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ABSTRACT 

 

THE EFFECTS OF ERROR CORRECTING CODES ON   

MIMO-OFDM SYSTEM USING OSTBC 

 

 

GAMAL MAHMUD ALAUSTA 

Ph.D., Department of Electronic and Communication Engineering 

Supervisor: Prof. Dr. Halil Tanyer EYYUBOĞLU 

 

DECEMBER 2020, 96 pages 

 

 

The objective of this thesis is to study whether the combination of  rthogonal  pace-

 ime  lock  oding (     ) for  ultiple- nput- ultiple- utput (    ) and 

 rthogonal  requency  ivision  ultiplexing (    ) technologies in wireless 

communication systems would significantly improve the transmission reliability over 

multi-path      fading channels. A      system takes its benefits from spatial 

diversity, which is obtained from spatially separated antennas in a dense multipath 

scattering environment. In order to use the additional antennas for spatial diversity, 

the      method implements  pace- ime  lock  oding. There are different types of 

 pace- ime  oding techniques, such as  lamouti  pace  ime  oding,  rthogonal 

 pace- ime  oding,  uasi  rthogonal  pace  ime  oding, etc. The  rthogonal 

 pace-Time  oding technique is preferable over other techniques because it provides 

more reliable  ransmission than other  pace- ime  oding techniques by utilizing the 

same number of transmitting and receiving antennas.      system is an excellent 

way to utilize the spectrum. In contrast to serial communication systems,      is a 

type of parallel data transmission that promises a lower reduction in service quality 

with a higher data rate. In     , a single channel on adjacent frequencies uses 

multiple sub-carriers. The      (     )-     combination system is currently  
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accepted for modern mobile wireless communication schemes as one of the most 

competitive technologies. In this thesis, an       configuration is proposed for 

    -     systems in 1 × 1, 2 × 2, 3 × 3 and 4 × 4 antenna configurations. In this 

work, analyses of modulations such as     , 16-    and 64-    on the      

(     )-     system are presented and for the analysis, Rician and Rayleigh 

channels are used. Their effects are studied in detail on the bit error rate for high data 

rates. A comparative study shows that the performance of     -     using 

      with different types of modulation improves for high order antenna 

configurations for channel conditions and a given data rate. Such a performance 

improvement inevitably leads to a lower bit error rate (   ). 

 

Keywords:     ,     ,      , Rayleigh fading channel, Rician fading channel, 

BER. 
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ÖZ 

 

OSTBC KULLANARAK MIMO-OFDM SİSTEMİ ÜZERİNDEKİ HATA 

DÜZELTME KODLARININ ETKİLERİ 

 

 

GAMAL MAHMUD ALAUSTA  

Doktora, Elektronik ve HaberleĢme Mühendisliği Anabilim Dalı 

Tez Yöneticisi: Prof. Dr. Halil Tanyer EYYUBOĞLU  

Aralik 2020, 96 sayfa 

 

Bu tezin amacı, kablosuz iletiĢim sistemlerinde Çoklu GiriĢ-Çoklu ÇıkıĢ (    ) ve 

 rtogonal Frekans Bölmeli Çoğullama (    ) teknolojileri için  rtogonal Uzay-

Zaman Blok Kodlama (     ) kombinasyonunun çok yollu MIMO sönümleme 

kanalları üzerinden yapılan iletiĢimin güvenilirliğini önemli ölçüde iyileĢtirip 

iyileĢtirmediğini araĢtırmaktır. Bir      sistemi, yoğun birçok yollu saçılma 

ortamında uzaysal olarak ayrılmıĢ antenlerden elde edilen uzaysal çeĢitlilikten 

yararlanır. Uzaysal çeĢitlilik açısından ek antenleri kullanmak için,      yöntemi 

uzay-zaman blok kodlamasını uygular. Alamouti Uzay Zaman Kodlaması,  rtogonal 

Uzay-Zaman Kodlaması, Yarı  rtogonal Uzay Zaman Kodlaması ve benzerleri gibi 

farklı Uzay-Zaman Kodlama teknikleri vardır.  rtogonal Uzay-Zaman Kodlama 

tekniği aynı sayıda verici ve alıcı anteni kullanarak diğer Uzay Zaman Kodlaması 

tekniklerinden daha güvenilir iletim sağladığı için diğer tekniklere göre tercih edilir. 

     sistemi, spektrumu kullanmanın mükemmel bir yoludur. Seri iletiĢim 

sistemlerinin aksine     , daha yüksek bir veri hızı ile hizmet kalitesinde daha 

düĢük bir azalma öngören paralel bir veri aktarım çeĢididir.     'de, bitiĢik 

frekanslardaki tek kanal, birden çok alt taĢıyıcı kullanır.      (     )      

kombinasyon sistemi Ģu anda modern mobil kablosuz iletiĢim Ģemaları için en 

rekabetçi teknolojilerden biri olarak kabul edilmektedir. Bu tezde, 1 × 1, 2 × 2, 3 × 3  
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ve 4 × 4 anten konfigürasyonlarında           sistemleri için bir       

konfigürasyonu önerilmiĢtir. Bu çalıĢmada      (     )      sistemi üzerinde 

    , 16     ve 64     gibi modülasyonların analizleri sunulmuĢ ve analiz için 

Rician ve Rayleigh kanalları kullanılmıĢtır. Etkileri, yüksek veri hızları için bit hata 

oranı konusu ile ilgili olarak ayrıntılı bir biçimde incelenmiĢtir. KarĢılaĢtırmalı bir 

çalıĢma, farklı modülasyon türleri ile       kullanan     -    'nin 

performansının, kanal koĢulları ve belirli bir veri hızı için yüksek sıralı anten 

konfigürasyonları için iyileĢtiğini göstermektedir. Böyle bir performans kaçınılmaz 

olarak daha düĢük bir bit hata oranına (   ) yol açmaktadır. 

 

Anahtar Kelimeler:     ,     ,      , Rayleigh sönümleme kanalı, Rician 

sönümleme kanalı, BER. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Wireless systems, the most significant communication systems in recent times have 

been growing steadily. Digital communication systems have succeeded in wireless 

communication systems for reasons associated with cost, bandwidth, flexibility, etc. 

For improved quality of service ( o ), different channel coding, multiple access 

schemes, data rates, bit error ratio (   ) and reliability throughput have been 

investigated by researchers for their advantages in design considerations. 

Forthcoming wireless communication networks are expected to include widespread 

access with higher speeds and higher reliability. In cellular networks, there has been 

a transition from  niversal  obile  elecommunication  ystems (    s) to  ong 

 erm  volution (   ) for enhanced data-rates and reliability and expanded coverage 

areas. Similarly, there has been an evolution in wireless local area networks (    ) 

from      802.11n to      802.11ac and      802.11ad to satisfy the increasing 

demand for high-speed wireless applications. Recently, an enhanced     

technology,  rthogonal  requency  ivision  ultiplexing (    ) and Orthogonal 

 requency  ivision  ultiplexing  ccess (     ) have dominated the market as the 

air interface protocol for wideband systems, including those employing multi-

antenna technology. The most common examples include wireless reliability (Wi-Fi), 

worldwide interoperability for microwave access ( WiMAX ), digital audio/video 

broadcasting (   /   ), and    . The      scheme has been preferred because it 

is more robust than frequency selective transmissions.      is efficiently applied 

using the  ast  ourier  ransform (   ), which enables the use of frequency domain 

equalization, an additional scheme for reducing multipath. Thus, mobile base stations 

are expected to offer easy services irrespective of the mobile speed. Modern 

broadband technologies must be able to provide excellent QoS at high speed. 
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Moreover, modern telecommunication systems use multiple antennas. To achieve a 

rich and seamless  o ,      designs must yield an excellent diversity gain and 

spatial diversity index. 

1.2 OFDM 

     is a common technique for high data rate wireless transmission methods [1]. 

     has been adopted in several wireless standards, such as  igital audio 

broadcasting (   ),  igital video broadcasting (   ), the      802.11e [2]     

standard, and the      802.16a [3]     standard. Likewise,      is used for 

 edicated short-range communications (    ) on the roadside for car 

communications, and it can be a possible candidate for the fourth-generation (4G) 

mobile wireless project.      changes a frequency-selective channel into a parallel 

group of the frequency with flat sub-channels. The sub-carriers have the smallest 

required frequency  eparation amount to keep orthogonality of their response time-

domain waveforms and yet the  ignal  pectra response to the various sub-carriers 

overlap in frequency. Thus, the available bandwidth can be used at the highest 

efficiency. If the transmitter has channel information, then the       ransmitter will 

adjust its signaling strategy to match the channel. Since      uses a large group of 

closely spaced sub-channels, these adaptive plans can approximate the ideal water-

pouring capacity of a frequency-selective channel. This is attained in practice by 

using methods of adaptive bit loading, where the signal constellations of various 

sizes are transmitted over the sub-carriers.      is a technique for block modulation 

where a block of   information symbols is transmitted in parallel with   sub-

carriers. The duration of an      symbol is N times greater than a single carrier 

scheme. An OFDM modulator can be used as an      on a block of N data symbols 

followed by an    . To decrease the ISI effects caused by the spread of channel 

time, each block of      coefficients is preceded by a guard interval or a 

   consisting of   samples. This means that the length of the    is at least 

equivalent to the length of the channel. As a result, the effects of the     are easily 

and eliminated. In addition, this method provides an opportunity to the receiver to 

use a very fast signal which processes transforms such as     for      

applications [4]. Similar methods can also be used in single carrier  ystems by 

following all transmitted data blocks of length N by a   , while using frequency-



3 
 

domain equalization at the receiver.      schemes are interesting because of the 

manner in which they handle ISI, which is usually put in by frequency selective 

multipath fading in a wireless communication environment. Every sub-carrier is 

moderated at the minimum symbol rate which allows the symbols to be longer than 

the duration of channel impulse response; therefore, ISI is decreased. In addition, if a 

guard interval is introduced between consecutive      symbols, it can decrease the 

impacts of    . The multipath delay must be shorter than the guard interval. Although 

every sub-carrier activates at the minimum data rate, in total a maximum data rate 

can be achieved by using many sub-carriers.     has either a small or no impact on 

the      schemes; therefore, there is no need for an equalizer from the receiver 

side.      has many benefits compared to other transmission methods. One of the 

benefits is high spectral efficiency (measured in bits/sec/Hz). The orthogonal      

mentions a precise mathematical connection between the frequencies of the sub 

channels that are applied in the      technique. These frequencies are integer 

multiples of a basic frequency. This guarantees that a sub-channel does not intervene 

with other sub-channels despite the sub channels overlapping, which results in 

maximum spectral efficiency.      has been implemented in      802.16a 

   /    and the      802.11a     standards.      is also being considered in 

     802.20A, a standard in maintaining maximum BW connections for subscribers 

moving at speeds of up to 61 Mb/s. The      802.11a     standard works at raw 

data rates of up to 52 Mb/s (permit of channel conditions) with a 20-MHz channel 

spacing; therefore, the outcome will be 2.6 b/s/Hz BW efficiency. The real 

throughput is highly dependent on the MAC protocol. Moreover, depending on the 

conditions of the channel,      802.16a works in various ways through a data rate 

ranging from 4.21 to 22.91 Mb/s in a typical BW of 6.1 MHz. 

1.3 MIMO 

 ultiple antennas can be used at the  ransmitter and  eceiver, an arrangement called 

a      system. A      system takes benefit of the spatial diversity in a dense 

multipath scattering environment that is obtained by spatially separated antennas. 

MIMO systems can be applied in a number of various ways to obtain either a 

diversity gain to combat signal fading or to obtain a capacity gain. In general, there 

are three types of MIMO techniques. The first type to increase the power efficiency 

by increasing spatial diversity. These approaches involve delay of diversity,      
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[5,6] and      [7]. A layered approach is used by the second type to increase 

capacity. One popular example of such a system is V-      proposed by Foschini 

et al [8]. where full  patial diversity is usually not achieved. Finally, the third type 

exploits the knowledge of channel at the  ransmitter. It  ecomposes the  hannel 

coefficient matrix using singular value decomposition and uses these decomposed 

unitary matrices as pre- and post-filters at the transmitter and the receiver to achieve 

near capacity [9]. 

1.4 MIMO-OFDM 

Spatially multiplexed      is known to increase the throughput, otherwise, The 

multipath character of the environment causes the      channel to be frequency 

selective when much higher throughputs are aimed.      can transform such a 

frequency-selective      channel into a set of parallel  frequency-flat      

channels and also increase the frequency efficiency. frequency-flat MIMO channels 

and also increase the frequency efficiency. Therefore,     -      technology has 

been researched as the infrastructure for next generation wireless networks [10]. 

Therefore,     -    , produced by employing multiple transmit and receive 

antennas in an OFDM system has become a practical alternative to a single carrier 

and      transmission [11]. However,  Channel  estimation becomes 

computationally more complex compared to       chemes due to an increase in the 

number of channels to be estimated. Using     , information symbols are 

transmitted over many parallel independent sub-carriers using computationally 

efficient     /    modulation/demodulation vectors. These      schemes, 

combined with     , have allowed for the easy transmission of symbols in space, 

time and frequency [12]. Various coding schemes have been developed to extract 

diversity from the channel. The seminal example is the      that could be used to 

extract spatial and temporal diversity [5]. 

1.5  Previous Work 

The aim of this section is to present the related research in the field of Multiple Input 

Multiple Output Orthogonal and Frequency Division Multiplexing (    -      

systems using Orthogonal Space Time Block Coding (     ): 
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- In 2018, Deshmukh, S. Bhosle, U. [13] analyzed and simulated     -     

with various digital modulation systems such as     ,     , and     

implemented using Alamouti space-time block codes (    ).      uses timeand 

spatial aspects to control error, unlike traditional ways which use the time 

dimension only.     -     using      with      modulation was further 

simulated and analyzed for different antenna configurations. It was observed that 

as the number of antennas at the transmitter and receiver side rises, the diversity 

of the system increases and enhances bit error rate performance. 

− In 2017, A. Agarwal and Saurabh N. Mehta [14] presented an overview of 

wireless     -     technology, which covered the advances in physical layer 

design, different time- pace codes, frequency- pace codes and interleaving to 

yield reduced bit error rate performance (   ) along with concatenated forward 

error correction methods. 

− In 2016, Sudhir Sawarkar and Swati Dutta [15] compared the bit error rate 

efficiency of the 16-    and 64-    modulation methods with and without 

interleaving processes. Furthermore, the performance of the     -     system 

using the       coding technique was analyzed and compared with convolution 

coding. 

− In 2014, A. Pandey and S. Sharma [16] compared      technology performance 

using various modulation systems under the impact of      and Rayleigh 

fading channel effects. In order to understand the impact of channel fading and to 

enhance efficacy of the     value,      signal simulations were performed 

with Rayleigh faded signals. 

− In 2013, K. Chaudhar, D. Vishwakarma and A. Patel. [17] aimed to evaluate the 

efficiency of the BER parameter of     -     technology and      for the 

     channel along with a simulation channel with the support of      and 

 -    modulation schemes. 

1.6 Objectives 

 In this thesis, a simulation model is developed based on the fundamental architecture 

of the           system. The performance of the           system for 

various input modulation schemes (such as     , 16     and 64    ) under a 
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fading channel is analyzed using this model. Channel coding, such as convolutional 

coding, is one of the important elements determining the performance of the scheme. 

The initial attempt performed an analysis using the Rayleigh fading MIMO channel 

for the scheme with different input modulation types. 

− Then, the system under the Rician fading channel is tested. Here, the entire 

process is repeated for different modulation techniques. 

− The analysis of the     -     system using       (1 × 1, 2 × 2, 3 × 3 and 

4 × 4) code structure is conducted, in which the first numeral refers to the number 

of transmitting antennas, and the second numeral refers to the number of receiving 

antennas. BER analysis is also included. 

− For the fundamental model of      systems, by adding the blocks of      and 

     , simulation runs are performed for the most ideal channel, 

i.e.,      with the Rayleigh fading channel, at different modulation techniques 

and for different antenna configurations using       code structure, which are 

repeated. 

− Similar to the study above, the system performance under the Rician fading 

channel is tested. The entire process is repeated for different antenna 

configurations and with different modulation techniques. 

1.7 Organization of the Dissertation 

This thesis consists of five chapters in total, structured as follows: 

Chapter 1: Introduction, which consists of an introduction to the      technique 

and its application, followed by a brief introduction to the      system. 

Chapter 2: This chapter presents how      systems consist of the basic principles 

of the      system, along with its advantages and disadvantages. 

Chapter 3: In this chapter, we present how      systems consist of a basic      

System model,      with       and signal detection. 

Chapter 4: This chapter presents the     -     system and consists of a detailed 

discussion of the study of     -     systems along with a number of modulation 

techniques and Space Time Coding techniques. In addition, the detection techniques 

for the     -     system is briefly discussed. 

Chapter 5: Results and Discussions are presented with a discussion of the results 

simulated using MATLAB 2018a, starting with the Rayleigh channel and the Rician 
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channel for our model, for different modulation techniques and different antenna 

configurations. A complete analysis of     is presented. 

Chapter 6: In the final chapter, the conclusion of the thesis is presented, including a 

discussion of the results. 
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CHAPTER 2 

OFDM SYSTEMS 

2.1 Introduction 

 rthogonal  requency  ivision  ultiplexing (    ) is a multicarrier multiplexing 

method that  ivides a wideband into many narrow bands.      is one of the most 

common techniques for a parallel-data- ransmission scheme, which  educes the 

effect of multipath fading and makes complex equalizers redundant. Based on the 

principle of modulating each data stream on subcarriers,      divides high-bit data 

streams in to several lower bit rate data streams. The input data are separated into 

parallel streams, every narrow-band modulating a different subcarrier. The narrow-

band waveforms have sidebands that overlap, but they are orthogonal to each other. 

Because the wideband is de-multiplexed into several narrow-bands, it allows the 

scheme to increase the throughput of a system by multiplexing large amounts of data. 

One      symbol block comes from a sum of these narrowband waveforms. To 

guard the symbol blocks from interfering with one another through a channel, a 

cyclic prefix (  ) is used, which must be of the order of the channel delay spread. 

The proportion of time occupied by the    represents an overhead. However, the 

effective data rate of an      technique is high with very good spectral efficiency. 

     is widely used in the design of wireless communication techniques, such as 

wireless fidelity (Wi-Fi) [18], worldwide Interoperability for microwave access 

(WiMAX) [19-21], satellites [22],  ong- erm  volution (   ) [23],    - 

Advanced [24,25], digital audio and video broadcasting (DAB/DVB) [26], etc. 

     is traditionally designed using the  ast  ourier  ransform (   ), a 

computationally efficient tool that implements the  iscrete  ourier 

 ransform (   ) [27]. Variations of      using the  avelet  ransform (  ) also 

have applications in power line  ommunications (   s) [28]. 
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2.2 Brief History of OFDM 

Bell laboratories, in the late 1960s, studied channel partitioning to generate a finite 

set of parallel independent sub-channels [29]. In 1966,  hang of  ell laboratories 

exploited this to propose the first      scheme for dispersive fading multi-channel 

data  ransmission and  eceived a patent in 1970 [30, 31]. In 1971,  bert and 

 einstein introduced the     to replace the bank of sinusoidal generators required 

in the modulators and demodulators of the equivalent frequency  ivision 

multiplexing (   ) systems [32]. The     realized the     to create orthogonal 

waveforms using the     [32]. The     generates time domain orthogonal 

waveforms using the inverse-    (    ) in the transmitter and     in the  eceiver. 

These were used with a guard interval [32]. In 1985,      was suggested to be used 

in mobile communications [21] and it was adopted in  igital  ubscriber lines (   s) 

in 1993 [19]. In 1997,      was proposed for    -terrestrial (   -T) by the 

European Telecommunications Standard Institute (ETSI) and in Wi-Fi wireless local 

area networks (    s) (e.g.,      802.11g) in 1999 [21]. Currently,      is used 

in    ,  ireless personal networks (   s) such as      802.15.3a and other Wi-Fi 

    s such as      802.11a/n [18-26]. In long  istance  ireless  ransmissions to 

support mobile Internet services such as WiMAX (e.g.,      802.16d-2004 and 

     802.16e-2005, both amended in 2006 as      802.16m),      is 

used [33-34]. In fact, WiMAX was the first cellular standard to employ      [35]. 

WiMAX supports mobility up to 120 km/hr. and uses space-time block coding [35]. 

     renovated the     used in    generation cellular systems, and it has been 

proposed for     and    -Advanced. Compared to    ,      saves 50% of the 

transmission bandwidth [31]. 

2.3 Bas𝐢c Principle 𝐨f OFDM Signalling 

     is a special type of multi- arrier modulation (   ) which enables multiple 

access with overlapping spectra and densely spaced sub-carriers.     operates on 

the concept of transmitting data by splitting streams into separate bit streams. These 

sub-streams are used to modulate several carriers with much lower    . This 

method is being implemented as the next generation  ransmitting technique for 

mobile wireless networks. Bandwidth is divided in several non-overlapping sub-

carriers during multicarrier  ransmissions. The signal of the sub-carriers is 
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orthogonal if the inner product of any two of the  ub-carriers is zero, as shown in 

Figure 1. 

  

Figure 1: Spectra of (a) an OFDM sub-channel, and (b) an OFDM signal . 

 

The sub-channels overlap each other to a certain extent in     . This can be seen in 

Figure 1(b), that contributes to the effective use of the total bandwidth. The data 

sequence is mapped into symbols, one symbol per channel, that are distributed and 

sent over the   sub-channels. The carrier frequencies must be carefully selected to 

allow dense packing and still ensure that there is the lowest interference between the 

sub-channels. Using orthogonal carriers, which can be viewed in the frequency 

domain, the distance to the first spectral null is given as the frequency distance 

between the two sub-carriers. Although the      concept was developed in the 

1960s, it was not feasible until the advent of    . It became possible to generate 

     using the digital domain for sub carrier orthogonality with the advent of  

   /    . The data symbol of N complex-valued modulates   orthogonal carriers 

using the      forming . 

The transmitted      signal multiplexes   low-rate data streams, every 

experiencing an almost flat fading channel when transmitted. In single carrier 

systems every  ymbol occupying an entire bandwidth could be lost  ue to frequency 

selective fading, but when  ransmitted on low data parallel streams, channel become 

flat fading  and symbol time increases [20]. The block diagram of      scheme is 

shown Figure 2. 
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Figure 2: Block Diagram of 𝐎𝐅𝐃𝐌 using 𝐅𝐅𝐓 and 𝐈𝐅𝐅𝐓. 

 

Essentially,      technology is based on three facts: 

 The      and     are applied to modulate and  emodulate separate      sub-

carriers to change the signal spectrum to the time domain for transmission across 

the channel and to recover data  ymbols in serial order using     at the receiving 

end. 

 The  yclic prefix (  ) is used as a Guard Interval.    keeps the signal being 

transmitted periodically. The avoidance of intercarrier interference (   ) is one of 

the reasons for applying   . 

 Interleaving is the most significant concept used. The radio channel may influence 

the data symbols  ransmitted on one or more sub  arriers which lead to bit errors . 

To encounter this problem we use effective coding techniques [37]. 

2.3.1 Serial to Parallel Conversion  

Data transmission normally happens in the serial stream of bits. Data  ransmitted in 

parallel streams in     , so that a serial to the parallel stage is needed to convert 

the input bit stream to data transmitted on      symbols. The data to be sent on 

every      symbol depends on the modulation scheme used and on the number of 

carriers used [38]. 

2.3.2 Modulation  

In     ,  uadrature  hase- hift  eying  odulation (    ) is applied to transfer 

the information through different sub-channels. In order to obtain high  pectral 

efficiency,     or other higher-order modulation techniques can be applied. The 
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 GI 

Cyclic Prefix 

selection of modulation depends on  ransmission quality and data rate 

requirements [39]. 

2.3.3 Fast Fourier Transform (FFT)  

The initial complexity of the      system is  educed by the  ourier  ransform 

application, where  ourier and  nverse  ourier transforms are used in harmonic-

related frequencies for      systems. However, the common method of the Fourier 

transform is a  iscrete  ourier  ransform (   ) which operates in all digital 

techniques with discrete values.     is an effective and quick way to calculate the 

    applied in     . In     , the serial data is  eshaped in the parallel form. The 

data is grouped in specific size as per      design and will be converted to 

complex numbers. A complex number is then modulated using     . On the 

receiving end the data is again  eshaped from parallel to serial for  ransmission 

[39,40]. 

2.3.4 Guard Interval (GI)  

Due to multipath propagation,    is introduced in      as it affects the symbols to 

delay and attenuate, which causes    . In GI, a    is applied within an      frame 

to counter    . The    is basically a copy of the last symbols of the      signal 

placed first, generating a periodic signal in the  eceiver, as shown in Figure 3.  

 

 

 

 

 

 

 

 

Figure 3: Guard Interval and Cyclic Prefix. 
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exploiting the structure imposed using   . Symbol synchronization can be achieved. 

The      and     can be used for modulation and demodulation of the signal due to 

the orthogonality of the  arrier [14]. 

2.3.5 Interleaving  

 nterleaving is one of the best methods to enhance the    . In     , transmitted 

data are  eparated into many  ub-carriers. Therefore, every sub- arrier will connect 

flat fading and here the    is used. Channel frequency response induces data loss and 

a deep fade when propagating over the channel in a burst. In order to solve this 

problem, a good method is  equired to recover data and handle burst errors. Data are 

reclassified from burst errors to  andom errors in an interleaving process and can be 

easily recovered from the receiver. Bits are reconfigured in a manner such that 

reverse reclassification is used to retrieve data at the original  eceiver, leading to a 

random error. One approach that is widely used for interleaving is block codes where 

data are written row by row and then recovered column by column [36]. 

2.3.6 Windowing  

The     of the square wave is the sine function. A square pulse has a very large 

bandwidth due to its side lobes. The     of these side lobes will result in a sharp 

transition of bits, which causes spreading of the signal into the neighboring spectrum 

in addition to a leakage of energy. Windowing is the  echnique which causes the 

symbol or signals to decrease in order to reside in the spectrum. In     , 

windowing is performed on every symbol and it must not affect the signal. Hence, 

the result is a pulse shaped wave [36]. 

2.3.7 Peak to Average Power Ratio (PAPR)  

There are a number of sub-carrier frequencies in the      signal that give a 

significant      if added coherently. An amplitude of signals equal to   times the 

average power is obtained when signals are applied in the same phase. In a non-

linear region or in saturation, signals with a large       ransmit over the amplifier 

to be processed and migrated. Thus, the system shows non-linear performance, 

which influences the efficiency of the output signal with the amplifier being 

deformed. 

Three  echniques are available to minimize     : 
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 Distortion of Signals 

 Techniques for Coding 

 Techniques of Scrambling 

The  eduction in      leads to improvements in the signal-to-noise ratio at the 

 eceiver. This also needs the  ransmission of high average power [36]. 

2.4 Mathematical description 

A collection of closely separated     subscribers can be used as an      signal. In 

the frequency domain, each sub-carrier transmitted results in a spectrum of sinc 

feature with side lobes that generate overlapping spectra between sub-carriers. This 

will cause sub-carrier interference at orthogonally  paced frequencies. At orthogonal 

frequencies, the individual peaks carriers align with the nulls of every other sub-

carrier. This overlap of spectral energy does not interfere with the system’s ability to 

recover the original signal. The receiver multiplies the incoming signal by the known 

set of  inusoids to recover the original set of bits which are  ent. The use of 

orthogonal sub-carriers simplifies a large number of sub-carriers per BW, which will 

result in a rise in spectral performance.  rthogonality avoids interference between 

overlapping carriers in a perfect      signal, which is also defined as intercarrier 

interference. In       chemes, if there is a loss of orthogonality, the sub-carriers 

intervene with each other. 

If N sub-carriers are used and every sub-carrier is modulated using  -ary  ignaling, 

the      symbol alphabet  onsists of one out of M
N
 number of combined symbols. 

The low-pass equivalent      signal can be represented as: 

x(  = ∑ Xk

N−1

k=0
ej2πkt/ s                           0 ≤    <                                                   (2.   

where:-  Xk are  he data  ymbols. 

     s is the OFD   ymbol  ime.  

      is the number of sub-carriers. 

The  ub- arrier  pacing of 
1

 S
 makes the  ymbols orthogonal over every symbol 

period, this property can be expressed as: 

 

 s
∫(ej2πk1t/ s ∗(ej2πk2t/ s 

 s

0

  =
 

 s
∫(ej2π(k2−k1 t/ s 

 s

0

  = δk1k2
                    (2.2  
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where (ej2πk1t/ s ∗ is the complex conjugate operator. A guard interval of length Tg 

is introduced prior to the      block in order to stay away from ISI in multipath 

fading channels. A  yclic prefix of      variants 20 is  ransmitted  hrough this 

interval as the signal in the interval equals the signal in the interval − Tg ≤ t < Ts . 

The      signal with cyclic prefix can be presented as: 

x(  = ∑ Xk

N−1

k=0
ej2πkt/ s                     −  g  ≤    <   s                                              (2.3  

Equation 2.3 represents the low-pass signal. It can be either real-valued or  omplex-

valued. Real-valued low pass equivalent signals are typically transmitted at baseband 

wire line applications such as    . For wireless applications, the low-pass signal is 

 ypically  omplex-valued. In this case, the  ransmitted signal is up-converted to a 

carrier frequency fc. In general, the transmitted signal can be represented as: 

 (  =  e{x(  ej2πfct} = ∑ |Xk|
N−1
k=0  o (2π[f  +  k/  ]  +  a g[Xk]                  (2.4           

where s(t) is a time-domain signal being transmitted. Sub-carrier separation of    
k

 S
  

verifies the orthogonality between the  ub- arriers. 

2.5 Advantages of OFDM  

     evolved with many advantages. These are listed as follows: 

 The effective technique of dealing with multipath fading channels is     . 

 It has enhanced  hroughput. 

 In     , systems equalization greatly decreases complexity and it becomes 

simpler at the receiver. 

 Low receiver complexity with simple implementation of     [30]. 

 Due to orthogonality between the sub-carriers, the      system provides high 

 pectral efficiency. 

 OFDM is suitable for single-frequency broadcasting applications. 

2.6 Disadvantages of OFDM  

     has evolved with many disadvantages, which are listed as follows: 

 Compared to single carrier modulation, there is a higher peak-to-average-power 

ratio (    ), which decreases the power efficiency of the    amplifier. 

      is much more sensitive to phase noise and frequency offsets. 

 It has high     sensitivity [13]. 
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 Although   s are used to overcome    ,      wastes available bandwidth in 

proportion to the    length used. 

 Due to the   , there  is  a  reduction in  effective   ransmit  power  since part of 

the signal power is used to drive the   . 

 There is increased noise overhead proportional to the   . 

    adds additional  omputational time to the system. 
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CHAPTER 3 

MIMO SYSTEMS 

3.1 Introduction 

 ultiple antennas at the  ransmitter side and at the receiver side  hrough a channel 

are describe as a  ultiple- nput- ultiple- utput (    ), while the  ignal- nput-

 ignal- utput (    ) channel has only one antenna at the  ransmitter side and only 

one antenna at the receiver side. In addition to increased reliability achieved by 

diversity, higher  ata rates produced through  patial multiplexing are the  ignificant 

benefits of the      scheme [42]. These two concepts are used in      schemes 

together. The same information is  ransmitted over multiple  ransmission antennas 

during a diversity system and received at multiple receive antennas at the same time. 

During a diversity  echnique, equal data is  ransmitted over multiple  ransmit 

antennas and received by many antennas simultaneously. Because the fading is taken 

into account for each link between a pair of  ransmit and receive antennas to be 

independent, the  ame information is transmitted  hrough various paths. If one path is 

not clear , a  opy of data received through the other path  ould be good. Therefore, 

The probability of correctly detecting the data increases. The block diagram of 

     System is shown Figure 4. 

 

 

 

 

 

 

 

Figure 4: Block Diagram of MIMO System  
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      echnology is a wireless  echnology that uses different transmitters and 

receivers to  ransmit more data simultaneously.       echnology  akes benefit of a 

multipath radio wave  ase where transmitted data falls back on the walls and on the 

other side, reaching the receiving antenna several times at various angles and at 

slightly various times. The      wireless  ystem is able to significantly increase the 

capacity of a given  hannel as a result of the use of multiple antennas. By 

increasing the number of  ransmit and receive antennas it is possible to linearly 

increase the  hroughput of the channel with each pair of antennas added to the 

system. This makes the wireless       cheme one of the most important wireless 

 ystems to be used in in the next generations of  ommunications. As spectral 

bandwidth becomes an increasingly important asset for radio communication 

 ystems, systems are required to allow more effective use of the available bandwidth. 

3.1.1 Single Input Single Output ( SISO ) 

The simplest form of radio link can be determined in      terms as      –  ingle 

 nput  ingle  utput – as shown in Figure 5. This  ransmitter works with only one 

antenna at the receiver side. There is no extra processing and no diversity is needed. 

 
 
 
 

 

Figure 5: SISO - Single Input Single Output 

 

Simplicity is a benefit of the       echnique.      does not need to be processed in 

terms of the various  types of diversity that can be implemented. The performance of 

the      channel is limited as fading and interference will affect the method more 

than the       echnique using the various types of diversity. Throughput depends 

on the     and channel bandwidth. 

3.1.2 Single Input Multiple Output ( SIMO ) 

    , or  ingle  nput  ultiple  utput, version of      occurs where the 

transmitter has only a single antenna and the receiver has multiple antennas. This 

Tx Rx 

SISO 
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SIMO ⋮ 

⋮ 

creates diversity at the receiver. It is frequently used to  upport receiver systems 

receiving signals from a number of independent sources to decrease the effects of 

fading.      has been used for many types of communication systems through short 

wave receiving stations to decreasing the impacts of interference and ionospheric 

fading. The block diagram of      System is shown Figure 6. 

 
 
 
 
 

 

Figure 6: SIMO - Single Input Multiple Output 

The benefit of      is relatively simple in its application although it has a number of 

drawbacks in that the processing is needed at the receiver. The use of      may be 

completely suitable in several communication systems. However, where the receiver 

is set in a mobile device, such as a mobile phone, the level of processing can be 

restricted by battery drainage,  ost and size. Two methods of      that can be used 

may be: 

 Maximum ratio combining: This form of      takes every signal and sums them 

to give them a combination. In this way, the signals from every antenna contribute 

to the overall signal. 

 Switched diversity: This method of      explores the  trongest signal and 

 witches  o  hat antenna. 

3.1.3 Multiple Input Single Output ( MISO ) 

 ultiple- nput- ingle- utput (    ) is also called transmit diversity as shown in 

Figure 7. The same data are  ransmitted from  wo or more  ransmitter antennas and 

the receiver is then able to receive the optimum signal which is used to receive and 

extract the required data. 

 
 
 
 
 

 

Figure 7: MISO - Multiple Input Single Output 
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⋮ ⋮ 

The benefit of using      is that the multiple antennas and increased processing are 

moved from the receiver to the  ransmitter. In cases such as cellphone   s, this can 

be a significant improvement in terms of space for the antennas and it decreases the 

level of processing required in the receiver for the redundancy coding. This has a 

positive effect on  ost, battery life and size as the lower level of processing requires 

lower battery consumption. 

3.1.4 Multiple Input Multiple Output ( MIMO ) 

      is essentially a radio antenna system that includes multiple  ransmitter and 

receiver antennas to allow a variety of  ignal paths  o carry data,  electing various  

paths for each antenna to allow multiple signal paths to be used. 

 
 
 

 

 

Figure 8: MIMO - Multiple Input Multiple Output 

The basic block structure of the      system is shown in Figure 8. One of the most 

important principles behind      wireless systems space-time signal processing 

during which time is complemented with the spatial dimension inherent within the 

use of multiple spatially distributed antennas. The use of multiple antennas 

positioned at various points, for example. Accordingly      wireless  ystems are 

often viewed as a logical extension to the smart antennas that have been used for 

several years to improve wireless communication systems. The signal can take 

several paths between a transmitter and a receiver. In addition, the paths used will 

change even a small distance by moving the antennas. the variability of paths 

available occurs as a outcomes of the amount of objects that appear to the side or 

maybe within the direct path between the transmitter and receiver.  These multiple 

paths previously  erved only to introduce interference. By using     , these 

additional paths are often wont to benefit. they will be used to provide additional 

robustness to the radio link by improving the     or by increasing the link data 

capacity. 
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3.2 Benefits of MIMO technology  

3.2.1  Array gain  

Array gain is the average rise in the     at the receiver side emerging from the 

coherent combining impact of multiple antennas at both sides of the receiver and 

 ransmitter or at either the  ransmitter or receiver side. The  ransmitter places the 

transmission weights, depending on the channel factors if the channel is known in the 

multiple antenna  ransmitters in order to ensure that the single antenna receiver has a 

coherent combination. In such a case, the array gain is called  ransmitter array gain. 

Alternatively, if we have only one antenna at the  ransmitter and a multiple antenna 

receiver and no information about the channel that has perfect information about the 

channel, then the receiver can aptly weight the arriving signals so that they will be 

combined coherently at the output. As a result, the signal will improve. This is the 

     case and is called receiver array gain. For the most part, several antenna 

systems need perfect knowledge for a channel either at the transmitter or the receiver 

or both to obtain this array gain. 

3.2.2  Interference reduction and avoidance  

 nterference in wireless  ommunication networks outcomes from multiple users 

sharing  ime and frequency resources. Interference may be mitigated in      

schemes by exploiting the spatial dimension to increase the separation between users. 

For example, in the presence of interference, array gain increases the tolerance to 

noise as well as the interference power, hence improving the  ignal- o-noise-plus-

interference ratio (    ). Additionally ,the  patial dimension may be leveraged for 

the purposes of interference avoidance, i.e., directing signal energy towards the 

intended user and minimizing interference to other users.  nterference reduction and 

avoidance increase the  overage and range of a wireless  ommunication network. 

3.2.3  Diversity gain  

 ultipath fading is a  ignificant problem in wireless  ommunications. In a fading 

channel, signal experiences fades (i.e they fluctuate in their strength). When signal 

power drops significantly, the channel is said to be in deep fade. Here, diversity is 

used to combat fading. This includes providing copies of the  ransmitted signal 

through frequency, space or  ime. 
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3.3 MIMO Techniques and channel models 

      echniques can be  ategorized into  hree main  ypes, the first of which uses 

 patial multiplexing to achieve  apacity gain. The second  ype uses coding 

techniques to provide spatial diversity, such as  pace- ime block  odes. The third 

type exploits the knowledge of the channel and de-correlates the channel matrix so as 

to minimize interference among antennas, namely, precoding. In the following 

section, the encoding strategies at the transmitter for these three types of techniques 

are presented. They  an be applied directly to each sub-carrier in the      schemes. 

To introduce      channel models, we begin with the process of  ignal 

transmission from a  ransmitter to a receiver (     case). A  ignal  ransmitted 

through wireless media from a  ransmitter undergoes physical processes such as 

refraction, reflection,  iffraction and  cattering on its way to the receiver in the 

channel [43]. In the process, the received  ignal is a group of multiple  opies of the 

same  ignal received  hrough multiple paths after experiencing multiple physical 

processes. Most of the time, the delays of all the received multipath components are 

negligible compared to the bit/symbol duration. All the multipath  omponents have 

undergone some physical process. Therefore, they arrive at the receiver with 

different magnitudes and different phases. In general, all the received multipath 

components can be decomposed into in-phase (real) and quadrature phase 

(imaginary)  omponents. Thus, the received signal is a sum of the in-phase 

components and quadrature phase components of the received multipath copies. All 

these  omponents have random magnitudes and phases. Therefore, real and 

imaginary components can be assumed to be random variables with either a positive 

sign or a negative sign. In practice, when the number of multipath components is 

 ufficiently large with no dominant  omponent, both the resultant  omponents (real 

and imaginary) can be assumed to follow a Gaussian distribution by applying the 

Central Limit Theorem [44]. The envelopes of such  hannels are known to be 

Rayleigh distributed. In such a case, the received signal is given as: 

 

 = Hx + n = [

 1
 2
⋮

 Nr

] =

[
 
 
 
h11

h21

h12

h22

⋯ h1N1

⋯ h1N2

⋮ ⋮ ⋱ ⋮
hNr1

hNr2
⋯ hNrNt]

 
 
 

[

x1

x2

⋮
xNt

] + [

n1

n2

⋮
nNr

]                            (3.   
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where H is the channel coefficient. 

           x is the transmitted bit/symbol. 

           n is the additive noise. 

            i is the signal received at the ith receiving antenna. 

           xi is the symbol transmitted through the ith transmitting antenna. 

           hij is the complex channel coefficient between jth transmit antenna and  ith 

receive antenna.  

Considering the      system model shown in Figure 8, we can see that it contains 

Nt antennas at the transmitter and Nr antennas at the receiver. Throughout the text, 

we refer to such      systems as Nt × Nr      systems, for which there will be a 

total of Nt × Nr links from the transmitter to the receiver. Hence, the channel 

coefficient would no longer be a single element as in the      case. Now, the 

channel can be represented as a matrix of dimension Nt × Nr and the received signal 

would be a vector of dimension Nr × 1, which given as Equation 3.1 where H is the 

channel matrix containing Nt × Nr complex elements, x the transmitted vector of 

dimension Nt × 1 and n the additive noise vector of dimension Nr × 1, thus: 

Channel modeling is an essential requirement to analyze various performance 

metrics of wireless communication systems. In most cases, it is assumed that the 

received signal is a collection of many multipath components generated as a result of 

reflections, diffraction or scattering from various obstacles in the path between the 

transmitter and receiver. As a result, the real and imaginary part of the channel can 

be modeled as Gaussian distributed.  The magnitude of gain of such channels follows 

the distribution of Rayleigh.  These channels are also known as Rayleigh fading 

channels.  

     systems can be classified as open loop      systems or closed loop 

     systems based on the scheme that is used for the transmission of information. 

Some transmission schemes need a feedback link from the receiver to the transmitter 

to provide information about channel states or some parameter of channel matrix. 

Such      systems requiring feedback links are known as closed loop      

systems, while those      systems, which do not require any information at the 

transmitter, back from the receiver, are known as open loop      systems. 
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x1, x2, x3, x4 

⋮ ⋮ 

 

3.3.1  Spatial multiplexing 

 patial multiplexing provides a linear in min (Nr, Nt) increase within the capacity or 

the number of transmit and receive antenna pairs for an equivalent BW and with no 

extra power expenditure. This is only possible in      channels. Consider the cases 

of two receive and two transmit antennas which are expanded to more common 

     channels. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Spatial Multiplexing 
 

The basic block structure of the       patial multiplexing system is shown in 

Figure 9. The bit stream is  plit into two half-rate bit streams, modulated and 

transmitted at the same time from both the transmitter and receiver antennas. The 

receiver, having complete knowledge of the channel, recovers these separate bit 

streams and combines them to recover the first bit stream. As the receiver has 

knowledge of the channel, it provides receiving diversity, but the method has no 

transmitted diversity since the bit streams are completely different from one another 

and carry completely different data. Thus,  patial multiplexing increases the 

transmission rates correspondingly with the number of  ransmit and receive antenna 

pairs. 

3.3.2 Space time block codes 

 patial multiplexing is known for improving the  apacity and spectral efficiency in 

the rich  cattering environment. However, it does not provide any diversity gain at 

the transmitter. The diversity gain of spatial multiplexing  ystems depends only on 

the number of antennas available at the receiver. In 1998,  lamouti proposed a 

 ransmission  cheme for      systems to obtain  ransmit diversity at the  ame  ime 

Spatial 

Demultiplexing 
Spatial 

Multiplexing 

x1, x2, x3, x4 



25 
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h11 

h21 

h22 

h12 ⋮ ⋮ 

as a  imple decoding  cheme for      wireless  ystems [45]. However, the  cheme 

explores the  patial and temporal aspects of diversity  chemes and it achieves full 

diversity order. The scheme is known as  pace- ime  lock  oding (    ). 

 

 

 

   

  

 

 

 

 

Figure 10: OSTBC System 

 

A block diagram of an       system is shown in Figure 10. As the name suggests, 

an appropriate coding scheme is used at the transmitter to encode the information 

before it is transmitted. The coding scheme uses a block of incoming data bits and 

transmits it across the transmitting antennas which are separated in space. Hence, it is 

named  pace- ime  lock  ode (    ). In      systems, information is transmitted 

in blocks. An STBC symbol can be mathematically expressed as: 

 = [

 1,1 ⋯  1,n
⋮ ⋱ ⋮

 r,1 ⋯  r,n
]                                                                                                          (3.2  

where r is the blocks of symbols, n is the time slots for one block and sij is one of the 

symbols. 

The transformation here may be a negation, a complex conjugate or a negation of a 

complex conjugate in accordance with the designed code.  

The maximum code rate which can be achieved in      systems is 1; i.e., it does not 

achieve a gain in spectral efficiency. An      system that can achieve the maximum 

code rate is known as a full rate      system. However, this scheme is more 

interesting as far as diversity order and receiver complexity are taken into 

consideration. To understand the      transmission scheme, we start with the 

Alamouti      scheme for 2 × 1      systems. In this case, the channel matrix 

becomes a row vector thus: 

H = [h11 h12]                                                                                                                    (3.3  

OSTBC 

Decoder 
OSTBC 

Encoder 
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Two transmit antennas are available. They transmit digitally modulated symbols at 

the same time. Two symbols are transmitted in two time slots that makes the 

Alamouti scheme a full rate      system. Let two consecutive digitally modulated 

symbols from the incoming data bits at any time be  1 and  2. These symbols are 

transmitted as:  

x1 = *
 1
 2

+ and x2 = [
− 2

∗

 1
∗ ]                                                                                                (3.4  

in first and second time slots respectively. Therefore, in general, when s1 and s2 are 

the digitally modulated symbols to be transmitted, the      symbol transmitted may 

be given as: 

X = [x1 x2] = [
 1 − 2

∗

 2      1
∗]                                                                                             (3.5  

The signal received in separate time slots of the transmission, r1 and r2, are 

represented as: 

 1  =  h11 1  +  h12 2 + n1                                                                                              (3.6   

 2  =  −h11 2
∗  +  h12 1

∗  +  n2                                                                                         (3.7  

To recover the transmitted symbols, it is assumed that the channel state information 

is available at the receiver. For detection of s1 and s2, the following computations are 

performed. 

 ̂1= h11
∗  1 + h12 2

∗                                                                                                                (3.8  

 ̂2= −h11 2
∗  + h12

∗  1                                                                                                            (3.9  

The substitutions of the above operation results in the following relations: 

 ̂1= (‖h11‖
2 + ‖h12‖

2  1 + h11
∗ n1 + h12n2

∗                                                                (3. 0  

 ̂2= (‖h11‖
2 + ‖h12‖

2  2+ h11n2
∗+h12

∗ n1                                                                   (3.    

We  consider  the  Alamouti  STBC scheme for 2 × 2 MIMO scheme. In this case, 

the channel matrix becomes: 

H = [
h11 h12

h21 h22
]                                                                                                               (3. 2   

The first row corresponds to the links from the transmitter antennas to the first 

receiving antenna and the second row corresponds to the links from transmitter 

antennas to the second receiving antenna. The signals received by the first antenna in 

separate time slots of the transmission, r11 and r12, are given as: 

 11 = h11 1 + h12 2 + n11                                                                                             (3. 3  

 12 = −h11 2
∗ + h12 1

∗ + n12                                                                                          (3. 4  
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And  the signals received by the  second  antenna  in the  respective  time  slots  of 

the transmission r21 and r22 are given as: 

 21 = h21 1 + h22 2 + n21                                                                                           (3. 5  

 22 = −h21 2
∗ + h22 1

∗ + n22                                                                                       (3. 6  

For the detection of s1 and s2, after implementing the technique discussed for the 

single receiver antenna individually on the signals received on the first and second 

receiver antenna, we have: 

 ̂11= (‖h11‖
2 + ‖h12‖

2  1 + h11
∗ n11 + h12n12

∗                                                          (3. 7  

 ̂12= (‖h11‖
2 + ‖h12‖

2  2- h11n12
∗ +h12

∗ n11                                                              (3. 8  

 ̂21= (‖h21‖
2 + ‖h22‖

2  1 + h21
∗ n21 + h22n22

∗                                                         (3. 9  

 ̂22= (‖h21‖
2 + ‖h22‖

2  2- h21n22
∗ +h22

∗ n21                                                             (3.20  

From the above expressions,  1 and  2 can be detected as follows. 

 ̂1 = (‖h11‖
2  +  ‖h12‖

2 + ‖h21‖
2 + ‖h22‖

2  1 + h11
∗ n11 + h12n12

∗ + h21
∗ n21 

           + h22n22
∗                                                                                                                   (3.2                                                                                                            

 ̂2= (‖h11‖
2 + ‖h12‖

2 + ‖h21‖
2 + ‖h22‖

2  2 − h11n12
∗ − h12

∗ n11 − h21n22
∗  

       +h22
∗ n21                                                                                                                     (3.22  

Again, from the above expressions, it can be observed that the symbols s1 and s2 are 

separated, and both the expressions contain ‖h11‖
2 + ‖h12‖

2 + ‖h21‖
2 + ‖h22‖

2. This 

means that among the four channels, when any single link is strong, it reduces the 

probability of error in the detection at the receiver. Thus, it is observed that the 

system offers full diversity order of Nt × Nr, which is 4 in the present system under 

consideration. In the examples presented here, we have considered two transmit 

antennas, which is the requirement for the Alamouti     . However, many other 

space-time codes use a different number of antennas at the transmitter. 
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CHAPTER 4 

MIMO-OFDM  SYSTEMS WITH FECs 

4.1 Introduction 

In the previous chapter, the principal theory of the       ystem and 

     modulation were discussed. In this  hapter, the  ombination of      

 ommunication wireless  ystems and      systems is analyzed. This approach is 

 onsidered to be the most popular [46]. The  ombined     -     method has 

benefits including the improved  pectral efficiency of      [47], the high reliability 

of links that  reate more antennas and greater BW  upport, which leads to high 

performance as well as higher data rates and  it has larger utilization in high- peed 

wireless  ransmission [48]. The increase in the  ransmission bandwidth efficiency of 

the  ombined     -     has been  tudied during estimating the blind  hannel of 

the system [49]. For reliable transmission of  ignals in the       cheme,      has 

been developed. Generally, the error- orrecting  odes produce a  hreshold effect that 

gradually reduces the performance at the low     range [50]. In the  ransmitting 

antennas, orthogonal  pace- ime  lock  odes (     ) are used [51]. It exhibits the 

property of diversity, but  here is no  oding gain. Hence,       that is concatenated 

with     -     has been used to provide diversity in both  pace and  ime [52, 

53]. The  oncatenation  cheme includes an inner       code and an outer channel 

code. The     performance of the     -     using       has been evaluated 

by not  oncatenating with the  hannel  odes [54−55]. The Convolution  ode is a 

 echnique of  hannel coding that is  oncatenated with Alamouti      under 

different fading conditions [54]. The efficiency of the Convolution Code with      

     systems has been analyzed without channel correlation [56]. The 

    -     scheme with a description of    s, which have been applied to 

wireless communications and have been used as a way to control and correct errors 
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generated during video distribution.      odes involve the Convolution Code, Reed-

 olomon and  nterleaving. The  oncatenated error  orrection  ode method,  ermed as 

Convolution Code, Reed- olomon and  nterleaving with the Alamouti  ode 

    -    , was studied through different fading conditions, such as the  ayleigh 

and  ician fading  hannels. 

4.2 Randomization 

The random distribution of data is achieved on every burst of data on the downlink 

and uplink, which means that the random distribution must be used  eparately for 

every allocation of a data block. The preambles are not randomized. If the quantity of 

data being  ransmitted does not fit closely to the quantity of data allocated, only a 

“1” padding will be added to the end of the transmission block. For each new 

allocation, the shift-register of the randomizer will be initialized. The pseudo-random 

binary  equence (    ) generator will be 1 + X
14

 + X
15

, as shown in Figure 11. 

Every data byte to be  ransmitted will be inserted into the randomizer  equentially, 

the first being Most Significant Byte (   ). The seed value will be used to measure 

the randomization bits that are combined with the serialized bit stream of each burst 

in an X   operation. The randomizer  equence will be used for information bits 

only [57]. 

 

 

 

 

 

 

 

 

 

Figure 11: PRBS for data randomization 

At the beginning of every frame, the randomizer is re-initialized on the downlink 

with the  equence 1 0 0 1 0 1 0 1 0 0 0 0 0 0 0. At the  tart of burst #1, the 

randomizer is not reset. The frame number implemented for configuration indicates 

the frame in that the downlink burst is  ransmitted [57]. 

Data out 
Data in 

MSB LSB 

1513 1412111098765421 3
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4.3 Reed–Solomon Codes 

 eed -  olomon  odes  are non - binary  yclic  odes. The  ymbols that  onsist of m-

bit  equences, where m is a positive integer with a value above 2.    ( n , k ) codes 

on m-bit symbols operate for all n and k. Where .n  is .that the  otal number of code 

 ymbols within the encoded block and k is that the number of data  ymbols being 

encoded.  

    odes are  he largest non- inary block  odes  ommonly used in applications. 

Such codes operate with symbols including several bits. The typical symbol size is a 

byte or eight bits for non-binary codes.    codes are applied to correct burst errors 

because the correction of these codes is achieved at the symbol level. A given 

Reed-Solomon code is referred to by indicating it as an ( n , k ) code. 

 ose- haudhuri-Hocquenghem (  H) codes are  lock codes that have a multiple 

error detection and  orrection  apability. One of the sub-classes of   H codes is 

 eed- olomon code which is non- inary and attain  he maximum (hamming) 

 eparable distance among  ode words for a given block  ize. The  ypes of     ode 

most  ommonly used for wireless  ystems are  ystematic.  The parity  ymbols are 

attached to the message  ymbols.  The code words  ontain n message  ymbols and k 

parity  ymbols which can be used to detect and  orrect up to k/2 errors (if k is even). 

 eed- olomon encoding is derived from a  ystematic    (n = 255, k = 239, u = 8) 

code using GF(2
8
). The parameter k refers to the number of message symbols in the 

 ode word. The parameter n refers the  ode word length in  erms of the number of 

 ymbols in the  ode word. Therefore,  he redundant  hecking part  onsists of n − k 

parity-check digits. The error  orrecting capability of the  ode is  =
(n−k 

2
   , and 

minimum distance of    code is (n-k+ ) [58]. 

4.3.1 Reed–Solomon Encoder 

A general form of the polynomial g(x  applied to generate the RS code is :- 

g(x = (x − αi)(x − αi+1)… (x − αi+2u)                                                                   (4.   

Where u is a number of errors which  an be  orrected and α is a p imi ive elemen  

of the “Galois field (  )”. The code word  (x  is created using: 

 (x = g(x  i(x                                                                                                                  (4.2  

Where the  ode word  (x is exactly divisible by the gene a o  polynomial g(x .  
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pn−k−1 pn−k−2 p0 p1 

i(x  

 (x  

 i(x)  is the information polynomial for  non-systematic encoding . For  systematic 

encoding the remainder achieved by dividing 𝐢(𝐱   𝐱𝐧−𝐤 / 𝐠(𝐱  gives the parity 

polynomial 𝐩(𝐱  as: 

p(x =  em
i(x  xn−k

g(x 
                                                                                                       (4.3  

By performing a polynomial division using    algebra, the parity  ymbols are 

measured [59]. The stages included in this calculation are as follows: 

Stage 1: Multiply  he message  ymbols by xn−k  . 

Stage 2: Divide the message polynomial by the  ode generator polynomial using 

   algebra. 

Stage 3: The remainder of the division is the parity  ymbols. In hardware, A  hift 

register with feedback is used to achieve this. Figure 12 shows the    encoder. 

 

 

 

 

 

 

 

   

 

Figure 12: Reed–Solomon Encoder 

 

where n - k represent the number of registers used. 

 g0, g1, ..., gn−k−1 are coefficients of the generator polynomial g(x). 

 p0, p1, ..., pn−k−1 are  oefficients of the parity  heck symbols  generated by 

the generator polynomial g(x . 

The  e  l an   ode word  ystematic encoder is defined  by: 

 (x = i(x  xn−k + p(x                                                                                                 (4.4   
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4.3.2 Decoding of 𝐑eed–𝐒olomon Codes 

 The  erlekamp- assey algorithm is essential for the  eed- olomon decoder to 

 olve the linear equations  ollection.  For the  eed- olomon  ode an error position 

of u errors  an be represented by error polynomial: 

e(x = yp1x
p1 + yp2x

p2 + ⋯+ yp x
p                                                                        (4.5      

where ypi is  the error magnitude at position pi. 

The  erlekamp algorithm is a quick and efficient algorithm which can find the 

location of an error polynomial. This algorithm is due to  assey. The  assey 

 howed  hat the iterative algorithm proposed in 1967 by  erlekamp for decoding 

  H  odes. This algorithm  an be used to find the  hortest      that produces a 

particular  equence [60].  

The architecture of the    decoder can be  ummarized into four  teps: 

1)  alculating the  yndromes from the received  ode word. 

2)  omputing the error locator polynomial and the error evaluator polynomial. 

3) finding the error locations 

4)  omputing error values.  

4.4 Convolutional Encoder 

In the  onvolutional  oding, the message bits arrive in  equentially instead of large 

blocks. The  onvolution encoder generates its  oded information by  onverting the 

input message  eries to a  et of  oefficients. This group of  oefficients depends on 

the  ode rate used. Using  onvolutional  odes incessant  equence of information bits 

is mapped into an incessant sequence of output bits for the encoder. The encoded bits 

depend on  urrent k input bits and also on past input bits [61]. The  onvolutional 

 odes are presented by ( n , k ). where : 

 k is the number of input bits (uncoded). 

 n is number of output bits(coded). 

The number of registers ( ) applied during the encoding process is  alled the 

 onstraint length. The data rate or efficiency of a  onvol  ional code is measured by 

the  atio of the number of bits in the input (k  and the number of bits in the output 

(n ,  herefore,  i   a e:  =
k

n
 . For memory elements  hift register, every part holds 

one input bit to convolutionally encode the data. The encoder has n generator 
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polynomials one for every adder and mod-2 adders. The  onvolutional encoder ( k = 

1, n = 2) is shown in the Figure 13.  

 

 

 

 

 

 

 

 

 

Figure 13: Convolution Encoder ( k = 1, n = 2)  

 

 

The selection of bits is to be added (uses XOR operation) to produce the output bits 

is called generator polynomial. The generator polynomials output 1 and output 2 are 

of (111, 101) i.e. Output 1 = mod-2 (   +  2+  3), Output 2 = mod-2 (   +  3). If 

the initial  ontents of the register are all zeros, for the input bit  tream m=0 1 1 0 1 1, 

the output code word  equence obtained is 11 10 10 00 10 10 11. 

  

TABLE 1: State Table for the Convolutional Encoder (k = 1, n = 2)  

Input bit m 
Current 

State 

Register 

Contents 

Next 

State 
Output 1 Output 2 

0 00 000 00 0 0 

1 00 100 10 1 1 

0 01 001 00 1 1 

1 01 101 10 0 0 

0 10 010 01 1 0 

1 10 110 11 0 1 

0 11 011 01 0 1 

1 11 111 11 1 0 

The  tate table for the  onvolutional Encoder (k = 1, n = 2)  is  hown below in Table 

1. There are  wo alternative methods  hat are often used to describe a  onvolutional 

 ode:  

a.  tate diagram  

b.  rellis diagram  

D1 D2 D3 

Output 1 

Output 2 

Input bit 

stream 
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4.4.1  State Diagram  

A  tate diagram represents the  imple  onvolutional encoder. The  tatus of the 

encoder is determined with the elements of its  hift register. Every new input bit will 

result in the following state. There are, therefore, two possible branches for every 

 tate for one bit entered by the encoder. Two  ypes of line are applied in order to 

make it easy to  rack the transition. Figure 14  hows every possible case of state 

 ransition for the encoder [61]. 

 

 

 

 

                                                     

                                                            0/10           

                                                            1/00 

 

 

 

 

 

Figure 14: State Diagram ( k = 1, n = 2) 

 

4.4.2  Trellis Diagram 

A   elli  diagram can be used mainly for decoding of convolutional  odes and is  and 

it  a kind of state diagram. The original  tream detection can be defined as finding 

The most .likely .path .during .the .trellis. .In .the .trellis .diagram, .every .node 

.appoint .an .individual .state .at .a .given .time .and .indicates .a .possible .pattern .of 

.recently .received .data .bits. .Every .branch .indicates .the. transition .to .a .new. 

state .at .the .next .timing .cycle. .the .surviving .path: .When .two. paths .enter .the 

.same .state, .the .path .with .the .best .scale .is .chosen. .All .states .perform. the. 

Selection .of .surviving .paths.in .the .decoder. .Based .on .the .received .coded .bits 

.we .can .choose .the .more .likely .path .and .ignore .the .least .likely .paths. 

.Decoding .complexity .may .decrease .by .ignoring .the .least .likely .paths. 

00 
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Input bit 0 

Input bit 1 

Figure 15: Encoder Trellis Structure ( k = 1, n = 2) 

 

  ,       and   d  are the four possible encoder  tates. The convolutional encoder 

describes the branch word  hat is shown on the trellis of the encoder (see Figure 15). 

These encoder branch words are code symbols which would have been expected to 

come from the output of the encoder as a consequence of the every state transition. 

Every part of the decoder trellis is designated with a  imilarity metric between the 

code symbol received and every of the branches for which time period as the code 

symbols are received. We can see here how the decoding of a  urviving branch is 

facilitated by drawing the trellis branches with solid lines for the input 0s and dashed 

lines for the input 1s. 
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   m 1  1  0  1  1 

   v 11 01 01 00 01  

   z 11 01 01 10 01 

Figure 16: Structure of Decoder Trellis for ( k = 1, n = 2) 

 

 n this manner, Labeling procedure is done like this. From the received sequence z, 

we see that the code symbol received at  ime t1 is 11. In order to label the decoder 

branches at time ti with the suitable Hamming distance metric presented in Figure 16. 

Here we see that a state 00 00  ransition produces an output branch word of 00 , but 

we received 11.Therefore ,on the  rellis of the decoder we label the stat 00 00 

transition with Hamming distance among them, namely 2. Looking at the encoder 

trellis again ,we see that a state 00 10  ransition yields an output branch word of 

11,which  orresponds exactly with the code  ymbols we received at  ime  1. 

Therefore, on the decoder trellis, we label the stat 00 10 transition with Hamming 

distance 0 and so on. Thus, the metric entered on a decoder  rellis branch represents 

the difference among what was received and what should have been received, had 

the branch word been associated with that branch been transmitted. 

 These metrics explain a correlation-like measure among every of the candidate 

branch words and a received branch word. We continue labeling the decoder trellis 

branches in this manner as the  ymbols are received at every time ti. It is  herefore 

possible to find the most likely (minimum distance) path via the trellis that would 

give the decoded output. At each time ti, there are 2C − 1  tates in the  rellis, where 

C is the  onstraint length, and every state can be entered by means of  wo ways. 

 iterbi decoding  onsists of  alculating the metrics for the  wo paths which are 

  = 00 

 

2 1 1 1 1 

  = 10 

 

  = 01 

 d = 11 
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entering every  tate and eliminating one of  hem. This  alculation is performed for 

every one of the 2C − 1  tates or nodes at  ime ti, followed by the decoder moving to 

 ime t(i + 1) and repeating the process. At a given time, the state metric for the winning 

path metric for each state is determined at that time. Figure 16 presents the state 

metric comparison at every state and the decoding process uninterrupted for all the 

state transitions in order to make decisions on the input data bits by eliminating all 

paths but one. In the decoding process at time t1, the received code  ymbols are 11. 

The only  ransitions from state 00 are to  tate 00 or 10. The  tate 00 to 00  ransition 

has a branch metric of 2 and the state 00 to 10 transition has a branch metric of 0. At 

 ime  2, there are two possible parts leaving every state metric    = 2 and    = 0, as 

shown in Figure 16. Likewise, the  ame process will continue for all other states, the 

state metric  d=1 is  he maximum likelihood and the path metric branch word 

 equence is 11 01 01 10 01. 

4.4.4 The Viterbi Convolutional Decoder 

The Viterbi decoder can be divided into in three steps: 

Step 1: Determine the Hamming distance of each path. 

Step 2: Add the distance of each path. 

Step 3: Compare and  elect the  hortest path. 

The  iterbi decoding algorithm was  iscovered and analyzed by Viterbi in 1967. 

 iterbi algorithm essentially performs maximum likelihood decoding; however, it 

reduces the  omputational load by taking advantage of the  pecial  tructure in the 

code trellis. In comparison with brute force decoding, the benefit of  iterbi decoding 

is that the complexity of a  iterbi decoder does not depend on the number of symbols 

in the code word sequence. The algorithm contains  calculating similarity measure 

among the signal gained at the time and all the paths of the trellis entering every  tate 

at the time. The  iterbi algorithm excludes those paths of the  rellis, which  ould not 

be a candidate for the maximum likelihood choice. If two routes arrive in the  ame 

state, the one having the best metric is  elected and is  alled the  urviving path. For 

all  tates, this selection of  urviving paths is done for all states. In this manner, the 

decoder continues to advance deeper into the trellis, making choices by removing the 

least likely path. The goal of  electing the optimal path can be represented equally as 



38 
 

Input 

selecting the code word with the maximum likelihood metric or the dmin metric [61]. 

The poly2trellis(7, [171 133]) notation  hows a trellis form for a binary 

convolutional code with constraint length 7 and feedback taps placed at the octal 

numbers 171 (binary 1111001) and 133 (binary 1011011). Figure 17 shows 

convolutional encoder with code rate 1/2 for the poly2trellis(7, [171 133]) structure. 

There are six delay elements denoted by z - 1 in the encoder with the constraint 

length 7  orresponding to the number of bits  tored in the shift register. The free 

distance dfree of the  onvolutional code is dmin in the  et of all arbitrarily long paths 

that diverge from the all-zero state and re-enter the all-zeros state. The number of 

errors u that can be corrected by the  ode is given by: 

 = ⌊
 free −  

2
⌋                                                                                                                    (4.6  

 

 

 

 

 

 

 

 

 

 

Figure 17: Convolutional Encoder with Code Rate 1/2 

 

4.5 Interleaver 

 nterleaving  an be used  o minimize the impact of burst errors in digital data 

transmission technologies. When  oo many errors exist in one code word, due to a 

burst error, the decoding of a code word cannot be done  orrectly. The bits in a 

 ingle code word are interleaved before being  ransmitted to decrease the impact of a 

burst error. The place of bits varies as interleaving happens, which ensures that a 

burst error does not disturb a  ignificant part of a  ode word [58]. A block interleaver 

must interleave all encoded data bits with a block  ize equivalent to the number of 

coded bits per the encoded Ncbps  block size. The interleaver shall be based on a  wo-

𝑧−  𝑧−  𝑧−  𝑧−  𝑧−  𝑧−  

 Output1 

Output2 
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 tep permutation. The first step ensures that adjacent coded bits are mapped onto 

non-adjacent  ub-carriers and the second step insures that adjacent coded bits are 

mapped alternately onto fewer or more  ignificant bits of the  onstellation, thus 

avoiding long runs of low-reliability bits. Where  :  jk is the index after the second  

permutation  just  prior  to  modulation 

                mapping.  

                k is the index of the coded bit before the first permutation. 

                mk  is  the  index  after  the  first  permutation  and  before  the  second 

                 permutation.  

Let    ps is the block size corresponding to the number of coded bits per allocated 

sub-channels per OFDM,   p  is the number of coded bits per subcarrier and s = ceil 

(
Nc c

2
).  The first permutation is specified by the rule: 

mk = (
   ps

 2
) . kmod12 + floo (

k

 2
)                                           k = 0, ,… ,    ps −        (4.7  

where k is the index of the coded bit before the first permutation  

The second permutation is specified by the rule: 

jk =   . floo (
mk

s
) + (mk +    ps − floo  (

12 .  mk

Ncb s
))

mod (s 

k = 0 ,  , … ,    ps −       (4.8) 

Two permutations also describe the de-interleaver, which implements the inverse 

relation. We shall point to :-  

 j  is   the index of the original  eceived bit before  he first permutation, 

mj  is   the index after  he first and before  he  econd permutation, 

kj  is the index after the  econd permutation, 

 just prior  o delivering the coded bits  o the  onvolutional ( iterbi) decoder. 

The first permutation is performed as : 

mj =   . floo  (
j

 
) + (j + floo (

 2. j

   ps
))

mod(s 

          j = 0, ,… ,   p −                  (4.9   

The  econd permutation is performed as : 

kj =  2 .  mj − (   ps −  ) . floo (
 2 .  mj

   ps
)       j = 0, , … ,    ps −               (4. 0  
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4.6 Data modulation  

The data bits are entered  erially in the  onstellation mapper. Figure 18 shows     , 

16-    and 64-    constellations. The  onstellations are normalized by 

multiplying the constellation point with the factor to achieve equal average power. 

For every modulation, b0 denotes the  east  ignificant  yte (    ). 
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Figure 18:  QPSK, 16-QAM, and 64-QAM Constellations 

 

4.4 MIMO-OFDM Signal Model  

   We consider a     -      ystem where the  pace- ime processing  echnique of 

MIMO is implemented, then encoding can be  arried out  ollectively over the 

multiple transmitter antennas or an individual antenna. Encoding that occurs on an 

individual antenna is called per antenna coding (   ) [62]. 

4.7.1 Transmitter Tx  

For the number of transmit antennas equal to Nt , there would be N parallel branches 

of the       echnique or Nt       ransmitters. Every branch in parallel performs 

the same transmission process for the input binary data. Firstly for each parallel bit 

stream coding, interleaving and modulation (16-   ) are performed. Then in 

accordance with the pilot patterns, pilot symbols are added. Subsequently, the 

 ymbol sequence in frequency is modulated by      in an OFDM and the cyclic 

prefix (  ) is added to every       ymbol. Finally, the signal is transformed to 

radio frequency elements for transmission [62]. 
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Figure 19: Basic Block Structure of MIMO-OFDM System 

 

Figure 19 shows the basic block structure of     -      ystem, which is the 

dominant air interface for 4G and 5G broadband wireless communications. It 

combines multiple input and multiple output (    )  echnology and multiplies 

capacity by transmitting different signals over multiple antennas and orthogonal 

frequency division multiplexing (    ). 

 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

Figure 20: Basic Block Structure of RS-CC Codes with MIMO-OFDM 

 

 

Figure 20 shows the basic block structure of the Convolutional Code and the  eed-

Solomon code with the     -     system. The   -   codes are a concatenated 

code of  eed- olomon code as the inner code and Convolutional Code as the outer 

code. 
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Antenna N 

4.7.2 Receiver 𝐑𝐗  

 For the number of  ransmit antennas equal to Nr, there will be Nr      receivers. 

The symbol received from the radio-frequency element is first synchronized 

(frequency and time). Subsequently, the cyclic prefix is extracted from every stream 

of receiver symbols and the      symbols in every branch are then demodulated by 

   . Pilot symbols are removed as a subsequent step, followed by demodulation, 

decoding and de-interleaving. Finally, the binary output data is the resulting data 

after combining. 

4.7.3  Frame Structure  

The     -     frame structure is a  mall  ransmission unit with ten slots in the 

time domain. Each slot contains eight symbols and one preamble slot. The     -

     System Frame Structure is shown in Figure 21. 

 

 

 

 

 

 

 

 

 

 

Figure 21: MIMO-OFDM System Frame Structure. 

Preamble is applied for each      slot containing the cyclic prefix to reduce the 

effect of     and for the synchronization of time. The arrangement among the data to 

be  ransmitted to the sub-carriers and the  omponents of the frame contains pilot 

symbols. Timing estimates can be used in pilot symbols when  ynchronization is 

 ompleted.  
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4.4.4    𝐌I𝐌O-OFD𝐌 𝐚dvan𝐭ages 

 Bandwidth gain. 

 Fewer occurrences of infringement. 

 Power efficiency. 

 Data capacity enhancement. 

 Diversity gain. 
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CHAPTER 5 

 

PERFORMANCE ANALYSIS 

 

5.1 Simulation Program Description 

The main components of the     -     physical layer are presented using 

      by describing the tasks performed during the communication scheme model. 

These consist of: 

Random bit data generated which representations a downlink burst containing an 

integer number of      symbols.    , which includes an outer  eed- olomon (  ) 

code linked to a rate-compatible inner convolutional code (  ). Data interleaving: 

The Matrix Interleaver block implements block interleaving by filling a matrix with 

the input symbols row by row and then sends the matrix contents to the output port 

column by column. Modulation using the specified     , 16-    or 64-    

constellations.      transmission using 192 sub-carriers, 8 pilots, 256-point    s, 

and a 0.125 cyclic prefix length. Alamouti  ode is one of the types of space-time 

block code. The       Encoder and Combiner blocks in the wireless 

communication system are used in this implementation. The       Encoder object 

encodes an input  ymbol  equence using  rthogonal  pace- ime  lock 

Code (     ). The block maps the input symbols block-wise and concatenates the 

output code word matrices in the  ime domain. The       Combiner block 

combines the input signal (from every receive antenna) and the channel estimate 

signal to extract the soft information of the symbols encoded by an      .      s 

are an attractive technique for      wireless communications. It uses symbol-wise 

maximum likelihood (  ) decoding and uses the complete order of spatial diversity. 

The four transmitted signals from the       encoder pass through the 4 × 4 MIMO 

Rayleigh fading channel or Rician fading channel and are also impaired by AWGN. 

The      Channel block adds white Gaussian noises at the receiver side. The 

Mode parameter is set to the Signal-to-Noise Ratio (   ) mode and the Input signal 

power is referenced to 1 ohm (watts). The       Encoder and combiner blocks in 
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the Communications Blockset are used in this implementation. A single 

     symbol length preamble is applied as the burst preamble. In the       

system, each antenna  ransmits the single symbol preamble. In the       method, 

this indicates combining diversity followed by Hard-decision demodulation, de-

interleaving, Viterbi decoding and  eed- olomon decoding. 

5.2 Design methodology  

The block diagram in Figure 22 shows the steps to be performed. Explanations for 

each step are given below: 

 

Figure 22: MIMO_OFDM using OSTBC with Forward Error Correction 

 

−  andomization is the first process  arried out in the layer after the data packet is 

received from the higher layers. Every burst in Downlink and Uplink is 

randomized. It basically scrambles data to generate random  equences to improve 

 oding performance. 

−  orward  rror  orrection (   ) uses a number of  oding  ystems, such as 

   codes, convolution codes, Turbo codes, etc. However, in the present work, 

only    codes,  onvolution  odes and  nterleaver were used in the simulation. 

The RS codes add redundancy to the data. This redundancy improves Block’s 

error. The RS encoder is based on Galois field computation to add redundancy 

bits. 
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− Interleaving aims to distribute transmitted bits in time or frequency, or both, to 

achieve desirable bit error distribution after demodulation. The desirable error 

distribution depends on the used     code and the required interleaving pattern 

depends on the channel characteristics. 

−  odulation and  hannel  oding are fundamental components of a digital 

communication system. Modulation is the process of mapping digital information 

to analog form so it can be transmitted over the channel. Consequently, every 

digital communication system has a modulator that performs this task. Closely 

related to modulation is the inverse process, called demodulation, which is 

performed by the receiver to recover the transmitted digital information. 

− An inverse Fourier transform  onverts the frequency domain of data input to the 

time domain describing the      sub-carrier.      is useful for      because it 

produces frequency component samples of a waveform that satisfy the condition 

of orthogonality. 

In this thesis, the effects of increasing the order of modulation on     performance 

of the system are presented for various      configurations the behavior of the 

    (     )-     system in various environments is studied and the effects of 

increasing the order of modulation on BER performance of the system are presented for 

various      configurations. These Specifications of     -OFDM using       are 

given in Table 2. 

Table 2: Simulation Parameters 

Parameters Values 

FFT Size 256 

No. of used sub-carriers 192 

Ratio guard time to symbol 

time(G) 
0.1250 

Convolutional Code poly2trellis (7, [171 133]) 

Code Rate of OSTBC  3/4 

SNR Range 0-50 dB 

Modulation QPSK, 16-QAM, 64-QAM 

Channel Model Rayleigh channel - Rician channel 

Configuration antennas 1 × 1, 2 × 2, 3 × 3 and 4 × 4 
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The system discussed above has been designed using the       code structure for 

the     -     method. For different modulations and different channels, the 

results are shown in the form of the     vs.     plot. Here, various antenna 

configurations such as 1 × 1, 2 × 2, 3 × 3 and, 4 × 4 antenna configurations are used. 

Analyses are made for different wireless fading channels, the namely Rician and 

Rayleigh channels with the results being presented for different antenna 

configurations over different      fading channels using     , 16-    and 

64-   .  

5.3 BER Results of MIMO-OSTBC system 

In this section,     analysis of the     -      system using      over different 

fading channels is presented. First, an analysis of the     -      system using 

     is presented over the Rayleigh and Rician channels. 

5.3.1 Different Antenna Configurations for MIMO-OSTBC System over  

Rayleigh Fading MIMO Channel. 

In this section, the performance of  rthogonal  pace  ime  lock  oding (     ) 

 ultiple  nput  ultiple  utput (    ) systems using     codes (Reed-Solomon, 

Convolutional and Interleaving) are used to encode the data stream in wireless 

communications through the Rayleigh channel. These are subjected to 

experimentation under modulation techniques, such as Quadrature Phase Shift 

Keying (    ).      systems with multiple antenna elements at the ends of 

transmitters and receivers are efficient solutions for wireless communication systems 

[63]. Decoding is carried out using the Maximum Likelihood (  ) algorithm. The 

block diagram of the     -      system is shown in Figure 23. 

     systems provide high data rates using spatial domains under the limits of 

bandwidth and power transmission. Various simulations are performed to detect the 

best BER performance of the different values of antenna configurations with     

codes and to use the best outcomes to model the      . Their effect of improving 

the overall     can be noticed with the benefits of       with     codes and the 

maximum number of configurations [63]. 
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Figure 23: MIMO-OSTBC System with FECs 

 

5.3.1.1  BER Results of MIMO-OSTBC  system without channel coding. 

In this section,     analysis of     -      systems using      and the Rayleigh 

fading channel without    s is presented. 

 

Figure 24: 𝐁𝐄𝐑 𝐯𝐬 𝐒𝐍𝐑 plots for MIMO-OSTBC Performance in 𝐐𝐏𝐒𝐊 Without 

Channel Coding for Tx=1. 
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Figure 25: 𝐁𝐄𝐑 𝐯𝐬 𝐒𝐍𝐑 Plots for MIMO-OSTBC Performance in 𝐐𝐏𝐒𝐊 

Without Channel Coding for Tx=2. 

 

 

 

Figure 26: 𝐁𝐄𝐑 𝐯𝐬 𝐒𝐍𝐑 Plots for MIMO-OSTBC Performance in 𝐐𝐏𝐒𝐊 

Without Channel Coding for Tx=3. 
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Figure 27: 𝐁𝐄𝐑 𝐯𝐬 𝐒𝐍𝐑 Plots for MIMO-OSTBC Performance in 

𝐐𝐏𝐒𝐊 Without Channel Coding for Tx=4. 

 

For the     -      technique,     vs.     plots using      over the Rayleigh 

fading channel employing various antenna configurations are shown in Figures 24, 

25, 26 and 27. The graphs clearly offer the impression that as we continue to increase 

the number of transmitting and receiving antennas in the     -      method and 

due to space diversity, the     continues to decrease. The proposed scheme offers 

much better     efficiency compared to other antenna configurations [63]. 

The prevalence of using higher order 4 × 4 antenna configurations over lower order 

1 × 1 antenna configurations is shown in the form of     gain in dB for      over 

the Rayleigh fading channel. As we move on with higher order antenna 

configurations, the     will continue to decrease. Table 3 shows the improvement in 

the     -      system using      modulation and the Rayleigh fading channel 

without    s. 
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Table 3  mprovement for  I O-OS BC system using QP K modulation and 

Rayleigh fading channel without F Cs. 

 umber of  ransmitting antennas 

and  eceiving antennas 

 NR when B R 

=  0−3 in  B 

 NR when B R 

= 0−4 In  B 

1 × 1 27 35 

1 × 2 16.5 20.5 

1 × 3 14.5 19 

1 × 4 12.8 16.8 

2 × 1 16.5 22 

2 × 2 11.5 14 

2 × 3 9.5 12 

2 × 4 9 11.8 

3 × 1 9.8 15 

3 × 2 6.9 9.6 

3 × 3 5.9 7.9 

3 × 4 5.5 7.2 

4 × 1 6.8 9.5 

4 × 2 5.2 7.9 

4 × 3 4.5 6.5 

4 × 4 4.2 6.1 

 

5.3.1.2 BER Results of MIMO-OSTBC  system with channel coding. 

In this section,     analyses of the     -      technique using      modulation 

and the Rayleigh fading channel with    s are presented. 

From Figures 28, 29, 30 and 31, it is clear that the performance of the  eed- olomon, 

 onvolutional and Interleaving systems concatenated code outperform non-

concatenated codes. It can be seen that    -   and the Interleaving curve show a 

lower flattening effect with a much better slope than the others without channel 

codes. It  is  cleared  that  the       with  coding outperformed     without coding. 
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Figure 28: 𝐁𝐄𝐑 𝐯𝐬 𝐒𝐍𝐑 Plots for MIMO-OSTBC Performance in 𝐐𝐏𝐒𝐊 With 

Channel Coding for Tx=1. 

 

Figure 29: 𝐁𝐄𝐑 𝐯𝐬 𝐒𝐍𝐑 Plots for MIMO- OSTBC Performance in 𝐐𝐏𝐒𝐊 With 

Channel Coding for Tx=2. 
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Figure 30: 𝐁𝐄𝐑 𝐯𝐬 𝐒𝐍𝐑 Plots for MIMO-OSTBC Performance in 𝐐𝐏𝐒𝐊 With 

Channel Coding for Tx=3. 

 

 

Figure 31: 𝐁𝐄𝐑 𝐯𝐬 𝐒𝐍𝐑 Plots for MIMO-OSTBC Performance in 𝐐𝐏𝐒𝐊 With 

Channel Coding for Tx=4. 
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For OSTBC with 4 × 4 antenna configuration and     , the     value needed to 

attain a BER of 10
−3

 is 4.2 dB and for a BER of 10
−4

, it is 6.1 dB. The corresponding 

SNR values of the       with FECs are 1.8 dB and 3.2 dB. The improvement in the 

performance of the     of       with FECs is better than in the same system 

without FECs. Table 4 shows the improvement for     -      system using 

     modulation and Rayleigh fading  hannel with    s. 

Table 4  mprovement for  I O-OS BC system using QP K modulation and 

Rayleigh fading  hannel with F Cs. 

 umber of  ransmitting 

antennas and  eceiving antennas 

S R when B R 

= 0−3 in  B 

S R when B R 

= 0−4 In  B 

1 × 1 26 32 

1 × 2 16 18 

1 × 3 14.5 17.5 

1 × 4 11.5 14.1 

2 × 1 16.5 20 

2 × 2 11 12.4 

2 × 3 10 11.5 

2 × 4 9.5 11 

3 × 1 9 11.5 

3 × 2 5.5 7 

3 × 3 4.3 5.5 

3 × 4 3.5 5.2 

4 × 1 5.3 7.5 

4 × 2 3.2 5 

4 × 3 2.3 3.8 

4 × 4 1.8 3.2 

 

5.3.2  𝐃ifferent 𝐀ntenna Configurations for 𝐌I𝐌O - OSTBC System Using 

channel coding and Rician Fading MIMO Channel. 

In this section, an analyses and simulations of the  ultiple- nput  ultiple-

 utput (MIMO) system with the  uadrature  hase  hift  eying (    ) are 

performed using  rthogonal  pace Time  lock  oding (     ). Unlike traditional 
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methods that use only the time dimension,       uses the time and spatial 

dimensions simultaneously for error control. This section simulates the 

    -      system with one, two, three or four transmit or receive antennas, 

i.e., 1 × 1, 2 × 2, 3 × 3 and 4 × 4. The modulation employed is     , while the 

channel model can be Rician fading type error correction schemes such as Reed-

Solomon Code (RSC), Convolutional Code (CC) and Interleaving.      is analyzed 

and simulated using       with      with different antenna configurations. A 

comparative study shows that the performance of      using       with      

improves for high order antenna configurations for given channel conditions and data 

rates. Such a performance improvement inevitably leads to lower    . The      

technique is applied with different antenna configurations such as 2 × 2 using 

orthogonal space-time block coding. The system is simulated for BER performance 

using the      modulation technique under the same channel conditions with 

different SNR values and different antenna configurations. 

Figure 32: BER of MIMO-OSTBC for QPSK Modulation Techniques Without 

Channel Coding . 

The plot of     against     is obtained for systems using 1 × 1, 2 × 2, 3 × 3 and 

4 × 4, as shown in Figure 32. The system      modulation without     is further 

analyzed and simulated for different antenna configurations. The parameters that are 

used for the simulations are listed in Table 5. It is observed that the performance of 
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the     -      system improves with an increase in     for the      

modulation scheme with maximum antenna configuration. 

Table 5  List of Simulation parameters. 

System parameters Specifications 

Channel model Rician 

K factor 4 

Modulation QPSK 

No. of Transmitting 

and receiving antennas 1 × 1, 2 × 2, 3 × 3 and 4 × 4 

 

Figure 32 shows the simulation results of the     analysis of      modulation for 

Rician fading channel without channel coding.  

 

Figure 33: BER of MIMO-OSTBC for QPSK Modulation Techniques With 

Channel Coding . 

 

A simulation is performed for the      modulation method. The graphs show that 

4 × 4 is better than 3 × 3, 2 × 2 and 1 × 1. If two transmitting antennas (i.e., 2 × 2) 

are replaced by four transmitting antennas (i.e., 4 × 4), then the overall performance 

of the system improves. 
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Figure 33 shows that a 4 × 4 configuration is better than a 3 × 3 configuration. If 

three transmitting antennas 3 × 3 are replaced by four  ransmitting antennas 4 × 4, 

then the overall performance of the system improves. 

Table 6   mprovement for  I O-OSTBC system using QPSK modulation and 

 ician fading mimo channel with FECs. 

 umber of transmitting 

antennas and  eceiving 

antennas 

    when B R= 0−3 

in  B 

    when B R= 0−4 

In  B 

1× 1 4.1 5.2 

2× 2 6 7.6 

3× 3 10 11.5 

4× 4 15.1 17.3 

Simulation is performed for the      modulation method. Table 6 shows that      

performs better when we use a higher order antenna configuration with    . The 

results above show that the system exhibits better results with      and  4 ×  4 when 

compared with other antenna configurations. 

5.3.3 Study 𝐨f Different Antenna C𝐨nfigurations for 𝐌I𝐌O-OFD𝐌 using 

OSTBC system over Rayleigh Fading 𝐌I𝐌O Channel. 

5.3.3.1. MIMO(OSTBC) - OFDM Technique over Rayleigh MIMO Fading 

Channel without Using FECs.  

In this section, the study presents the system performance by calculating the Bit 

Error Rate with different values of the Signal-to-Noise Ratio. The aim of this work is 

to investigate deeply the behavior of a     -     using the Rayleigh fading 

channel with different modulation techniques, such as     , 16-    and 64-   , 

without channel coding. The     (     )-     system here contains a data 

source, a     , 16-    or 64-    modulator, an       encoder and      at 

the transmitter. The BER results obtained using the simulation are presented in 

Figures 34, 35 and 36, which show the performance of 1 × 1, 2 × 2, 3 × 3 and 4 × 4 

    (     )-    , respectively for     , 16-    and 64-    over the 

Rayleigh channel without    s. 
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. 

 

Figure 34: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for QPSK over Rayleigh Channel Without FECs 

 

 

Figure 35: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for 16QAM over Rayleigh Channel Without 

FECs 
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Figure 36: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  plots for 64QAM over Rayleigh Channel Without 

FECs 

This simulation has four cases that consider the performance in accordance with the 

antenna configuration. The adjustment of the configuration is mainly implemented 

by modeling the      channel and changing the settings of the       Encoder and 

Combiner. The modeling of 1 × 1, 2 × 2, 3 × 3 and 4 × 4 are respectively constructed 

as in Figures 34, 35 and 36 for     , 16-    and 64-    over the Rayleigh 

channel without    s. 

The results obtained using the simulation methodology are shown in the figures 

above. These figures show the respective performance of the    s for different 

antenna configurations for the     (     )-     system. It is clearly observed 

that overall, the 4 × 4 system outperforms the other cases. 

5.3.3.2  MIMO(OSTBC) - OFDM Technique over Rayleigh Fading MIMO 

Channel with Using FECs. 

The system consists of similar blocks of the previous system with added blocks 

representing the channel coding algorithm. The channel coding blocks are the Reed-

Solomon Encoder, the Convolutional Encoder, and the Interleaver at the transmitter, 

and the Reed-Solomon Decoder, the Convolutional Decoder and the Deinterleaver at 

the receiver.  
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Figure 37: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  plots for QPSK over Rayleigh channel with FECs 

Figure 38: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for 16QAM over Rayleigh Channel With FECs 
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Figure 39:  𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for 64QAM over Rayleigh Channel With FECs 

The transmitter and the receiver are connected through a Rayleigh fading channel. 

The simulation results are presented in the form of     curves over numerous values 

of the    . Figure 37 shows the variations of the     as a function of the     if the 

modulation is      and for different numbers of transmit and receive antennas with 

    over the Rayleigh channel. The bit error rate     increases gradually for the 

2 × 2 configuration compared to the increase in the number of antennas on the 

transmitter and receiver side. For the 3 × 3 and 4 × 4 antenna configuration, the 

    decreases. 

The     results obtained using the simulation are presented in Figures 37, 38 

and 39, which show the performance of 1 × 1, 2 × 2, 3 × 3 and 4 × 4 

    (     )-     for     , 16-    and 64-    over the Rayleigh channel 

with    s. The performance of the     concatenated code clearly outperforms that 

of the same system without FECs from Figure 39. It can be seen that the FEC curve 

displays less flattening effect and has a much better slope than the other technique. It 

is clearly shown that BER with coding performs much better than     without 

coding. Moreover, the     (     )-     system has been introduced with 

different antenna configurations, namely 1 × 1, 2 × 2, 3 × 3 and 4 × 4. The 

improvement standards using channel coding are purposed to optimize the system in 

terms of error decrease. From the simulation results, it was found that error reduction 
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performs better as the number of antennas increases. Additionally, channel coding 

performance is observed with significantly higher     values. 

5.3.4 𝐒tudy 𝐨f Different 𝐀ntenna 𝐂onfigurations for 𝐌I𝐌O-OFD𝐌 using 

OSTBC System over Rician Fading MIMO Channel. 

In this section, the performance of     -     using       and the Rician 

channel is simulated by the MATLAB program. 

5.3.4.1. MIMO(OSTBC) - OFDM Technique over Rician MIMO Fading 

Channel without Using FECs.  

In this simulation, the     performance of      and      wireless communication 

systems over the Rician channel is compared. The MIMO wireless communication 

system consists of 2 × 2, 3 × 3 and 4 × 4 antenna configurations.     , 16-    and 

64-    digital modulation schemes are exploited in each scheme. Additionally, in 

each scheme, the results of simulation of the BER performance of the      systems 

are calculated. 

 

Figure 40: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for QPSK over Rician Channel Without FECs 
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Figure 41: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for 16-QAM over Rician Channel Without FECs 

 

Figure 42: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for 64-QAM over Rician Channel Without FECs 

Figure 40 shows the     performance of the system model of      1 × 1 and      

2 × 2, 3 × 3 and 4 × 4 over the Rician channel without    . Every scheme is 

modulated by the      modulation scheme. The comparison of the BER 

performance confirms that      4 × 4 has the best     performance. In contrast, 

the      1 × 1 scheme has the worst BER performance. For example, at a 10
−4

 BER 
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reference,      needs approximately 28 dB, whereas the      system with two 

transmit and receive antennas needs about 20.5 dB.      with three receive and 

transmit antennas needs about 18 dB and      with four transmit and receive 

antennas needs only about 15.5 dB. 

Figure 41 shows the     performance of the system model of      and      with 

2 × 2, 3 × 3 and 4 × 4 configurations over the Rician channel without FEC. Every 

scheme is modulated by the 16-    modulation scheme. The comparison of the 

BER performance confirms that      4 × 4 has the best BER performance. In 

contrast, the      1 × 1 scheme has the worst BER performance. For example, at a 

10
−4

 BER reference,      needs approximately 33 dB, whereas the      system 

with two transmit and receive antennas needs about 26 dB.      with three receive 

and transmit antennas needs about 25 dB and      with four transmit and receive 

antennas needs only about 24 dB. 

Figure 42 shows the     performance of the      system model and      with 

2 × 2, 3 × 3 and 4 × 4 configurations over the Rician channel without    . Every 

scheme is modulated by the 64-    modulation scheme. The comparison of the 

    performance confirms that the      4 × 4 scheme has the best BER 

performance. In contrast, the      1 × 1 scheme has the worst     performance. For 

example, at 10
−4

     reference,      needs approximately 50 dB, whereas the 

     system with two transmit and receive antennas needs about 45 dB.      

with three receive and transmit antennas needs about 31.5 dB and      with four 

transmit and receive antennas needs only about 30 dB. 

5.3.4.2. MIMO(OSTBC) - OFDM Technique over Rician MIMO Fading 

Channel with  Using FECs.  

The basic idea of     -     is to improve the data rate and/or quality of the     

by using multiple antennas in the transmitter and receiver of the communication 

system with    s over the Rician channel. The      system uses  rthogonal  pace 

 ime  lock  oding (     ) as the core scheme. 
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Figure 43:𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for QPSK over Rician Channel With FECs 

 

Figure 44: 𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for 16-QAM over Rician Channel With FECs 

 

Figure 43 shows how the system performs if the modulation is      with    s and 

for different antenna configurations with the Rayleigh channel. In general, the system 

performs better as we increase the number of transmissions and/or reception antennas 

with FECs. The SNR is equal to 25 dB for the     -     system, 20 dB for the 
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2 × 2     -     system, 16 dB for the 3 × 3     -     system, and decreases 

to 13.5 dB for 4 × 4     -     systems when the value of the bit error rate ratio 

equals 10
−4

. When increasing the value of the    , we notice a significant decrease 

in the BER. We extracted the BER for different antenna configurations and saw that 

the performance for the 4 × 4 antenna configuration of the     -    system with 

FECs was better than the performance of all the other shown configurations. 

Figure 44 shows how the system performs if the modulation is 16-    with    s 

and for different antenna configurations with the Rayleigh channel. In general, the 

system performs better as we increase the number of transmissions and/or reception 

antennas with    s. The     is equal to 32.5 dB for the SISO-OFDM system, 

24.5 dB for the 2 × 2     -     system, 21.5 dB for the 3 × 3     -      

system, and decreases to 20 dB for 4 × 4     -    systems when the value of the 

bit error rate ratio equals 10
−4

. When increasing the value of the SNR, we notice a 

significant decrease in the    . We extracted the     for different antenna 

configurations and saw that the performance for the 4 × 4 antenna configuration of 

the     -     system with    s was better than the performance of all the other 

shown configurations. 

 

 

Figure 45:𝐁𝐄𝐑 𝐯𝐬  𝐒𝐍𝐑  Plots for 64-QAM over Rician Channel With FECs 
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Figure 45 shows how the system performs if the modulation is 64-    with    s 

and for different antenna configurations with the Rayleigh channel. In general, the 

system performs better as we increase the number of transmissions and/or reception 

antennas with    s. The SNR is equal to 46 dB for the     -     system, 34.5 dB 

for the 2 × 2     -     system, 17.5 dB for the 3 × 3     -     system and 

decreases to 16 dB for 4 × 4     -     systems when the value of the bit error 

rate ratio equals 10
−4

. When increasing the value of the SNR, we notice a significant 

decrease in the    . We extracted the BER for different antenna configurations and 

saw that the performance for the 4 × 4 antenna configuration of the     -     

system with    s was better than the performance of all the other shown 

configurations. 
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CHAPTER 5 

 

Conclusion and Future Scope 

5.1 Conclusion 

A  ignificant effort has been made in 5  in  erms of  ommunications with higher 

reliability.      systems and antenna arrays are  wo  ommon methods of 

 ransmitting multiple  opies of data to receivers.    s provide performance 

improvement in  erms of lower error in multiple antenna  chemes  ompared to  ingle 

antenna schemes.      and      are the  wo basic forms of    s. In     , the 

 oding matrix is generated in  uch a manner that all the codes are orthogonal  o each 

other and that no  wo codes are repeated. This orthogonal property makes the      

scheme an        cheme and it makes the decoding of the receiver simpler. The 

encoded       method is used to analyze the       cheme to achieve highly 

reliable  ransmission. 

In this thesis, a detailed overview and analysis of     -     using orthogonal 

 pace- ime  oding was discussed. An      modulator and  emodulator were 

formed and  imulated for      and     . To remove    , the  yclic prefix was used 

with a multipath fading  hannel being used between the  ransmitter and receiver to 

develop  imulation results. Depending on the number of  ransmitting antennas on the 

transmitting side and the number of receiving antennas on the receiver side of the 

system, the bit error rate (   ) simulation results for various scenarios show the 

significant performance gain achieved when using the       scheme with    s. 

Firstly, we implemented the     -       cheme on two different  hannels (the 

 ayleigh Fading Channel and the  ician Fading Channel) using      modulation 

and different antenna configurations. Figures 27 and 31 show that at a     of 10
−4

, 

SNR gains of 6 dB and 3 dB are achieved using a 4 × 4     -      without    s 

over the Rayleigh fading channel and 4 × 4     -      with    s over the 

Rayleigh fading channel, respectively. Figure 31 shows that the     performance of 
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4 × 4  ransmit diversity       data transmission over the  ician Fading Channel 

with FECs for a 4 × 4 antenna  onfiguration at a     of 10
−4

 results in     gains of 

4.5 dB. It can be seen from the  imulation results that better     performance can be 

obtained with the use of more antennas due to the fact that multiple antenna  ystems 

achieve better performance than  ingle antenna  ystems. We have come to the 

 onclusion that the system with    s can be more effective. 

Secondly we implemented     -     schemes using       and    s. The 

proposed   -   with the interleaving model was carried out under  hree modulation 

 chemes, namely     , 16-   , and 64-    under two-channel models, and the 

Rayleigh and Rician for four antenna configurations, namely 1 × 1, 2 × 2, 3 × 3 and 

4 × 4.     -     under the Rayleigh fading channel with FECs for QPSK and a 

4 × 4 antenna configuration show that at a     of 10
−4

,     gains of 14 dB are 

achieved. Figures 40 and 43 show that at a     of 10
−4

, SNR gains of 17 dB and 

13.5 dB are achieved using 4 × 4     -     without    s over the Rician fading 

channel and 4 × 4     -     with    s over the  ician fading  hannel, 

respectively. The      modulation  cheme has better performance in  omparison to 

16-    and 64-    in both channels. 

Finally, as the number of  ransmitters and receivers increases, the     performance 

of the  ystem also increases. However, with acceptable        , more advanced 

 echnology is needed to observe other forward error  orrections, which is considered 

future work. 
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