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ABSTRACT  

The latest wireless communication techniques such as high speed wireless internet 

application demand higher data rates and better quality of service. However, “Multiple-

input multiple-output (MIMO) systems can increase the system capacity and improve 

transmission reliability. By transmitting multiple copies of data, a MIMO system can 

effectively combat the effects of fading. Moreover, using MIMO system will lead to increase 

of system cost and complexity, which constrain the development of MIMO technology, 

however, the antenna selection (AS) techniques have been applied in MIMO system design 

to reduce the system efficiently reduce the complexity and cost. There are three possible AS 

scheme namely receive antenna selection (RAS), transmit antenna selection (TAS) and joint 

antenna selection (T-RAS). 

Thus, this thesis presents a comprehensive analysis of antenna selection in MIMO/STBC 

system over Nakagami-m fading channel. The main work is as following: We briefly 

explain and analyze performance all three possible antenna selection ( TAS, RAS, T-RAS ) 

scheme in MIMO/STBC system and drive the BER expression in close-form, where system 

select an antenna ( at transmitter, receiver or both side ) that maximizes the received signal 

power. This thesis also compares the performance of all three possible antenna selection 

schemes. Exact bit error rate (BER) expression for binary phase shift keying (BPSK) 

modulations are derived by using the moment generating function (MGF)-based analysis 

method of the output signal-to-noise ratios (SNR). 

The Nakagami-m distribution has been considered for MIMO channel modeling since a 

wide range of fading channels, from severe to moderate, can be modeled by using 

Nakagami-m distribution. The Rayleigh distribution is a special case of the Nakagami-m 

distribution. In this thesis, we analyze the error performance RAS, TAS & T-RAS of 

MIMO/STBC schemes over Nakagami-m fading channels. Our approach can be used over 

not only independent but also arbitrary correlated Rayleigh, Nakagami-m and Rician 

fading channels. 

Key words: - Multiple input multiple output (MIMO), space time block code (STBC), 

Moment generating function (MGF), Nakagami-m fading, transmit antenna selection 

(TAS), receive antenna selection (RAS), joint transmit and receive antenna selection (T-
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RAS), Binary Phase-Shift Keying (BPSK), bit error rate (BER), symbol error rate (SER), 

signal to noise ratio (SNR) 
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  Chapter 1 

Introduction 

 

 

1.1 Background 
Current wireless systems like cellular mobile phones, wireless local area network (WLAN), 

Bluetooth, mobile low earth orbit (LEO) satellite etc. all require very high data rate (>100 mbps), lower 

delay, greater transmission reliability and wider coverage. So we can say that latest wireless services 

demand higher data rates and better quality of service. But the limitations are fading, limited 

available spectrum and battery life of wireless portable devices. However, transmission reliability in 

wireless channels is a challenging issue as wireless links represent a harsh medium with high 

path loss, time-varying multipath fading and power and bandwidth limitations. Together with 

thermal noise, these factors severely degrade the quality of data transmission. Utilizing more 

than one antenna at a transmitter and receiver sides of the wireless communication is known 

as MIMO (multiple-input, multiple-output). This technique Promises significant 

enhancements of system performance without requiring the allocation of extra spectrum [1, 

2]. By transmitting multiple copies of data, a MIMO system can effectively combat the 

effects of fading. The fundamental theoretical research of this new approach which utilizes 

multiple antennas to increase network capacity was pioneered by Winter [3], Telatar [1], 

Foschini [4] and Gans [2]. Their work predicted that enormous capacity gains can be 

obtained for MIMO systems in fading channels. 

Utilizing more than one antenna at a transmitter and receiver sides (i.e. MIMO) in the 

wireless communication can be applied in various ways. A technique called spatial 

multiplexing seeks to enhance the spectrum efficiency by simultaneous transmission of 

independent data streams. One alternative method called space-time coding [5, 6] improves 

the link reliability by introducing spatial diversity (also referred to as antenna diversity). A 

single data stream is encoded and the resulting signals transmitted from the multiple antenna 

elements are highly correlated. This redundancy in time and space enables the receiver to 

optimally combine the signal components picked up by the respective receive antennas [7]. 

The spatial multiplexing directly improve the data-rate of the system, one can attain a similar 

benefit with the help of space-time coding. In a multipath fading situation the additional 
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diversity increases the average quality of the received signal. Within given transmit-power 

constraints this can for instance be exploited by applying higher modulation formats, thus 

indirectly enhancing the achievable spectrum efficiency [8]. 

Generally, space-time codes can be divided into two classes. The first is called space-time 

trellis codes (STTC) [6]. As the name implies their   coding procedure involves trellis stages 

to derive the transmit symbol streams. The incoming bits select the current state transition, 

every possible transition is then mapped onto a vector of transmit symbols components are 

sent via the individual antennas [8]. This scheme offers diversity gain as well as additional 

coding gain but it also decreases the data rate since the total number of valid transmit signal 

vectors is lowered. Moreover, the decoding procedure requires a trellis search and its 

complexity grows exponentially with the number of used antennas and the length of the 

trellis. 

The second category of space-time codes is based on block orientated processing [9, 10].In 

the first trivial encoding step the bit sequence is mapped onto a symbol sequence. 

Subsequently, a block of successive symbols is linearly combined to a space-time coding 

matrix whose columns represent the symbol vectors transmitted via the individual antennas 

over time. Compared to their trellis-based counterparts these space-time block codes (STBC) 

are easier to decode but they do not exhibit any coding gain. 

Although the use of multiple antennas at the transmitter and the receiver improves the overall 

system performance, but the main challenge of engineers are faced with when actually 

implementing MIMO devices is the cost is concomitantly increased with number of antenna 

and increased complexity. This complexity stems from the following two facts. 

1. Increased processing effort  

Both transmitter and receiver need to be equipped with powerful signal processors in 

order to handle the algorithmic intricacy Introduced by the use of multiple antennas. 

2. Multiple radio-frequency (RF) front ends 

The simultaneous utilization of multiple antennas also implies that the number of 

costly   analog-circuitry elements integrated on both sides of the link is significantly 

higher compared to the multiple antenna case. 

However, multiple expensive radio frequency (RF) chains are required to be implemented for 

multiple antennas in MIMO systems. In order to deal with this drawback, previous 
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researchers proposed antenna selection techniques which are capable of selecting a subset of 

the available antennas in a MIMO system to transmit or receive data. It has been used to 

alleviate the hardware costs of MIMO systems. The number of required RF chains is reduced 

to the number of selected antennas and thus the cost of the system decreases significantly 

while exploiting the advantages of the full-complexity MIMO system. 

 1.1.1 Need of Antenna Selection  

            One attractive way to reduce the number of RF chains is antenna selection [11, 12, 

13, and 14]. Systems equipped with this capability optimally choose a subset of the available 

transmit and receive antennas and only process the signals associated with them. This allows 

maximally benefiting from the multiple antennas within given RF complexity and costing 

constraints. 

This thesis is dedicated to the analysis of the performance of various antenna selection 

algorithms in a space-time block coding context. For a given set of codes the optimum 

selection criteria, minimizing the instant bit error ratio (BER) will be formulated. Using 

numerical Monte-Carlo simulations written in MATLAB1 the resulting system performances 

are evaluated and compared. These comparisons will also partly incorporate performance 

results for non-selective systems. 

Antenna selection for multiple-input–multiple-output (MIMO) Systems a Promising low-

complexity technology has received much attention in the Wireless community. -selection 

strategies may be classified into three categories as: transmit antenna selection, receive 

antenna selection and simultaneous selection on both transmit and receive antennas. The 

Hybrid selection/maximal-ratio combining (HS/MRC) system is introduced as an application 

of receive antenna selection. Unlike receive antenna selection, transmit antenna selection 

requires feedback from the receiver to the transmitter. The transmit antennas which 

maximize the total received signal-to-noise ratio (SNR) are selected. In this thesis there is 

more emphasis on transmit antenna selection.  

1.2 Research Methodology  

To mitigate against the destructive effects of fading channels and accommodate the demands 

of the latest wireless applications, it is important for wireless researchers to design new 

communication systems. In this thesis we present two MIMO schemes that achieve excellent 

error performance and high data rates. 



4 

 

The RAS, TAS and T-RAS in STBC scheme have been researched in several papers []. In [] 

the bit error rate (BER) expression for binary phase shift keying (BPSK) of the TAS scheme 

in flat Rayleigh fading channels was derived and the manner in which the feedback delays 

degraded the performance of the TAS scheme was numerically analyzed. In [], the close-

form exact and asymptotic BER expressions for BPSK of the TAS scheme in flat Rayleigh 

fading channels were presented. The close-form outage probability of the TAS/MRC scheme 

was also derived]. An interesting conclusion is drawn that the diversity order was equal to 

the product of the number of the transmit antennas Lt and receive antennas Lr in flat Rayleigh 

fading channels at high SNRs []. 

In [] Yang investigated the error performance of the TAS/MRC scheme in correlated 

Rayleigh fading channels and presented the BER expression for BPSK of the TAS scheme r 

in correlated Rayleigh fading channels. In [15] and [16] the exact BER expression for BPSK 

of the TAS/STBC scheme was derived. It was proven that the TAS/STBC scheme can 

provide a full diversity order in Rayleigh fading channels. 

      However, all of these are focused on flat Rayleigh fading channels. The emphasis of the 

work presented here is on error performance analysis of the RAS/STBC scheme and the 

TAS/STBC scheme over Nakagami-m fading channels [17]. The Nakagami-m distribution 

has been widely used as a useful and important model for physical radio fading channels 

[18]. A series of fading channels from severe to moderate can be modeled by using 

Nakagami-m distribution via parameter m in the range m = 0.5. Rayleigh distribution is a 

special case of Nakagami-m distribution with m = 1. The practical importance of Nakagami-

m fading channels motivated researchers to investigate the performance of digital 

communication systems over Nakagami-m fading channels. 

The error performance of the digital communication systems over generalized fading 

channels has been analyzed for at least forty years. In early years, most of the fading 

channels investigated were simple multipath fading such as Rayleigh fading channels. 

However, the models of digital communication systems and fading channels have become 

more complicated in recent years. By using the previous mathematical tools such as Gaussian 

and Marcum Q-functions, the close-form solution is difficult to be obtained or in such a very 

complex mathematical form that cannot provide much insight into the dependence of the 

error performance on the system parameters. In 1998, Simon and Alouini developed a unified 
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approach that can simplify the previously complicated results analytically and 

computationally and derived the new results for some spacial case in a simple form [19]. By 

using alternate representations of classic Gaussian and Marcum Q-functions, the expressions 

for the error rate of digital communication systems in fading channels are in a simple 

mathematical form which is usually no more complex than a single integral with finite limits 

and an integrand composed of elementary functions. This analytical approach is referred to as 

the moment generating function based (MGF-based) approach because the integrand contains 

the MGF of the instantaneous fading SNR. Since 1998, the MGF-base approach has been 

widely applied by researchers to investigate various digital communication systems including 

coherent, differentially. 

 In this thesis, we apply the MGF-based approach to analyze the performance of the 

TAS/MRC scheme over Nakagami-m fading channels with arbitrary and integer fading 

parameters m. First of all, the MGF of the TAS/STBC scheme over Nakagami-m fading 

channels with arbitrary and integer fading parameters m are obtained. Then the BER 

expression for BPSK and SER expressions for M-ray phase shift keying (MPSK) of the 

TAS/MRC scheme are presented. 

These BER and SER expressions consist of infinite series and Gauss and Appell hyper 

geometric functions [20]. Using the method from [21], the asymptotic performance of the 

TAS/MRC scheme over Nakagami-m fading channels is evaluated. Our analytical results of 

asymptotic error rate expressions of the TAS/MRC scheme over Nakagami-m fading 

channels show that an asymptotic diversity order which is equal to the product of Nakagami-

m fading parameter m, the number of transmit antennas Lt and the number of receive 

antennas Lr can be achieved. 

Based on a Gaussian and Marcum Q-functions approach and a mathematical method to 

simplify multiple integrals by [22], we derive the BER expressions for BPSK of the 

TAS/STBC schemes with three and four transmit antennas over Nakagami-m fading 

channels and show that the TAS/STBC scheme can provide a full diversity order of mLrLt 

over Nakagami-m fading channels. 
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1.3 Thesis Objectives 

The main objective of the thesis is to study the performance analysis of Antenna selection in  

multiple input multiple output (MIMO) space time block code (STBC) systems in Nakagami-

m fading channel. To tackle the problem, we have subdivided our main objective into the following three 

different goals: 

(1) Performance analysis of receive antenna selection in MIMO/STBC systems in 

Nakagami-m fading channel. 

(2) Performance analysis of transmit antenna selection in MIMO/STBC systems in 

Nakagami-m fading channel. 

(3) Performance analysis of joint transmit and receive antenna selection in MIMO 

systems in Nakagami-m fading channel. 

Thus the objective is to analyze such systems one by one, develop analytical expressions for different 

performance metrics and verify the derived relations through comprehensive simulation studies. 

1.3 Thesis Outline 

The rest of the thesis is organized as follows. The primary goal of chapter 2 is to introduce basic 

concepts, models and notations that will be used throughout the thesis. We begin in chapter 2 with a brief 

overview on the current and future requirements of wireless services and some methods to fulfill those 

criteria in section 2.1. The next section 2.2 briefly discusses on wireless channel, specifically large scale 

fading and small scale fading. Section 2.3 tells us about the digital modulation schemes mainly MPSK and 

MQAM, their constellation diagrams and a brief comparison, whereas section 2.4 is devoted to performance 

metrics, i.e. capacity, outage probability and symbol error rate (SER). Section 2.5 talks about different types 

of receiver diversity schemes. Under section 2.6 we discuss about MIMO systems. Section 2.7 tells us about 

the space-timecode (STC) used in MIMO systems. The next section, section 2.8 provides a brief literature 

survey i.e. works on diversity, MIMO and STC on last ten years. Lastly the chapter concludes with a chapter 

summary in section 2.9.The primary goal of chapter 3 is to analyze the system employing Alamouti coding, 

a type of diversity, at the transmitter side and multibank switch-and-examine combining (SEC) at the 

receiver side. In chapter 4 we derive the performance metrics of a system employing transmit antenna 

selection and Alamuti code. In chapter 5, we show how a system performs if we employ both transmit 

antenna selection and Alamouti code at the transmitter side and SEC as receiver diversity. 
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The thesis ends with chapter 6, which consists of a comparative study among the schemes that are presented 

in chapters 3, 4 and 5. Also some limitations we have discussed that should be kept in mind when we are 

adopting such schemes. We end the chapter with future scopes. 
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        Chapter 2 

Background Materials 

 

2.1 Introduction 

Current wireless systems require higher transmission rate with lower delay, higher link reliability 

and wider coverage. The traditional resources that have been used to add capacity to wireless systems are 

radio bandwidth and transmitter power .Unfortunately, these two resources are among the most severely 

limited parameters during design: radio bandwidth because of the very tight situation with regard to useful 

radio spectrum, and transmitter power because mobile radio and other portable devices must be small, low-

power, and lightweight, which restrict their capabilities. Also, wireless systems operate over a complex and 

harsh time-varying radio channel which introduces severe multipath fading and shadowing, rendering the 

link budget expensive for a typical symbol error rate (SER)/ bit error rate (BER) requirement. 

Given these circumstances, there has been considerable research effort in recent years aimed at development 

of novel signal transmission techniques and advanced receiver signal processing methods that allow 

significant increase in wireless capacity without an increase in the transmitted bandwidth and power. 

 Diversity combining is such a sophisticated spectral and power efficient fade mitigation technique, 

which are used to improve radio link performance. 

Diversity, where signal replicas are obtained through the use of either temporal, frequency, spatial, or 

polarization spacing, is an effective technique to mitigate the multipath fading. For example, an information 

bit can be transmitted simultaneously from two antennas (linked by some form of coding), and then the 

signals can be combined coherently at the receiver. If one of the spatial sub channels experiences a deep fade, 

itmay be possible to recover the information from the signal on the other spatial sub channel. For each 

additional diversity branch, the chance of the combined signals being severely attenuated decreases.  

2.2 Digital Communication Systems 

Digital communication has become the predominant method of communication since 

then 70s of the last century. Morse invented the telegraph machine in 1838 which was an 

early form of modern digital communication. Messages can thus be transmitted over long 

distances. In 1948, Shannon developed information theory which formed the basic theory of 

digital communication [25]. Information theory had a strong impact on academic research 
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and practical system design for digital communication systems. It was a significant 

revolution in digital communication history. In his classic paper [25], a mathematical 

foundation for information transmission was established and the fundamental limits for 

digital communication systems was derived [26]. 

        

             Figure 2.1: Block diagram of a typical digital communication system. 

The block diagram of a typical digital communication system with basic elements is 

presented in Fig. 2.1 [26]. The input information source is what needs to be transmitted 

through digital communication systems and it includes such different types as voice, video, 

pictures and document files. The information source is usually modeled as a sample function 

of a random process in Shannon’s theory. Shannon focuses on the set of possible input 

source instead of any particular input [25]. The source encoder removes the unnecessary 

details from the input source in order to enable the input message to be processed and carried 

through the channel more efficiently. If the source information is in analog format, the source 

encoder also converts an analog signal to a digital signal. The source decoder at the receiver 

performs the reverse operation to restore the original signal. The pair of source encoder and 

decoder should reduce unnecessary redundancy as much as possible without corrupting the 

original signal. The channel encoder adds controlled redundancy to the information sequence 

for error detection or correction. At the receiver, the channel decoder performs the inverse 
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operation to construct an estimation of the information sequence. The role of the modulator is 

to map the transmit information from bit or symbol stream to an appropriate electrical 

waveform. Then the modulated waveform is transmitted though the channels. The 

communication channel is the physical medium through which the transmit signals go and it 

always contains noise. Normally the communication channel is regarded in terms of its input, 

its output and some description on how the input affects the output. 

2.4 Digital Modulation Schemes 

2.4.1 Introduction 

Digital modulation schemes are widely utilized in modern wireless communication. 

Compared with analog modulation, digital modulation has several advantages which include 

the possibility to apply advanced signal processing, such as error correction coding, higher 

data rate, better security and diversity. Based on the carrier attribute, digital modulation can 

be classified into phase modulation (PM), amplitude modulation (AM) and frequency 

modulation (FM). FM has better power efficiency and resistance to channel impairments 

while AM and PM have the advantage of better spectral efficiency [27]. In this thesis, we 

mainly focus on two types of AM and FM, MPSK and MQAM. 

2.3.2 M-ray Phase Shift Keying 

In contemporary communication systems, MPSK is one of the most popular modulation 

schemes. The signal amplitudes are constant and the signals can be amplified by a nonlinear 

device without significant distortion [28]. MPSK modulation uses M distinct phases to 

represent digital data. Each of these phases encodes 2log M  binary bits and represents the 

particular symbol. The constellations of some special cases of MPSK, when M=2, 4 and 8 

are illustrated in Fig.2.2 [26]. In these Gray mappings, each adjacent symbol only differs by 

one bit. Every constellation symbol (X, Y) is given by  and

, i = 1, 2, ..., M where A is the amplitude. The transmit signal over one symbol 

time Ts is given by [27] 

 

 
22 ( 1)/( ) { ( ) },0cj f tj t M
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where A is the amplitude, fc is the frequency of the carrier and g(t) is the pulse shape. 

                            

                  Figure 2.2: Constellations for MPSK modulation M=2, 4 & 8 

2.2.3 M-ray Quadrature Amplitude Modulation 

A MPSK modulation scheme maps all the symbols on M constellation points on a 

circle. This method lacks energy efficiency for large M. Thus MQAM is an alternative for 

that situation. QAM combines two AM signals into one channel in order to achieve double 

effective bandwidth. The information bits are encoded in the amplitude and phase of the 

transmit signal. A QAM signal has two carriers which have the same frequency but are out of 

phase with each other by 900. Those two quadrature signals are referred to as I signals and Q 

signals which can be represented by a sine wave and a cosine wave respectively. Therefore 
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MQAM has two degrees of freedom in which to encode the information bits while MPSK 

has only one degree of freedom [27]. The transmitted signal is given by [27] 

2
( ) { ( ) },t cj j f t

i is t Ae g t e
q p=Â 0 st T£ £

         

                               
=A  cos( )g(t) cos(2 f t) - A  sin( )g(t) sin(2 f t)i i c i i cq p q p                         (2.2)

 

Where Ai is the amplitude, fc is the frequency of the carrier and g(t) is the pulse shape. 

Normally the constellation diagrams of MQAM are rectangular but other constellation 

diagrams such as circular MQAM still exist. Although the rectangular MQAM constellation 

does not maximally space the constellation points for a given energy, it is much easier to 

modulate and demodulate compared with a circular MQAM constellation. The non-

rectangular constellations achieve marginally better BER but are harder to modulate and 

demodulate. Higher-order constellations transmit more bits per symbol but as the 

Constellation points become closer, so the BER are higher than the lower-order QAM 

constellations [26]. The constellation diagrams for rectangular MQAM and non-rectangular 

MQAM are shown in Fig.2.3 [26]. 

2.3 Multiple-Input Multiple-Output System Model 

Let us consider a MIMO system employing Lt transmit antennas and Lr receive 

antennas. A system model diagram is presented in Fig.2.4. In each symbol period, the 

transmitted signals are represented as an Lt×1 column matrix X, in which the ith entry Xi, i = 

1,..., Lt, is the transmitted signal from the ith transmit antenna. Here we consider an additive 

Gaussian channel for which the optimum distribution of the transmitted signals in x is still 

Gaussian. Therefore the ii component Xi, i = 1,..., Lt, can be zero mean independent 

identically distributed (i.i.d) Gaussian random variables. The covariance matrix of X is 

expressed as below [29] 

Rxx = E{XX
H
}                                                                   (2.3) 

where E{.} is the expectation and (X)
H 

denotes the Hermitian of matrix X. The total transmit 

power is constrained to P, regardless of transmit antennas Lt. It is given as [29] 

                                             P = tr(Rxx)                                                                                (2.4) 
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            Figure 2.3: Constellations for MQAM modulation, M=8, 16. 
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                                Figure 2.4: A diagram of a MIMO system 

Where tr(.) is the trace operation of a matrix. 

We assume that the channel coefficients are known at the transmitter and the signals 

transmitted from each transmit antenna is the same and equal to P/Lt. The covariance matrix 

of the transmitted signal can be expressed as [29] 

 Rxx = ILt                                                                                                                      (2.5)   

Where the ILt is the Lt × Lt  identity matrix. 

The channel is represented by an Lr × Lt complex matrix H, whose entries hi,j , 1 ≤ i ≤ Lr, 1 ≤ 

j ≤ Lt, are the channel coefficients between the ith receive antenna and the jth transmit antenna. 

Let us assume that the received power at each of Lr receive antennas is equal to the 

transmitted power from Lt transmit antennas. For a channel with fixed channel coefficient, 

we have the normalization constraint for elements of H as [29] 

                                             
2

,

1

rL

i j t

j

h L
=

=å                                                                           (2.6) 
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for i = 1, ..., Lr. For a channel with random variables, this normalization will apply to the 

expected value of the expression in (2.6). 

The channels matrix is assumed to be known at the receiver but not always at the transmitter. 

By using a feedback channel, the channel information can be communicated to the 

transmitter to estimate the channel matrix. The entries of the channel matrix H can be 

deterministic or random. We consider the fading channels in which the channel matrix 

elements have Rayleigh distribution since it is an excellent model for non-line-of-sight radio 

propagation. 

Let us denote the noise at the receive antennas as n which is a Lr ×1 column. The entries of 

matrix n are statistically independent and equal variance real and imaginary parts. The 

covariance matrix of the receiver noise is presented as [29] 

Rnn = E{nn
H
}                                                                                    (2.7) 

If no correlation exists between components n, the covariance matrix can be derived as [29] 

Rnn = σ
2
ILr                                                                                        (2.8) 

Where σ
2
 is the identical noise power of each Lr receive branches. The receiver is based on a 

maximum likelihood principle operating at Lr receive antennas. We denote received signals 

as r which is a Lr × 1 column matrix. The average signal-to-noise ratio (SNR) at each receive 

antenna is obtained as [29] 

2

rP
g

s
=                                                                                              (2.9) 

Where Pr is the average power at the output of each receive antenna. 

The total received power of each receive antenna is assumed to be equal to the total 

transmitted power. The SNR at each receive antenna is equal to the ratio of the total 

transmitted power and the noise power per receive antenna. (2.9) can be rewritten as [14] 

2

P
g

s
=                                                                                            (2.10) 
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the receive vector r can be shown as [29] 

r = Hx + n                                                                                      (2.11) 

The received signal covariance matrix which is defined as E{rrH} is given as [29] 

Rrr = HRxx + H
H
                                                                           (2.12) 

The total received signal power can be given as ( )r rrt R . 

2.5 Antenna Selection Techniques 

2.5.1 Introduction 

MIMO systems, which employ multiple transmit and receive antennas, can improve 

the capacity and transmission reliability even in challenging propagation environments. A 

diversity order that is equal to the product of the number of transmit antennas Lt and the 

number of receive antennas Lr can be achieved [30]. However, one of the drawbacks of the 

MIMO systems is that they require an equivalent number of RF chains for multiple antennas. 

The RF chain, which consists of a low noise amplifier, frequency up and down converters, 

analog-to-digital and digital-to-analog converters, and filters, is usually very expensive, thus 

increasing the hardware costs of MIMO systems. Antenna selection techniques are the most 

efficient approach to reducing the hardware complexity and costs of MIMO systems. In 

antenna selection techniques, a subset of transmit and/or receive antennas is selected for 

signal transmission based on selection criteria including maximizing the received SNR and 

maximizing the channel capacity. After antenna selection, the required number of RF chains 

is reduced from the number of total antennas to the number of the selected antennas. Antenna 

selection techniques can be classified as transmit antenna selection, receive antenna selection 

and antenna selection of both transmit and receive antennas. 

2.5.2 Transmit Antenna Selection 

Let us assume a MIMO system with transmit antenna selection which has Lt transmit 

antennas and one receive antenna. A diagram of signal transmit antenna selection is 
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presented in Fig.2.5. Transmit antenna selection requires feedback from the receiver to                             

 

                    Figure 2.5: A diagram of single transmit antenna selection 

transmitter. The channel feedback includes channel state information, channel correlation, 

and selection-decision. Besides the single transmit antenna selection, we may also have 

multiple transmit antenna selection. In multiple transmit antenna selection, let us assume that 

the number of RF chains N (N > 1) is smaller than the number of transmits antennas Lt and 

only one receive antenna exists.  

A diagram of multiple transmit antenna selection is shown in Fig.2.6. In multiple transmit 

antenna selection, the N transmit antennas, which maximize the total received SNR, are 

selected from the Lt transmit antennas for data transmission. The transmitter needs to know 

the N most suitable transmit antennas and the complex-value channel coefficients from every 

transmit antenna to the receive antennas. More feedback is needed for multiple antenna 

selection than single antenna selection [31]. 
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                Figure 2.6: A diagram of multiple transmit antenna selection 

2.5.3 Receive Antenna Selection 

Fig.2.7 shows a signal receive antenna selection in which only one receive antenna is 

selected among Lr antennas to receive signals. In signal receive antenna selection, the 

receiver needs to know all the SNR at each receive antenna. A training signal is used in a 

preamble to the transmitted data. Then the receiver scans all the antennas to find the antenna 

with the highest channel gain, and chooses it for receiving the next data burst [31]. 

If N (N > 1) RF chains are available, a subset of N receive antennas that have the largest 

SNR will be selected to receive signals. This is known as generalized selection diversity or 

hybrid selection/maximal-ratio combining. A diagram of generalized selection diversity is 

illustrated in Fig.2.8. MRC and EGC can be used to combine the selected branches. 

Compared with EGC, MRC has better performance but larger complexity. 
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                         Figure 2.7: A diagram of single receive antenna selection 

                             

          

                      Figure 2.8: A diagram of multiple receive antenna selection 
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2.5.4 Joint Transmit and Receive Antenna Selection 

Selection diversity can be applied to both the transmitter and receiver simultaneously. 

In this scenario, NLt transmit antennas from all Lt transmit antennas and NLr receive antennas 

from all Lr receive antennas are selected to transmit and receive signals. Let us denote the Lt 

× Lr channel matrix by H and NLt × NLr by HH  Space-time codes must be used to provide 

diversity. A joint transmit and receive selection scheme chooses a subset of H to maximize 

the sum of the squared magnitudes of transmit-receive gains [31]. A diagram of joint transmit 

and receive selection is presented in Fig.2.9. However, successively choosing the best 

receive antennas and then the best transmit antennas does not necessarily result in an overall 

optimal selection. Currently no systematic solution to a joint transmits and re Figure 2.9: A 

diagram of joint transmits and receives selection scheme is known [31]. 

 

        .  

                             Figure 2.9: A diagram of joint transmit and receive selection 
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 2.6 Fading Channels 

2.6.1 Multipath Fading 

In practical mobile communication, the base station antenna is sometimes below that 

of the surrounding buildings. So there is no line-of-sight (LOS) path between the base station 

antenna and the mobile handset. The handset will receive the reflected, diffracted and 

scattered signals from all directions. Those signals experience not only noise but also rapid 

amplitude and phase fluctuation over a period of time when multipath propagating. The 

signals arriving at the receiver have different amplitudes and phases because of the different 

attenuations, delays and phase shifts they experience. This effect is called multipath fading. 

A simple diagram of a transmission system over a fading channel is presented in Fig.2.10. 

The output signal at a receiver can be expressed as: 

 

               Figure 2.10: A diagram of a transmission system with fading and noise. 

r(t) = s(t)  h(t) + n(t)                                                                     (2.13) 

Where s(t) is the input signal, ( ) is the convolution process, h(t) is the channel fading 

coefficient and n(t) is the additive random noise process. 

2.6.1.1 Slow Fading and Fast Fading 

In mobile communication there are two kinds of fading which are very important: 

slow fading and fast fading [32]. Slow fading is caused by prominent obstruction (buildings, 

mountains and so on) and large movements of a mobile during propagation. The slow fading 

channel coefficients change at a rate that is much slower than the rate of the transmitted 
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signal. Therefore the slow fading channels can be assumed to remain static over one or more 

transmitted signal symbol durations. Fast fading appears when small changes, as small as 

half wavelength, happen in the amplitudes and phases of the signals. Fast fading represents 

the rapid fluctuations of the signals’ amplitudes and phases in a short time or distance. The 

fading coefficients of a fast fading channel change rapidly in one transmit time period. The 

channel coherence time Tc is used to distinguish slow fading and fast fading. 

1
c

d

T
f

1

f
                                                                                           (2.14) 

Where fd is the channel Doppler spread. The fast fading has a high Doppler spread and if the 

channel coherence time Tc is smaller than the symbol time duration Ts, the fading is fast 

fading otherwise it is slow fading. 

2.6.1.2 Flat Fading and Frequency Selective Fading 

Based on multipath time delay spread there are two important fading: flat fading and 

frequency selective fading. In flat fading, the bandwidth of a transmitted signal is smaller 

than the coherence bandwidth of channels fc. The coherence bandwidth is given by [32] 

max

1
cf t

1

t
                                                                                       (2.15) 

where max is the maximum delay spread. The coherence bandwidth illustrates the amount of 

bandwidth that will fade in a correlated fashion at any instant in time [26]. In contrast, 

frequency selective fading affects the transmitted signal by different amplitude gains and 

phase shifts and the transmit bandwidth is greater than the channel’s coherent bandwidth 

[32]. Certain frequency components are produced in the received signal spectrum with 

greater gains than others. 
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2.6.2 Statistical Models for Fading Channels 

2.6.2.1 Rayleigh Fading 

To design and investigate the performance of digital communication systems, 

statistical models for multipath fading channels are developed by extensive measurements of 

received signals envelopes in rural, urban and suburban environments [33]. Rayleigh fading 

is a statistical model for the fading caused by multipath which is approximated by Rayleigh 

distribution in radio propagation [34–39]. Rayleigh fading is small scale fading and is the 

most applicable to model heavily built-up city centers such as Manhattan where there is no 

light of sight (LOS) path between transmitter and receiver [41]. Signal propagation in 

tropospheric, ionospheric and ship-to-ship radio links may also approximate Rayleigh fading 

[26]. The square root of a sum of squares of two zero-mean identically distributed Gaussian 

random variables has a Rayleigh distribution [26]. It can be assumed that the real and 

imaginary parts of the response are modeled by independent and identically distributed zero-

mean Gaussian processes so that the amplitude of the response is the sum of two such 

processes. If r is defined as a Rayleigh distribution random variable, the pdf is given by [26] 

as 

2 2

2
2

( ) .
r

R

r
P R e

s

s

-
=                                                                         (2.16) 

where σ
2
 is the variance of two zero-mean identically distributed Gaussian random variables. 

2.6.2.2 Nakagami-m Fading 

Nakagami-m distribution is a widely used statistical model for fading envelopes of 

signals due to its great versatility. With a parameter m ranging from 0.5 to infinite, it can 

model different fading scenarios from severe to moderate. Rayleigh distribution is a special 

case when m = 1. There is no fading when m = ∞. Nakagami-m distribution fits certain urban 

path strength data better than Rayleigh, Rice or lognormal distributions [33] [42]. Therefore 

performance analysis of a communication scheme over Nakagami-m fading channels has 

been investigated recently [43-48].  The pdf of the Nakagami-m distribution is given by [32] 
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Where 

2E Ré ùW = ë û                                                                                   (2.18) 

and parameter m is defined as 

2
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                                                                (2.19) 

When m is an integer or half-integer, the Nakagami-m distribution can be expressed as a 

square root of the sum of 2m independent identically distributed (i.i.d) Gaussian random 

variables with zero mean and variance σ
2
. It is given by [49] as 

2 2 2

1 2 2mR X X X= + +××××+                                                             (2.20) 

Where Xi, i = 1, 2, · · · , 2m are i.i.d Gaussian random variables. 

2.8 Diversity Combining Techniques 

2.8.1 Introduction 

Diversity techniques are important methods to improve the transmission reliability of 

digital communication systems by combating the effect of fading. By applying diversity 

combining techniques, a large number of copies of transmitted signals can be sent over 

fading channels from a transmitter. Then a receiver combines these multiple copies to 

maximize the power of received signals. The success of diversity schemes depends on the 

degree to which the signals are uncorrelated. If these multiple signal copies have low or no 

correlation of fading coefficients, the effect of fading is significantly reduced.  

Diversity techniques can be classified into time diversity, frequency diversity, space diversity 

and receive diversity. Time diversity uses a method of transmitting signal copies at different 

time slots. So the receiver can receive uncorrelated signal repetitions that will provide 

performance improvement due to diversity. However, time diversity loses bandwidth 



25 

 

efficiency so that it needs a larger symbol constellation or larger bandwidth to maintain a set 

throughput. Time diversity is usually effective for fast fading channel since the coherence 

time of this channel is small. For slow fading, time interleaving causes problems in decoding 

delay which is a significant problem for delay sensitive applications such as voice 

transmission. 

In frequency diversity, a number of different frequencies are used to transmit the same signal. 

The frequencies need to be separated enough to ensure independent fading coefficients 

associated with a guarantee that the fading coefficients for different frequencies will be 

uncorrelated. The drawback of frequency diversity is a loss in bandwidth efficiency due to a 

redundancy introduced in the frequency domain.  

Space diversity, which arranges multiple antennas at a proper distance to obtain independent 

replicas of the transmitted signals, is a very popular technique in wireless communications 

because space diversity does not induce any loss in bandwidth efficiency. 

This thesis is mostly concerned with receive diversity combining. Three main diversity 

combining techniques: SC, MRC and EGC [50] are discussed below. 

2.8.2 Selection Combining 

In selection combining, the diversity branch with the highest SNR is selected. 

Therefore the output SNR  of the SC combiner is equal to the SNR of the selected diversity 

branch. SC does not need knowledge of the signal phase of each diversity branch so it can be 

used with coherent or noncoherent modulation schemes. SC is extended to a generalized SC 

in which N branches from all L branches are selected. A SC model is shown in Fig.2.11. 

In i.i.d Rayleigh fading channels, the average SNR of the output combiner is given by [51] as 

1

1M

out

k k
g g

=

= å                                                                                    (2.21) 

Where g  is the average SNR of each diversity branch and M is the number of diversity 

branches. The output SNR does not increase with M linearly. 
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2.8.3 Maximal-Ratio Combining 

Compared with SC, MRC [52-53] is an optimal diversity scheme with greater complexity. It 

gives the best fading reduction performance of all linear diversity combiners. In MRC, all the 

signals from diversity  

                 

 

                                 Figure 2.11: Selection Combining Model 

branches are weighted proportionately to the signal strength and then added together so that 

the output SNR can be maximized. The SNR of the output combiner is the sum of SNRs of 

all the diversity branches. Thus the SNR of the output combiner is given by [51] as 

1

M

out k

k

g g
=

=å                                                                                      (2.22) 

where k is the SNRs of each diversity branches. A MRC model is depicted in Fig.2.12. 

2.8.4 Equal Gain Combining 

EGC [53, 54] achieves a good performance following MRC in these three main diversity 

techniques. MRC yields the best performance but it is the most complicated since it needs the 
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knowledge of the channel fading amplitudes. EGC reduces system complexity because it 

does not need to estimate the  

    

 

                          Figure 2.12: Maximal-Ratio Combining Model 

fading channel amplitudes and EGC provides almost as good performance as MRC. In some 

situations, EGC is an excellent alternative for MRC. If M and  k are defined as the number of 

diversity branches and the average SNR of each diversity branch respectively, the average 

output SNR in i.i.d Rayleigh fading channels is given by [51] as 

 

1 ( 1)
4

out M
p

g g é ù= + -ê úë û
                                                                   (2.23) 

2.9 Coding Gain and Diversity Gain 

Performance analysis of coded or uncoded transmissions over fading channels is 

usually carried out in two steps. First, for a fixed channel realization, the instantaneous error 

rate expression is expressed as a Q function, defined by [26] as 
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This is a function of the instantaneous channel SNR. In the second step, this instantaneous 

error rate expression is integrated over the pdf of the instantaneous channel SNR to obtain 

the average performance.  

At high SNRs, the average error rate of a transmission system can be approximated by 

( ) dG

E cP G g -» ×                                                                                (2.25) 

where Gc is the coding gain, Gd is referred to as the diversity gain or diversity order and g  is 

the average SNR. When in log-log scale, the coding gain Gc determines the horizontal 

location of the error performance curve and the diversity gain Gd determines the slope of the 

error rate versus the average SNR curve. 

Let us assume the three error performance expressions below 

1

1 1
( ) dG

E cP G g -» ×
 

2

2 2
( ) dG

E cP G g -» ×
 

3

3 3
( ) dG

E cP G g -» ×                                                                              (2.26)
 

in which Gc2 > Gc1,Gd3 > Gd1 . These three curves are presented in Fig. 2.13. PE1 and PE2 are 

parallel to each other at high SNRs and separated by 10 log 2

1

c

c

G

G
dB, which is referred to as 

the coding gain of PE2 over PE1. PE3 has a higher diversity order and a corresponding sharper 

slope graphically.  

For an uncoded MIMO system, the diversity order is equal to the number of independent 

fading paths that a symbol passes through, or, the number of independent fading coefficients 

that can be averaged to detect a symbol [54]. It has been shown in [55] that for an (Lt, Lr) 

MIMO system with space-time coding in quasi-static flat Rayleigh fading channels, the 
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maximum achievable diversity order is LtLr. In this case, we say that a full diversity order is 

achieved. 

               

                             Figure 2.13: Illustration of diversity order and coding gain. 

 

2.10 Space-Time Block Codes 

2.10.1 Alamouti Scheme 

A new simple scheme which uses two transmit antennas and a maximum-likelihood 

decoding (MLD) to achieve full diversity order was proposed by Alamouti [56]. This scheme 

does not require any bandwidth expansion or any feedback from the receiverto the 

transmitter [56]. It also ensures a full transmit diversity and has a simple MLD based on 

linear processing. A new research area of space-time block coding is therefore opened up. 

The block diagram of Alamouti space-time encoder is shown in [29]. Fig 2.15 presents the 

Alamouti scheme with two transmit antennas and one receive antenna. In the Alamouti 

scheme with two transmit antennas and one receive antenna, each of two transmit antennas 

transmits two signals in two consecutive symbol periods. In the first transmission period, 

transmit antenna 0 and transmit 1 transmit signals s0 and s1 respectively. Then in the next 
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period, signals *

1s- and *

0s are transmitted from transmit antenna 0 and transmit antenna 1 

respectively, where . is complex conjugate operation. 

                                                                  

        

     

                          Figure 2.14: A block diagram of the Alamouti scheme encoder  

Let us denote h0(t) and h1(t) as the fading coefficients from transmit antenna 0 and transmit 

antenna 1 to receive antenna 0 at time t respectively. It is assumed that the fading coefficients 

remain constant in two consecutive transmission periods. Thus the fading coefficients are 

written by [56] as 

0

0 0 0( ) ( )
j

h t h t T h e
qa= + = =                                                                                 

1

1 1 1( ) ( ) jh t h t T h e qa= + = =                                                             (2.27) 

where T is the symbol duration. 

Therefore the received signals at the time t and t + T which are denoted as r0 and r1 are 

presented by [56] as 

r0 = r(t) = h0s0 + h1s1 + n0 

r1 = r(t + T) = -h0s1
*
 + h1s0

*
 + n1                                                  (2.28) 

Where n0 and n1 are channel interference and noise. 

Two combined signals. 0s0s  and 1s1s are sent to the maximum likelihood detector [56],  
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* * 2 2 * *

0 0 0 1 1 0 1 0 0 0 1 1

* * 2 2 * *
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s h r h r s h n h n

a a

a a

= + = + + +

= - = + - +

* * 2
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0 0 00 0 0h rh r* * 2* * 2* * 2

0 0 00 0 00 0 0

* * 2

1 1 0s h* * 2

1 1 01 1 0h r hh r h* * 2* * 2

1 1 01 1 0

                                     (2.29) 

For PSK constellation, the maximum likelihood detector will choose signals s0 and s1 

                

        Figure 2.15: The Alamouti scheme with two transmit antennas and one receive antenna 

using the decision rule below [56] 
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                                                         (2.30) 

. 

The Alamouti scheme can achieve a full diversity order of 2Lr when the number of receive 

antennas is extended from 1 to Lr. In [56] the author investigated a special case with two 

receives antennas. The Alamouti scheme with two transmit and two receive antenna is shown 

in Fig.2.16. The encoding and transmission for this scheme are identical to the scheme with 

one receive antenna. If we denote hi and ri, i = 0, 1, 2, 3, 

                            Table 2.1: The notation of fading coefficient for the Alamouti scheme. 

 receive antenna 0 receive antenna 1 

transmit antenna 0            ho         h2 

transmit antenna 1            h1           h3 

 

                             Table 2.2: The notation of received signals for the Alamouti scheme. 

          receive antenna 0 receive antenna 1 

time t           r0         r0 

time t + T            r0           r0 

                 

   the received signals are expressed by [56] as 

r0 = h0s0 + h1s1 + n0 

r1 = -h0s
*
1 + h1s

*
0 + n1 

r2 = h2s0 + h3s1 + n2 

r3 = -h2s
*
1 + h3s

*
0 + n3                                                                    (2.31) 

Where ni, i = 0, 1, 2, 3 are channel interference and noise. Two signals which are sent to 
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       Figure 2.16: The Alamouti scheme with two transmit antennas and two receive antenna 

the maximum likelihood detector are given by [56] as 

* * * *

0 0 0 1 1 2 2 3 3s h r h r h r h r= + + +* * *

0 0 0s h r* * *

0 0 00 0 0h rr0 0 00 0 00 0 0      

   
2 2 2 2 * * * *

0 1 2 3 0 0 0 1 1 2 2 3 3( )s h n h n h n h na a a a= + + + + + + +
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* * * *

1 1 0 0 1 3 2 2 3s h r h r h r h r= - + -* * *

1 1 0s h r h* * *

1 1 01 1 0h r hh r h1 1 01 1 0
 

                       2 2 2 2 * * * *

0 1 2 3 1 0 1 1 0 2 3 3 2( )s h n h n h n h na a a a= + + + - + - +                       (2.32) 

For PSK signals, the decision rule is presented in [29] as 
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                                                          (2.33) 

2.10.2 Extension to Multiple Transmit Antennas 

Space-time coding is a technique that greatly improves performance in wireless 

networks by using multiple antennas at the transmitter and receiver [75]. The block codes 

were utilized by Alamouti [56], and later by Tarokh, Seshadri, Jafarkhani and Calderbank 

[55, 57, 58, 59] to develop space-time block codes(STBC). In the previous section, the 

Alamouti scheme uses a two transmit antennas system with a very simple maximum 

likelihood decoding algorithm to achieve full diversity order. The coding matrix of the 

Alamouti scheme is given by [56] as 

1 2

2 * *

2 1

x x
C

x x

é ù
= ê ú-ë û

                                                                              (2.34) 

where * is complex conjugate. 

In [57], Tarokh generalized the two transmit antennas Alamouti scheme to an arbitrary 

number of transmit antennas. Fig 2.17 shows the system block diagram for space-time block 

codes. We assume that a MIMO system with Lt transmits antennas and Lr receives antennas. 

Let us denote hi,j as the path gain from the ith transmit antenna to the jth receive antennas 

which is constant over a frame of length l . At each time slot t, signals  
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                      Figure 2.17: A system block diagram of the space-time block codes 

t

ic , i = 1, 2, ..., Lt are transmitted from Lt transmit antennas. The received signal 
t

jr  at the jth 

receive antenna is shown by [60] 

,

1

tL
j i j

t i j t t

t

r h c h
=

= +å                                                                             (2.35) 

where j t is a sample of additive white Gaussian noise (AWGN). 

The receiver computes the decision metric [57] 

2

,

1 1 1

t tL Ll
j i

t i j t

t t t

r h c
= = =

-åå å                                                                        (2.36) 

over all the code words 

1 2 1 2 1 2

1 1 1 2 2.... .......... ....t tL L

l l lc c c c c c c c                                                           (2.37) 

and decides in favor of the code word that minimizes the sum. 

For three and four transmit antennas, the transmission matrices which have a code rate 1/2 

are given below [57] 
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And 
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The transmission matrices which have a code rate 3/4 are shown in [57] 

3
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                                      (2.40) 

And 
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                                                                                                       (2.41) 

The decision rule for three and four transmit antennas is shown in [57]. 

2.11 Chapter Summary 

 This chapter introduces some fundamental concepts related to this thesis. A brief 

overview of digital communication systems, digital modulation schemes, MIMO system 

models, antenna selection techniques and fading channels is presented. Diversity combining 

techniques, the Alamouti scheme and space-time block codes are also discussed in this 

chapter. 
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                                                                                    Chapter 3 

Performance of the RAS/STBC Scheme under Nakagami-m 

fading channel 

 

 

3.1 Introduction 

Multiple-input multiple-output (MIMO) systems offer numerous benefits over 

conventional single-input single-output (SISO) systems, such as the potential to facilitate 

considerably higher data rates or to significantly improve the reliability of a wireless link. 

However, this superior performance generally comes along with an increased signal 

processing complexity as well as substantially higher hardware requirements, what hence 

represents a limiting factor for the production and widespread deployment of low-cost 

MIMO devices. A promising approach for partially alleviating these drawbacks is to make 

use of some form of antenna selection. Antenna selection technique [1] in MIMO systems 

reduces the hardware cost and computational complexity while retaining the high 

performance in fading environment. 

     The core idea for antenna selection is to select optimally a small number of best antennas 

from a larger set of available antennas. By utilizing low-cost RF switches, only a limited 

number of RF chains are adaptively switched to a best subset of antennas which can be 

identified during the training phase by probing all antennas. However, the computational 

complexity required for such optimal selection grows exponentially with the total number of 

antennas. Various fast antenna selection algorithms have been studied [61]. A promising 

approach for fast receive antenna selection was proposed by Gorokhov [62] which finds a 

near optimal subset selection based on the channel capacity maximization. An improved 

algorithm which achieves same performance but lower computational complexity was 

proposed in [63]. Both methods assume perfect Channel State Information (CSI) at the 

receiver. In practical implementation, inaccurate channel estimation in the presence of 

unknown interference will inevitably affect antenna selection performance. 

     In this chapter, we analyze the performance of MIMO systems employing space-time 

block codes (STBC) combined with antenna selection at the receiver-side. This might be an 
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attractive solution for the downlink of cellular networks, for example, where the complexity 

and the costs of the mobile user equipment generally should be kept as low as possible 

whereas this is usually only of secondary importance for the base stations. Previous studies 

dealing with the combination of antenna selection and STBCs have mainly focused on 

performing antenna subset selection at the transmitter-side (see for example [64], [65] and 

references therein), but only very few results have been reported concerning the performance 

of orthogonal STBC with receive antenna selection so far. In [66], for instance, the authors 

present upper bounds on the average bit error rates for binary modulation in uncorrelated 

Rayleigh fading as well as an exact expression for the special case that the well-known 

Alamouti scheme is employed. Besides, the effects of channel estimation errors on the 

performance of orthogonal STBCs combined with receive antenna selection recently have 

been investigated in [67]. However, to the best of our knowledge, a comprehensive 

performance analysis of orthogonal STBCs with receive antenna selection has not been 

presented yet, what we therefore will do herein. In particular, we derive exact analytical 

closed-form expressions for the capacity of such a system as well as the average symbol error 

rates (SER) in case of M-ary quadrature amplitude modulation (M-QAM) and M-ary phase 

shift keying (MPSK), considering Nakagami-m fading channels with possible spatial 

correlation at the transmitter-side. In addition, we compare the performance of our system 

with the performance of a full-complexity system as well as a single-input multiple output 

(SIMO) system with selection combining. 

3.2 System and Channel Model 

We consider a multiuser MIMO system, equipped with Lt transmits antennas at the 

base station, and Lr receive antennas. Depending on the channel conditions, the user 

scheduler selects the best user and then the discrete-rate adaptive modulator chooses the 

highest bit-rate modulation scheme for that user that satisfies a target BER. We assume that 

the MIMO channel between the receive antennas and transmit antennas at the base station is 

a Nakagami-m flat fading channel. It is assume that channel state information (CSI) is 

perfectly available only at the receiver. The RAS in MIMO/STBC scheme model is 

presented in Fig. 3.1.  
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                       Figure 3.1 MIMO-STBC with receiver antenna selection 

 The channel can be expressed by matrix H of size r tL L´  with elements corresponding to the 

fading coefficients
,i jh  , (1 ,1t ri L j L£ £ £ £ ) The amplitude ,i jh  follows a Nakagami 

distribution with fading parameter 1 2m ³  between the j-th transmit antenna and the i-th 

receive antenna. The phase of each channel coefficient is assumed to be uniformly distributed 

in [0; 2π) whereas the magnitudes are supposed to be Nakagami-m variates with unity 

average power gain and integer fading parameter m. 

The transmitter encodes the data to be sent by means of an orthogonal STBC with code rate 

Rc while the receiver—which is assumed to have perfect knowledge of the channel—selects 

always only the best out of the available Lr receive antenna elements for processing the faded 

received signals, which are additionally perturbed by additive white Gaussian noise. It is well 

known that after appropriate signal combining, orthogonal STBCs transform a MIMO system 

into a set of equivalent SISO channels [66] and in case that the i th-  receive antenna is 

selected, it can easily be shown that these equivalent SISO channels have the effective 

signal-to-noise ratio (SNR). 

2 2

, 0 ,

1 1

t tL L

i i j i j

j jc t

h h
R L

g
g g

= =

= =å å                                                          (3.1) 

where ig  denotes the instantaneous output SNR of the of the i th-  selected receiver  antenna 

and short-hand notation 0 ( )c tR Lg g= , where g  denotes the average SNR per receive 
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antenna. Clearly, selecting the best antenna hence corresponds to selecting the antenna for 

which this effective SNR is maximized. 

The PDF of channel amplitudes 
,i jh in Nakagami-m fading is given by  

1

( ) exp( )

( )

r

r

mL

mL

r

p m

mL
m

g

g g
g

gg

-

= -
æ ö Gç ÷
è ø                                                  (3.2) 

Where the average SNR 0sE Ng = in which Es is the average energy per symbol at the 

transmitter and 0N  is the power spectral density of the AWGN at each receive antenna.  

For an arbitrary real-valued fading parameter m, the cumulative distribution function (cdf) of 

γ is calculated as 

( , )
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r

r

mL m

P
mL

g

g
g

gg =
G                                                                        (3.3) 

where 1

0

( , )
x

tx e t dtag a - -= ò  is the lower incomplete Gamma function. 
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Using the infinite series representation of the incomplete gamma function in [69, (8.3541)] 
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the MGF associated with γ is expressed as 
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Using the identity below [69, (3.381-4)] 
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the MGF of the RAS scheme over Nakagami-m fading channels with arbitrary parameter 

m in (3.6) can be further written as 
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For Nakagami-m fading channels with integer m, the cdf of γ can be expressed as 
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Applying [69, (8.339-1)] and [69, (8.351-1)] into (3.9) 

                    ( ) ( 1)!n nG = -                [ ]1,2,.....n =                                                             (3.10) 
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we have 
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Therefore, the pdf of the instantaneous post-processing SNR of the (Lt, Lr) RAS system can 

be derived as [68] 
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in which bt(mLr, k) is the coefficient of z
t
 , t = 0, 1, . . . k(mLr - 1) in the expansion of 
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The MGF is derived as [70] 
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Substituting the identity [9, (3.351-3)] into (3.15) 
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we can derive the MGF of the RAS scheme over Nakagami-m fading channels with integer 

parameter m in (3.15) as 
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3.3 Error Performance Analysis of the RAS Scheme 

Exact BER of BPSK of the RAS Scheme for the (Lt, Lr) RAS scheme with BPSK 

modulation, the BER expression can be presented as [70] 
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where g = 1 for BPSK modulation. 

Substituting (3.8) into (3.18) gives 
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A1 can be further written as 
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Using Eq. [11] the integral 2A  can be simplified as 
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Therefore, the BER expression for BPSK modulation is presented as  
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If the fading parameter m is an integer, substituting (3.17) into (3.18) gives 

              
( )

( ) 111

1 0

1
( ) ( 1) ( , )

1 !

r
rt

mLk mLL
tkt

BPSK t r

k tr

LL m
P E b mL k

kmL g

---

= =

-æ ö æ ö
= - ç ÷ ç ÷- è øè ø

å å  

                                      

( )

1

2

20

1 ( 1)
( 1)!

sin

rmL t

r

B

k m g
mL t d

p
q

p g q

- +
é ù+

´ + - +ê ú
ë û

ò
B

p 0 ë ûg qsin
úúq2g sin0

                        (3.23) 

B1 can be written 
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Using Eq.[71,(46)], the integral  B2 can be derived as  
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Therefore, the BER expression for BPSK modulation can be written as 
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3.4 Chapter Summary 

This chapter primarily focuses on deriving the exact error rate expression for 

performance evaluation of the RAS/STBC scheme over Nakagami-m fading channels. This 

chapter starts by deriving the MGF of the RAS/STBC scheme over Nakagami-m fading 

channels with arbitrary and integer fading parameters m and then proceeds to obtain the exact 

and asymptotic error probability expressions of the RAS/STBC scheme for BPSK 

modulations. It is revealed that in Nakagami-m fading channels the RAS/STBC scheme can 

achieve full diversity order which is equal to the product of Nakagami fading parameter m , 

the number of transmit antennas Lt and the number of receive antennas Lr. The simulation 

results of the RAS/STBC scheme over Nakagami-m fading channels are given in chapter 6. 
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                                                                            Chapter 4 

Performance of the TAS/STBC Scheme under Nakagami-m 

Fading Channels 

4.1 Introduction 

In the TAS/STBC scheme, two transmit antennas which maximize the total received 

signal power at the receiver are selected for data transmission. Antenna selection techniques 

have been investigated to maximize the system capacity [85–89]. In this chapter, we use 

antenna selection to minimize the error rate for the Alamouti scheme. In [30] and [31] Chen 

derived the exact and asymptotic BER expressions for BPSK modulation of the TAS/STBC 

scheme in Rayleigh fading channels and showed that the diversity order is equal to the 

product of the number of the transmit antennas Lt and the number of the receive antennas Lr 

in flat Rayleigh fading channels at high SNRs. 

 In this chapter we analyze the error performance of the TAS/STBC scheme over Nakagami- 

m fading channels by using a Gaussian and Marcum Q-functions approach. The exact and 

asymptotic BER expressions for BPSK are derived for the TAS/STBC schemes with three 

and four transmit antennas. The analytical and numerical results are shown. We also present 

the performance comparison between the TAS/STBC scheme and the TAS/MRC scheme. 

4.2 System and Channel Model 

Let us consider an (Lt, Lr) TAS/STBC system with Lt transmit and Lr receive antenna 

under i.i.d Nakagami-m fading channels. We assume that the CSI is perfectly available at the 

receiver and partially known at the transmitter through a feedback channel. The TAS/STBC 

scheme model is shown in Fig. 4.1.  
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                      Figure 4.1: MIMO-STBC transmitter with antenna selection 

Let H denote the Lr × Lt channel matrix. Its entries are the fading coefficients hi,j , 1 ≤ i ≤ Lt, 

1 ≤ j ≤ Lr. The amplitude |hi,j | has a Nakagami distribution with fading parameter m ≥ 1/2. 

An Lr × 1 matrix H, which is a column of H, is used to denote the channel between a single 

selected transmit antenna and Lr receive antennas. The two selected transmit antennas, 

denoted by X and Y , are selected by  

{ }
,

22

, ,

101 ,

, ( ) ( )argmax
r

t x y

L

s
x t y t

tx y L

E
X Y t h h

N
g

¹
=£ £

ì ü
= = +í ý

î þ
å            (4.1) 

Es is the average energy per symbol and N0 is the power spectral density of the AWGN at 

each receive antenna. The instantaneous SNR of the output of Alamouti scheme with two 

transmit antennas is given by [56] 

( )

2
b

tg
g =                                                                                          (4.2) 

We rearrange the SNRs γ (i), 1 ≤ i ≤ Lt, in ascending order of magnitude and denote them by 

γ(p), where 1 ≤ p ≤ Lt and 
(1) (2) ( )rLg g g£ £ ×××××× £ .According to (4.1), the two transmit 

antennas corresponding to the Ltth order statistic,(Lt), and the (Lt − 1)th order statistic (Lt−1) 

will be selected for uncoded transmission. 

( )ig follows a Nakagami-m distribution. The pdf of (i) is given as  
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where the average SNR g  = Es/N0, in which Es is the average energy per symbol at the 

transmitter and N0 is the power spectral density of the AWGN at each receive antenna.  

For arbitrary real-value fading parameter m, the cdf of γ(i) is shown as 

( , )

( )
( )

r

r

mL m

P
mL

g

g
g

gg =
G

                                                                       (4.4) 

Where 1

0

( , )
x

tx e t dtag a - -= ò  is the lower incomplete Gamma function. 

The joint pdf of 
( )tLg and (Lt−1) of (Lt, 2; Lr) TAS/STBC system can be expressed as [72] 

, 2 1 21 2

2

1 2 2 1 2( , ) ( 1)[ ( )] ( ) ( )tL

t tp L L P P P
g g g g gg g g g g-= -                             (4.5) 

In this chapter, we focus on the error performance of the TAS/STBC scheme with three and 

four antennas. Therefore when the number of transmit antennas Lt=3 and 4 the joint pdf 

expressions can be simplified as 

, 2 1 21 2
1 2 2 1 2( , ) 6 ( ) ( ) ( )p P P P

g g g g gg g g g g=                                                 (4.6) 

and 

, 2 1 21 2

2

1 2 2 1 2( , ) 12[ ( )] ( ) ( )p P P P
g g g g gg g g g g=                                           (4.7) 

4.3 Error Performance Analysis of TAS/STBC Scheme 

The average BER expression for BPSK of the (Lt, Lr) TAS/STBC scheme can be 

expressed as [26] 

0

( 2 ) ( )
bBPSK b b bP Q P dgg g g

¥

= ò                                                            (4.8) 
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Substituting (4.2) into (4.8) we have 
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Using the alternative representation of Gaussian Q function [67], (4.9) can be further written 

as 
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For the (3, 2; Lr) TAS/STBC scheme, substituting (4.6) and (4.3) into(4.10), yields 
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Using (4.3) and [82, (8.354-1)] C1 can be further written 
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Therefore (4.11) can be simplified as 
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Using [73, (6.455-2)] and Eq. [74, (46)], the BER expression for BPSK of the TAS/STBC 

scheme with three transmit antennas can be obtained a    
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From (4.14), the BER expressions for BPSK of the (3,2;1) and (3,2;2) TAS/STBC scheme 

are derived as 
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For the (4, 2; Lr) TAS/STBC scheme, substituting (4.7) and (4.3) into (4.10), (4.10) is 

expressed as 
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Using (4.3) and [73, (8.354-1)] D1 is equivalent to 
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Thus the BER expression in (4.17) is reduced to 
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By using [73, (6.455-2)] and Eq. [74, (46)], we can have the BER expression for BPSK 

of the TAS/STBC scheme with four transmit antennas as 
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Substituting Lr=1 and 2 into (4.20) We have the BER expressions 
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for the (4,2;1) TAS/STBC scheme and 
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for the (4,2;2) TAS/STBC scheme. 

For the TAS/STBC scheme with three and four transmit antennas, considering that 
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(4.14) and (4.20) can be approximated as 
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which clearly shows that the TAS/STBC scheme can achieve a full diversity order of t rmL L . 

For some special cases, we have 
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for the (3,2;1) TAS/STBC scheme, 
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for the (3,2;2) TAS/STBC scheme, 
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for the (4,2;1) TAS/STBC scheme, 
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for the (4,2;2) TAS/STBC scheme. 

(4.24) can be written as 
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4.4 Chapter Summary 

 In this chapter, we derive the exact error rate expression for performance evaluation 

deriving the exact error rate expression for performance evaluation error performance of the 

TAS/STBC schemes with three and four transmit antennas over Nakagami-m fading 

channels, begins by deriving the probability density functions (pdf) of the TAS/STBC 

scheme. The Gaussian and Marcum Q-functions approach is then applied to obtain the exact 

and BER expressions for BPSK are given. In Nakagami-m fading channels, the TAS/STBC 

scheme can achieve the same full diversity order as the RAS/STBC scheme. The numerical 

results and the performance comparison between the TAS/STBC scheme and the RAS/MRC 

scheme are shown in this chapter 6. 
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                                                                         Chapter 5 

Performance of the JAS/STBC Scheme under Nakagami-m 

Fading Channel 

5.1 Introduction 

Multi-antenna systems have attracted great attention for the system capacity and error 

performance enhancements that they provide. Nevertheless, they suffer from hardware and signal 

processing complexity. Transmit and/or receive antenna selection (TAS and/or RAS) have been suggested 

to maintain the advantages of multi-antenna systems with lower complexity. By performing the signal 

transmission and/or reception through a selected antenna subset that maximizes the instantaneous received 

SNR, full-diversity transmission can be achieved with reduced signal processing complexity [76]-[77]. 

In chapter 3 we evaluated the numerical performances of a RAS in MIMO/STBC system equipped with 

Lr antenna at the receiver side. Again in chapter 4 we showed the performance analysis of transmit antenna 

selection in Alamouti coded MISO systems. In the current chapter we have combined both TAS at the 

transmitter side and RAS at the receiver side to see the improvement in performance metrics. [90].  

Previously, both RAS and TAS have been extensively investigated. In particular, RAS (also 

known as selection diversity or selection combining) has been researched for several decades 

and RAS performances in various channel/correlation models have been comprehensively 

treated. In TAS is analyzed for selecting one antenna at the transmitter. The probability of 

symbol error rate (SER) and bit error rate (BER) of TAS and RAS is derived in previous 

chapter 3
ed

 and 4
th 

respectively. 

Previous works on antenna selection in Rayleigh MIMO channel have introduced some 

antenna selection schemes and obtained exact/approximate bit/symbol error rate (BER/SER) 

performances for binary/M-ary modulations [76]-[77]. In [76] and [78], authors have 

provided exact BER results for different antenna selection algorithms with selection diversity 

transmission (i.e., single TAS)/maximal ratio combining (SDT/MRC) for binary phase shift 

keying (BPSK). Also, in [79], exact SER performances of systems which use combined SDT 

and generalized selection combining (GSC) have been examined for M-ary modulations. A 

pair wise-error probability (PEP)-based analysis of TAS with space-time coding [79] has 

been given in [80] and [81]. In [81], authors have also carried out the PEP-based SER 

analysis of joint transmit and receive antenna selection case. [82] has considered a diversity 
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system with single antenna selection at both transmit and receive ends. Exact BER/SER 

analyses of TAS/space-time block coding (STBC) systems have been given in [83] and [84]. 

In [83], the exact SER expressions have been derived for BPSK, binary frequency shift 

keying (BFSK), M-ary phase shift keying (M-PSK) and M-ary quadrature amplitude 

modulation (M-QAM) signals with Alamouti coded transmission. [84] has presented the 

BER analysis of M-PSK signals by generalizing the number of selected transmit antennas. 

For independent and identically distributed (i.i.d.) Nakagami-m fading, MGF-based SER 

analysis of SDT/MRC scheme using M-ary modulations has been well investigated in [85] 

and [86]. Also a more extensive study on the SDT/MRC scheme for independent but non-

identically distributed Nakagami-m fading case has been reported in [87].   

In this chapter, by using the MGF-based analysis method, exact average BER expressions of 

joint SDT&SC (i.e., single TAS & single RAS) scheme are derived for BPSK modulations in 

i.i.d. and flat Nakagami-m MIMO fading channels, which have drawn considerable attention 

since it is a generic fading model covering both severe and weak fading scenarios via the 

parameter m [88]. Besides, derivation of upper bounds for BER expressions has paved the 

way for observing the diversity order of the systems. Our results are not restricted to 

independent MIMO channels but can also handle arbitrary correlated Rayleigh, Nakagami-m, 

or Rician fading channels. 

4.2 System and Channel Model 

We consider a multi-antenna system that has Nt transmit and Nr receive antennas. So 

we can say that is t rN N´  MIMO system. The MIMO channel is assumed to be slow fading. 

The slow-fading channel gains are available at the receiver. Since receiver knows the channel 

gains and selects a subset of Lt transmit antennas and Lr receive antennas. The selection 

information is conveyed to the transmit side via a feedback link. The number of feedback bits 

required is log2[ ]. Orthogonal space-time block code (OSTBC) signal matrices are sent 

over the subset of selected transmit antennas. 

Antenna selection for multiple-input–multiple-output (MIMO) Systems a Promising low-

complexity technology has received much attention in the Wireless community. One 

attractive way to reduce the number of RF chains is antenna selection [85, 86, 87, 88]. 

Systems equipped with this capability optimally choose a subset of the available transmit and 
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receive antennas and only process the signals associated with them. This allows maximally 

benefiting from the multiple antennas within given RF complexity and costing constraints. 

Let ,i jH hé ù= ë û be the t rN N´ channel matrix. The channel gains between the transmit  

antenna  and the receive antenna  are denoted by hi,j  for i= 1,2, … ,Nr  and   j=1,2, … ,Nt are 

follow the Nakagami-m fading model.  

Let the r tL L´ channel matrix after antenna selection be HH . The received signals can be 

expressed by 

s

t

E
Y HX N

L
= +HX NHXX                                                                             (5.1) 

Where sE the energy of the transmitted symbol is, Y is the rL T´ received signal matrix, X

represents the tL T´ transmitted signal matrix, and T are the block symbol periods. The 

elements of N are independent identically distributed Gaussian random variables denoted by

0(0, )CN N . 

Where, 0N is  noise variance. 

         To maximize the total received signal power for OSTBC transmission, the subset of 

transmit and receive antennas that yields the largest channel norm should be selected. There 

are 
t r

t r

N N
N

L L

æ öæ ö
= ç ÷ç ÷

è øè ø
possible selections of transmit and receive antennas. The jth  channel 

matrix (after antenna selection) out of the N possible antenna subsets, which is denoted as jH jH

(1 ≤ j ≤ N), is a sub matrix of H formed by selecting certain Lt columns and Lr rows from H. 

With OSTBC transmission, the maximum-likelihood decoder (with perfect channel 

information) decomposes the MIMO system to Q independent single-input–single-output 

(SISO) channels [89]. In the case of the j
th

 antenna subset selection, it can easily be shown 

that these equivalent SISO channels have the following effective SNR per symbol [90]: 

                                      
2 2 2

0

s
j j j j

F F F
s t s t

E
H H a H

R L N R L

r
g = = =

2 2 22 2 22 2 22 2 22 2 22 2 22 2 22 2 22 2 2

j j jj j jj j jj j jj j j j
F F FF F FF F F

j j j jj j jj j jH H a Hj j j jj j j jj j jj j jj j jj j jj j jj j jj j jj j jj j jj j jj j j

r2 2 22 2 2

H HH                                    (5.2) 

J=1, 2… N , where, sR  is the symbol rate (in symbol per second), 0sE Nr = is the transmit  

SNR, and 0s s ta E R L N= . The receive SNR of T-RAS with OSBTC transmission is then  

equal to 
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{ }1max ,....... Ng g g=                                                                        (5.3) 

Let g  denotes the instantaneous SNR of received output signal. Clearly, selecting the best  

antenna hence corresponds to selecting the antenna for which this effective SNR is  

maximized. 

For T-RAS with Lr receive selected antenna and Lt transmit selected antenna over Nakgami 

random variants with fading parameter m and squared mean 
2

,i jE hé ùW = ê úë û
, where [ ]E ×

denote the xpectation operator. Therefore, the instantaneous channel gain which can be 

denoted by 
2

, ,i j i jX h= ,   follows a Gamma distribution with probability density function 

(PDF) 

1

( ) , 0
( )

m m mm e
p

m

g

g

g
g g

- - Wæ ö= ³ç ÷W Gè ø
                                                      (5.4) 

and with a cumulative distribution function (CDF) 

( ),
( ) , 0

( )

m m
P

m
g

g g
g g

W
= ³

G
                                                            (5.5) 

Where  1

0
( ) ,Re( ) 0,s ts t e dt s

¥ - -G = >ò  denotes the Gamma function and 

1

0

( , ) ,Re( ) 0,
x

t ss x e t dt sg - -= >ò denotes the incomplete Gamma function. Note that the CDF in 

(5.5) can be expressed as 

( )
1

0

1
( ) 1 , 0

!

m
km

k

P e m
k

g
g g g g

-
- W

=

= - W ³å                                            (5.6) 

for integer values of fading parameter m.  

Before every transmission period, antenna selection process determines the transmit antenna 

and receive antenna pair which will be used for transmission and reception by comparing all 

combinations of. Simply, using (5.7), indices of transmit and receive antennas are determined 

in order to maximize the channel gain. 

{ }
1
1

, arg ,max{ }
R

T

T R

i N
i N

I I i jg
£ £
£ £

æ ö
ç ÷

= ç ÷
ç ÷
è ø

                                                         (5.7) 
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We denote the maximum value of 
,i j

g  by Z, such that the instantaneous received SNR per 

bit will be ,Zg g= where 0sE Ng = the average SNR. sE denote the average energy  per 

symbol at the transmitter and N0 denotes the one sided power spectral density of the additive 

white Gaussian noise (AWGN) at each receive antenna. With the help of highest order 

statistics described in [16], the CDF of the output SNR is readily obtained as 

( ) [ ( )] R Tn n

ZP Pgg g=                                                                             (5.8) 

5.3 Error Performance Analysis of T-RAS/STBC Scheme 

  In this section, based on the order statistics given in the previous section, the MGF 

expression of the output SNR is obtained for joint SDT&SC scheme. Then, the average BER 

analyses have been carried out for BPSK and BFSK modulations.  

The received SNR for transmit and receive antennas, selected for transmission and reception, 

follows a distribution with a CDF given in (5.8). Besides deriving the PDF of the output SNR 

and using its Laplace transform which will give us the MGF as  

0
( ) ( )bs

ZM s e f d
g g

g g g
¥ -= ò                                                                  (5.9) 

it is also possible to derive the MGF expression by means of the Laplace transform of the 

CDF expression. Using the differentiation property of the Laplace transform 

{ ( )} { ( )},z b ZL f s L Fg g g=  where {}L ×  denotes the Laplace transform operator, one can easily 

obtain the MGF as 

0
( ) ( )bs

b ZM s s e F d
g g

g g g g
¥ -= ò                                                          (5.10) 

Substituting CDF expression in (5.8) into (5.10) results in 

[ ]
0

( ) ( )
R T

b

n n
s

b ZM s s e F d
g g

g g g g
¥ -= ò                                                 (5.11) 

By using binomial expansion over the CDF expression in the integrand in (5.11), we obtain 

the identity 

[ ]
( 1)

0 0

( ) ( 1) ( , )
R T

R T

n n p m
n n R T p k p m

Z k

p k

n n
F p m e

p
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-

- W

= =

æ ö
= -ç ÷

è ø
å å                    (5.12) 

( , )k p mm Denotes the multinomial coefficients given in [91, eq(0.314)] 
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Where 0 ( , ) 1p mm =  and 
1

( , ) ( ( 1) )(1 !)( ) ( , ), 1.
k t

k k tt
p m t p k t m p m k

k
m m -= + - W ³å  

Then, the MGF expression of the output SNR in (5.11) can be derived as 

                [ ]
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Since we obtained the MGF expression of output SNR, the derivation of exact BER 

expressions of BPSK modulations is straightforward. The average BER of BPSK has been 

defined as a function of MGF expression as [93] 

2
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1
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bp e M
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p f

æ ö
= ç ÷
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Where 1l = for BPSK and 0.5l = for BPSK substituting the MGF in (5.14) into (5.15) 

results in 
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By making the change of variable 2sint f=  in the integral in (5.16) and using the definition 

of Appell hyper geometric function given in [17, eq.(3.211)], the exact average BER of 

BPSK and BFSK signals for the joint SDT&SC scheme in Nakagami- fading channel can be 

easily obtained as 

( )
( 1)

2
1 1 2

0 0

( ) ( )1
( ) ( 1) ( , ) ( , , ; ;1, )

( )

R Tn n p m
kR T p

b k b
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n n b a
p e p m F a b b c

p c
m lg n

p

-
-

= =

æ ö G G
= - -ç ÷ Gè ø
å å               (5.17) 

Where the parameters are 0.5,a k + 0.5,k +
1 0.5,b 0.5, 1 0.5,b 0.5, 1.5,b k +1.5,k +

 
and ( ) bmpn lgW( )( )( )mp . 

Note that F1 can be easily calculated by using well known software programs such as 

MATHEMATICA and MAPLE.   

Since, exact BER expression in (5.17) does not help much about the observation of the 

diversity orders obtained by joint SDT&SC scheme, we derive upper bound expressions for 

the error probabilities which will give us the diversity orders of the systems clearly. We use 

the high-SNR approximation technique suggested in [93] in order to obtain upper bound 

expressions for error probabilities of BPSK/BFSK.  
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The relation between the asymptotic error performance of a system and the behavior of PDF 

of the output SNR has been well investigated in [93]. One can express the error performance 

of a modulation technique that has a conditional error probability (CEP) of ( )bQ kg as 

( ) ( 1) ( 1)2 ( 1.5)
( )

( 1)

t
t t

E b b

a t
p k o

t
g g

p
- + - +G +

= +
+

                                       (5.18) 

if it is possible to express the PDF of the output SNR in the form ( ) ( ),t t

Zf a og g g= +

a>0.The PDF of the output SNR can be obtained easily by differentiating the CDF of the 

output SNR in (5.8) as 

     1( ) ( )[ ( )] T Rn n

Z T Rf n n f Fg g g -=                              (5.19) 

Then, by using (2) and the series representation of the incomplete Gamma function given in 

[17, eq.(8.354.1)], (5.19) can be expressed as 

                         (5.20) 

So, for joint SDT&SC scheme the parameters are found as 

( ) ( 1)T R T Rmn n n n

T Ra m mn n m= W G +  and 1,T Rt mn n= - after some manipulations as in [89]. 

Therefore, (18) can be rewritten as  
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                              (5.21) 

for any modulation technique whose CEP can be described as  the linear combination of 

( )bQ kg . For BPSK modulations, 2k l= , where is as described before. So, for BPSK 

modulations, the asymptotic BER performances can be directly obtained as 

1( 0.5)2
( ) ( )

2 ( 1)

T R

T R

T R

mn n

mn nT R
b mn n

b

mn nm
p e o

kk m
g

g p
-æ ö G +

= +ç ÷W G +è ø
                   (5.22) 

Upper bound expression for BPSK/BFSK modulations given in (5.22) show that the joint 

SDT&SC schemes achieve full diversity order of R Tmn n . 

5.4 Chapter Summary 

In this chapter, we have derived exact MGF and BER performance results of 

multiple-input multiple-output (MIMO) systems employing both transmit and receive 
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antenna selection (TAS/RAS) for BPSK modulations in Nakagami-m fading. Exact bit error 

rate (BER) expression for binary phase shift keying (BPSK) and binary frequency shift 

keying (BFSK) modulations are derived by using the moment generating function (MGF)-

based analysis method. In this analysis, the transmit-receive link that maximizes the 

instantaneous received signal-to-noise ratio (SNR) is selected for transmission and reception.  

We also drive, the upper bounds for exact expressions we have shown that the systems 

achieve full diversity order, which is the product of the number of transmit antennas, the 

number of receive antennas and the fading parameter and also shown in exact and upper 

bounded BER expressions in (5.19) and (5.22), respectively. 
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     Chapter 6  

Simulation Result and Discussion 

 

In this chapter, we show the selected graphical result to present the error performance  

of the last three different antenna selection techniques i.e. transmit, receive and joint antenna 

selection with vary number of antenna at transmitter and receiver side in BPSK modulation 

under the Rayleigh channel which is the special case of Nakagani channel where m=1. In this 

chapter, we also show the most important differences in terms of performance for their 

respective antenna selection scheme. 

Fig.6.1 plots capacity Vs nT and nR which shows the MIMO (multiple-input and multiple-

output) system can improve the performance of wireless System in terms of capacity and rate 

without extra allocation of extra spectrum. MIMO can be used to increase data rate through 

multiplexing or to improve performance through diversity.  

 

       Figure 6.1. MIMO channel capacity with nT and nR antenna in Rayleigh channel (m=1) 
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Fig 6.2 shows the MATLAB simulation of bit error probability (BER) of BPSK modulation. 

In ideal channel, but practically channel is not ideal due to propagation delay error introduces 

in the system. This curve depicted that over theory and simulation result are exactly same in 

ideal case.   

 

 

                              Figure 6.2 Bit error probability of BPSK modulation 
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After using the channel coding with STC Alamouti code, we get the better performance in 

the wireless system as clearly shown in fig.6.3 of MATLAB simulated graph. The 

performance enhance is due to STC schemes combine the channel code design and the use of 

multiple transmit antennas. By this the encoded data is split into nT streams that are 

simultaneously transmitted using nT transmit antennas. The received signal is a linear 

superposition of these simultaneous transmitted symbols corrupted by noise and channel-

induced ISI. Space-time decoding algorithms as well as channel estimation techniques are 

incorporated at the receiver in order to achieve both diversity advantages and coding gain. 

 

Figure 6.3.Improvement of SNR Vs BER using MIMO/STC code in Rayleigh    

Channel (m=1) 
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The performance analysis of receive antenna selection shows by the fig.6.4 and fig.6.5. Here 

fig.6.4 depicted how the SNR will improve according to number of selected receive antenna.   

       

Figure 6.4 Improvement of SNR in MIMO/STBC system with nR selected antenna in 

Rayleigh channel (m=1) 
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Figure 6.5 SNR Vs BER curve in MIMO/STBC system with RAS in Rayleigh channel (m=1) 
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Figure 6.6. Improvement of SNR in MIMO/STBC system with nT selected antenna in 

Rayleigh channel (m=1) 
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Figure 6.7 SNR Vs BER curve in MIMO/STBC system with TAS in Rayleigh channel (m=1) 
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Fig.6.7 depicts the four possible choices for joint transmit and receive antenna selection. The 

plot predicts that as the number of transmit and receive antenna selection increase we got a 

batter SNR Vs BER. Clearly, statistical selection can significantly enhance performance 1.5-

2 dB. In general, these gains will vary depending on the exact structure of antennas.   

 

Figure 6.8 Improvement of SNR in MIMO/STBC system with nR and nT selected antenna in 

Rayleigh channel (m=1) 
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Figure 6.9 SNR Vs BER curve in MIMO/STBC system with T-RAS in Rayleigh channel     

(m=1)    
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Figure 6.10 SNR Vs BER curve in MIMO/STBC system with all three possible AS in 

Rayleigh channel (m=1) 
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    Chapter 7 

Conclusion and Future Scope 

7.1 Conclusion 

This thesis has investigated two MIMO schemes combining maximal-ratio combining and 

space-time codes with transmit antenna selection for reliable wireless data transmissions over 

Nakagami-m fading channels. The system model of each scheme was detailed and the error 

performance was analyzed. Based on the MGF-based and Gaussian Q-functions approaches, 

the exact expressions for the RAS, TAS and JAS scheme were derived. 

Chapter 1 presented the brief introduction of MIMO systems and a challenging issue which 

was reliable wireless transmission in harsh propagation environments. The antenna selection 

techniques were used to reduce the implementation costs of MIMO systems. Diversity 

techniques that are effective approaches to combat the effect of multiple fading were 

introduced in this chapter. The Alamouti scheme that used two transmit antennas and a 

simple linear processing to achieve a full diversity order was reviewed as well. This chapter 

also introduced the research methodology including the MGF-based and Gaussian Q-

functions error performance evaluation approaches. 

Chapter 2 reviewed the fundamental background materials related to this thesis. Brief 

introductions of digital communication systems, MIMO systems model and antenna selection 

techniques were presented. Digital modulations, fading channels, diversity combining 

techniques, Alamouti scheme and space-time block codes were reviewed. Diversity and 

coding gain that are the most important parameters quantifying the error performance of a 

MIMO system were also shown in this chapter. 

Chapter 3 analyzed an RAS scheme in which system select an antenna that maximize the 

received signal SNR over Nakagami-m fading channels. For both Nakagami-m fading 

channels with arbitrary and integer fading parameters m, the exact BER expressions for 

BPSK and SER expressions for BPSK modulations were derived by using the MGF-based 

approach. From the asymptotic BER and SER expressions obtained, it can be shown that the 

RAS scheme can achieve a full diversity order which is equal to the product of three 

parameters: the Nakagami fading parameter m, the number of transmits antennas and the 

number of receive antennas. The numerical results of the RAS scheme with different transmit 
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and receive antennas over Nakagami-m fading channels with different values of m were 

presented. The analytical results were verified by the simulation results of chapter 6. 

For the RAS scheme, no transmit diversity will be achieved if the feedback link fails. 

Therefore, a scheme which provides reasonable protection in the case of feedback failure was 

developed. Chapter 4 presented a scheme in which space-time block codes is combined with 

transmit antenna selection. In the TAS scheme, two antennas are selected out of all the 

available transmit antennas. The exact and asymptotic BER expressions for BPSK of the 

TAS scheme with three and four transmit antennas over Nakagami-m fading channels were 

derived. It was explicitly shown that the TAS scheme achieves a full diversity order. We also 

presented the comparison between the RAS scheme and the TAS scheme. That shows the 

RAS scheme achieved better error performance than the RAS scheme with the same transmit 

and receive antennas. All the theoretical analysis was verified by simulation results of 

chapter 6. 

Similarly in chapter 6 we have derived exact MGF and BER performance results of joint 

RAS /TAS scheme for BPSK modulations in Nakagami-m fading channels. Also, by deriving 

upper bounds for exact expressions we have shown that the systems achieve full diversity 

order, which is the product of the number of transmit antennas, the number of receive 

antennas and the fading parameter.  As indicated in Fig. 6.2 and Fig. 6.3, the BER 

performances of diversity schemes can easily achieve great improvements due to higher 

diversity orders yielded by the increase in the number of available transmit and/or receive 

antennas in joint AS scheme. For a moderate BER level of 10-3Eb/N0 [dB] , the increase in  

the total number of antennas at transmit and receive ends up to 5 yields SNR gains up to 19 

dB as shown in Fig.6.3. Simply, the numbers of transmit antennas and receive antennas 

which give the same product, provides the same diversity order. Since both sides select only 

a single antenna, the same diversity order provided by any combination of and at joint AS 

scheme, corresponds to exactly the same BER performance.  
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7.2 Future Scope 

We conclude with some brief remarks on future extensions of the work presented in this 

thesis. Future scope can be done on different fields associated with the work discussed in this 

thesis as: 

1. Performance analysis of the systems considering different propagation 

environments, i.e. changing the wireless channel from  Rayleigh to Nakagami-m 

and  Rician fading channels where correlation between the fading coefficients still 

exist . 

2. AS will be tested for other modulation types, such as QAM, FSK, and DPSK. 

3. As Alamouti’s transmit diversity provides solely a diversity gain, whereas STTC gives both 

diversity gain and coding gain so it is interesting to analyze the performance of systems employing 

space-time Trellis code (STTC) at the transmitter. 

4. Performance analysis of a system incorporating delay in between transmitter and receiver. 
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