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Abstract 

Fading has always been a major obstacle in the effective transmission of signals from the 

transmit antenna to the receive antenna. The innovation of multiple-input multiple-output 

(MIMO) system has led to the regression of the adverse effect of these fading entities and thus 

provided a higher data rate communication while maintaining the quality of service (QoS). A 

MIMO system is efficient and reliable but has hardware complexities. Thus, the concept of 

cooperative technology was put forth with a view to deal with the drawbacks of MIMO system. 

Cooperative communication comprises of relay terminals placed in between source and 

destination which then act as a virtual MIMO system and thus maintaining the QoS and 

reliability. 

In this thesis, we consider a downlink MIMO decode and forward (DF) relay system with ns 

antennas at the source S, nr antennas at the relay R and nd antennas at the destination D. An 

orthogonal space time block code (OSTBC) transmission is applied to the source-destination, 

source-relay and relay-destination links in order to exploit diversity gain. The transmitted signal 

from the source supposedly passes through a keyhole Nakagami-m fading channel. We then 

obtain the moment generating function (MGF) of the overall system which leads to the 

derivation of  an analytical expressions for symbol error rate (SER) applying M-ary phase shift 

keying (MPSK) in a MIMO DF relay system. 

We then, as per our objective, obtain and analyse the outputs of the MIMO relay systems for 

different antenna pairs and fading severity parameters on the keyhole affected Nakagami-m 

channel. We analyse the effects of the MIMO DF relay system over the keyhole Nakagami-m 

channel. 

Keywords: decode and forward, orthogonal space time block codes, Nakagami-m fading, 

keyhole effects, symbol error rate, moment generating function, fading severity parameter. 
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1 Introduction 

1.1 Background 

Wireless communication has undergone rigorous researches and breakthroughs in order to 

fulfill human requirements and necessities. The setbacks and the study of their remedies have 

been the life-long work for many researchers. One hindrance in the transmission and reception 

of signals can be the fading channels, which results in a significant degradation in the signal 

itself. To counteract this issue, and thus improve the overall performance of the communication 

system over a wireless medium, the method of diversity has been used. There are many 

schemes through which we can achieve diversity. Time diversity, frequency diversity, space 

diversity, polarization diversity, channel coding, multiple-input multiple-output (MIMO) 

antenna systems are some of the diversity schemes. MIMO antenna systems have been widely 

accepted these days to obtain spatial diversity. With the use of space-time coding (STC), it not 

only increases the data throughput but also enhances the quality of service (QoS) leading to an 

efficient way of counteracting fading effects. Thus, with the development of MIMO systems, an 

efficient mode of communication with enhanced error performance and transmission reliability 

between the transmitting and the receiving side equipped with multiple antennas has been 

achieved. But then, with the high cost, big size and hardware complexity, a MIMO system with 

multiple collocated antennas are often regarded as impractical in applications such as sensor or 

ad hoc networks [1]. 

Furthermore, the capacity of MIMO systems is highly affected by spatial correlation. However, 

there exists a case where even in the absence of spatial correlation, the signal transmitted is 

highly degraded as it reaches the destination. An effect called 'keyhole effect' severely degrades 

the quality of the transmitted signal which exists even when the signals are uncorrelated [2]. 

The presence of the keyhole effect reduces the rank of the MIMO channel matrix to one. 

Cooperative communications is one of the emerging technologies that emulated the MIMO 

antenna system, promising a significantly better reliability and spectral efficiency by making use 

of the different available nodes in between the source and destination as compared to single-
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input single-output (SISO). It is a diversity technique where a virtual MIMO communication 

system is attained without the actual increment in the number of antenna at the terminals. This 

is obtained by the introduction of relays in between the source and the destination. The relay 

channel between the source and the destination is regarded as an auxiliary channel to the 

direct channel. The relay nodes are placed much further away from the source. Thus, the relay 

channel introduces a full-rank MIMO channel between the source and the destination [1]. 

These relays in turn can be used to attain signals from the transmitter and then guide them to 

the receiver and hence generate independent paths in between the transmitter and the 

receiver. A cooperative communication system creates a distributed messaging network where 

signals are passed on from different transmitters to different nodes to different receivers. 

Cooperative communications is highly dependent on the relays or the nodes situated in 

between the source and the destination. There are different strategies to obtain cooperative 

diversity. Amplify and forward (AF), compress and forward (CF), decode and forward (DF) are a 

few of the strategies where AF and DF are found more in application [2]. The AF relaying 

strategy comprises of a system where a relay terminal amplifies the signal received from the 

source, scales it and then transmits the scaled signal to the destination. So, in general, in an AF 

relay system, a relay amplifies the signal and forwards it to the destination. A different strategy 

to this is to decode the received signal first and then transmitting it to the destination. This 

gives rise to a complex structure in DF relaying system, but then, this is preferred as DF relaying 

system reduces the effects of the additive white Gaussian noise (AWGN) compared to AF 

relaying. 

 

1.1.1 Survey of Related Works 

The main issues with the communication system pertaining to date are to increase the 

communication rates over a link connecting two ends and at the same time providing the 

required communication reliability, minimizing errors in information delivery. That is to 

increase the throughput as a function of spectral efficiency with a maximal channel capacity. 
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In order to attain such results, different designs have been put forward designating greater 

channel capacity, reduced spatial correlation and better power allocations. Innovations arise 

with the knowledge attained as the reasons to the short comings of the previous systems are 

gained. MIMO systems provided such breakthrough. But then, a system provided with multiple 

'transmit and receive' antennas working on uncorrelated signals can also undergo a keyhole 

phenomenon such that the channel gain matrix is of rank one, reducing the MIMO channel 

capacity to that of a single-input single-output (SISO) channel [3]. Such channels with 

uncorrelated spatial fading but single or reduced degree of freedom have been examined and 

different findings were discussed [4, 5, 6, 7]. 

Many research works have been done in relation to this keyhole phenomenon in terms of 

mathematical analysis. In [4, 8, 9], the capacity of keyhole channels has been studied. In [10], 

an exact average symbol error rate (SER) of an uncorrelated MIMO channel with space-time 

block codes over keyhole Nakagami-m fading channel has been derived and evaluated. In this 

research work, the authors first derived the moment generating function (MGF) of the 

instantaneous signal to noise ratio (SNR). The average SER was then expressed in terms of the 

derived MGF integrated to a finite range. They even obtained the average SER of the space-

time block code (STBC) over normal independent and identically distributed (i.i.d.) Nakagami-m 

fading channels. It was clearly visible with the simulation results that the keyhole effect 

severely degraded the SER and a loss of diversity could be seen. 

To counter the adverse effect of the keyhole phenomenon, many research works were 

performed. In [3], it was proposed and proven that the cooperative diversity technique can 

mitigate the keyhole effects in MIMO wireless system. The research work was performed 

considering the source to destination and the relay to destination channels to be keyhole 

affected. With the channel between source and relay keyhole free, they proved that for a 

certain "cutoff" relay transmit power, the keyhole effects could be alleviated. This "cutoff" or 

the threshold power was specified as functions of source transmit power and the channel 

matrices in the relay channel. The same authors later proved that the power threshold value is 

independent of the source transmit power and channel gain matrix. 
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 In [11, 12], an outage probability of a MIMO relay channel with orthogonal space-time block 

code (OSTBC) has been analyzed where an expression for the closed-form outage probability of 

the SNR of DF relay was derived in the research work which validated that the cooperative 

scheme outperforms non-cooperative scheme. Hence, it was evident that with the use of relays 

in creating a cooperative network, we could gain better diversity. In [13], performance analysis 

of relays on wireless network was done. It was also depicted that with an increase in relay 

nodes, we could enhance the SER performance of the OSTBC signals taking in mind that we 

need to increase the transmit power for the relays to function. 

A more precise work on DF relay system was performed in [14]. An exact SER analysis for direct 

and indirect link for a DF MIMO relay channel was performed. An MGF approach to obtain SNR 

was applied which then was used to derive the SER of the system, considering OSTBC 

transmission and maximal ratio combining (MRC), in the given DF MIMO relay system.  A Monte 

Carlo simulation method was used for the validation of the obtained results. 

 Most of the works were performed with relaying over Rayleigh fading channels, in general as in 

[15]. In [14], an analysis on the SER performance of DF relays over Nakagami-m fading channels 

was done as well as providing an asymptotic approximation for the SER. The work also helps in 

determining the right relay for better cooperative diversity provided that the correct parameter 

for Nakagami-m fading is chosen. 

In the work of [16], performance of fixed DF relays with selection combiner at the destination 

over Nakagami-m fading channels was accomplished. A closed-form expression for the symbol 

error probability (SEP) and the outage probability were derived for the SNR of the system. The 

analytical results were then verified using Monte Carlo simulations. The result was helpful in 

deciding the particular relay in a group of relays that would generate the optimum diversity. 

There have been many such studies where the analysis of different relay systems over MIMO 

channels with OSTBC transmission was performed. The quest for better diversity, power 

effectiveness and efficiency were always sought after. AF and DF relay systems have now come 

under scrutiny in wireless communication in providing a better cooperative communication and 

countering the keyhole issues. However, I have regarded only DF in my work taking a keyhole 
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affected Nakagami-m fading environment since there have been studies that were focused on 

Rayleigh fading channel only rather than a generalized fading environment. To the best of the 

author's knowledge, there has not been any SER analysis of DF relay system over keyhole 

affected Nakagami-m channel. 

1.1.2 Problem Statement 

The main objective of the wireless technology today has been the attaining of high data rates 

with high efficiency that is as error free as possible. The move from single transmit-receive 

antenna systems to the use of multiple transmit and receive antennas has envisaged us with 

increased rate of data transmission in an efficient manner. But then, these MIMO entities also 

has been experiencing the effects of keyhole phenomenon as well as multipath fading which in 

turn severely degrade the MIMO channel capacity. Even the size and the complexity of the 

whole MIMO system have come under discussion leading to the concept of cooperative 

communications. 

Thus, there have been many works done to reciprocate the problems created due to fading 

channels and there are works related to keyhole phenomenon. Most of the works were rather 

based on the Rayleigh fading channel. Initially, use of a pre-coder as a means to minimize the 

effects of keyhole was sought after but [17, 18] made use of decode and forward relaying that 

helped in minimizing the keyhole effect. There has not been a generalized solution that could 

incorporate the different fading channels and the keyhole phenomenon experienced in it. 

In this thesis, I studied a DF relay system in an uncorrelated Nakagami-m fading channel, 

derived an analytical expression for the SER of the overall system and found out how the relay 

system helps in countering keyhole phenomenon. I have used m-ary phase shift keying (MPSK) 

modulation technique and the maximum likelihood (ML) detection for the aid of my thesis 

work. The simulation and the analysis are done in MATLAB and Mathematica, respectively. It 

has been observed that the use of a DF relay system increases the probability of detection. 

The result and its analysis shows that applying a DF relay system in a keyhole affected 

uncorrelated Nakagami-m fading channel can actually yield a better signal reception at the 

receiver end.  
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This thesis is organized as follows. Chapter 2 provides background on MIMO systems and 

cooperative system. Chapter 3 describes the system and channel model and the derivation of 

expressions for SER for overall system followed by the analytical and simulation results. Finally 

chapter 4 concludes the research. 
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2 Backgrounds 

2.1 MIMO system 

A multiple-input multiple-output system is a deployment of multiple antennas to the 

transmitter and the receiver ends with the goal of achieving an improved communication 

performance. Wireless networks have proliferated with time and MIMO has been a reason to it. 

With the rise in demand for better data rates and minimized error probability, SISO was 

inefficient. Provided with more power and larger bandwidth (BW), SISO could have coped with 

that but with the scarce BW and the need for better signal throughput, a new alternative was 

developed as MIMO system. This MIMO system increased the data rates significantly and at the 

same time enhanced the signal capacity reducing the error probability. 

The main reason to the under-performance of SISO was the existence of a degrading factor 

called multipath fading. It was observed that a signal may undergo reflections, diffractions and 

scattering which cause multipath fading before it reaches its destination. This causes the signal 

to degrade significantly such that if the signal level is below the receiver threshold level, the 

whole system could break down. A MIMO system was the answer to this problem, taking in 

consideration, the scarce nature of the bandwidth. 

The idea with MIMO is that the same signal is transmitted from different transmit antennas of 

the system. This increases the probability of getting the desired signal at the receiver end. With 

ns transmit antennas and nd receive antennas, ns x nd diversity levels are available and we can 

actually establish independent parallel channels of dimension min(ns,nd), i.e. the minimum 

number of transmit and receive antennas. It is evident that with the increase in the diversity 

order, the transmit power required for the same degree of performance decreases whereas 

with an increase in the parallel channels, there is a significant increase in the data rate with 

regards of the same BW. With the presence of array gain in MIMO systems, there is a higher 

level of coping with the noises and thus helps in the transmission over a longer distance. 
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But the MIMO system is not indifferent to disadvantages. The system comprises of greater 

hardware and software complexities and thus the generic rise in cost is evident. With more 

antennas in the system there is a greater chance of correlation and interference. A basic MIMO 

system can be observed in Figure 2.1. 

 

Fig. 2.1: Basic MIMO system. 

 

2.2 Nakagami-m Fading Channel 

Fading in wireless communication has been a cause of severe degradation in the strength of the 

signal. When the transmitted signal undergoes reflection or diffraction such that it follows two 

or more than two paths to reach the destination antenna, it is said that a multipath fading has 

occurred. This multipath fading results in an ambiguous signal reception at the receiver as the 

same transmitted signal arrives at different times and phases to the receiver end. It is how the 

environment plays with the signal that defines the degree of fading. So, it is difficult to predict 

in a concrete manner, the rules of fading. But then, there have been several statistical models 

that could help realize and analyze the fading of the received signal. 

For a small geographical region, a Rayleigh or Rician model can be helpful in determining the 

fading envelop of the received signal whereas a log-normal fading channel can be used for large 

geographical regions. The Nakagami-m fading channel which includes Rayleigh as well as closely 

approximates the Rician fading channel, is a probability distribution related to a gamma 

distribution. In case of urban cities, where the infrastructures are closely spaced, the fading 
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observed can be modeled better with Nakagami-m fading channel. The Nakagami-m fading 

channel is thus more preferable as it enables to model a wider class of fading channel 

conditions and to fit well with empirical data [19]. The Nakagami-m distribution is given by 

                                 (2.1)  

where  is the channel amplitude, m is the fading severity parameter which varies from 0.5 to 

,  = E[ ]  which controls the spread. For m = 1, (2.1) gives Rayleigh distribution and for        

m = 0.5, we obtain a one sided Gaussian distribution [20]. Different values of m determine the 

changing severity of the fading compared to Rayleigh fading. 

2.3 Cooperative Communications 

MIMO system concept added a different dimension in the development of the wireless 

communication by providing a better throughput and an enhanced QoS. The size, cost and the 

hardware complexities limited the use of multiple transmit and receive antennas onto wireless 

agents like mobile handsets or the nodes in a wireless sensor network [21]. 

Furthermore, the existence of correlation effects that negated the full rank MIMO channel 

capacity, restricting the MIMO system from obtaining the high data rate that the recent 

communication system like long term evolution (LTE) or worldwide inter-operability for 

microwave access (WiMAX) offers. Thus, a new technique known as cooperative 

communications was developed which allows single-antenna mobiles to develop and improve 

spectral efficiency and transmission coverage area [21]. The main idea in cooperative 

communications is to implement a relay or node in between the source and the destination. 

The antenna of a mobile can itself act as a wireless node between different sources and 

destinations. In a way, a virtual MIMO channel is generated without actually increasing the 

number of antennas on the transmitting or receiving side.  This additional node between the 

source and the destination enhances the probability of detection. The simple idea of 

communication is to send a signal from the source to relay and destination simultaneously, 

which is termed as first hop. At the second hop, the signal is relayed from the intermediate 

nodes to the destination. This helps in improving the reliability of the communication as well as 
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increasing the spectral efficiency of the nodes. A basic cooperative system model is shown in 

Fig. 2.2. 

 

Fig. 2.2: Basic cooperative communication system. 

 

2.4 Relaying Methods 

A cooperative communication system as we can see, works in two-hops (see Fig. 2.2). Firstly, 

the signal is transmitted from the source to the relay and the destination, which is termed as 

the first hop transmission. The relay then retransmits the received signal to the destination in 

the second hop transmission. The method of relaying in this second hop transmission depends 

on the type of relay we choose. 

2.4.1 Amplify and forward (Non Regenerative Relay) 

As the name applies, the signal transmitted to the relay is simply amplified and forwarded to 

the destination. In the first hop, the signal is transmitted to the relay from the source and in the 

second hop; an amplified signal is relayed towards the destination. 

2.4.2 Decode and forward (Regenerative Relay) 

With DF relaying method, at the first hop transmission, the signal transmitted to the relay is 

decoded and in the second hop transmission, the relay re-encodes the signal and forwards it to 
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the destination. Generally, the relay communicates only if the signal transmitted to the relay is 

decoded correctly. 

2.4.3 Compress and forward 

In CF, the signal in the first hop is transmitted to the relay. The signal is then compressed and 

forwarded to the receiver in the second hop without actually decoding the signal. 

2.5 Keyhole effects 

When a set of transmit and receive antenna functions under an uncorrelated Gaussian channel, 

they are supposed to have full capacity or full rank. But at times it is not so. Though the 

scenario is the same as we said before, the signal received is highly deteriorated. To our 

understanding, a phenomenon termed as keyhole effect adversely affects the MIMO system 

efficiency even for uncorrelated signals. It simply degrades the rank of matrix of the MIMO 

channel to one [6, 11]. The keyhole effect results in the MIMO system functioning as a SISO 

system. Some typical keyhole types are as follows: 

2.5.1 Spatial Keyhole 

When the radio waves propagate through a polarizer such that it prevents or suppresses one 

polarization, spatial keyhole is experienced. We may consider a scenario where a radio wave 

has to pass through one single hole in a metal sheet as an obstacle. 

2.5.2 Modal Keyhole 

This type of keyhole occurs when there is a large separation between transmitter and the 

receiver antenna arrays as in a hallway or a subway tunnel [5]. 

2.5.3 Diffraction Edge Keyhole 

This type of keyhole is the result of diffraction of the transmitted signal at the edges of roofs 

near the remote transmitting antennas. 
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A general keyhole effect can be observed in the Fig. 2.3. 

 

 

Fig. 2.3: Keyhole Effect. 

 

2.6 Orthogonal Space Time Block Code 

Orthogonal space time block code (OSTBC) is a type of space time block code where the column 

pairs in the given coding matrix are orthogonal. OSTBC have proven to be an important tool in 

MIMO fading channel affording to get full rank diversity of order ns x nd. An orthogonal space 

time code be realized as, 

        (2.2) 

where, and  are covariance matrices and  is the input signal with a variable    

and are the real and imaginary parts respectively. 
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2.7 Maximum Likelihood Detection 

The main objective of any communication link is to receive data transmitted from the source. 

The receiver has the task of estimating the message from the conglomerate of the actual 

transmitted signal and the noise gathered in the receiver. The decoder finds the closest 

codeword for the received word, envisaging the probability such that all the messages are sent 

through the channel. There are many different techniques that aid to the achieving of this 

objective. Maximum likelihood (ML) detection helps us to minimize the probability of error at 

reception. The ML detector is installed at the receiver end such that the diversity order of the 

communication system is directly dependent on the number of receiver antennas. 

As for the symbol detection process, a prior knowledge to the maximum likelihood metrics is 

required which is then decoupled into the sum of M terms. The ML decomposition is illustrated 

as [22, (7.4.2)] 

                (2.3)  

where,  is the received signal,  is the fading channel,  is the Gaussian random vector, 

and are covariance matrices and  is the complex symbol.  is the Frobenius norm, 

Tr{.} is the trace of n-square matrix and  and are the real and imaginary parts 

respectively. 
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3 Working Scenarios and SER Derivation 

3.1 System and Channel Model 

A half duplex DF relay based communication system has been considered of  ns  transmit, nd 

receive and  nr  relay antennas operating over a Nakagami-m keyhole channel with ms, md and 

mr fading severity parameters, respectively. Taking a non-line of sight case and having local 

scatters randomly situated but closer to the transmit or receive antennas, we achieve a quasi-

static, frequency flat and uncorrelated MIMO channel for narrow-band signal [10]. With the 

channels placed in poorly scattered environment, we assume that we get low ranked channels. 

As shown in Fig. 3.1, a single DF relay is introduced in between the source and the destination. 

The communication between the two stations thus occurs in two phases called hops. In the first 

hop, a signal is transmitted from the source to the destination and relay. The relay then 

decodes the signal received and as for the second hop, the relay again re-encodes the signal 

and passes the signal to the destination. The channel between the source and relay is 

considered to be keyhole free whereas the source-destination and the relay-destination 

channels contain keyholes. Both the relay and the receiver have channel-state information 

(CSI). 

 

Fig. 3.1: Block diagram of a MIMO DF System. 
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When the signal communicates from the transmit antennas through the keyhole channel to the 

source antennas, the channel matrix for the MIMO channel is given as [4] 

     

  (3.1) 

where,  and  are the independent and identically distributed (i.i.d.) Nakagami-m random 

variables and  and  are the phases. 

Now, for the dual hop system, the communication takes place in two different hops such that 

for an input vector signal  the signals received at the relay and the destination at the first hop 

is given by 

              (3.2)

           (3.3)

In the second hop, the signal at the destination forwarded by the relay is given by, 

           (3.4)  

where, ,  and  are the complex i.i.d.Gaussian random vectors with variance N0/2 such 

that N0 is the noise power of the channel, ,  and are the fading channel matrices 

between the source-destination, source-relay and relay-destination respectively. With OSTBC 

transmission applied to transmit K complex input symbols in N time slots, then the transmission 

rate is given by .

3.2 SER Derivations 

Now, to aid the derivation of the SER, moment generating function (MGF) method has been 

used. First, we derive the instantaneous SNR during the first and second hop and then derive 

the MGF of the instantaneous SNR accordingly. 
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Thus, the SNR at the relay and the destination during the first hop is given by 

          (3.5) 

          (3.6) 

where,  is is the average SNR and is the Frobenius norm. 

In the second hop, the relay forwards the correctly decoded signal to the destination. The 

received SNR at the destination through relay is given by 

          (3.7)  

    When the destination combines the signals from the source and relay, the total SNR can be 

expressed as 

        (3.8)  

where,  is state of relay which is directly related to the threshold value  : 

         (3.9) 

where, is the SNR at the relay. 

The value of  determines how well the signals are forwarded to the destination through the 

DF relay system. For =1, the transmitted signal is correctly decoded and propagated through 

the system whereas for =0, the relay ceases the propagation and thus incorrect signal is 

transmitted. 

    Now that the instantaneous SNRs during the first and the second hop have been obtained, let 

us derive the MGF of  which is the squared Frobenius norm of the channel matrix. 

    (3.10) 

where,  and are gamma distributed such that 

 and  
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We use the shorthand notation   to denote that  is gamma distributed with a scale 

parameter b > 0 and a shape parameter c > 0, 

   Now that is a product of two independent random matrices [10] then for the first hop, 

i.e. when , the MGF of  is then given as in [10, (12, 13, 34)] 

       (3.11) 

Similarly, during the second hop or when , we have 

       (3.12) 

where  is the generalized hypergeometric function [23, 

9.14.1], [24, 4.1.1]. 

    Thus, when the relay correctly decodes and forwards the signal to the destination, the total 

MGF at the destination is the product of the MGFs when and when  

respectively. i.e. the product of the MGFs of source-destination link and the relay-destination 

link: 

        (3.13)  

From (3.11), (3.12) and (3.13), we obtain 

   (3.14) 

Now, since we are concerned with the keyhole MIMO channel, from (3.5), (3.6), (3.10) and 

(3.11), the MGF for keyhole MIMO channel can be written as [10, (15)]  

        (3.15)  

or 

      (3.16) 

Similarly,  
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      (3.17) 

where subscript  denotes the presence of keyhole in the channel. Also, 

             (3.18) 

 Now that the MGF for the instantaneous SNRs has been derived, we can evaluate the SER of 

OSTBC over keyhole Nakagami-m fading channels. 

During the first hop, the conditional SER for the M-PSK signals is given by [25, 26] 

        (3.19)  

where, . 

So, the average SER of M-PSK signaling for the first hop can be obtained with the help of (3.16), 

(3.17) and (3.19), [10, 20] as 

       (3.20)  

Therefore, 

     (3.21) 

Thus, during the second hop, the average SER when the transmitted signal is correctly decoded 

and forwarded by the relay to the destination is given by 

     (3.22) 

  (3.23)  

Now that we have derived the average SER for the two hops, the average SER for the whole DF 

relay system needs to be identified. For that, we first derive the cumulative distribution 

function (CDF) for the keyhole affected Nakagami-m fading channel. 
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The probability of not decoding the signal at the relay for a threshold value , can be 

expressed as 

                    (3.24) 

Now 

          (3.25) 

where,  are random variables, so that 

        (3.26) 

 or 

   (3.27) 

    

Let  and  . Therefore 

     (3.28) 

Again, using the solution for an incomplete gamma function, from [23], we get 

 (3.29) 

So, 

   (3.30)  

Therefore 

  (3.31) 
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where, Kv {·} denotes the modified Bessel function of second kind of first order [23, page 368 

(9)],   is the gamma function and  is the fading severity parameter. 

Finally, the average SER at the destination is given as 

        (3.32) 

3.3 Simulation Results and Analysis 

The various analysis of the simulations to the system under study is presented in the following 

section. 

The simulation results obtained with Matlab and the analytical solutions from Mathematica for 

the different values of the fading severity parameter m and varied values of M in the MPSK 

simulation can be viewed under the following section. 

For the project simulation, an uncorrelated Nakagami channel has been realized. The threshold 

value of SNR has been selected to be 3dB considering that for a higher value of threshold, there 

is a lower probability of error propagation at destination. For Fig. 3.4, Fig. 3., Fig. 3.6, Fig. 3.7, 

Fig. 3.8, Fig. 3.9, Fig. 3.10 and Fig. 3.11 the fading severity parameter varies as m=0.5, 1.0 , 1.5 

and as for the rest of the figures, I have taken m=0.5. Similarly, for Fig. 3.9, Fig. 3.10, Fig. 3.11, 

value of M= 4,8,16 and for the rest, M= 8. 

The effects of varying the antenna at different nodes of the cooperative system can also be 

analysed in this section. As for the project, simulations on different possible antenna groups 

have been performed and analysed. 
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3.3.1 Keyhole Versus Non-keyhole Environment 

Fig. 3.2 shows the average SER for an OSTBC signal through a keyhole and a normal i.i.d. 

system. As can be seen from the figure, it is apparent that the keyhole environment 

substantially deteriorates the transmitted signal. 

 

 

Fig. 3.2: SER versus SNR comparison of keyhole and i.i.d. system for MIMO system for 8-PSK 

modulation. 
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3.3.2 SER of DF system 

Fig. 3.3 shows the SER curve for a MIMO system and a MIMO relay system under keyhole 

Nakagami-m fading against the SNR. It is easily observable that for the higher value of SNR, 

cooperative system allows better SER as compared to the non cooperative system. Thus, a 

cooperative system can actually help in mitigating the keyhole effects but the results show that 

SER is very high and thus not recommended for communication. 

 

 

Fig.3.3: SER versus SNR comparison of cooperative and non cooperative system for (2, 2, 2)    

MIMO DF system for 8-PSK modulation.  
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3.3.3 Simulations on SER for Different Values of Fading Severity Parameter 

In the following Fig. 3.4, Fig. 3.5 and Fig. 3.6, SER curves for the MIMO DF relay system in a 

keyhole affected Nakagami-m fading environment have been obtained for different values of 

the fading severity parameter m. 

It is evident from the simulation that as the value of m increases from 0.5 to 1.5, there is a 

significant decrease in the SER of the system as well. Thus it concludes that as the value of the 

m increases, there are better chances of counteracting the keyhole effect as the severity of the 

fading decreases with the increase in the value of m. 

 

 

Fig. 3.4: SER of (2, 2, 2) 8-PSK modulation over MIMO DF relay keyhole channel versus SNR for 

several values of fading severity parameter. 
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Fig.3.5: SER of (2, 4, 2) 8-PSK modulation over MIMO DF relay keyhole channel versus SNR for 

several values of fading severity parameter. 

 

Fig. 3.6: SER of (4, 2, 2) 8-PSK modulation over MIMO DF relay keyhole channel versus SNR for 

several values of fading severity parameter. 
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When increasing the value of fading severity parameter, it is also apparent that the increase in 

the number of antennas on the different nodes of the cooperative system can lead to a 

subdued keyhole effect in the system. It can clearly be seen from Fig. 3.7 and Fig. 3.8 that as we 

increase the number of transmitter, receiver or relay, the SER improves. 

 

 

 Fig. 3.7: SER of (4, 2, 4) 8-PSK modulation over MIMO DF relay keyhole channel versus SNR for 

several values of fading severity parameter. 
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Fig. 3.8: SER of (4, 4, 2) 8-PSK modulation over MIMO DF relay keyhole channel versus SNR for 

several values of fading severity parameter. 

 

3.3.4 Simulation on SER for Different Modulation Techniques  

In the following, Fig. 3.9, Fig. 3.10 and Fig. 3.11, simulations have been performed to illustrate 

the SER performance of OSTBC MIMO DF relay system in keyhole affected Nakagami-m fading 

environment. In this section, the value of fading severity parameter is varied from 0.5 to 1.5 for 

Fig. 3.9, Fig. 3.10 and Fig. 3.11, respectively, where as we alter the order M of the modulation 

scheme. As we see, when we increase the order of M, the SER increases as well regardless of 

the number of antennas in the different nodes. So for a lower order of M, the system can 

reduce the keyhole effect but it needs to be considered that as we decrease the order of M, we 

need a greater bandwidth to transmit the signal. So, there will be an option to go for low 

bandwidth or lower power requirement. 
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Fig. 3.9: SER of (2, 2, 2) - OSTBC MIMO DF relay systems with keyhole effects versus SNR for              

M = 4, 8, 16. 

 

 

Fig. 3.10: SER of (4, 2, 2) - OSTBC MIMO DF relay systems with keyhole effects versus SNR for    

M = 4, 8, 16. 
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Fig. 3.11: SER of (4, 2, 4) - OSTBC MIMO DF relay systems with keyhole effects versus SNR for   

M = 4, 8, 16. 
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4. Conclusion and Future Work 

4.1 Conclusion 

As per the requirement of the thesis work, I performed an analysis of a DF MIMO relay system 

that had been constrained by keyholes in a Nakagami-m fading environment. We could see that 

keyhole phenomenon affects the transmitted signal, significantly deteriorating the signal 

strength. 

So to overcome this issue, cooperative communication scheme has been utilized. For a given 

transmitted signal, we allotted a threshold value of 3dB for the relay to decode the signal 

properly. The overall functioning of the system depended on the probability of detection Pc of 

the relay. Making use of the MGF approach and the probability by which the relay decodes the 

signal, an analytical expression for the average SER for the MIMO DF relay system in a keyhole 

affected Nakagami-m fading environment was obtained. 

 

The simulation analysis established the fact that a general MIMO system that has been affected 

by keyhole can be mitigated by the introduction of relays making it a MIMO relay system. A 

cooperative system can be of greater help in reducing the effect of keyhole. 

 

With the Nakagami-m fading environment, we can make use of the fading severity parameter 

to counter the keyhole effects. We observed that for higher value of m, we obtained lower SER. 

We also concluded that 4-PSK has lower SER than 8-PSK and in turn 8-PSK has lower SER 

performance than 16-PSK. It is also illustrated that increasing the number of antennas at the 

transmitter, receiver or relay can also lead to a certain decrease in the SER. 
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4.2 Future Work 

I have done this thesis considering an uncorrelated environment. As a future work, I would like 

to perform a project considering keyhole effected and a correlated Nakagami-m fading channel. 

And to continue with my work, I would like to work on the outage probability of the system as 

well. 
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