source and destination. The best relay selection for communication between 

the source and relays is based on the SNR value at the relay. Multiple i.i.d.–co–

channel interferences influence the relays. The relays are assumed to be close 

enough to each other so that the co–channel interference affects the relays 

equally. The source and destination are not under the influence of co–channel 

interferences acting on the relays because of the large distance between source 

and relays and between relays and destination, respectively. 

The communication between the source and destination occurs in two time slots. 

In the first time slot, the source transmits its signal to the selected relay and in the 
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second time slot, the relay transmits the signal to the destination with an 

amplifying gain. Figure 5.1 exhibits the system model. 

 

Figure 5.1: System Model. 

 

In the above figure, S and D denote the source and destination, respectively, 

    
and     

 are the fading channel coefficients from the source to the k-th relay 

and from the k-th relay to the destination respectively.            are the relays 

which are under the influence of non–identical multiple interferences from 

       . It is already mentioned above that the distance between relays and 

destination is large enough, so power of non–identical interferences is low and 

not effective at the destination. 
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5.2 SINR Calculation 

The best relay is selected based on the SNR at the relays denoted by   . The 

interference signal and noise are added to the signal sent from the source. In view 

of [28], the signal equation at the best relay    is 

   
     

         
         

 
                                                                             (5.1) 

 

where S represents the source signal,      
 is the channel coefficient of the 

interference link,   
 
represents the presence of interference power at the relays, 

and    
 is the noise at   

 
which is considered as AWGN. 

It is assumed that the noise at the best relay is on very small scale and is therefore 

negligible as compared to the interference [28]: 

   
    

 

Thus, the received signal at the best relay     is  

   
     

         
     

 
                                                                                        (5.2) 

 

The relay amplifies the signal and sends it to the destination D. The amplified 

signal at the destination is given as  

         
     

                                                                                                   (5.3) 
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where    is the received signal at the destination,     
is complex channel 

coefficient between the best relay and destination, G is the amplifying gain, and    

is the noise at the destination.  

The performance analysis is mainly based on SNR. The source transmits the signal 

S to the best relay selected based on SNR value and retransmits the signal to the 

destination with amplifying gain G. Identical independent distributed interferences 

effects all the K relays and the best relay    is selected for transmission. 

Substituting (5.2) into (5.3) gives  

         
      

         
     

 
                                                            (5.4) 

 

Furthermore, the SINR at the destination can be written as 

    
        

      
  

 
 

        
       

        
 
    

 
 
                                                                                 (5.5)                      

 

Expanding (5.5), we have 

    
       

 
 
         

 
 
          

       
 
 
            

 
 
  

         
 
            

                                            (5.6) 

               

where      
 
 
is the channel gain between the source and the best relay, and      

 2 

is the channel gain between the best relay and destination.  



Chapter–5 Performance Analysis 

35 
 

Simplifying (5.6) gives 

    
     

 
 
      

 
 
  

     
 
 

       
 
 

 
   

   
        

                                                                    (5.7)                                

 

where 

             = maximum transmitted power. 

          
 
   = interference power. 

 

The gain of system can be written as 

    
  

      
 
 
            

 
 
   

 
    

                                                                                   (5.8) 

 

where    is the maximum transmitted power of the best relay,  

            
 
 
                                                                                                         (5.9)                                                                                           

 

The simplified SINR equation is given by 
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                                                                                                   (5.10) 

 

where 

       
 
 

                                                                                                             (5.11) 

       
 
 

                                                                                                                (5.12) 

       
 
 

 
                                                                                                       (5.13) 

 

5.3 Outage Probability 

To find the outage probability, it is required to find the probability distribution 

function (PDF) of the SINR and then integrate it to get the commutative 

distribution function (CDF). 

This system model follows the best relay selection based on the SNR value 

between source and relays, i.e. 

               
                                                                                                        (5.14) 

 

where    is the instantaneous SNR between the source and the best relay,     is the 

SNR value of the    relay, and K represents the number of relays. 

Furthermore, we have 
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                                                                                                                   (5.15) 

where    represents the SNR between the best relay and destination, and    is the 

total power of the interferences at the relay given as 

       
 
 

 
                                                                                                        (5.16) 

 

From (5.15) we obtain 

              
                                                                                                                                  (5.17) 

 

where 

            
                                                                                                    (5.18) 

 

with     being the channel coefficient of Rayleigh fading, CN denotes a complex 

Gaussian random variable and    
 is the channel mean power. 

To find the PDF of the SINR between source and best relay, we utilize [3], 

[23],[32]. 

    
    

 

   
      

  

   
                                                                                                 (5.19) 

 

    
           

  

   
                                                                                               (5.20) 
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where     
    is the CDF of     with respect to  . Using results from [23], we 

obtain 

   
          

        
     

                                                                                (5.21) 

 

As the fading channels are independently distributed, the PDF of    can be written 

as 

   
         

          
                                                                                          (5.22) 

 

   
    

 

   
          

     
        

      

   
                                                           (5.23) 

 

where   
   is the binomial coefficient. 

The CDF of   is given as 

   
      

       
   

     
   
              

      

   
                                             (5.24) 

 

From (5.24), we can conclude 

   
          

       
   

     
   
        

       

    
                                                 (5.25) 

 

where  
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                                                                                                        (5.26) 

 

Let us denote 

         
       

   

     
   
        

       

    
                                                            (5.27) 

 

Similar calculations have been done for the   , giving 

   
     

 

   
      

  

   
                                                                                             (5.28) 

 

where  

           
 
 
   

                                                                                             (5.29) 

 

and     represents the average received power. 

Furthermore, the CDF of X2 is given as   

   
             

  

   
                                                                                         (5.30) 

 

Calculations have been done for the   , giving 
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                                                                                                       (5.31) 

       
 
  

                                                                                                        (5.32) 

 

where  

             
                                                                                                      (5.33) 

 

and      is the average SINR. Further,     is the interference power to the relays and 

    is the total interference.  

Taking Laplace transform of (5.32) for simplified calculation and using moment 

generating function (MGF), we have  

   
      

    
  

      
   

 
                                                                                                   (5.34) 

   
     

       
  

       
   

 
                                                                                                     (5.35) 

                
     

    
  

      
   

 
    

       
  

                                                             (5.36) 

 

Finding the PDF and CDF of the interferences 
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                                                                                (5.37) 

   
                

 

    
   

                                                                           (5.38) 

 

We know from (5.31) and (5.32) that 

     ,                                                                                                             (5.39) 

   
     

   

    
     

 

    
  

                                                                                        (5.40) 

 

The total SINR at destination is given by, 

   
    

            
                                                                                   (5.41) 

, 

To find the outage probability of the considered network, it is required to find the 

PDF of (5.41) and then integrate it to get the outage probability. 

Generally overall CDF equation of SINR is, 

   
                

    

            
                                                        (5.42) 

 

Solving equation (5.42) by total probability theorem, 
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                 (5.43) 

 

   
         

       
           

 

 

 

 
     

 

 

 

 
 

          

    
    

      

   
                                                                                                                      (5.44) 

 

   
       

           
 

           

  
    

         
 

 
    

         
 

 
  (5.45) 

 

   
       

                   
         

 

 
    

       
 

 
                (5.46) 

 

   
    

        
         

       
 

 
            

         
 

 
    

       
 

 
      (5.47) 

 

   
                

         
 

 
    

       
 

 
                                     (5.48) 

 

where 

        
       

   

     
   
        

     

    
                                                               (5.49) 

 

and  

  
           

  
     

        

  
                                                                              (5.50) 



Chapter–5 Performance Analysis 

43 
 

        
       

   

     
   
        

        

    
      

     

    
 
        

  
                    (5.51) 

 

   
       

 

   
     

    

   
  

 

   
     

 

   
      

  

   
                                 (5.52) 

 

Combining (5.48) and (5.49) gives 

       
       

 

   
     

 

   
  

       
   

     
   
        

        

    
   

     
  

   
 

              

     
                                                                                          (5.53) 

        
         

 

 
 

 

   
     

 

   
  

       
   

     
   
        

        

    
   

      
  

   
 

              

     
     

 

 
                                                                          (5.54) 

 

Using (3.324.1) of the table of integrals in [32], (5.54) becomes 

        
         

 

 
 

   

   
     

 

   
  

       
   

     
   
        

        

    
  

                 

    

 

 

 
  

     
              

       
                                                                                                    (5.55)                          

 

    

 

 
      

                      
         

 

 
  

      
         

 

 
   

                                                                        (5.56) 
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                                                            (5.57) 

   
       

   

   
     

 

   
  

       
   

     
   
        

        

    
 

 

 
  

 
                 

    

 

 

 
    

              

       

 
  

  

    
     

  

    
    

 
                          (5.58) 

         
  

  
     

 

  
  

       
    

   
   
    

  

   

  
     

                

   

 

 
  

     
        

   
 

  

   

     
             

     
                                                         (5.59) 

 

Using (6.643.3) of the table of integrals in [32], (5.59) becomes 

         
  

  
     

 

  
  

       
    

   
   
    

  

   

  
    

              

   
  

      

                        
 

     

           
     

              

                  
   

 
  

 

 

 
              

                 
                                                                                                (5.60) 

 

where        is the Whittaker function. Then, the outage probability is obtain as 
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                                                    (5.62) 

 

which implies that 

                                                                                                                  (5.63) 

  

where     is the upper bound value of SINR at the destination 

    
  

  
                                                                                                                         (5.64) 

 

The PDF of the upper bound SINR at the destination is 

       
           

          
                                                                               (5.65) 

 

where 

    
       

  

  
        

     
 

 
   

                                                                     (5.66) 
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Consulting [32] gives 

   
           

       
   

     
   
        

        

    
                                                           (5.67) 

   
      

   

    
     

  

    
  

                                                                                                            (5.68) 

 

Substituting (5.67) and (5.68) in (5.65) gives 

    
        

       
   

     
   
    

   

    
      

      

    
   

  

    
    

 

 
 
               (5.69) 

 

where    is the constant of sum. 

Using (3.324.1) of the table of integrals in [32] for (5.69) gives 

    
        

       
   

     
   
    

   

    

        

               

 
                                                         (5.70) 

 

As calculated before 

   
             

  

   
                                                                                                                  (5.71) 

 

Substituting (5.70) and (5.71) in (5.65) gives the upper bound outage probability. 
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                          (5.72) 

     
      

       
   

      
   
    

       

    
     

 

   
  

 

                     
   

  
   

 

                  
   

                                                                                  (5.73) 

5.4 Spectral Efficiency Calculation 

As mentioned in Chapter 4, ADR M-QAM implementation has practicality and is 

considered in this thesis. The ADR approach is already discussed in detail in that 

section.  

The achievable average spectral efficiency is simply the sum of the data rates in 

each of the partition regions weighted by the probability of occurrence of each 

region [23]. The effective SNR is divided into N+1 using adaptive modulation 

which was discussed in detail in Chapter 4. 

So, it follows that 

          
 
                                                                                                                                    (5.74) 

 

where      is the adaptive discrete rate spectral efficiency,    is the spectral 

efficiency of effective received SNR in the nth partition region, and n is the 

number of transmitted bits and B is the total bandwidth 

                                                                                               (5.75) 
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where    is the constellation size 

          

    

  
                                                                                                                              (5.76) 

 

This gives 

        
            

                                                                                     (5.77) 

 

Substituting (5.72) in (5.77) gives 

     
       

   

      
   
    

       

    
 

     
  
   

 

      
 

     
    

   
 

        
  

                                    (5.78) 

 

where 

                 
                                                                                         (5.79) 

 

     
             

  
   

       
    

   
       

              
                                                           (5.80) 

 

where 
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                                                                                   (5.81) 

 

5.5 BER Calculation  

As mentioned earlier in the previous chapters, BER concerns with the reliability of 

the data delivery from the sender to destination. Higher BER will result in loss of 

data or may lead to disconnection.  

From [34], BER has been concluded as 

         
                

     
    

  
                                                                                           (5.82) 

 

where 

                 
  

      
                                                                                                    (5.83) 

 

and   is the modulation level in (5.83). Combining (5.82) and (5.83) gives 

         
            

  

      
 

    

  
     

                                                                            (5.84) 

 

Substituting (5.73) into (5.84) gives  

         
      

       
   

      
   
    

       

    
  

     
 

   
      

  

      
 

        

    

  
    

   

  
     

 

   
      

  

      
 

      
  

    

  

                                                                                                           (5.85)                                                                                                       



Chapter–5 Performance Analysis 

50 
 

After simplifying (5.85), we have  

 

         
      

       
   

      
   
    

       

    

 
     

  
        

        

 

  
    

        

        

 

    
    

        

      

 

  
    

        

      

 

    
     (5.86) 

 

where  

  
 

   
 

 

      
                                                                                                 (5.87) 

Simplifying by comparing (5.87), (3.352.2) and (3.352.1) in [32] yields to 

following results: 

         
  

     
       

   

      
   
    

      

    
  

 

   
         

                  

 

   
                               

 

      
                      

          
 

        
                                                                                 (5.88) 

In the next chapter, numerical results are computed and compared with the 

simulated results hence verification has been done for the accuracy of these 

findings. 
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Chapter–6 

NUMERICAL RESULTS AND DISCUSSION 
 

This section will discuss and explain the numerical results of the findings in 

Chapter 5. MATLAB simulation tool is used for authentication of this research 

work. Different results and comparisons are introduced later in this chapter. 

Different parameters are assumed with predefined values for the analysis and 

simulation. SNR values are considered to be from 0 to 30dB. Noise variance N01 at 

the relays R and noise variance N02 at the destination D is 1. Variance of fading 

channels ω1 and ω2 is 1. The coefficients of channel gain h1 and h2 are randomly 

generated. The other parameters such as interference power PI, number of relays K 

and Modulation level N are varied to compute different results in different 

scenarios which are discussed in further sections of this chapter. 

6.1 Outage Probability versus SNR 

Figure 6.1 exhibits the outage probability of the AF relaying network. It is assumed 

in this section that the numbers of relays are K=2 with the constant interference 

power of PI=5dB. The modulation level is kept constant at N=4. 
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Figure 6.1: Outage Probability versus SNR. 

Figure 6.1 clearly shows that the outage probability becomes very small when the 

relaying network system falls to higher SNR region. Numerical results very well 

match with the simulation results. The graph shows that decreasing the targeted 

BERo improves the relaying network performance in terms of outage probability. 

Obviously the minimum expected value of BER will result in lower outage. 

6.2 BER versus SNR 

The results in terms of BER consist of different scenarios, where computation of 

results is done by changing different parameters of the system which are described 

below. 
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6.2.1 BER versus SNR with Variable Targeted BERo 

In Figure 6.2, it is assumed that the system has two relays with constant 

interference power of 5dB and modulation level at 4. Falling into the higher SNR 

region will result in lower BER as exhibited in Figure 6.2.  

 

 

Figure 6.2: BER versus SNR with Variable Targeted-BERo. 

As mentioned earlier that the system with ADR M-QAM is assumed, so the level 

of BER is always less than the targeted BER as proven in the above results. The 

graph follows a degradation pattern along with SNR value and a higher targeted 

BER is set to achieve higher BER. 
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6.2.2 BER versus SNR with Variable Relays 

Figure 6.3 exhibits the BER behavior by changing the number of relays. The 

parameters that are kept constant are modulation level as 4, targeted BER as 

      and interference power as 5 dB. The effect of number of relays shows in 

high SNR region. In lower SNR regions there are no significant difference in 

result. Increasing number of relays in the system will result in better BER. 

 

 

Figure 6.3: BER versus SNR with Variable Relays. 

6.2.3 BER versus SNR with Variable Interference Power 

In Figure 6.4, the result shows the effect of interference power on BER. It is 

assumed that the relaying network uses two relays with the modulation level equal 

to 4 and targeted BER is       . This result shows that interference power on 
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relays clearly influence the AF relaying network performance in terms of BER. 

Focusing at SNR value of 20dB, it is shown that the BER is decreased more 

rapidly at low interference power compare to high interference power. 

 

 

Figure 6.4: BER versus SNR with Variable Interference Power. 

6.2.4 BER versus SNR with Different Modulation Levels 

ADR M-QAM is considered in this thesis work. Figure 6.5 exhibits the impact of 

adaptive modulation on BER. It is assumed that the interference power is kept 

constant as 5dB, targeted BER as        and the number of relays as 2. The 
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results show that BER of the relaying network is increased at higher modulation 

level 

 

Figure 6.5: BER versus SNR with Different Modulation Levels. 

. 

6.3 Spectral Efficiency versus SNR 

One of the main goals of this thesis is to analyze the performance of AF relay 

networks in terms of spectral efficiency (SE) with adaptive modulation. This 

section will analyze the performance of the system in terms of spectral efficiency.  
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6.3.1 SE versus SNR with variable BER 

The AF relaying network exhibits the following behavior with variable targeted 

BER values. 

 

Figure 6.6: SE versus SNR with Variable BER. 

In Figure 6.6, it is assumed that the number of relays is 2, interference power is 

5dB and modulation level is 4. This result shows that higher targeted BER results 

in higher spectral efficiency of the relaying network. At SNR value of 30dB, it is 

noticed that the performance is high in terms of SE regardless of targeted BER 

value. So higher SNR region will result in better performance of the AF relaying 

network in terms of spectral efficiency. 
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6.3.2 Spectral Efficiency versus SNR with Variable 

Interference Power 

In Figure 6.7, spectral efficiency of the AF relaying network with respect to SNR 

is plotted by varying the interference powers and keeping number of relays, 

targeted BER and modulation level constant to 2,        and 4, respectively. 

Interference power is destructive for communicating signal and system. The AF 

relaying network will show poor performance in high power interference on relays. 

Significant change in performance has been seen if the power of interference goes 

high or low. Focusing on SNR value at 20dB clearly shows the difference in graph. 

Lower interference power is giving opportunity to AF relaying network to perform 

better. 

 

 

Figure 6.7: SE versus SNR with Variable Interference Power. 
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6.3.3 Spectral Efficiency versus SNR with Variable Number of 

Relays 
 

Computing spectral efficiency of the AF relay network by changing the number of 

relays shows the behavior in Figure 6.8.  

In the result of Figure 6.8, interference power is kept constant to 5 dB, modulation 

level is 4 and targeted BER is       . The number of relays has a minor effect 

on the performance of the AF relay network in terms of spectral efficiency. The 

spectral efficiency increases by increasing number of relays in relaying network. 

 

 

Figure 6.8: SE versus SNR with Variable Number of Relays. 
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6.3.4 SE versus SNR with Variable Modulation Levels 

Adaptive M-QAM has the effect on AF relaying network performance in terms of 

spectral efficiency which has been discussed in detail in Chapter 4. 

 

 

Figure 6.9: SE versus SNR with Different Modulation Levels. 

In Figure 6.9, interference power is kept constant to 5 dB, number of relays as 2 

and targeted BER as       . The result shows that the higher order adaptive 
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modulation has improve the performance of the system in terms of spectral 

efficiency, although the effect is more prominent in higher SNR region.  



Chapter-7 Conclusion 

62 
 

 

Chapter–7 

CONCLUSION 
 

In this thesis, we have considered an AF relaying network comprising of K relays 

using dual–hop AF scheme. The relay selection has been based on CSI by which 

the sender selects the best path. Adaptive modulation with different levels of QAM 

is used to improve the system performance in terms of spectral efficiency, BER 

and outage probability. The interferences acting on the relays are considered to be 

identically independent. The best relay for transmitting the sender data is defined 

as the one that exhibits the best SINR value using non–identical independent 

fading channels.  

The numerical result show that outage occurs in the considered AF relay networks 

when the SNR exceeds from acceptable value to high SNR region. Outage 

probability is highly dependent on the SNR value, immediate effect is experienced 

in terms of outage with any change in SNR. 

 BER is one of the important analysis metric of the system. BER increases with the 

increase in threshold BER and is inversely proportional to the number of relays. 

Higher BER is experienced by decreasing the number of relays in the relaying 

network. Interferences acting on the relays highly degrade the performance of the 

AF relaying network in terms of BER. Higher interference power gives higher 

BER at the same SNR. Adaptive modulation implementation also shows that the 
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relaying network performance in terms of BER can be worse by increasing the 

modulation level. 

At fixed BER threshold, spectral efficiency increases with the increase in SNR. 

Also, capacity of a system can be increased or decreased due to the number of 

relay options present for the sender although the effect is small. The performance 

in terms of spectral efficiency can undergo high degradation if the interference 

power is increased. The upper bound equations derived for possible spectral 

efficiency, BER, and outage probability are contended for Rayleigh fading 

circumstances.
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