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ABSTRACT 
This thesis focuses on utilising the available resources in the wireless communication system 

to improve the performance of a high data rate FEC concatenated code without additional 

bandwidth or extra power. 

Over recent years, high data rates and reliable communication are essential demands in wireless 

communication. At the same time, wireless communication is supposed to have good coverage 

and quality, exploit the limited resources (i.e. power and bandwidth) as efficiently as possible, 

and can be operative in diverse types of environments such as urban, suburban, and rural. 

Wireless communication channels experience impairment which causes overall system 

performance degradation. One of the major performance degradation factors is the multipath 

propagation phenomenon which leads to fading problem and unreliable system. The multipath 

propagation phenomenon results in, copies of the transmitted signal are travelled over different 

paths. The replicas can undergo various time delays and attenuation. 

One of the methods to improve the wireless communication performance is Forward Error 

Correction (FEC) codes. The investment of FEC requires either the channel bandwidth to be 

increased or the transmission rate to be decreased. Thus, it is necessary to keep a high rate of 

transmission, but not at the cost of extra bandwidth or additional power. Therefore, the thesis 

proposes a novel diversity technique which is known as Multipath Forward Error Correction 

(MPFEC), and the diversity processing method is known as Column Weight Multipath 

Combiner (CWMC). Furthermore, the thesis suggests RS(255,239)+BCH(1024,963) 

concatenated code as a high rate code for wireless communication systems.         

The MPFEC technique considers some of the multipath signals, which result from the multipath 

phenomenon, as an existing resource (redundant copies of the transmitted signal). These 

replicas are utilised to enhance the performance of the proposed high data rate FEC code 

without increasing the channel bandwidth or power.           

Based on the simulation results and analysis presented in the thesis, it was found that the 

proposed diversity technique improved not only the performance of the proposed concatenated 

code but also enhanced the performance of other low redundancy FEC codes. Moreover, the 

uncoded wireless communication performance with the MPFEC technique has shown 

improvement in the bit error rate. The performance of the different wireless communication 

systems was compared with system performance before and after applying the MPFEC 

technique with and without the proposed concatenated FEC code.  
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tmi A very short time. 

TL The path lengths between any two multipath signals 

TLoS The time arrival of the LoS signal. 

Ti The time arrival of the NLoS. 
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CHAPTER ONE 

INTRODUCTION 

In 1897 Guglielmo Marconi demonstrated that it was possible to establish a communication 

link using radio waves (Simons, 1996). Since that time, wireless technologies that make 

communication possible have evolved significantly. Over the past decade or so, the need for 

reliable wireless communications and high transmission rate systems has been witnessing 

remarkable growth. A reliable communication system requires the sending and receiving of 

error-free data (Sanghvi et al., 2011). Therefore, a reliable communication link over wireless 

channels is quite a challenging task which includes a lot of different problems. In contrast to 

wired communication channels, wireless channels are usually characterised by frequency, time, 

and space varying channel (Durgin, 2003). Not only is it susceptible to a certain level of noise, 

reflection, and other channel impediments, but these impediments are changed over time in an 

unpredictable manner as a result of environment dynamics and user movement (Goldsmith, 

2005). For example, in mobile data communication, the mobile movement might cause a change 

in the channel environment. Therefore, reliable data on mobile communication is even more 

challenging.  

Wireless channels are typically subject multipath propagation (Madhow, 2008), which arise 

because when a signal travels through a wireless channel, it will be received at the receiver via 

different paths at a slightly different time besides the direct Line of Sight (LoS) signal, as shown 

in Figure 1.1. The multipath phenomenon occurs because of diffraction, scattering, and 

reflection of the transmitted signal by objects in the environment. Furthermore, multipath 

propagation can also be generated by refraction caused by the medium (Paulraj et al., 2003). 

Consequently, the received signal will suffer from Inter Symbol Interference (ISI) which leads 

to fading (signal distortion and burst errors) (Ziganairov, 2004).  

In Figure 1.1, the direct signal between the sender and receiver is referred to as the LoS signal. 

Typically, the strongest signal is the signal which travels through the LoS path. The transmitted 

wave can also be reflected by objects before reaching the receiver. On the other hand, sharp 

edges of objects which have irregular surfaces can also diffract the transmitted signal. 

Moreover, when the signal is dispersed by objects in the signal path, this results in several 

copies of the signal travelling in different directions, which is known as signal scattering. 

Finally, the channel becomes time-varying when the sender or receiver is moving.  
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Wireless communication systems have several methods to deal with ISI and provide robust 

communication. Diversity is one of the most widely used methods to provide robust 

communication (Agubor et al., 2013). It is mainly used in wireless communication for 

combatting fading, co-channel interference and avoiding error bursts. This technique attempts 

to produce uncorrelated faded copies of LoS signal and assumes that at least one of these signals 

will be received correctly at the receiver (Duman and Ghrayeb, 2007). There are different 

methods used to obtain diversity such as time diversity (channel coding), antenna diversity, etc. 

The reliability of wireless communication systems can be improved even more so by combining 

different diversity techniques. For example, time diversity which is obtained by channel coding 

can be combined with the antenna diversity.   

1.1.  Problem Description 

One of the time diversity or channel coding techniques is Forward Error Correction (FEC). The 

investment of FEC requires either the rate of transmission to be decreased or the channel 

bandwidth to be increased (Ziganairov, 2004). The high transmission rate and reliability need 

an FEC technique with a high error correction capability and high bandwidth. However, the 

bandwidth is a substantial issue for communication. For that reason, it’s not a wise decision to 

increase the bandwidth (Nandaniya et al., 2014). 

The current demand for high reliability and high transmission rates with a fixed broadband 

communication and low latency puts more pressure on designing new FEC coding techniques 

to utilise the bandwidth in a better way; this means that the data rate should approach Shannon’s 

limit of the channel bandwidth (Shannon, 1948). Consequently, this research is focused on the 

following challenges. 

1- Increasing the error correction capability of existing FEC codes without extra 

redundancy or adversely affecting the transmission rate. 

Scatterin

g 

Base Station 

Figure 1.1. An example of different paths in a wireless channel. 
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2- Investigating the feasibility of utilising an existing wireless phenomenon known as 

multipath propagation to improve the reliability of the wireless communication.  

3- Designing a technique to employ the multipath phenomenon to improve FEC error 

correction capability with slight latency.  

FEC with low latency has low error correction capability (Maddah et al., 2013), therefore 

finding a method to improve the performance of FEC without raising the number of redundant 

bits as well as having low latency is one of the main challenges. So, to increase the error 

correction capability of these techniques, the number of the redundant bits must be raised. On 

the other hand, the other FEC techniques with high error correction capability and reaching 

Shannon’s limit (Shannon, 1948) have high latency and low code rate. Therefore, the high 

reliable communication system means low transmission rate, high latency or both. This is 

obvious in the channel coding techniques that approach Shannon’s limit such as Turbo, Low-

Density Parity-Check (LDPC) and Polar codes (Pyndiah et al., 1995; Uryvsky and Osypchuk, 

2014; Alamdar-Yazdi and Kschischang, 2011). Therefore, the investigation of FEC techniques 

with low latency and redundancy to enhance their performance without additional redundancy 

is a challenge. Another challenge is to investigate the multipath propagation phenomenon in 

wireless communication and demonstrate the feasibility of utilising it to boost the error 

correction capability of the low latency FEC codes. The third challenge is to design a technique 

to employ this phenomenon with slight latency or overhead.   

1.2.  Typical Wireless Communication System 

The basic blocks of a general wireless communication system are shown in Figure 1.2. In Figure 

1.2, the wireless system consists of a source of information which is to be transmitted. The 

source encoder converts the data into a digital format and then compresses it to reduce the 

bandwidth required to transmit this information. 

After that, channel encoder appends redundant bits into the information to correct errors 

introduced in the data as a result of noise and fading. The modulator modulates the data signal 

onto the transmission frequency; such that the signal is ready for transmission. The channel 

 

Source 
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Figure 1.2. A block diagram for wireless communication system. (Singh and Rathore, 2014). 
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symbolises the attributes of the wireless channel such as fading, interference, noise and other 

interference noise. For analysis purposes, the channels are characterised by mathematical 

models which are representative of the attributes of the actual channel. Most of the work in this 

research will assume having Additive White Gaussian Noise (AWGN) and Rayleigh Fading 

channels.   

When the receiver receives the signal, the demodulator performs a demodulation operation. The 

decoder then tries to recover the original data by using the redundancy that was appended by 

the channel encoder to correct errors. Different error correction techniques have been proposed 

such as Hamming code, Bose, Chaudhuri and Hocquenghem (BCH) codes, Reed-Solomon (RS) 

codes, and other types (Tiwari and Sahu, 2015). After that, the source decoder converts the data 

back to the original form.  

1.3.  Error Control Techniques for Wireless Communication 

Channel coding (FEC) has been created for providing reliable communication links. Regardless 

of the design of a communication system, errors in the signal transmission will occur due to 

noise, ISI, diffraction, scattering and reflection. A receiver can recover the original data if it has 

a mechanism to detect and correct the unpredictable errors. Coding schemes have been invented 

to detect and correct the random errors that occur during data transmission (Lathi and Ding, 

2009). The history of coding started with Shannon’s work in the late 1940s (Shannon, 1948). 

The central objective for the next half-century was to find practical coding methods which could 

approach Shannon’s capacity. Experiences have shown that finding good coding schemes with 

feasible decoding methods is not easy task. There are two main types of error control 

techniques:  

• Automatic Repeat Request (ARQ), and  

• FEC.  

In the ARQ, if an error in a block of information is detected on the receiver side, it requests to 

retransmit the block. Whereas, in the FEC, the transmitted block is encoded in the sender side. 

Therefore, any errors occurring during transmission cane corrected by the receiver.  

1.3.1. Automatic Repeat Request (ARQ) 

In this method, redundancy is added to the transmitted data, and the receiver uses it to detect 

errors. When the receiver detects any errors in the received signal, it sends a request to resend 

the information. Therefore, one of the requirements of the ARQ method is a back channel for 

requesting the transmitter to resend the information (Faruque, 2016): 
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1.3.2. Forward Error Correction (FEC) 

FEC is a mechanism employed by the receiver to detect and correct errors that occur in the 

signal during transmission. The central concept of the FEC is adding some redundant data to 

the data which allows the receiver to detect, and correct errors Figure 1.3. The channel encoder 

processes a block of k input (bits or symbols) and produces at its output a block of n (bits or 

symbols), where n > k. The rate of the channel encoder (code rate) is R = k/n, therefore R< 1.   

1.4.  Channel Coding Types   

These are diverse FEC coding methods which are applied to the communication systems. They 

are categorised into the block and convolutional codes. 

1.4.1. Block Codes   

The linear block code encodes and decodes data on a block-by-block basis and is a memoryless 

operation which can be implemented using combinational logic (Jiang, 2010). The block error 

correction code is known as an (n, k) code which encodes k input data (bits/symbols) to produce 

a codeword that consists of n data as output where k < n Figure 1.4. With an (n, k) code, there 

are 2k distinct codewords out of a total of 2n possible codeword combinations (Stallings, 2014). 

The auxiliary n - k data (i.e. a parity check), are the redundancy which adds to the original data 

before it is transmitted. There are many types of block code, such as binary BCH, RS, Golay 

and Hamming code (Adamek, 1991).  
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Figure 1.3. FEC principle (Rao, 2015). 

Figure 1.4. Block code diagram and codeword block. 
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1.4.2. Convolutional Codes   

Block codes are unlike convolutional codes because in convolutional coding a continuing 

sequence of binary data is mapped into a continuing sequence of encoder output bits. In 

contrast, in block coding, the data sequences are sorted into independent blocks and encoded to 

produce the codewords. The encoder in the convolutional code has a memory (shift register), 

this characteristic is considered as the most important one in this code Figure 1.5. The codeword 

is produced by passing the binary data sequence through a set of the finite shift register. The 

shift register includes J stages and g generators. The generators are linear functions that are 

based on the generator polynomials. The shift register shifts k input bits through it. Thus, the n 

bits will be the output for each k input bits. The rate R = k/n represent the code rate for the 

convolutional codes.   

Convolutional coding is concerned with not only the data bits of current code blocks but also 

the adjacent blocks in the encoding process. Equivalently, it requires the extracted decoded 

information from not only the current received block but also the adjacent blocks (to be) 

received. 

1.4.3. Concatenated Codes   

The main idea of the concatenated codes is to concatenate two codes in a serial manner as outer 

and inner encoders Figure 1.6. The inner code corrects the random errors, while the burst errors 

are corrected by the outer code.  Concatenated codes are considered as a good method to get a 

strong and long code by using simple codes. Also, concatenated codes have the proper structure 

for burst error correction.  

 

 

 

 

 

 Figure 1.6. Serial concatenated code. 
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1.5.  Diversity and Multipath Propagation 

In communication systems, diversity means a method to improve the robustness of a transmitted 

signal by employing two or more independent signal paths, which can be viewed as a form of 

redundant copies of the transmitted signal. Furthermore, these paths are highly uncorrelated. 

Also, they experience various levels of interference and fading. Therefore, diversity is mainly 

used in wireless communication for avoiding error bursts and combatting 

co-channel interference and fading (Rathore and Tanwar, 2012; Sanjay and Saurabh, 2016). 

Multipath propagation occurs on the wireless channel because of the reflection or deflection of 

one or more signals that are sent out from the sender to the receiver. The reflected/deflected 

signal is received in addition to the direct path signal. Also, the delay difference between the 

reflected/deflected paths and the direct signal path vary over time. Therefore, the main idea 

behind the diversity based on the multipath phenomenon. The concept is to transmit the signal 

via different paths to get an independent replica signal. Therefore, the communication system 

needs multiple paths, and low correlation between paths, to have diversity. There are different 

diversity techniques such as an Antenna, Frequency, Time, and Polarization diversity (Sanjay 

and Saurabh, 2016).  

The first idea to exploit the multipath phenomenon concept is by putting a second antenna on 

the receiver side, with a vertical separation from the first antenna, this results in different 

received signals. Then, it was expanded to use M1 transmitters and M2 receivers. This 

technique is called space diversity. The second one is known as frequency diversity, in this 

method, the signal is transmitted by using different channel frequencies. The third technique is 

time diversity; the desired signal transmits in M different time instants. Also, in this technique, 

the error bursts can be avoided by adding FEC with the message before sending it. The last 

diversity technique is polarisation diversity. In this method, different receiving antennas with 

different polarisations for receiving the signal are used.   

The combining of several copies of the transmitted signal increases the overall received power. 

Therefore, distinct types of diversity-combining algorithms have been designed, for instance, 

switching, selection, equal gain, and maximal ratio combining (Srivastava, 2010).    

1.6. Research Progress 

This research started by investigating coding theory and its algebra (Galois field) to understand 

the basics of FEC Figure 1.7. Also, to investigate the possibility of designing a new 

mathematical model (new generator matrix) for one of the primary FEC codes to reduce the 

redundancy and keep the same level of error correction capability. However, this direction of 

enquiry was effectivelly suspended by the invention of RS codes. Therefore, the research took 
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another direction to find a new combination of a concatenated code. This combination should 

have lower redundancy, and its performance should reach a reasonable level to ensure the 

quality of the wireless communication system. For this reason, the concatenated codes in the 

communication system are investigated.  

During the investigation, a novel super-FEC code based on concatenated code used for high-

speed long-haul optical communication has been found (Yuan et al., 2007). This code is a 

combination of RS and BCH codes and has lower redundancy with error correction capability 

which is better than an RS and convolutional code combination by using iterative decoding 

algorithm. Whereas the RS and convolutional concatenated code is widely used for digital 

transmission systems (Aitsab and Pyndiah, 1997), based on the literature review, it has been 

found that this RS (255,239)-BCH (1024,963) concatenated code has not applied to wireless 

communication. 

In conclusion, the simulation results showed that this code without iterative decoding is suitable 

for wireless channels such as AWGN and Rayleigh channels. Another direction is to reveal an 

alternative method for the iterative decoding algorithm to enhance the Bit Error Rate (BER) 

limit as well as keep low redundancy.  
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requires an overhead. This solution takes the research to investigate the diversity techniques 

and multipath phenomenon to study the possibility of taking the benefits from the existing 

redundant copies.  

The redundant copies are considered as a disadvantage in wireless communication due to ISI. 

As a result, this research has counted the multipath propagation as a significant phenomenon in 

wireless communication. A novel multipath combiner technique has been designed with low 

complexity. This combiner has been used to improve the error correction capability of, RS, 

BCH and the proposed RS (255,239) +BCH (1023,963) concatenated codes. Thus, the 

simulation results demonstrate a consistent improvement and beneficial development in 

different wireless channels environment over various modulation techniques.  

1.7. Research Methodology 

This research has been chosen to help the researcher to understand the concepts of FEC 

techniques as well as how to plan, design, problem-solve, and determine a suitable FEC for the 

wireless channels. This research increased my confidence as a researcher and improved my 

research experience. 

During the research process, a literature review of FEC techniques (algebra, concepts, and 

development) was done to determine the research direction. Different wireless channels were 

used such as AWGN and Rayleigh channel to verify that the results were consistent. Also, a 

variety of radio diversities were used. The first diversity technique is channel coding such as 

BCH, RS, and RS-BCH concatenated codes. The second one is the antenna diversity with 

Space-Time Coding (STC) such as Multiple-Input Multiple-Output (MIMO) with 2×1 and 2×2 

Alamouti STC and 2×2, 4×4, and 8×8 Vertical-Bell Laboratories Layered Space-Time (V-

Blast) code. The last one is the path diversity. The three diversities are combined to enhance 

the reliability of the wireless communication system. The BER vs Signal to Noise Ratio (SNR) 

has used to analysis the system performance. The research has been focused, in the last four 

years on the following: 

• Investigating the capabilities and possibilities to propose a solution without adversely 

impacting the redundancy. Also, the solution should have a slight latency to satisfy the 

current demand for the new applications such as 5G.  

• Ensuring that the academic research is viable though keeping in touch with research 

communities. This is achieved by publishing in known conferences, participating in the 

academic workshops, and attending relevant events.  
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1.8.  Research Aims and Objectives  

Reliable transmission is a challenge in wireless communications. The propagation problems 

that mainly affect the wireless system reliability are, for example, noise interference, channel 

fading, and other interference. Therefore, the aims of this research are: 

• To design a new FEC based on a concatenated code with low redundancy. 

• To utilise the multipath propagation phenomenon to improve the error correction of the 

proposed code. 

• To design a new multipath combining technique to employ the multipath phenomenon 

with low overhead.   

The objectives of this research are: 

• To examine the performance of combining multipath diversity with a proposed FEC code 

in the Single-Input Single-Output (SISO) wireless system over AWGN and Rayleigh 

channels. 

• To evaluate the performance of combining multipath diversity with a proposed FEC code 

in the Alamouti 2×1 Multiple-Input Single-Output (MISO) and Alamouti 2×2 Multiple-

Input Multiple-Output (MIMO) wireless systems over AWGN and Rayleigh channels. 

• To evaluate the performance of combining multipath diversity and a proposed FEC code 

in the 2×2, 4×4, and 8×8 MIMO with V-Blast code over AWGN and Rayleigh channels. 

1.9.  Research Contributions  

The correction of errors that occur in the transmitted signal is a primary goal of the invention 

of FEC. Therefore, the best FEC code is the one which has high error correction capability. An 

increase in the error correction capability in any code leads to a decrease in the transmission 

rate, expansion of the bandwidth or an increase the complexity of the coding/decoding 

algorithm. This thesis offers an RS (255,239) + BCH (1024,963) concatenated code as a new 

FEC code for wireless communications. This code has been used as a super code for the high-

speed long-haul super-large capacity optical communication system. This code uses iterative 

decoding to obtain an error correction capability better than any other used in the optical 

communication system such as RS (255,239) + convolutional code (k0/n0=6/7, J=8).  Also, it 

has low redundancy compared with the others (Yuan et al., 2007).  

The research reported in this thesis focuses on enhancing the BER limit of this code by utilising 

an existing phenomenon with slight overhead as an alternative to the iterative decoding 

algorithm. In current wireless communication, multipath propagation is considered as a 

disadvantage due to interference. This phenomenon results in an antenna receiving two or more 

copies of the transmitted signal from different paths. The reflected/deflected signals differ in 
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their travelling time and length, the receiver separates some of them to obtain multipath 

diversity and combine them to get one strong signal. 

The research reported in this thesis considers these copies as redundant copies of the transmitted 

signal, so it proposed a novel combiner named Column Weight Multipath Combiner (CWMC) 

to combine them and obtain multipath diversity. The main contributions of this research are: 

1- Proposing a new FEC based on the concatenated code. 

2- Using multipath phenomenon as an alternative to the iterative decoding algorithm for 

increasing the error correction capability of the proposed FEC. 

3- The BEF limit of an FEC which has error correction capability t1 has been promoted to 

perform better than FEC which has error correction t2, where t1< t2. 

4- Proposing a new combined-diversity technique with low complexity.  

5- Enhancing the BER limit of the linear block code in the low SNR. 

6- Increasing the throughput and reliability of the overall system without bandwidth 

expansion or increasing the redundancy. 

The resulting system can be used in applications where the complexity and length of codes are 

essential. Also, the outcomes of this research should have an impact on the future technology 

and smart applications such as 5G technology. 

1.10. Outline of The Thesis   

This thesis is organised as follows. 

• Chapter 1. This chapter presents background and basic definition of wireless 

communication. Also, it reviews the channel coding and diversity methods in general, 

followed by research progress, methodology and contributions details.       

• Chapter 2. The significant milestones in the field of channel coding are demonstrated in 

this chapter. Different coding techniques that were invented and developed between 

1949 and 2009, starting with Shannon’s work and ending with the invention of Polar 

coding technique.    

• Chapter 3. The concepts, the three primary mechanisms, and the essential impact of the 

multipath propagation phenomenon are demonstrated in this chapter. The three 

mechanisms are a reflection, diffraction (shadowing) and scattering phenomena. After 

that, the concept of diversity as the most promising scheme for the elimination the 

effects of the multipath phenomenon on the transmitted signal is introduced. Next, 

several types of diversity methods such as space/spatial diversity, antenna diversity, 

frequency diversity, angle diversity, polarisation diversity and time diversity are 

presented. Finally, four diversity processing methods are described; selection, 
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switching, Maximum Ratio Combining (MRC), and Equal Gain Combining (EGC) 

schemes.    

• Chapter 4. The theoretical part of the main contributions of this research is elucidated 

in this chapter. The chapter starts with an explanation of multipath signals arrival time 

and the relation between propagation path length and the multipath copy strength. The 

suggested system model of the Multipath Forward Error Correction (MPFEC) technique 

and the proposed diversity process which is Column Weight Multipath Combiner 

(CWMC) are presented. The model includes the description of the proposed FEC 

concatenated code (i.e. RS(255, 239)+BCH(1023, 963) code). After that, the procedure 

of selecting the multipath signals is displayed. Finally, the limitations of the MPFEC 

technique are discussed in this chapter.         

• Chapter 5. In this chapter, the simulation results with different scenarios are analysed 

including MPFEC/SISO system, MPFEC/MISO Alamouti2x1 system, MPFEC/ MIMO 

Alamouti2x2 system, MPFEC/ MIMO V-BLAST 2x2, MPFEC/ MIMO V-BLAST 4x4, 

and MPFEC/ MIMO V-BLAST 8x8. The simulation had been completed using two 

different channels: AWGN and Rayleigh channels with two modulation schemes. The 

modulation methods are Binary Phase Shift Keying (BPSK) and Quadrature Amplitude 

Modulation (QAM).    

• Chapter 6. The thesis is concluded in this chapter. The chapter discusses the key issues, 

the point of views, achievements, and recommendations for possible future work.  
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CHAPTER TWO 

ERROR CONTROL CODING 

2.1.  Introduction 

The error control coding field started with Claude Shannon’s landmark paper in 1948 (Shannon, 

1948). Followed by the ground-breaking work of Golay (Golay, 1949) and Hamming 

(Hamming, 1950). Shannon presented the theoretical basis of the coding that has come to be 

known as information theory. He showed that it was possible to achieve a reliable 

communication over a noisy channel. On the other hand, Shannon demonstrated that 

information can be transmitted over the communication channel with no error if the channel 

capacity is higher than the transmission rate. This theorem opens new directions in the 

communication field by determining the upper limit of the transmission rate. Nonetheless, 

Shannon did not explain how this limit could be practically reached. Thus, new error control 

techniques had to be developed which could transmit information with minimum error 

probability. 

Intensive study has been done on error control coding since the 1940s. Thus, different channel 

coding or FEC techniques were invented between 1949 to 2009. The error correction capability 

of FEC techniques is different from one technique to another. Some have low latency, with low 

error correction capability. To increase the error correction capability of these techniques 

requires increasing the numbers of redundant data. Other techniques have high error correction 

capability reaching Shannon’s limit. However, these techniques do have high latency. 

Therefore, a highly reliable communication system means low transmission rate or high latency 

or both. This is obvious in the channel coding techniques that approached Shannon’s limit such 

as turbo codes, LDPC codes and Polar codes. 

There are different applications which use error control methods. Coding can be used to provide 

communication reliability in the presence of interference. Codes are used to protect data from 

intentional interference in military applications. There are many limitations with the transmitter 

power in satellite communication. Therefore, FEC codes are used to recover very weak 

messages. Also, they are used in the applications of deep-space communications (Arasteh, 

2006). This research focuses on the utilisation of a new method to improve the error control 

codes on wireless communication. There are several types of coding such as BCH codes, Reed-

Solomon code and so on. The selection of specific coding technique dependents on many 

factors, for example, allowable delay in decoding, channel type, bandwidth, power and cost. 
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Also, type of data and information rate have a prime role in the choice of a specific coding 

scheme.      

This chapter presents a background on FEC techniques; section (2.2) explains the concept of 

Shannon’s limit theory. The block code concept and types are given in section (2.3). Section 

(2.4) demonstrates the convolutional codes. Product and concatenated codes are explained in 

section (2.5), while Trellis Coded Modulation (TCM) codes are explained in section (2.6). 

Finally, the conclusion is discussed in section (2.7).       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.  Shannon’s Limit 

Shannon’s limit (Shannon, 1948) is a mathematical theorem which determines the theoretical 

maximum bit-rate which can be transmitted with a particular level of noise (BER) (Gallo and 

Hancock, 2002). This theorem is named after the mathematician Claude Shannon, who derived 

it. The Shannon’s limit is referred to as channel capacity (C) and given by the following 

formula: 

Hamming and Golay 

codes, (Golay, 1949), 
(Hamming, 1950), (Slepian, 

1956) (Honary and Markarian, 

1993),  (Kumar and 

Umashankar, 2007). 

Reed-Muller (RM) 

codes, (Reed, 1954), 

(Muller, 1954),  (Arıkan, 

2008). 

Shannon’s Theory 

(Shannon, 1948). 

Convolutional Codes, 

(Elias, 1955), (Fano, 1963), 

(Jelinek, 1969), (Viterbi, 

1971), (Bahl et al., 1972), 

(Forney, 1973), (Koch and 

Baier, 1990), (Zehavi, 

1992), (Robertson et al., 

1995). 

Cyclic codes 

(E., 1957). 

LDPC Codes, (Callager, 

1963), (Tanner, 1981), 

(MacKay and Neal, 1995), 
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Figure 2. 1. The graph depicts the evolution of FEC techniques. A selection of the literature is stored by topic and the 

circles in red represent the research area. The labels are chosen in a subjective way, to put in underline the most 

popular FEC techniques and because of clarity. 
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𝐶 = 𝐵𝑙𝑜𝑔2 (1 +
𝑆

𝑁
) 𝑏𝑝𝑠 1.1 

Where S/N is the SNR and B is the bandwidth in hertz (Hz).  

The theory proved that, if C is greater than the data rate, R, (C>R), then there is an existing error 

correcting code method which shows that the transmitted information can be reliable. If C<R, 

the information can’t be reliably transmitted. In practical, experiences have shown that finding 

good coding schemes with feasible decoding methods is remarkably difficult. However, the 

field of channel coding has been revolutionised by Turbo (Arora and Singh, 2015) and LDPC 

(Rao, 2015) codes, which can approach Shannon’s theoretical limits. These two codes show 

that it is possible to approach the near Shannon limit performance over AWGN channel with 

Binary Phase-Shift Keying (BPSK) modulation when suboptimal iterative decoding methods 

are used. However, on fading channels, it is harder to approach the channel capacity. 

2.3.  Block Error Control Codes 

Block codes encode and decode data on a block-by-block basis and are a memoryless operation 

which can be implemented using combinational logic (Jiang, 2010). The block error correction 

code is known as an (n, k) code where n > k, n is the length of the codeword and k is the length 

of the uncoded block. Each block codes contains 2kcodewords. The codeword is produced by 

adding n – k redundant bits to the uncoded block Figure 2.2. The rate (R) of the block codes is 

calculated by dividing k by n: 

  𝑅 =
𝑘

𝑛
 (2.1) 

 

Dependent on the redundancy structure there are distinct types of codes such as Golay codes, 

Hamming codes, Reed-Muller (RM) codes, Cyclic Redundancy Check (CRC) codes, BCH 

codes, RS codes, LDPC codes and Polar codes. 

Data Stream 

k – bits block 

n – bits block 

(n – k) bits                   k – bits  

Figure 2. 2. Block codes codeword. 
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2.3.1.  Hamming Codes 

While Shannon was putting down the definition for the theoretical limit of reliable 

communication, the first schemes of practical error control were being developed by 

Hamming (Hamming, 1950) and Golay (Golay, 1949). Richard Hamming sought 

methods to encode computer input data. The aim was to have a computer being able to 

not only detect errors but also able to correct them and continue running. Because of 

this, Hamming discovered the first error correction code which able to detect two errors 

and correct a single error in a block of seven encoded bits (n = 7). The main idea of 

Hamming’s code is to group the information into sets of four bits (k = 4), three check 

bits are then calculated. The result is a codeword of seven bits. The three check bits are 

a linear combination of the data bits. The code rate for the Hamming code was 

4 / 7= 0.571.  Hamming also described a generalised class of single error correction 

codes.  

The characteristics Hamming’s codes are: 

 Type: Linear block code  

 Block length (n): 2m – 1, where m ≥ 2  

 Message Length (k): 2m – m – 1  

 Code rate (R): 1 − 𝑚 (2𝑚 − 1)⁄   

 Distance (d): 3  

 Alphabet size: 2  

 No of corrected error(t): 1  

 Parameter: [2m – 1, 2m – m – 1, 3]2  

The Hamming’s codes can be constructed by choosing the parity check matrix H so that 

HT does not contain any zero row. The first (n – k) rows compose an identity matrix in 

HT. There are 2n-k – 1 different rows in HT. 

A decoding algorithm for Hamming’s code by using the standard array is demonstrated 

by (Slepian, 1956). However, the algorithm is only effective for very short codes. In 

1993, a low complexity trellis decoding algorithm for Hamming’s codes introduced by 

(Honary and Markarian, 1993). This decoding algorithm was viable for use on all of 

existent Hamming’s codes.  

In 2007, an improvement to Hamming’s codes was introduced by (Kumar and 

Umashankar, 2007). They reduced the overhead of adding the redundancy at the 

transmitter end and their removing at the receiver end. Despite this, the Hamming’s code 

still a single error correction code.      

2.3.2.  Golay Codes 

Marcel Golay addressed two problems in Hamming code: the first one is Hamming code 

requires three check bits for every four information bits. Thus, the data rate is decreased. 
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The second problem is that the code is only able to correct one error within a block of 

seven bits. Golay generalised Hamming’s construction alphabet of prime size.  

Golay also constructed two very remarkable codes for multiple error correction which 

are known as the Golay codes: the first one is a triple error correction binary code. This 

code corrects up to three errors in a block of n = 23 bits by using eleven chick bits 

(k = 12, n – k =11). The second code is a double error correction ternary code. The 

ternary code deals with a ternary number (each number contains two bits) rather than a 

binary number. The ternary code is capable of correcting two errors in a block of eleven 

ternary numbers by using five ternary check number (Lin and Costello, 1983).  

The characteristics of Golay codes are: 

 Triple correcting code (Binary code)  

 Type: Linear block code  

 Block length (n): 23  

 Message Length (k): 12  

 Code rate (R): 
12

23
~0.522  

 Distance (d): 7  

 Alphabet size: 2  

 No of corrected error(t): 3  

 Parameter: [23, 12, 7]2  

    

 Double correcting code (Ternary code)  

 Type: Linear block code  

 Block length (n): 11  

 Message Length (k): 6  

 Code rate (R): 
6

11
~0.545  

 Distance (d): 5  

 Alphabet size: 3  

 No of corrected error(t): 2  

 Parameter: [11, 6, 5]3  

Hamming and Golay use the same concept to construct their error correction codes. The 

idea is to group k symbols into a block and then add n – k check symbols to obtain an n 

symbol codeword. The resulting code has the code rate R = k / n and can correct t errors. 

This type of code is known as block code. Moreover, the Hamming and Golay codes 

are known as linear block codes, because the modulo-q sum of any two codewords 

results in a codeword. Both Hamming and Golay codes are specific codes with a 

constant value for n, k and t.   

2.3.3.  Reed-Muller (RM) Codes 

In the 1950s, studies of error correction codes led to a conclusion that the inventing a 

suitable coding scheme was not only the issue to approach Shannon’s limit. The 
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complexity of the decoding algorithm was predominantly exorbitant to realise a required 

gain. For example, Golay codes give a good gain, on the contrary, the complexity of the 

decoding was unpractical. There are several aims for approaching Shannon’s limit 

which are contradicting. For instance, the long codes with high coding gain have a 

decoding scheme cannot be implemented practically, at the same time short codes have 

a decoding scheme which is not efficient.        

A not complicated decoding and non-optimum class of block codes described by Muller 

(Muller, 1954) which is known as Reed-Muller (RM) codes were implemented. In 1972, 

some researchers point out that in 1951, the Reed-Muller codes had been known as 

Mitani (Peterson and Weldon, Jr., 1972).  These codes were later classified by Reed as 

a new class of error correction codes. Reed also proposed a decoding algorithm for these 

codes (Reed, 1954). Slepian used the same decoding algorithm of Hamming codes to 

decode RM codes (Slepian, 1956). These codes are considered as important because 

they provided more flexibility in the capability of error correction (t) and the size of the 

codeword (n). For example, the code with n = 32 bits codeword block length and k = 6 

bits the size of information block has error correction capability t = 7 bits. Whereas, t, 

k and n in the Hamming and Golay codes are constant. Although the decoding 

complexity of RM codes is low, the RM codes error correction capability is relatively 

insufficient.  

In 2008, Arikan used the Polar coding concept to enhance the performance of RM codes 

without increasing their encoding and decoding complexity (Arıkan, 2008). 

The RM attributes are: 

 Type: Linear block code  

 Block length (n): 2m   

 Message Length (k): ∑ (
𝑚
𝑖

)𝑟
𝑖=0  where, r is the code order 

 Code rate (R):  k/2m  

 Distance (d): 2m-r  

 Alphabet size: 2  

 No of corrected error(t): t  

 Parameter: [2m, k, 2m-r]2  

2.3.4.  Cyclic Codes  

The discovery of RM followed by the cyclic codes CRC discovery by Prange (E., 1957). 

CRC is one of the linear block codes class with an additional property. The property is 

any cyclic shift of a codeword which results in another codeword. Therefore, the 

encoders and decoders complexity of these codes are less than the RM codes. The CRC 

codes can be described by a polynomial of degree n – k, known as generator polynomial.  
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This type of coding can be decoded by using decoders which have a complexity that 

increases exponentially with t (Meggit, 1961).  The CRC codes are used to correct one 

or two bit errors. Therefore, these codes are used for error detection application instead 

of error correction. 

The main properties of CRC are:   

 Type: Linear block code  

 Block length (n): n    

 Message Length (k): k 

 Code rate (R): 
𝑘

𝑛
  

 Distance (d): d   

 Alphabet size: 2  

 No of corrected error(t): t=1 or 2  

2.3.5.  BCH Codes  

A new subclass of the CRC was simultaneously discovered by Hocuenghem 

(Hocquenghem, 1959) and Bose and Ray-Chaudhuri (Bose and Chaudhuri, 1960). 

These codes are called BCH codes. In addition to BCH codes having a low complexity 

decoder, they have a strict algebraic structure. They are therefore simple to use in both 

encoding and decoding (Song et al., 2015). In the BCH codes, the codewords are created 

by dividing a polynomial m(x) representing the data (binary data) by a generator 

polynomial g(x) and taking the remainder, which will be presented as parity check bits 

r(x). The characteristics of the code are determined by the selected generator polynomial 

g(x) (Lone et al., 2013). 

Peterson was the first researcher who presented the BCH codes cyclic nature and 

demonstrated the procedure of error correction for binary BCH codes (Peterson, 1960). 

Another decoding algorithm for nonbinary BCH codes was introduced in (Gorenstein 

and Zierler, 1961). However, both these techniques were not efficient. A substantial 

landmark in channel coding was set by (Berlekamp, 1968) and (Massey, 1969) with 

their invention of an efficient procedure to decode BCH codes. 

For BCH code with integers m and t, its possible codes are 

 Type: Linear block code  

 Block length (n): 2m-1    

 Message Length (k): k 

 Code rate (R): 
𝑘

𝑛
  

 Distance (d): d where 𝑑 ≥  2𝑡 + 1  

 Alphabet size: 2  

 No of corrected error (t): t where 𝑡 < 2𝑚−1   

 Parameter: [n, k, d]2  
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2.3.6.  RS Codes  

In 1960, BCH codes were extended to non-binary codes known as RS codes (Reed and 

Solomon, 1960). The study of error correction codes is culminated by inventing the RS 

codes; because of the non-binary nature of the RS codes. Also, this property made RS 

codes an efficient error correction code to correct the burst errors.  

RS codes were not used as practical codes until Berlekamp and Massey decoding 

algorithms were introduced. In 1998, Guruswami and Sudan improved a list decoding 

scheme to decode RS codes (Guruswami and Sudan, 1998). Five years later Koetter and 

Vardy developed a decoding algorithm based on the soft decision (Koetter and Vardy, 

2003). The soft decision decoding algorithm outperformed Guruswami – Sudan 

algorithm by a significant margin. 

The RS codes attributes are: 

 Type: Linear block code  

 Block length (n): 2m-1    

 Message Length (k): k 

 Code rate (R): 
𝑘

𝑛
  

 Distance (d): n – k + 1   

 Alphabet size: q = pm ≥ n (p prime)  

 No of corrected error (t): 
(𝑛−𝑘)

2
   

 Parameter: [n, k, n – k + 1]q  

2.3.7.  Low-Density Parity-Check Codes  

In 1998, a linear error correction code which was originally introduced by Robert 

Gallager in his PhD thesis (Callager, 1963), which was known as Low-Density Parity-

Check (LDPC) coding was rediscovered by MacKay (MacKay, 1999). In the 1990’s, 

LDPC codes marked an essential milestone in the history of channel coding. LDPC 

obtained a significant error performance that closes to Shannon’s limit in the AWGN 

channel. The sum-product (Gallager, 1963) decoder which is a kind of iterative decoder 

was used as the first decoding algorithm of LDPC codes (Gunnam et al., 2017). The 

LDPC codes had been firstly introduced by Gallager, but the intricacy of LDPC codes 

decoding was excessively high from a practical point of view considering the 

technology level during that time. Therefore, the LDPC codes were forgotten for the 

following three decades. In 1981, Tanner studied the LDPC codes algebraic framework 

and connected it with graph theory (Tanner, 1981). The performance of LDPC codes 

was improved by allowing the codes parity chick matrix structure to contain some 

irregularity (Luby et al., 2001). The main different between the regular and irregular 

codes is in the regular codes, the number of nonzero in each column are fixed and so are 

the number of nonzero in each row, while in the irregular codes they are not. Despite 
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that, the codes which have some regular structure are preferred because the complexity 

of encoding regular codes is lower than the irregular codes. Many developments have 

been done to construct low encoding complexity LDPC codes. The regular Repeat – 

Accumulate (RA) codes introduced by (Divsalar, et al., 1998) and the Quasi-Cyclic 

LDPC (QC-LDPC) codes proposed by (Lan et al., 2007; Lei and Dong, 2017) are the 

most significant developments in LDPC codes. The main disadvantages of LDPC codes 

are, they need a long time to converge to a satisfactory performance (Pahlavan and 

Krishnamurthy, 2009; Uryvsky and Osypchuk, 2014).  

The attributes of LDPC codes are: 

 Type: Linear block code  

 Block length (n): n   

 Message Length (k): k 

 Code rate (R): 𝑅 =
𝑘

𝑛
  

 Alphabet size: q   

2.3.8. Polar Codes 

In coding theory, the primary challenge has been to invent a channel coding algorithm 

that would achieve Shannon’s limit. In the 1950s, the challenge expanded to find a 

channel coding method with low complexity of code construction, encoding and 

decoding. In 2009, a new class of coding to solve this problem had been introduced by 

(Arikan, 2009) known as Polar codes. Polar codes may be considered as a generalisation 

of RM codes (Arıkan, 2008). The encoder of Polar codes uses a method called channel 

polarisation to construct the codes. This approach decreased the complexity of encoding 

and decoding algorithms. Polar codes also achieved channel capacity for the symmetric 

binary input discrete memoryless channel (Arıkan and Telatar, 2009) (Hassani, et al., 

2013). Different decoding algorithms are used for Polar codes such as successive 

cancellation (Arikan, 2009), successive cancellation stack algorithm (Niu and Chen, 

2012) and List decoding algorithm (Tal and Vardy, 2015).  

The major characteristics of the Polar codes are: 

 Type: Linear block code  

 Block length (n): 2m, m=1, 2….  

 Message Length (k): k 

 Code rate (R): 
𝑘

𝑛
  

 Alphabet size: q  

 Many important studies have been done on Polar codes by (Hussami et al., 2009; 

Sasoglu et al., 2010; Abbe and Telatar, 2010) but most of them are theoretical. Polar 

codes expanded to nonbinary alphabets codes in (Sasoglu et al., 2009) and (Park and 
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Barg, 2013). Moreover, some researchers (Korada et al., 2010; Presman et al., 2011; 

Mori and Tanaka, 2014) designed Polar codes by using different generator matrices to 

enhance the performance of the Polar Codes. However, they have a very high latency 

due to the code construction which has an inherent nature (Alamdar-Yazdi and 

Kschischang, 2011). 

All the effective decoding algorithms presented in the period of the 1950s and 1960s are based 

on the hard-decision. The hard-decision decoder does not take the symbol reliability 

information into consideration. The decoder which does is known as a soft-decision decoder. 

The performance of the block codes that are based on the soft-decision encoder is better than 

the one based on the hard-decision. The soft-decision encoder complexity is, however, higher 

than the hard-decision, and it is hard to apply it to the block codes. The first optimum soft-

decision trellis-based decoder for block codes introduced by (Bahl et al., 1974). 

2.4.  Convolutional Error Control Codes 

The invention of convolutional codes (Elias, 1955) is considered as an essential development 

in channel coding. The check bits in the convolutional code add to a continuous stream of 

information, rather than dividing data into independent blocks and adding the redundant bits to 

each block. The convolutional codes structure allows efficient implementation of decoding 

algorithm based on soft-decision. The convolutional codes soft-decision decoding algorithm 

was first presented by (Wozencraft, 1957) and improved by (Fano, 1963). This decoding 

algorithm is a suboptimal soft-decision and known as sequential decoding. A maximum 

likelihood decoder was introduced by (Viterbi, 1967). This encoder is known as Viterbi 

algorithm (VA), which was developed further by employing trellis diagrams (Forney, 1973). 

Another major milestone was marked by inventing the trellis diagram for the convolutional 

codes. The convolutional codes rate is the dividing of the number of input data bits k which 

taken in each encoding interval, by n which represents the coded bits number produced during 

the same interval. The convolutional codes have different rates; the most widely used are 

R = 1/2, R = 1/3 and R =7/8. For example, the convolutional code with R =1/2 means each one 

input bit coded into two output bits. In other words, for each one bit information, one check bit 

will be added. The coding gain of convolutional codes that can be achieved is larger than the 

one which can be obtained by a block code which has the same code rate (Kang, 2007). The 

main weakness point of convolutional codes is their susceptibility to burst errors.   

2.5.  Product and Concatenated Error Control Codes 

At the same time that there was development in block error correction codes, a new class of 

error correcting codes was begin proposed by Peter Elias. This type is known as product codes 
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(Elias, 1954). The product codes can be represented as a group of matrices where two error 

correction codes are used Figure 2.1.  The first codes with R =k1 / n1 used to encode the rows 

and the second codes with R=n1/n2 used to encode the column. The product codes rate 

R= (k1 × k2) / (n1 × n2).  

The idea of product codes leads to the invention of serial concatenated code. This code was first 

introduced by Forney (Forney, 1966).  

The concatenated codes allowed two codes, a nonbinary outer code and a binary inner code to 

be concatenated in a serial manner to produce a longer and more powerful binary code. The RS 

with R = k1/n1 is used as an outer encoder to encode the data first. The convolutional code with 

R = n1/n2 is used as an inner encoder which encodes the output of the outer encoder. The code 

rate for the concatenated codes is R = k1/n2. The convolutional decoder deals with the 

independent errors at low SNR, while the RS decoder corrects the burst error at high SNR. This 

type of concatenated code can be decoded in two different methods. The first method has the 

inner code being decoded by using the VA with a soft decision, while the outer RS code uses a 

hard decision decoder. In the second method, the VA was modified to provide reliability 

information, in addition to the hard decision on the outer RS code. The RS decoder is then 

modified to use the reliability information as extra information to make better decisions. The 

second technique achieved better performance than the first one. 

The decoding algorithm for the concatenated codes can be done in two phases: the first stage is 

decoding the inner code, followed by decoding the outer code to correct the remaining errors 

from inner code decoding. Therefore, the complexity of concatenated codes is restricted by the 

decoding complexity of the inner and outer codes. A generalisation for the concatenated codes 

was introduced by many mathematicians (Blokh and Zyablov, 1974) and (Zinov'ev, 1976). 

Several codes have been constructed because of this work. For example, another concatenation 

scheme was proposed by (Hagenauer and Hoeher, 1989). This new scheme comprises a serial 

concatenation of two convolutional codes separated by an interleaver. The outer decoder can 

have a better error correction capability if the bursts of errors which produced by the inner code 

are separated. Therefore, the interleaver is used to separate these bursts of errors.  
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Figure 2. 3. Product Codes. 
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The most significant development in coding theory history was in 1993. A new class of 

concatenated codes was discovered and made the gap between Shannon’s theoretical limit and 

practical coding systems closer (Berrou et al., 1993). This coding class achieved a quantum 

leap over general channels and are known as turbo codes Figure 2.4. 

The turbo code system involves two parallel or more concatenated convolutional codes 

separated by an interleaver. On the other hand, the turbo code is decoded using iterative 

decoding algorithms. The main drawbacks of the turbo codes, its needs to high decoding 

complexity and high latency due to interleaving and iterative decoding (Pyndiah et al., 1995). 

A new concatenated code had been discovered by (Divsalar and Pollara, 1997). This code is a 

parallel concatenation of serial concatenation code and a single convolutional code separated 

by two interleavers, the first one for the serial concatenated code and the second one for the 

combined code. This scheme performs better than the turbo and serial concatenated codes at 

very low BER.   

The invention of turbo codes is an incentive to propose a Serial concatenation of interleaved 

codes with low-complexity iterative decoding algorithm by (Benedetto et al., 1998). This code 

is considered as an alternative to the turbo code in some applications because it is less complex 

with performance, comparable to turbo codes. 

2.6.  TCM Error Control Codes (TCM) 

Further developments in error correcting codes were made by linking coding to modulation and 

introducing TCM (Ungerboeck, 1982). This code is considered as a significant step in the 

research to approach Shannon’s limit. In the beginning, it was believed that coding required 

large bandwidth to bring the gap to channel capacity closer. TCM dispelled this belief and 

presented notable improvement in data rate for transmission using modems over the telephone 

channel. TCM achieved reliable communication at channel capacity by using multilevel/phase 

signals and convolutional coding. The inner code consists of a convolutional code combined 

with a higher order modulation scheme such as 8-ary Phase Shift Keying (8-KPS).  
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Encoder 
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Input ki 
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Output c2 

Figure 2. 4. Turbo code encoder. 
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2.7.  Conclusion 

Between 1948 and the early 1990’s, there were many innovations in coding, but none of the 

innovations presented a proper solution to Shannon’s challenge. Therefore, the gap between 

practical coding systems and Shannon’s theoretical limit was still considerable. Until 1990’s, 

the best code designed was the concatenated code by (Forney, 1966). The challenge of inventing 

appropriate codes has been shown to be easier said than done. However, a significant 

breakthrough was marked with the invention of parallel-concatenated convolutional codes or 

turbo codes by (Berrou et al., 1993). History also shows that technology has a key role in the 

channel coding field. For instance, LDPC code has worked back to life after the success of 

iterative decoding.  

There are several contradictions in the design of the code. For example, some coding methods 

have a low complexity and latency, but at the same time, they have low performance. On the 

other hand, some codes have a high performance which are close to channel capacity, but either 

have high latency or high complexity and latency. For instance, Block codes have low decoding 

complexity, low performance and low redundancy. While, Turbo, LDPC and polar codes are 

approached the channel capacity, each class of codes has their pros and cons at practical code 

lengths. Turbo codes have high latency and low coding rate; LDPC codes are very efficient at 

high code rates, but design for low code rates is difficult. Furthermore, the complexity of LDPC 

decoding is less than the Turbo codes, but higher than the other classes of error correction codes 

(Khan and Roy, 2013). The decoding latency of Polar codes is potentially high, but Polar codes 

can work with enormous range of rates. 

Finding a method to improve the performance of coding technique and still keep low 

complexity and latency is a challenge because the complexity and latency of coding methods 

increase exponentially with the numbers of redundancy and system performance.  Therefore, 

rather than attacking the coding design problem directly, the existing resources can be utilised 

to enhance the coding techniques performance without affecting the complexity of the coding 

technique. For this reason, this research focuses on the multipath phenomenon to enhance the 

BER performance of the BCH, RS and RS (255,239)-BCH (1023, 963) concatenated codes see 

Chapter Five.  
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CHAPTER THREE 

MULTIPATH PHENOMENON AND 

DIVERSITY 

3.1.  Introduction 

A radio signal radiates out in different directions as it travels away from the transmitter antenna. 

Therefore, a multipath phenomenon (propagation) often exist in a typical wireless 

communication environment. There is a direct signal from the transmitter to the receiver called 

LoS. In addition, the receiver will receive many copies due to the signal travelling in different 

paths. These copies are known as the Non-Line-of-Sight Path (NLoS). In general, the radio 

signal propagates from one point to another point in one of two methods: directly or indirectly 

(Hampton, 2014). The NLoS signal sometimes is stronger than the LoS signal when it presents 

on the receiver side (McClaning, 2012). Communication with the existing multipath 

phenomenon can be difficult. For this reason, a particular technique may be required to achieve 

acceptable performance. 

The performance of the wireless communication system can be enhanced by using diversity 

techniques. There are different structures for diversity techniques, where the receiver gets 

multiple signals bearing the same data, through uncorrelated fading channels (Hourani, 2004). 

The likelihood that all the paths are simultaneously in deep fade is highly unlikely (Vucetic and 

Yuan, 2003). Diversity can be formed in three various domains: space, frequency and space. 

The achieving of diversity gain requires combining the multiple signals into one strong signal. 

Different methods can perform this combining. The most widely used are maximal ratio 

combining, equal gain combining and selection combining. Post-detection combining is simpler 

to implement, i.e. detection of each signal one by one before combining.               

This chapter is organised as follows: in section (3.2), the basics of the multipath propagation 

phenomenon are explained, while section (3.3) describes the main three mechanisms of 

multipath propagation such as reflection, diffraction (shadowing) and scattering. After that, the 

essential impacts of multipath propagation on the transmitted signal are presented in section 

(3.4). Section (3.5) shows the basics of the most promising method to combat the effects of 

multipath propagation which is the diversity scheme. The diversity gain or order is discussed 

in section (3.6). Distinct types of diversity techniques are demonstrated in section (3.7), for 

instance, space/antenna (transmit and receive), frequency, angle, polarisation and time 
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technique. In section (3.8), the major advantages and disadvantages of diversity techniques are 

clarified. Section (3.9) contains a description of four various diversity processing techniques; 

they are selection, switching, maximum ratio combing (MRC) and equal gain combing (EGC) 

schemes. While section (3.10) presents the primary pros and cons of diversity processing 

schemes. Finally, section (3.11) shows the conclusion.          

3.2.  Multipath Propagation Basics 

Multipath propagation occurs in all wireless communication. Microwave signals do not only 

travel by a direct path between the transmitter and the receiver but over different directions. If 

there are nearby interfering objects, the transmitted signal can be reflected by such obstacles. 

Hence, the receiver can receive many copies of the transmitted signal with different delays. In 

fact, in some cases, only the NLoS and not the LoS can be captured by the receiver (Stallings, 

2014). The NLoS signals reach the receiving antenna after travelling via more roundabout 

paths. Since each path has different transmission length, then each signal has various 

propagation delays. The reflected signals or NLoS eventually find their way to the receiver (see 

Figure 3.1). The propagation delay causes potential deformation or even cancellation of the 

received signal.  

3.3.  Multipath Propagation Mechanisms 

Figure 3. 1. Multipath propagation. The blue line represents the LoS while the red 

one represents the NLoS. 
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There are three propagation mechanisms which play a fundamental role in multipath 

propagation. The propagation mechanisms that cause multipath, namely: reflection, diffraction 

and scattering. 

3.3.1.  Reflection 

The reflection occurs when a signal encounters a smooth surface that has very large dimensions 

compared to the wavelength of the propagating signal (Sarkar, 2014) (see Figure 3.2). The path 

of the reflected signal is longer than the LoS signal. For example, assume a ground reflected 

signal near the mobile unit is received, the ground signal and LoS signal may tend to cancel and 

causes high signal loss. Moreover, since the human-made structures in the area are higher than 

the mobile antenna, multipath interference occurs. This interference may occur destructively or 

constructively at the receiver. The reflections can come from walls, buildings and the earth.  

3.3.2. Diffraction (Shadowing) 

The Diffraction is a phenomenon by which travelling signals bend or deviate in the 

neighbourhood of obstacles. The edge of the impenetrable body which is large relative to the 

wavelength of the propagating signal causes the diffraction phenomenon (Garg, 2007) (see 

Figure 3.3). When a signal experiences such an edge, the signal travels in a different path with 

the edge as the source. For instance, mountains, buildings, walls and so on. 

Figure 3. 2. Reflection of the traveling signal. 

Transmitter 

Receiver 

Receiver 

Transmitter 

Figure 3. 3. Diffraction of the transmitted signal. 
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3.3.3.  Scattering 

Scattering occurs if the propagating signal bounces off an obstacle which is the same size or 

less than the wavelength of the travelling signal (see Figure 3.4). The signal is scattered in all 

directions, not just reflected in one single path. Scattering can be classified into three types: 

Rayleigh scattering: if the obstacles are small relative to the signal wavelength. For objects 

having the same size of the signal wavelength, it is known Mie scattering, and for obstacles 

which are large compared to the wavelength, it is called metric scattering (Walter, 2016). 

Numerous obstacles can cause scattering, such as foliage, traffic signs and lamp posts. Hence, 

it's hard to predict scattering effects.  

 

3.4.  The Effects of Multipath Propagation 

The signal in wireless communication faces many challenges such as fades and an unstable 

environment due to multipath propagation. As a result, this affects the phase and amplitude of 

the signal (Intini et al., 2015). The one undesirable effect of the multipath phenomenon is that 

many copies of a signal which have followed different paths may reach the receiver. Each copy 

of the signal can undergo a variable phase shift, delay time, distortions and attenuation (Wong, 

2000). The interference can be destructive or constructive at the receiver (Srivastava, 2010). 

The signal level compared to noise diminishes, if these phases add destructively. Thus, the 

signal detection will be more difficult at the receiver. This phenomenon is known as fading. 

There are two kinds of fading large scale and small-scale fading. 

• Large Scale Fading: Large scale fading is a result of the signal attenuation while 

propagation from the transmitter to the receiver (Yin and Cheng, 2016). The attenuation 

is arising from the effects such as reflection, diffraction, refraction and free-space loss, 

or also when the travelling signal travels over large distance. 

• Small Scale Fading: small scale fading is caused by the presence of scattering objects 

and reflectors, such as lamp post, trees, building … etc., which results in multiple copies 

of the sending signal to arrive at the receiver, each distorted in angle, phase and 

Receiver 

Transmitter 

Figure 3. 4. Scattering of the propagated signal. 
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amplitude (Gibson, 2013). Hence, a considerable variation occurs within a half of the 

signals in the spatial position between transmitter and receiver.     

A second unwanted phenomenon is ISI. Consider at a given frequency that the transmitter is 

transmitting a narrow pulse across a link between a stationary antenna and a mobile unit (see 

Figure 3.5). In mobile communications, the multipath propagation paths are often time-varying. 

Figure 3.5 shows what the receiver may receive from the channel if the impulse is sent at two 

different times. The upper line represents two signals at the time of transmission. The lower 

one represents the receiving signals at the receiver. The direct LoS signal is the first received 

signal in both cases. Due to reflection, scattering and diffraction, there are many secondary 

signals in addition to the primary signal. Therefore, at the same time of LoS arriving one or 

more copies of a signal may arrive. These delayed signals act as a form of noise to the LoS 

subsequent bit, making the bit information recovery more difficult.  

The effects of multipath propagation include. 

➢ Data Corruption: If the multipath is so severe, the receiver becomes incapable of 

detecting the received information.  

➢ Signal Nulling: The LoS signal will be cancelled entirely when the reflected signals 

(NLoS) arrive precisely out of phase with the LoS. 

➢ Increasing Signal Amplitude: The signal strength is boosted when the reflected NLoS 

signals arrive in phase with the LoS and add on to the main signal. 

➢ Decreasing Signal Amplitude: The signal amplitude is weakened when the reflected 

NLoS signals turn up out of phase to some extent with the LoS signal.    

The communication through such channels makes it important to design techniques which will 

eliminate multipath effects. One of the most functional methods for reducing multipath effects 

is diversity.  

3.5.  Diversity 

The previous section illustrated some of the adverse effects of multipath propagation or channel 

fading on data bit error rates (data recovery) and signal transmission in the wireless 

Received 
NLoS signal 
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Figure 3. 5. Two signals in time-variant multipath. 
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communication system. Diversity techniques represent an approach to minimise multipath 

effect and improve the performance of the wireless system by supplying multiple replicas of 

the same information or transmitted signal to the receiver. Diversity combining principles have 

been known since 1927 when the first experiments were reported (Jakes, 1974).  Each copy is 

passed through various channels. This method results in, some replicas undergoing deep fades, 

while the others do not, therefore the system will not outage (Zhang, 2016) (Shankar, 2017).  

In wireless communication, diversity can be accomplished by several techniques. These 

techniques can also be combined to enhance the wireless system performance further. A number 

of transmitted signal paths known as diversity branches are needed in the diversity techniques. 

The similar information is carried over the diversity branches with uncorrelated multipath 

fading. Also, a method is required to select one of the received signals or combine them into 

one strong signal. Many methods are dependent on the system requirements of propagation 

characteristics to construct diversity branches and to select or combine the received signals.     

• Diversity Gain 

Diversity gain or order is a measurement of the efficiency of diversity techniques 

(Desourdis et al., 2002). It can be described as the variation in the error probability slope 

which results from the diversity combining processing (Goldsmith, 2005). Mathematically, 

the gain of the diversity (Gd) is defined as (Zheng and Tse, 2003).  

                                                    𝐺𝑑 = − lim
𝛾→∞

𝑙𝑜𝑔(𝑃𝑒)

𝑙𝑜𝑔(𝛾)
,                                                                (3.4) 

Where Pe is the probability of error at an SNR equal to ɤ.  

The power of the signal in a wireless channel fluctuates. When the power of the signal is 

significantly declining, the channel will be in a fade. Diversity gain is employed by the 

wireless communication system to combat fading. 

SISO channels can obtain diversity gain by transmitting the same information several 

times, where the information transmissions are sufficiently spaced apart in time so that the 

fading of the channel is uncorrelated (Blaunstein and Christodoulou, 2007), or by 

modulating and transmitted the signal through different frequencies (multicarrier) and 

different channels (Alamouti, 1998; Qatawneh, 2014). The diversity gain or order will be 

equal to the number of carriers or the number of transmissions over time. 

SIMO channels can employ receiver antenna diversity gain. The receiver receives 

uncorrelated fading copies of the transmitted signal. These replicas are combined at the 

receiver, in comparison with the signal at any branch, the resulting signal exhibits 

Ali Al-Sherbaz
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considerably reduced fading. In SIMO channels, the number of receiving antenna is equal 

to the number of the uncorrelated fading branches. 

MISO channels can apply transmitting diversity gain. The channel knowledge is not 

required to extract diversity gain in such channels, but the proper design of the travelling 

signal is needed. One of the transmitting diversity schemes is Space-Time (ST) diversity 

coding (Alamouti, 1998). This method provides diversity gain without knowledge of the 

channel at the transmitter by using coding access space. The diversity gain or order in this 

technique will be equal to the number of transmitter antennas if all fading channels from 

all the transmitting antennas to the receive antenna are uncorrelated fades.  

The multi-input multi-output (MIMO) channels can utilise the diversity gain by a 

combination of transmitter and receiver diversity. If the channel from transmit to receive 

antenna pair is independent fade, then the product of the number of transmitter and receive 

antennas is equal to the diversity order or gain.   

The diversity techniques that can be employed to provide the diversity gain in different 

channels type are described in the following section.          

3.6.  Diversity Techniques 

The fading effect can be reduced, and the system performance can be enhanced by using a 

diversity method in fading channels. In this technique, instead of using one channel to transmit 

and receive the desired signal, L replicas of the desired signal are obtained by employing Ch 

channels. The concept behind this is that some of the copies might undergo deep fading, while 

others may not. In this case, the receiver may be still capable of obtaining enough information 

to recover the transmitted signal. This section explains techniques that provide the receiver with 

multiple signals across uncorrelated fading channels, in order to achieve diversity gain. In 

wireless communication three resources are used: space, frequency and time. Accordingly, 

these three domains can introduce space, frequency and time diversity. Each diversity type has 

a particular condition which must be met to provide uncorrelated fading channels. There are 

several diversity techniques for different domains that are utilised in wireless communication 

systems. In practice, multiple diversity techniques are usually used together. The diversity 

techniques are. 

• Space/antenna diversity (Space domain). 

• Frequency diversity (Frequency domain). 

• Angle diversity (Space domain). 

• Polarisation diversity (Space domain) and  

• Time diversity (Time domain). 
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Further explanation about the diversity techniques will be in the following subsections: 

3.6.1.  Space/Antenna Diversity 

Space or antenna diversity is a technique used to achieve diversity by using multiple antennas 

to receive multiple copies of the desired signal. The antennas at the transmitter/receiver end are 

separated far enough from each other to send/receive signals on various channels respectively 

(Chowdhury and Biswas, 2017). If the distance is reduced between the receivers, the paths will 

no longer be independent (Shankar, 2017). This technique can achieve a diversity gain if there 

is a very low correlation coefficient and a balanced average power between channels (Li and 

Latva-aho, 2002). While a close distance is needed to synthesise the signal to make a narrow 

beam, a wide distance also needed between antennas to providing the uncorrelation paths.  

The antenna diversity requires installing a second antenna with a vertical separation from the 

first antenna to create a second set of delay combinations and get a full diversity gain 

(Valenzuela-Valdés et al., 2009). A selection mechanism, which based on the strength of the 

signal is used to select the best of the two received signals. Furthermore, an advanced technique 

can be used to combine the two received signals into one received signal. This technique is 

known as Combiner Space Diversity. Generally, to receive M replicas of the desired signal then 

M antennas are required on the receiver side (Perini and Holloway, 1998). The received signals 

can go through independent fading if the distance between the antennas is enough. Moreover, 

a number of transmission antennas can be used to send out several replicas of the desired signal. 

This type of diversity known as spatial diversity and can be utilised to tackle both time and 

frequency selective fading.    

This method provides significant performance gain without requiring any additional bandwidth 

or transmission time. On the other hand, physical complexity may limit its applications. 

Antenna diversity can be classified into two types: transmit diversity and receive diversity. 

• Transmit diversity  

Transmitter diversity employs multiple antennas to supply the receiver with several 

independent copies of the same signal (see Figure 3.6). The main advantage of this 

technique is that the receiver still achieves diversity gain and can employ only one 

antenna because the complexity of having several antennas is based on the sender side 

(Stüber, 2017).  

Channel coding can be combined with transmitter diversity. Also, the joint design of 

transmitter diversity, channel coding and modulation can produce an optimal scheme 

(Vucetic and Yuan, 2003). This joint scheme is known as STC. In this case, the coding 

and diversity gain can be obtained without expanding the bandwidth. Using MIMO 
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systems can provide significant capacity gain, and STC is a method used to achieve the 

limit of the capacity. 

• Receive diversity 

This type of antenna diversity is a well-known technique used to tackle fading. Receive 

diversity is realised by using multiple receive antennas which can be employed to produce 

spatial diversity (Kumar, 2015)(see Figure 3.7).  

The multipath propagation phenomenon in wireless communication, as explained in 

section 3.2 provides multiple replicas of the transmitted signal, each copy travels through 

a different path. If L receivers are placed adequately far apart, then L replicas of the 

desired signal may be received undergoing uncorrelated fading. Before further processing 

at the receiver, the L copies are combined to produce an enhanced signal. Various 

combining techniques can be used to combine the replicas; these methods are varied in 

overall performance and complexity. 
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Figure 3. 6. Transmit diversity (MISO) 
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Figure 3.7. Receive diversity (SIMO). 
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3.6.2.  Frequency Diversity 

Through this method, the signal is modulated and transmitted through different frequencies 

known as multicarrier transmission, by using different channels (Alamouti, 1998; Qatawneh, 

2014). The replicas of the desired signal in this technique can undergo uncorrelated fading if 

each frequency is separated from the other no less than coherence bandwidth (Δf)c (Misra, 

2013)(see Figure 3.8). The likelihood of simultaneous fading on each transmitted channel is 

reduced by using wider separation. At the receiver, the received copies of the transmitted signal 

are optimally combined through the maximum ratio combiner to make a statistic decision. 

Frequency diversity can be employed to combat frequency selective fading. In spite of the fact 

that the frequency diversity is more expensive and necessitates twofold the amount of frequency 

spectrum than other techniques of diversity (Chowdhury and Biswas, 2017), it has been widely 

implemented in cellular networks because the reliability of other techniques is less than the 

frequency diversity (Liu et al., 2009).           

3.6.3.  Angle Diversity 

The cost, size and spacing of antennas are challenges in space diversity (Khade and Badjate, 

2013). Thus, the angle diversity uses antennas (directional antennas) with narrow beams to 

provide multiple replicas of the transmitted signal at the receiver. It was assumed that in space 

diversity, signal components arrived from all directions at the receiving antennas with equal 

probability. Furthermore, the signal is reflected by scatterers of various attributes and type; it is 

sensible to presume that the components of the signal are uncorrelated (Sheikh, 2011). Each 

antenna in the angle diversity responds to a signal which travels at a specific angle and receives 

a faded copy which is independent of the other replicas of the desired signal (Raut and Badjate, 

2013). The angle size is very small compared to space diversity where the receiving antennas 

require a wider separation between them. The arriving copies from the various beam angles are 
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resolved and combined advantageously. The angular discrimination boosts the antenna gain and 

decreases the interference. The outdoor and indoor wireless system now uses antennas with 

fixed multiple narrow beams (smart antennas) (Sheikh, 2011). 

3.6.4.  Polarisation Diversity 

In wireless communication, signals that are transmitted or received in horizontal and vertical 

polarisation constitute two different paths (Vaughan, 1990). The angles of scattering relative to 

each polarisation are randomly different, for this reason, it is unlikely that a receiver which 

receives signals simultaneously will undergo deep fading with the dual-polarised antenna. Also, 

the coefficients of reflection signals with various polarisations are different, resulting in various 

phases and amplitudes. Therefore, signals in each polarisation path are uncorrelated.  In this 

case, two different polarisations guarantee that the fading of multipath components is 

statistically independent. Consequently, using a duel-polarised antenna to receive both 

polarisations paths and process the two signals independently, offers order two diversity 

(Molisch, 2012). Therefore, the polarisation diversity can be implemented when a dual-

polarisation antenna is used at the transmitting and receiving end (Chowdhury and Biswas, 

2017) (see Figure 3.9).       

Polarisation diversity can be considered as a form of space diversity if two transmitting and two 

receiving antennas are employed with two different polarisations (Kumar, 2015). When using 

multiple transmit and receive antennas, the signals can be separated into horizontal and vertical 

polarisations to provide nearly independent signals, even if the travelling signal is not polarised 

at the transmit antenna, but it is undergoing scattering during transmit. However, this technique 

does not require wide separation which is important in antenna diversity techniques to provide 

significant performance enhancements (Stavroulakis, 2003). Hence, this diversity technique 

becomes very advantageous in applications with space restrictions such as mobile handsets. 

With respect to a non-diversity system, the polarisation scheme does not require additional 

power or bandwidth to transmit the same signal over two disjoint frequency bands. However, 

this technique can only offer a diversity of order two.  

 

Figure 3. 9. Polarisation diversity system with dual polarised transmit and receive antenna. 
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3.6.5. Time Diversity 

As mentioned in section 3.6, time or temporal diversity can be achieved by transmitting the 

same information several times, spaced apart in time sufficiently that the fading of the channel 

will be uncorrelated (Blaunstein and Christodoulou, 2007). The time intervals of transmission 

between the same signals should be greater or equal to the coherent time (Δt)c so that multiple 

replicas of the same signal undergo uncorrelated fading and desired diversity can be achieved 

(Choudhary et al., 2014) (see Figure 3.10). The separation time relies on the fading rate and 

will decrease with the increase in the rate of fading (Srivastava, 2010). When the coherent 

channel time is small, relative to the transmitted signal duration, then the temporal diversity is 

applicable. Occasionally, the coherent channel time could be in the order of tens or hundreds 

of signals. In that case, the channel fading remains correlated across multiple sequential signals.       

Interleaving and channel coding can be used to obtain time diversity. Channel coding combined 

with interleaving is utilised for immunisation against the fading of the channel. Interleaving is 

used to provide a sufficient separation time between transmitted symbols, with independent 

fading.  Examples of practical channel coding are block and convolutional codes, bit-

interleaved coded modulation, multi-level coding, trellis-coded modulation, especially, the 

coding techniques that approach the channel capacity such as Turbo, LDPC, coded modulation 

and Polar codes schemes (see Chapter Two). Channel coding with interleaving is an efficient 

method to mitigate fast fading or time selective diversity. 

Delay diversity is considered as a simple form of temporal diversity. In this approach, a signal 

is resent after a one time slot delay. Signal processing is applied at the receiver to isolate the 

copies and the original version of the signal. The same signal can be retransmitted L times to 

reduce the probability of error. The rate of data will be 1/L times of the authentic data rate due 

to transmitting the same signal multiple times, rather using the given time slot to send a new 

signal. As a result, the performance of data rate will be reduced. Nevertheless, temporal 

diversity does not need to raise the power of transmission.  
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Figure 3.10. Temporal or Time Diversity. 
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Time diversity can be employed when the channel is time-varying (Fujimoto, 2008). Since the 

coherent time of the channel in stationary applications is countless, fading will remain highly 

correlated over time. In this case, it is not useful to use time diversity (Kumar, 2015). In practice 

and with time, even in a stationary application, one can consider the channel as dynamic from 

motions of the scatterers from temperature change, wind and so on (Shankar, 2017).        

3.7.  Diversity Techniques Advantages and Disadvantages 

One of the most important powerful communication techniques that provides a reliable wireless 

connection at relatively low cost is the diversity scheme. The random nature of microwave 

propagation is exploited by this technique. At the receiver, diversity tries to find the best replica 

of multiple independent arriving signals. The independent paths are uncorrelated in diversity 

technique. If one path has a sound signal, another uncorrelated path may undergo a deep fade. 

A high degree of enhancement can be obtained from the diversity techniques if the diversity 

scheme provides two criteria: the first one is that the channel fading in independent paths should 

be low cross-correlated. The second one is that the mean power available from each path should 

be roughly equal (Choudhary et al., 2014). The main advantages and disadvantages of the 

different diversity techniques are represented in Table 3.1 (Stavroulakis, 2003). 

Table 3. 1. Advantages and Disadvantages of each Diversity technique. 

Diversity technique Pros Cons 

Antenna/Space technique 

• Simple to design. No requirement to 

increase the bandwidth nor power. 

• Any order of diversity is achievable. 

• The size of the hardware could be large and relies 

on device technologies.  

• Large separation is necessary at the transmit and 

receive antennas.  

Frequency technique 
• Any diversity order is achievable. • To achieve diversity of order L, L times more 

spectrum and power are required. 

Angle technique 

• Doppler spread is reducible. • The gain of the diversity relies on the obstacles 

around the receiving antenna. 

• Can be applied at the receiver side only. 

Polarisation technique 
• No space is required. 

• No bandwidth raise is needed. 

• Provides only order two diversity. 

• Requires extra three decibels power.  

Time technique 

• No space is required. 

• Provides any diversity order. 

• Hardware is quite simple. 

• To achieve diversity of order L, L times more 

spectrum is required. 

• When fd is small, large buffer memory is needed 

3.8.  Diversity Processing Techniques 

At the receiver, Diversity mechanism results in having multiple copies of the transmitted 

information. In order to obtain the diversity gain, the replicas from the different channels must 

be processed intelligently to increase the overall received power. All the received signals should 

undergo uncorrelated fading. Diversity processing can be done after or before the detection 
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stage. Therefore, there is pre-detection and post-detection processing. Post-detection is 

processing is performed as it helps to locate the appropriate phase and amplitude of the arrived 

copy in each path. Nether the less, it increases the complexity of the hardware (Kumar, 2015). 

The performance of the pre-detection and post-detection processing techniques are equal in case 

of coherent detection. Otherwise, a difference may exist in performance. Different processing 

techniques differ in overall performance and complexity, even so, any type of diversity 

mechanism can apply any processing method. Processing techniques can be broadly classified 

into two groups of methods based on, selection and on combining. The diversity processing 

techniques are described in this section. There are four diversity processing techniques based 

on the selection or combining scheme that is used to deal with the received signals: switching, 

selection, MRC and EGC techniques (Sachdeva and Sharma, 2012) (see Table 3.2). The level 

of complexity of the processing techniques varies between each technique. Moreover, the 

performance of the diversity technique is affected by the processing technique and scheme 

(Isomäki and Isoaho, 2008).  

Table 3. 2. Different diversity processing techniques classified based on selection 

and combining method. 

Diversity Processing Techniques 

Based on Selecting Based on Combining 

1.  Selecting Processing. 1.  Maximal ratio combining (MRC).  

2.  Switching (Threshold) Processing 2. Equal gain combing (EGC). 

3.8.1.  Selecting Processing Techniques 

The selecting process technique is a straightforward process method. In this method, the best 

copy of the desired signal is selected and processed (demodulated and decoded), whilst all the 

other replicas are discarded (see Figure 3.11). There are various criteria for what constitutes the 

most advantageous replica of the transmitted signal. In selective processing, the signal yielding 

highest SNR is always chosen as the output. The diversity selecting processing performs the 

following operation. 

                                                               �̂� = max
𝑘=1..𝐿

�̂�𝑘                                                                           (3.1) 

Where ŜK are the replicas of the desired signal and Ŝ is the copy with the highest SNR.    
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The general form of the selecting process is to monitor all the branches of diversity and choose 

the best one (the one that has the largest SNR). In practice, the calculating SNR is quite difficult 

since the system must select the copy in a very short space of time. Thus, the largest sum of 

power (signal-plus-noise (S+N)) is employed as the metric measurement of selection. The S+N 

selection performance is better than the traditional SNR based method (Neasmith and Beaulieu, 

1998).  This technique does not need any knowledge of channel state information. Therefore, it 

can be employed in conjunction with noncoherent as well as coherent modulation (Simon and 

Alouini, 2000). The output signal of this method is equal to only one of all the branches of 

diversity.     

3.8.2.  Switching (Threshold) Processing Techniques 

The prime disadvantage of the selecting process is that the selection criteria (BER, power, etc.) 

of all the diversity branches must be tracked to determine which antenna to choose. Moreover, 

to monitor the signals continuously, the same number of branches and receivers are needed. An 

alternative processing technique that combats these drawbacks is the switching processing 

technique (see Figure 3.12).  

The switching process is employed to implement the selecting process. In this processing 

method, switching from antenna to antenna occurs when the level of the signal falls under the 

threshold. Hence it also is known as the threshold technique. The switching scheme runs into 
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problems when the quality of the signal in both branches is below the threshold. when this 

happens, the receiver just switches back and forth between antennas. The problem can be solved 

by introducing a new parameter known as hold time or hysteresis. The threshold and hysteresis 

values must be chosen carefully. It is also very important that optimal switching threshold is 

dynamic, rather than fixed. The average of unwanted switching transient rises, if the threshold 

value is too high, in other respects, the diversity gain will be quite low, if the value is low. If 

the hysteresis time selected is very short, the average time the receiver spends on unwanted 

switching also rises. If the time of hysteresis selected is very long, then the lower quality branch 

of diversity can be used for a long time (Molisch, 2012).    

In contrast with the selecting technique, the switching scheme is inferior because it does not 

continuously choose the best copy of the desired signal. Nevertheless, the implementation of 

this method is simpler as it does not need continuous and simultaneous monitoring of all the 

branches of the diversity (Stüber, 1996). 

Like the selective method, the output signal of this scheme is also like one of the diversity 

branches. In addition, it can be employed in conjunction with noncoherent and coherent 

modulation because it does not need any knowledge of channel state information (Simon and 

Alouini, 2000).    

3.8.3.  Maximum Ratio Combining (MRC) Processing 

The maximum ratio combining technique is a linear combining scheme that is most widely used 

in antenna diversity (MIMO) systems, where the signals of the branches of diversity are 

co-phased (phase-aligned) and according to their SNR are weighted. After that, they are 

summed to provide the output signal (Ibnkahla, 2004) (see Figure 3.13).    

The obtained signal is a linear combination of weighted copies of all the arrived signals. It is 

given by (Vucetic and Yuan, 2003). 

                                                       �̂� = ∑ 𝑎𝑖. �̂�𝑖
𝐿
𝑖=1                                                                           (3.2) 
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Figure 3. 13. Maximum ratio combining diversity. (a) Pre-detection combining. (b) Post-detection 

combining. Where, Si is the received signal at receiver antenna i, ai is the weighting factor for receiver 

antenna i and Ŝ is combiner output. 
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Where Ŝi is the received copy at receive antenna i and ai is the factor of weighting for receiver 

antenna i. The factor of weighting of each diversity branch is selected to be in proportion to the 

branch SNR.  

This method involves co-phasing of the useful replicas in all branches. The co-phasing 

eliminates all the arbitrary phase fluctuations of the copy which emerged during the signal 

travelling. The co-phasing requires the estimation phase of the received signal. Consequently, 

MRC uses the entire amount of the channel state information of the received signal and each 

diversity branch requires a separate receiver chain (Panic et al., 2014). As a result, the expense 

and complexity of the system will be increased. MRC technique could be employed in 

conjunction with any phase/amplitude, and coherent modulation schemes or unequal energy 

signals since the amplitudes of the fading are known over all channels. Despite that, in the 

noncoherent transmission schemes, it is not a functional option (Vucetic and Yuan, 2003).   

Since MRC can maximise the SNR of the output signal to be equal to the sum of the 

instantaneous SNRs of the independent copies, it is known as an optimum combining technique 

(Rappaport, 1996).          

3.8.4.  Equal Gain Combining (EGC) Processing    

Equal gain combining is a linear combining processing technique. In EGN technique, the 

weights of all branches are set at an equal value or unity. Therefore it can be considered as a 

special case of MRC technique or like MRC, but it is suboptimal, not an optimal technique 

(Nathan, 2008). The multiple input signals of diversity are summed up after co-phasing for a 

coherent combination (Richardson, 2005) (see Figure 3.14).   

Figure 3.14 shows the EGC technique in which all diversity branches are co-phasing, such that 

the SNR of the output signal is the direct addition of branch envelopes. The output signal can 

be given by (Lee, 2010).  

                                                       �̂� = ∑ �̂�𝑖
𝐿
𝑖=1                                                                           (3.3) 

Figure 3.14. Equal gain combining diversity. (a) Pre-detection combining. (b) Post-detection combining. 
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In a theoretical context, the MRC is an optimum diversity combining scheme, because the SNR 

value of the instantaneous output can be maximised to the largest possible value by using MRC 

(Kumar, 2015). However, it is not appropriate to provide a capability of variable weighting 

because the system expense and complexity will be growth. Since EGC technique does not 

involve estimates of fading amplitudes, the complexity of the system will be reduced relative 

to the optimum MRC technique. Despite that, in practical, EGC is predominantly limited to 

coherent modulations with symbols which have equal energy (Simon and Alouini, 2000).     

The EGC performance is better than the performance of the selection and switching diversity 

processing techniques, but it is marginally inferior to MRC. Experimentally, the bit error rate 

of MRC technique is higher than the bit error rate of EGC by only 1.05 dB in the limit of an 

infinite number of fading channels (Jakes, 1974).       

3.9. Diversity Processing Techniques Advantages and Disadvantages 

The performance of the diversity processing techniques differs from one technique to another 

as well as complexity. Overall, there exists complexity/performance trade-off. The diversity 

processing techniques with high performance, such as MRC, is hard to implement; whilst, a 

simpler processing technique, such as selecting technique, does not have the performance of 

EGC and MRC. The main pros and cons of the different diversity processing techniques are 

explained in Table 3.3. 
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Table 3. 3. Advantages and Disadvantages of each Diversity processing technique. 

Diversity processing 

technique 
Advantages Disadvantages 

Selecting technique 

• Simple to design. 

• Does not need any knowledge of 

channel state information. 

• Can be used in conjunction with 

noncoherent and coherent 

modulation. 

• No co-phasing need. 

• Uses the diversity branch with maximum level 

signal and discard all the other. 

• Has the lowest performance. 

 

Switching technique 

• Simple to design. 

• Does not need any knowledge of 

channel state information. 

• Can be used in conjunction with 

noncoherent and coherent 

modulation. 

• No co-phasing need. 

• Uses the diversity branch with maximum level 

signal and discard all the other. 

• Has the lowest performance, even less than the 

selecting scheme. 

• Switching transient. 

MRC technique 

• Optimum combining with the best 

improvement in SNR. 

• Employs all diversity branches. 

• High expense and complexity. 

• Need co-phasing. 

• Variable weighting needed. 

• Not practical in noncoherent modulation. 

EGC technique 

• Low expense. 

• Suboptimum combining. The 

improvement in SNR better the 

selecting and switching scheme and 

less than MRC. 

• No weighting needed. 

• Employs all diversity branches. 

• Needs co-phasing. 

• For coherent modulation  

3.10.  Conclusion 

The transmit and receive antennas are surrounded by objects that diffract, scatter and reflect the 

travelling signal, resulting in many replicas arriving at the receive antenna through various 

paths. The arrival of many versions of the transmitted signal from different routes at various 

times and its combination at the receiver leads to signal fading. This phenomenon is known as 

multipath fading. Multipath fading has an essential influence on signal strength. The impacts 

of multipath fading can be mitigated against by using the diversity system.     

The diversity system is utilised to supply the receiver with many replicas of the desired signal. 

Employing two or more communication channels with different properties in the diversity 

system will improve the reliability of the transmitted signal. Diversity has a vital role in 

mitigating fading and co-channel interference and avoiding error bursts. It is based on the fact 

that; the independent paths experience different levels of fading and interference. Multiple 

copies of the same signal may be transmitted and/or received and combined in the receiver. 
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Diversity techniques may take advantage of the multipath propagation, resulting in a diversity 

gain.    

Diversity schemes are employed to enhance the wireless communication system without any 

rise in the power of the transmitted signal. Diversity gain is increased when the arriving signal 

copies have higher de-correlation. There are several techniques to obtain diversity at the 

receiver: space/antenna, frequency, angle, polarisation and time diversity techniques. Each 

technique has some pros and disadvantages, and their usage is dependent on the application. 

The most widely used technique is the space/antenna scheme.  

The wireless communication system cannot get any benefit from diversity methods without 

using some diversity processing scheme. Therefore, there are two types of processing: selection 

and combining schemes. Among various diversity processing techniques MRC has the most 

advantageous performance, but the complexity of MRC is very high. While selecting and 

switching processing methods have the least complexity and lowest performance. The 

performance of EGC technique is very close to the MRC. However, the weight of all branches 

in EGC is set to unity, whilst in MRC it is variable.  

Unlike MRC and EGC diversity processing techniques which utilise all the diversity branches, 

selecting and switching only use the branch power which is higher than a specific threshold. 

Therefore, the diversity gain of MRC and EGC technique is more than the selecting and 

switching methods. Any combining/selection diversity processing technique can be 

implemented in the pre-detection or post-detection stage of the receiver.    

Chapter 4 will show a new type of diversity technique is known by MPFEC diversity and 

diversity processing technique is called CWMC combiner. The new form does not require a 

rise in the bandwidth or power. Also, no space is required, and the required hardware is quite 

simple.   
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CHAPTER FOUR 

MULTIPATH FORWARD ERROR 

CORRECTION TECHNIQUE 

4.1.  Introduction: 

As society develops, the spreading of data plays an increasingly considerable role. Moreover, 

with the ‘Internet of Things’, wireless communications are ubiquitous and play an essential role 

in our everyday lives. Therefore, research aims to increase the overall performance of wireless 

communication systems, whilst saving expensive channel resources from often needed for 

retransmission. How to achieve the aim of continually minimising the rate of error and 

maximising the information rate to save expensive channel resources and improve the reliability 

of communication is a tough goal. As diversity techniques and FEC codes are the most widely 

used to achieve reliable communication, this chapter explains a novel multipath forward error 

correction (MPFEC) diversity technique to improve the performance of proposed low 

redundancy concatenated codes. Also, the chapter demonstrates a new low complexity 

combiner called a column weight multipath combiner (CWMC) to get the gain of the new 

diversity technique. The main idea of the MPFEC technique is based on utilising a phenomenon 

that characterises wireless communication. This phenomenon, known as multipath propagation 

phenomenon is the primary reason for the degradation of the wireless communication system 

reliability and performance. Whilst, other available diversity methods use the multipath 

propagation concept to improve the performance of the wireless system.  

All the present FEC coding techniques can be used by the communication system which applies 

the MPFEC technique, but to raise the data rate a low redundancy concatenated code is 

proposed in this research. The code is a concatenation of RS (255,239) and BCH (1023,963) 

codes; it has a redundant data lower than the existing concatenated codes.    

Demonstrating the proposed diversity and diversity processing technique to improve the 

performance of a proposed low redundancy concatenated code is the essential aspect of this 

chapter. The chapter is organised as follows: Section (4.2) shows the types of arriving time of 

the multipath signals at the receiver, while section (4.3) explains the relation between the 

propagation path length and the strength of the multipath signal. The system model of the 

proposed Multipath Forward Error Correction (MPFEC) technique is presented in section (4.4); 

The system model includes the proposed RS (255, 239) +BCH (1023, 963) concatenated code 
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and CWMC combiner. Section (4.5) introduces the procedure of how the multipath signals are 

selected by the MPFEC technique. Finally, all the diversity techniques have some limitation; 

therefore, the MPFEC technique limitation and concentration are discussed in section (4.6).  

4.2.  Multipath Arriving Time 

Section 3.2 has shown one of the most important characteristics of the multipath propagation 

phenomenon is that each path has a different transmission length and propagation delay time 

from the other paths. This delay time can be constructive or destructive. It can cause potential 

deformation or even cancellation of the arrival signal. The multipath signals can arrive at the 

receiver at three different times.  

• Early arriving time: A lot of multipath components in indoor or outdoor environments 

tend to reach the receiver at slightly different delay times after the LoS see Figure 4.1. 

The sum of all arrival signals represents the received signal at the receiver. Sometimes 

the delay time between all the received signals is constructive because all signals will 

be in phase with the LoS. Therefore, the SNR of the LoS is increased. At other times, 

the delay time can be destructive because the signals interfere with each other. 

Consequently, the strength of the desired LoS is decreased (see section 3.4). This 

problem can be overcome by using the latest signal processing methods. On the other 

hand, researchers have used this characteristic as an advantage to find a new method to 

enhance the wireless communication. This approach is known as diversity which 

includes different techniques (see section 3.5). These techniques require adding new 

hardware or more spectrum and transmission power or increasing the bandwidth. For 

example, in the space diversity, at least two receivers with a vertical separation between 

them are required (see Figure 3.6 and 3.7). This early arriving time is out of the scope 

of this research.  

• Late arriving time: The arrival time of the multipath signals may not be continuous in 

some environments such as rural (open areas) or suburban areas. In other words, there 

is a long idle time between the arriving copies (see Figure 4.2).  
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Figure 4.1. Early arriving time of the multipath signals. 
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After the initial Symbol Duration (Sd) (the transmission time between two different 

signals) has ended, the late arriving replicas of the desired signal end.  

As a result, the late multipath signals bleed into a time slot of the next signal and cause 

ISI. The symbol duration can be extended to overcome this problem. The late arriving 

time is also out of the scope of this research. 

• Ideal arriving time: Consider that the LoS signal arrived at the destination and the 

receiver received the whole signal with τ time. After each τ + tmi time, the sink receives 

a copy form of the desired signal, where tmi is a very short time which can be either an 

ideal time or not as presented in Figure 4.3. The number of received copies produced 

by (τ + tmi) should not exceed the initial symbol duration. If this happens, the received 

signal copies will not be correlated. This thesis focuses on this type of arrival time and 

will be discussed in detail in the following section.     

4.2.1.  Ideal Arriving Time (IAT) 

Radio (electromagnetic) signals travel at an exceedingly high velocity at the light speed (about 

3 × 108 m/s) (Gow and Smith, 2006). Also, the LoS and NLoS signals differ in their transmission 
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Figure 4.2. Late arriving time with idle time between multipath 

signals. 
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length and propagation delay, the delay time τ that the sink needs before receiving the next 

multipath signal can be computed by using the following equations (Holma and Toskala, 2010). 

𝜏 =
𝑇𝐿

𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡
=

𝑇𝐿

3 × 108𝑚𝑠−1
                                       (4.1) 

Where, 

𝑇𝐿 ≥
𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡

𝐶𝑅
→

3 × 108𝑚𝑠−1

𝐶𝑅
                                     (4.2) 

Where TL represents the least difference in propagation path lengths between any two multipath 

signals. CR stands for Chip Rate. The chip rate is the number of chips or pulses (bits) per second 

used in spreading the signal; it is greater than the bit rate. The Megachips per second (1 Mcps 

= 106 chips per second) is used to measure the chip rate (Lescuyer, 2004). 

By combining Eq. (4.1) and Eq. (4.2), the delay time is. 

𝜏 =
1

𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡
×

𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡

𝐶𝑅
=

1

𝐶𝑅
 µ                                      (4.3) 

If 𝑇𝐿𝑜𝑆 is the time arrival of the LoS signal at the receiver, then the ideal arriving time IAT1 of 

the first copy of the desired signal (LoS signal) at the sink is. 

𝐼𝐴𝑇1 = 𝑇𝐿𝑜𝑆 +  𝜏                                 

If the time arrival of first independent copy is T1, then the ideal arriving time IAT2 of the second 

copy is.  

𝐼𝐴𝑇2 = 𝑇1 +  𝜏                                

In general, the ideal arriving time IATj of the jth copy is. 

𝐼𝐴𝑇𝑗 = {
𝑇𝐿𝑜𝑆 +  𝜏         𝑖𝑓 𝑗 = 1
𝑇𝑗−1 +  𝜏      𝑖𝑓 𝑗 ≥ 2

                                                  (4.4) 

Or  

𝐼𝐴𝑇𝑗 = 𝑇𝐿𝑜𝑆 + 𝑗 ×  𝜏                                                                        (4.5) 

Where j =1 …L-1, represents the copy number and Tj-1 is the time of arrival of the previous 

uncorrelated multipath components at the sink. L symbolises the maximum number of 

uncorrelated copies that can be received by the sink.  If the arrival time of the cope is less than 

IAT, then the copy will interfere with the previous uncorrelated multipath components because 

an overlap has occurred. Therefore, the resolvable copies may, in turn, be a sum of inseparable 

multipath delayed signals of the transmitted signal, which can be strengthened or weakened. If 

the symbol duration between two LoS signals is Sd, then the number of replicas (L) which can 

be separated is. 
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𝐿 ≤ ⌊
𝑆𝑑

𝜏
 − 1⌋                                                                              (4.6) 

By combining Eq. (4.3) and Eq. (4.6), the number of copies is. 

𝐿 ≤ ⌊𝑆𝑑 × 𝐶𝑅 − 1⌋                                                                      (4.7) 

From Eq. (4.7), the relation between Sd and L or CR and L is a direct relationship, i.e. when Sd 

or CR is increased the L will be increased and vice versa as shown in Figure 4.4. The time of 

arrival Ti should not be less than IATi and not exceed (𝑇𝐿𝑜𝑆 + 𝑆𝑑 − 𝜏), otherwise the multipath 

components will interfere with either the previous path signal or with the next LoS signal. As a 

result, the number of resolvable multipath signals will be either zero or one. The light blue area 

in Figure 4.4 shows the number of copies which are zero or one because the IAT of the first or 

the second multipath signal exceed (𝑇𝐿𝑜𝑆 + 𝑆𝑑 − 𝜏). Table 4.1 clarifies how the IAT of the first 

If CR= 1.024Mcps and 

    Sd = 10 µ then 

    L   = 9 multipath 

copies 

Figure 4.4. The relation between the symbol duration, chip rate and the number of separable copies. 
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or the second copy will exceed the limit when CR= 1.024, 1.2288, 1.28, 3.6864, 3.84 and 

4.096Mcps and Sd = 0.5, 1, 1.5 and 2µ. Consequently, the multipath diversity cannot be 

obtained or will be order one diversity.      

 

Table 4.1. Different Chip Rate (CR) that cannot provide ideal arriving time (IAT) for certain symbol duration time 

(Sd). 

Symbol 

duration 

(Sd µ) 

Chip rate 

(CR Mcps) 

Delay time 

(τ µ) 

Ideal arriving time 

of 1st copy (IAT µ) 

TLoS + τ (Eq. 4.5) 

Ideal arriving time 

of 2nd copy (IAT µ) 

TLoS + 2τ (Eq. 4.5) 

TLoS + Sd - τ Comments 

0.5 1.024 0.97656 TLoS + 0.97656 - TLoS - 0.47656 exceed the limit copy stof 1 IAT 

0.5 1.2288 0.81380 TLoS + 0.81380 - TLoS - 0.3138 copy exceed the limit stof 1 IAT 

0.5 1.28 0.78125 TLoS + 0.78125 - TLoS - 0.28125 copy exceed the limit stof 1 IAT 

0.5 3.6864 0.27127 TLoS + 0.27127 - TLoS + 0.22873 copy exceed the limit stof 1 IAT 

0.5 3.84 0.26042 TLoS + 0.26042 - TLoS + 0.23598 copy exceed the limit stof 1 IAT 

0.5 4.096 0.24414 TLoS + 0.24414 - TLoS +0.25586 copy exceed the limit stof 1 IAT 

1 1.024 0.97656 TLoS + 0.97656 - TLoS + 0.02344 copy exceed the limit stof 1 IAT 

1 1.2288 0.81380 TLoS + 0.81380 - TLoS + 0.1862 copy exceed the limit stof 1 IAT 

1 1.28 0.78125 TLoS + 0.78125 - TLoS + 0.21875 copy exceed the limit stof 1 IAT 

1.5 1.024 0.97656 TLoS + 0.97656 - TLoS + 0.52344 copy exceed the limit stof 1 IAT 

1.5 1.2288 0.81380 TLoS + 0.81380 - TLoS + 0.6862 copy exceed the limit stof 1 IAT 

1.5 1.28 0.78125 TLoS + 0.78125 - TLoS + 0.71875 copy exceed the limit stof 1 IAT 

2 1.024 0.97656 TLoS + 0.97656 TLoS + 1.95312 TLoS +1.02344 copy exceed the limit edof 2 IAT 

2 1.2288 0.81380 TLoS + 0.81380 TLoS + 1.6276 TLoS + 1.1862 copy exceed the limit 2dof 2 IAT 

2 1.28 0.78125 TLoS + 0.78125 TLoS + 1.5625 TLoS + 1.21875 copy exceed the limit ndof 2 IAT 

Example 4.1: According to the Partnership Project Standards Body (3GPP) (3rd Generation 

Partnership Project, 2010) the bandwidth of the WCDMA technology is 5MHz and the chip 

rate (CR) equal to 3.84Mcps. The symbol rate is 4 bits per symbol because 16QMA modulation 

scheme is used. Assume that in an urban area the distance between the transmitter and the 

receiver is 1Km and 5µs is the symbol duration see Figure 4.4. Assume that the ideal arriving 

time IATj of copy j is equal to the arrival time Tj of copy j at the sink, then:  

From Eq. (4.2), the minimum propagation length path between two copies of the transmitted 

signal is.  

𝑇𝐿 =
𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡

𝐶𝑅
 

𝑇𝐿 =
3 × 108𝑚𝑠−1

3.84 ×  106𝑠−1
 

𝑇𝐿 = 78.125 𝑚 

From Eq. (4.1), then the required delay time between signals is at least.  

𝜏 =
𝑇𝐿

𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡
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𝜏 =
78.125 𝑚

3 × 108𝑚𝑠−1
 

𝜏 = 0.26042 𝜇  

The arrival time of the LoS signal at the receiver is. 

𝑇𝐿𝑜𝑆1
=

𝑇𝑟𝑎𝑣𝑒𝑙𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡
 

𝑇𝐿𝑜𝑆1
=

103 𝑚

3 ×  108𝑚𝑠−1
 

𝑇𝐿𝑜𝑆1
= 3.33333 𝜇  

Since the Sd = 5µ between the transmission of the first main signal (LoS1) and the second main 

signal (LoS2). Also, the arrival time of the LoS1 signal at the receiver is 𝑇𝐿𝑜𝑆1
, then the arrival 

time of the second LoS2 is (see Figure 4.5).  

𝑇𝐿𝑜𝑆2
= 𝑇𝐿𝑜𝑆1

+ 𝑆𝑑 

𝑇𝐿𝑜𝑆2
= 3.33333 𝜇 + 5𝜇 

𝑇𝐿𝑜𝑆2
= 8.33333𝜇 . 

From Eq. (4.6), the number of the independent replicas is less than or equal to. 

𝐿 = ⌊
𝑆𝑑

𝜏
− 1⌋ 

𝐿 =  ⌊
5𝜇

0.26042𝜇
− 1⌋ 

𝐿 = 18   replicas 

From Eq. (4.4), the ideal arriving time of the first uncorrelated copy should be no less than. 

𝐼𝐴𝑇1 = 𝑇𝐿𝑜𝑆1
+ 𝜏 

𝐼𝐴𝑇1 = 3.33333𝜇 + 0.26042𝜇 

Tx 
Time 

Rx 

LoS1 

LoS1 

Time 

LoS2 

LoS2 

2 

2 1 

1 

3.33333µ 

5µ 

Sd = 5µ 

8.33333µ 

0µ 

Figure 4.5. The arrival time of the second signal (LoS2). 
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𝐼𝐴𝑇1 = 3.59375𝜇 

In this case, the minimum propagation length path is. 

𝑑1 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 × 𝐼𝐴𝑇1 

𝑑1 = 3 × 108𝑚𝑠−1 × 3.59372 𝜇 

𝑑1 = 1078.125 𝑚 

Since T1=IAT1, then the second copy ideal arriving time is. 

𝐼𝐴𝑇2 = 𝑇1 + 𝜏 

𝐼𝐴𝑇2 = 3.59375 𝜇 + 0.26042𝜇 

𝐼𝐴𝑇2 = 3.85417𝜇 

And, the minimum propagation length path is. 

𝑑2 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 × 𝐼𝐴𝑇2 

𝑑2 = 3 × 108𝑚𝑠−1 × 3.85417𝜇 

𝑑2 = 1156.251 𝑚 

From Eq. (4.5), the ideal arriving time of the last separate copy is.  

𝐼𝐴𝑇𝐿 = 𝑇𝐿𝑜𝑆 + 𝐿 × 𝜏 

𝐼𝐴𝑇17 = 3.33333 𝜇 + 18 × 0.26042𝜇 = 3.86137𝜇 

𝐼𝐴𝑇17 = 8.02089𝜇 

And, the minimum propagation length path for the last copy is. 

𝑑17 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 × 𝐼𝐴𝑇17 

𝑑17 = 3 × 108𝑚𝑠−1 × 8.02089𝜇 

𝑑17 = 2406.267 𝑚 

In this case, the arrival time T17 of the last copy should be greater or equal to IAT17 and not 

exceed 8.07291µ. If T17 is greater than 8.07291µ, the path will overlap with next LoS signal. 

Figure 4.6 clarifies the useful period to receive the 3.84Mcps WCDMA multipath signals at the 

sink when Sd=5µ. The arrival time of signal should not be less than 3.59µ and not be greater 

than 8.07µ. Otherwise, the signals will be correlated with the desired or next LoS signal. The 

maximum number of multipath signals and the useful period to receive them for 3.84Mcps 

WCDMA with different Sd and distance between the transmitter and the sink can be shown in 

Table 4.2. The distance between the sender and the receiver is not limited to 500, 1000 and 

2000 m; it can be any distance. 
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Table 4.2. The number of multipath copies and the useful period to receive them for 3.84 WCDMA technology. 

No. Sd (µ) 
Distance between 

Tx and Rx (m) 
TLoS (µ) 

Minimum arrival 

time (µ) 

Maximum arrival 

time (µ) 
Number of 

copies (L) 

Useful period 

(µ) 

1 0.5 

500 1.66666 - - 

0 n/a 1000 3.33333 - - 

2000 6.66666 - - 

2 1 

500 1.66666 1.14582 1.62498 

2 0.47916 1000 3.33333 3.59375 4.07291 

2000 6.66666 6.92708 7.40624 

3 1.5 

500 1.66666 1.14582 2.12498 

4 0.97916 1000 3.33333 3.59375 4.57291 

2000 6.66666 6.92708 7.90624 

4 2 

500 1.66666 1.14582 2.62498 

6 1.47916 1000 3.33333 3.59375 5.07291 

2000 6.66666 6.92708 8.40624 

5 2.5 

500 1.66666 1.14582 3.12498 

8 1.97916 1000 3.33333 3.59375 5.57291 

2000 6.66666 6.92708 8.90624 

6 3 

500 1.66666 1.14582 3.62498 

10 2.47916 1000 3.33333 3.59375 6.07291 

2000 6.66666 6.92708 9.40624 

7 3.5 

500 1.66666 1.14582 4.12498 

12 2.97916 1000 3.33333 3.59375 6.57291 

2000 6.66666 6.92708 9.90624 

8 4 

500 1.66666 1.14582 4.62498 

14 3.47916 1000 3.33333 3.59375 7.07291 

2000 6.66666 6.92708 10.40624 

9 4.5 

500 1.66666 1.14582 5.12498 

16 3.97916 1000 3.33333 3.59375 7.57291 

2000 6.66666 6.92708 10.90624 

Tx 

LoS1 LoS2 

2 
1 

5µ 

Sd = 5µ 

0µ 
Transmission  

time 

LoS1 

2 

1 

LoS2 

Rx 

0µ 

1 

NLoS 

1 

1 

Useful period ≈ 4.48µ 

Sd= 5µ 

Receiving  

time 

Figure 4.6. The ideal arriving time for three multipath copies of 3.84Mcps WCDMA 

technology and Sd= 5µ. 
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Table 4.2. elucidates the useful period to receive the multipath copies and the maximum number 

of multipath signals at the receiver which will not be affected by changing the distance between 

the sender and the sink; both are impacted by using different Sd.    

4.3.  Multipath Propagation Path Length (PL) 

The multipath propagation path length (PL) is the distance that the multipath signal should be 

travelling from the transmitter to the receiver to obtain multipath diversity. If the difference in 

PL of the multipath signals is TL and the minimum travelling distance to provide ideal PL is 

dmin= dLoS+TL then the ideal PL. 

𝑃𝐿𝑖 ≥ {
𝑑𝑚𝑖𝑛                  𝑖𝑓 𝑖 = 1
𝑃𝐿𝑖−1 + 𝑇𝐿      𝑖𝑓 𝑖 > 1

                                                             (4.8) 

The PL should not exceed the maximum travelling distance dmax, 

𝑃𝐿𝑖 ≤ 𝑑𝑚𝑎𝑥  where,  𝑑𝑚𝑎𝑥 = (𝑇𝐿𝑜𝑆 + 𝑆𝑑 − 𝜏) × 𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡   (4.9) 

In this research, it is considered as one of the most crucial factors that affect the strength and 

the ability of separation of the replicas of the transmitted signal. The multipath signal strength 

falls off with distance. The reduction of the signal strength during transmission is known as 

signal attenuation. Signal attenuation (Satt) is represented in dB and can be calculated by using 

the following formula. 

𝑆𝑎𝑡𝑡 = 20 log
4𝜋𝑑

𝜆
 𝑑𝐵                                                            (4.10) 

Presume the distance that the LoS signal requires to travel from the transmitter to the receiver 

is dLoS. Then the attenuation of the LoS signal which has λ wavelength.   

𝑆𝑎𝑡𝑡 = 20 log
4𝜋 × 𝑑𝐿𝑜𝑆

𝜆
 𝑑𝐵                                               (4.11) 

The multipath signal strength is reduced in a predictable manner. The reduction level depends 

on the PL. 

𝑆𝑎𝑡𝑡𝑖
= 20 log

4𝜋 × 𝑃𝐿𝑖

𝜆
 𝑑𝐵                                                   (4.12) 

The percentage of the multipath signals attenuation, relative to the strength of the LoS signal 

can be seen in Figure 4.7 which reveals that the reduction of the multipath signals strength 

increases linearly with increasing the travelling distance about an eighth of the distance between 

the transmitter and the sink (D) each time. The key feature to observe in Figure 4.7. is how the 

attenuation of the multipath signal is increased by 50% relative to LoS attenuation when PL is 

one and half a D. Moreover, if the PL is doubled D, the multipath signal may tend to cancel 

because it’s attenuation is approximately raised to 100% relative to LoS attenuation.   
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Under ideal conditions when the arrival time of each multipath signal Ti is equal to IATi, then 

the attenuation of the multipath signal is. 

𝑃𝐿𝑖 = 𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 × 𝐼𝐴𝑇𝑖                       

Then                                                  

𝑆𝑎𝑡𝑡𝑖
= 20 log

4𝜋 × 𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 × 𝐼𝐴𝑇𝑖 

𝜆
 𝑑𝐵                                 

𝑆𝑎𝑡𝑡𝑖
= 20 log(4𝜋𝑓 × 𝐼𝐴𝑇𝑖 )  𝑑𝐵                                                  (4.13) 

Figure 4.8 demonstrates the multipath signals PL of example 4.1. when the arrival time Ti is 

equal to IATi. It shows that the PL of six out of eighteen multipath signals is approximately less 

than one-half the distance between the transmitter and the receiver. As a result, the attenuation 

percentage of the six copies will be less than 50%, while the reduction of signal strength of the 

rest is larger relative to the LoS signal strength.     

 

 

 

 

Figure 4.7. The percentage of the multipath signals reduction relative to LoS strength. D represents the distance 

between the transmitter and the receiver. The path length is increased by eighth a D. 
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4.4.  Multipath Forward Error Correction (MPFEC) Technique 

MPFEC is a method used to eliminate the effect of multipath propagation and at the same time 

utilise the multipath phenomenon to enhance the performance of the FEC techniques, hence 

saving significant channel resources which would otherwise be given to a feedback channel, 

without affecting their complexity or increasing the redundancy.  

The main idea of the MPFEC technique is to provide the sink with at least two copies of the 

transmitted signal in addition to the main one. Most of the diversity techniques rely on raising 

the size of the hardware or the spectrum and power to obtain the diversity at the receiver 

(Section 3.7 and 3.8). Consequently, overhead should be applied to obtain three versions of the 

desired signal at the sink. The MPFEC may require an overhead under certain conditions; 

otherwise, there is no overhead. The MPFEC considers the multipath signals as redundant 

replicas of a transmitted signal, and it benefits from the period between the transmission of the 

first and second LoS signals which is known as symbol duration (Sd). 

Each wireless signal needs a delay time before the arrival of another signal at the sink. The 

delay time (τ) is equal to the chip duration which depends on the chip rate (CR). According to 

Eq. 4.6, the Sd should be at least more than three times the τ to obtain a diversity order two at 

the receiver. The useful period between the first and next LoS signals is divided into different 

ideal arriving time points (IAT). Each IAT point depends on the previous IAT. Each multipath 

Figure 4.8. The PL for 3.84Mcps WCDM multipath signals, where IATi =Ti. 
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signal arriving at the receiver at its IAT point will be a solvable signal. Therefore, the maximum 

number of separable multipath signals is equal to the number of IAT points. 

After receiving at least three versions of the transmitted signal, the signals are combined into 

one strong signal by CWMC combiner and passed to the decoder to recover the data. The 

following sections explain the system model of MPFEC, the proposed low redundancy 

concatenated code and CWMC combiner.        

4.4.1.  System Model of MPFEC Technique 

The considered wireless communication system model can be shown in Figure 4.8.  

At the transmitter side, the MPFEC technique uses a serial concatenation of RS (255, 239) and 

BCH (1023, 963) codes separated by a block interleaver as an encoder. At the receiver side, at 

least two NLoS signals are received in addition to the LoS signal. After the demodulation 

operation, a proposed combiner known as a column weight multipath combiner (CWMC) 

combines the received signal into one strong signal. The decoder then tries to recover the 

original data by using BCH (1023, 963) and RS (255, 239) decoders separated by a block 

deinterleaver to decode the combined signal.        

4.4.2.  Proposed Concatenated Code 

Chapter two has shown the error control coding field and its development, in addition to the 

innovation of different channel coding (forward error correcting (FEC)) techniques between 

1949 to 2009. The FEC codes are considered as one of the necessary tools to enhance the 

wireless communication performance and reliability. The FEC technique development has been 

done in two directions to increase the error correction capability: the first direction is increasing 

the number of the redundant date, and this is apparent with the invention of all the FEC 

techniques. This technique involves either decreasing the rate of transmission or increasing the 

Receiver(s) 

Demodulation 
CWMC 

Combiner 
RS (255,239) Deinterleaver 

Decoder 

BCH (1024,963) 

Multipath 

Channel 

RS (255,239) Interleaver BCH (1024,963) 

Transmitter(s) 

Modulation 

Encoder 

MPFEC 

Figure 4.9. Proposed model system. 
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channel bandwidth. The second direction is employing iterative decoding to enhance the FEC 

decoding algorithms, in order to improve the capability of error correction, but this method 

raises the decoding complexity which results in high latency.  For example, turbo codes 

approached the Shannon limit, but they required an iterative decoding algorithm with high 

complexity (Section 2.5). Also, the data rate for turbo codes is low because each information 

bit/symbol involves two check bits/symbols (see Figure 2.4). Another instance of codes which 

reached the channel capacity is the polar codes (Section 2.3.8). Polar codes have a very high 

latency decoding algorithm, and the designing of a decoder with high throughput has become a 

challenge due to the code construction which has an inherent nature (Niu et al., 2014). 

Generally, the effectiveness of the FEC codes increases with the increasing redundancy or 

decoding complexity. Therefore, the reliability of the wireless communication system requires 

either increasing the channel bandwidth or decreasing the data rate; both of which is a 

substantial issue for communication.  

Coding theory stated that, in the decoding process, if the length (n) of the codeword is increased 

then the probability of error will drop towards zero at the exponent mode ( Reichel and Tison, 

2000). Consequently, a long codeword should be used to enhance the efficiency of error 

correction. Therefore, different FEC techniques (see Chapter two) can be utilised in the 

proposed model.  Nevertheless, raising the length of the codeword will decrease the code rate 

but increase the complexity of decoding. This contradiction is solved by using the concept of 

concatenated code (see Section 2.5). Concatenated code requires two levels of coding: outer 

and inner coding. RS code is the most frequent selection for the outer code. On the other hand, 

there are many different choices for the inner codes. Various concatenated codes have been 

used in the wireless communication such as RS-CC, Parallel Concatenated Convolutional Code 

(PCCC) and Serial Concatenated Convolutional (SCCC) codes (Liew and Hanzo, 2002), (Abe 

et al., 2006). Any of these codes can be used in the proposed system. Nonetheless, these codes 

often use too much overhead. Thus, it decreases the bit rate of the wireless system.  

This research proposes a new low redundancy concatenated code to use in the proposed system 

model. The research uses RS (255,239) code as outer code and BCH (1023, 963) code as inner 

code. This concatenated code has been applied in the optical communication as a super FEC 

code (Yuan et al., 2007). In comparison with RS (255,239) + CC (7,6), RS (255,239) + 

CC (8,7) and CC (8,7) + CC (8,7) concatenated codes with 24.48%, 21.93% and 30.61% 

redundancy respectively, it only has 13.34% redundant data. For that reason, this code is 

considered by this research as a suitable candidate to achieve the aim of the research.  
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RS and BCH codes are separated by interleaver to break up the error bursts. The wireless 

communication systems employ three distinct types of interleavers, namely, convolutional, 

pseudo-random and block (row-column) interleavers (Chowdhury and Biswas, 2017). The 

convolutional interleaver is employed by systems that use the convolutional codes because it is 

ideally suited for them (Kumar, 2015). The information is multiplexed into and out of a fixed 

number of the shift register in the convolutional interleaver. While the pseudo-random 

interleaver uses a fixed random permutation to map the input information according to the 

permutation order (Rao, 2015). The block interleaver arranges the information sequence into a 

rectangular matrix of R rows and C columns. During the interleaving process, the information 

is written from top to bottom and left to right (i.e. row-wise). Whilst, in the deinterleaving 

process, the data is read column-wise. In the wireless communication, the block interleaver is 

the most commonly used (Singal, 2010).      

Since RS (n1, k1) and BCH (n2, k2) are two linear block codes and the product code construction 

is a form of serial concatenated code using block column, then the product code and row-

column interleaver represent the most suitable structure and techniques for the proposed code. 

The product code can be represented as a two dimensions matrix such that each column is a 

codeword of RS (n1, k1) and every row is a codeword of BCH (n2, k2) (see Figure 4.9). In Figure 

4.9, 𝑝1 is the parity check matrix of RS (n1, k1) with n1-k1 rows and k2 columns. while the parity 

check matrix of BCH (n2, k2) is [𝑝2; 𝑝𝑝
1
] with n2-k2 rows and n1 columns, where𝑝2 represents 

the parity check matrix for k1 rows and  𝑝𝑝
1
 is the parity check of 𝑝1matrix. 

• Encoding Process  

The encoding process requires three steps. 

1. A k1×k2 information is sent to the RS encoder. The RS encoder encodes the k1×k2 

information into n1×k2 information and produces the parity check p1. 

2. The n1×k2 information is sent to the row-column interleave to obtain k2×n1 

information. 

n2 

n
1
 

k2 

k 1
 

𝑝𝑝1
 

𝑝2 

𝑝1 

K 

Figure 4.10. The structure of the 

proposed code. 
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3. After the interleaving process, the k2×n1 information is forwarded to the BCH 

encoder. The output of the BCH encoder is a n2×n1 codeword. 

The output of the encoder is a codeword with parameters (n2n1, k1k2). Accordingly, 

the proposed code has the same concept of the concatenated code with interleaver. 

• Decoding Process  

   The decoding process also needs three steps. 

1. The n2×n1 codeword is sent to the BCH decoder. The BCH decoder decodes the 

n2×n1 codeword into k2×n1 information. 

2. The k2×n1 information is deinterleaved by using the row-column interleaver to get 

n1×k2 information. 

3. After the deinterleaving process, the n1×k2 information is sent to the RS decoder. 

The output of the RS encoder is a k1×k2 information. 

The output of the decoder is the k1k2 estimated information of the transmitted k1k2 

information.  

4.4.3.  Column Weight Multipath Combiner (CWMC) 

The key role of MPFEC technique is providing different replicas of the transmitted signal at the 

sink. Therefore, MPFEC technique can be considered as a type of diversity technique (see 

section 3.8). Hence, a diversity processing method is required to obtain the diversity gain (see 

section 3.9). 

This research proposes a combining processing technique to get the diversity gain. This 

combining technique is a low complexity combiner based on the Hamming weight law and 

known as a column weight multipath combiner (CWMC). CWMC technique can be uniquely 

applied to any odd numbers of copies. In this technique, the LoS signal and P-1 copies are sent 

into the combiner, and the combiner arranges them in a matrix of L rows and b columns, where 

b represents the number of information bits of the LoS. Then each column of the matrix is 

weighted by using the Hamming weight law to make a hard decision to provide a level of errors 

correction and combine the signals at the same time to get the output signal. The Hamming 

weight (wh) of a word is the number of nonzero elements in the word.  

Assume that C1, C2, C3, …, CP are the combiner input and Ci= [ci1, ci2, ci3, …, cib], then the 

matrix is. 

𝑀𝐶 =

[
 
 
 
 
𝑐11 𝑐12 …
𝑐21 𝑐22 …
𝑐31 𝑐32 …

𝑐1𝑏

𝑐2𝑏

𝑐3𝑏

⋯ ⋯ ⋱
𝑐𝑃1 𝑐𝑃2 …

⋮
𝑐𝑃𝑏]

 
 
 
 

                                                 (4.14) 

The output signal Z is. 
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𝑍 = [𝑧1, 𝑧2, 𝑧3, … , 𝑧𝑏]                                                              (4.15)    

Where zi is. 

𝑧𝑖 = {
0  𝑖𝑓           𝑤ℎ𝑖

<
𝑃+1

2
 

1  𝑖𝑓           𝑤ℎ𝑖
≥

𝑃+1

2

                                                 (4.16)      

 and 𝑤ℎ𝑖
 is. 

𝑤ℎ𝑖
= ∑ 𝑐𝑗𝑖

𝑃

𝑗=1

                                                                           (4.17) 

Example 4.2: assume that C1, C2, C3, C4, C5 are five replicas and C1 is the LoS signal. The five 

signals are inputted into to the combiner.   

𝐶1 = [1 0 0 1], 

𝐶2 = [1 0 1 0], 

𝐶3 = [1 1 1 1], 

𝐶4 = [0 0 0 1], 

𝐶5 = [0 1 0 0], 

Step1: From Eq. (4.14), construct the CWMC matrix, where P=5 and b=4: 

𝑀𝐶 =

[
 
 
 
 
𝐶1

𝐶2

𝐶3

𝐶4

𝐶5]
 
 
 
 

 

𝑀𝐶 =

[
 
 
 
 
𝑐11 𝑐12

𝑐21 𝑐22

𝑐13 𝑐14

𝑐23 𝑐24
𝑐31 𝑐32
𝑐41

𝑐51

𝑐42

𝑐52

𝑐33 𝑐34
𝑐43

𝑐53

𝑐44

𝑐54]
 
 
 
 

 

𝑀𝐶 =

[
 
 
 
 
1 0
1 0

0 1
1 0

1 1
0
0

0
1

1 1
0
0

1
0]
 
 
 
 

 

Step2: From Eq. (4.17), Calculate the wh for each column and make the decision. 

𝑤ℎ1
= ∑𝑐𝑗1

5

𝑗=1

 

𝑤ℎ1
= 1 + 1 + 1 + 0 + 0 

𝑤ℎ1
= 3 

𝑤ℎ = [3, 2, 2, 3] 

Step3: From Eq. (4.16), make the decision and construct Z. 

𝑧1 = 1,  

𝑧2 = 0,  
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𝑧3 = 0, 

𝑧4 = 1, 

𝑍 = [𝑧1, 𝑧2, 𝑧3, 𝑧4] 

The output of the CWMC is. 

𝑍 = [1, 0, 0, 1] 

4.5.  Multipath Signals Selection Criteria  

There are many methods by which multipath signals selection can be made. Examples include 

all signals, first P signals, best P signals and threshold. All these methods are applicable to the 

communications that employ MPFEC technique. 

• All Signals: In this approach, all the signals arrive within the receiver’s useful time will 

be combined into one signal. Some multipath signals are a combination of all of the 

unresolvable multipath signals. Therefore, in some cases, the combining of all signal 

will be destructive rather than constructive, and the optimum performance will not be 

obtained (see Figure 4.11).  

• First P Signals: The first P signals that arrived at the receiver are selected to be 

combined in one signal. The main idea behind this method is the first multipath signals 

will typically be stronger than the other signals. The drawback of this approach is the 

first multipath signals are not necessarily stronger than the other signals. As a result, the 

most advantageous performance will not be achieved (see Figure 4.12).   
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Figure 4.11. All signals selection method at the receiver. White 

arrow represents the selected signals. 
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Figure 4.12. First P signals selection method at the receiver. 

White arrow represents the selected signals. 
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• Best P Signals: In this approach, the P strongest signal from G signals are chosen to 

combine, where P<G.  When the most powerful signals are detected, the strength of the 

signal is maximised (see Figure 4.13).  

• Threshold: This approach either select all or the best P or the first P multipath signals 

which have their strength above a threshold. 

The all signals approach outperforms the best P signals method, which typically outperformed 

the first P signals method. Under ideal conditions, the first arrival signals at the receiver are the 

strongest signals (see Figure 4.14). Therefore, the same performance will be achieved for the 

best and the first P signals approach (Oppermann et al., 2005). The threshold approach can be 

considered as a choice of selection for the other methods to enhance their performance. The 

performance of the selection method over CWMC combine can be seen in Section 5.3. 

4.6.  MPFEC Technique Limitation and Constraints. 

Three factors may influence the performance of the communication system which applies the 

MPFEC technique. For that reason, quantifying the effects of these factors will help to 

understand and define the system limitation. The factors are Chip rate (CR), Multipath 

propagation path length (PL) and Symbol duration (Sd). 

• Chip rate (CR): The chip rate effects the main parameter in the MPFEC technique: 

delay time τ. According to the Eq.4.3, high chip rate results in low delay time but high 
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Figure 4.14. The multipath signals at the receiver under ideal 

condition. 
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Figure 4.13. Best P signals selection method at the receiver. 

White arrow represents the selected signals. 
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chip rate leads to high bandwidth (see Figure 4.15); therefore, the chip rate should be 

kept as low as possible. Since the difference in path length between the multipath 

replicas is decreased by reducing the delay time, then the receiver can receive at least 

two NLoS signals in addition to a LoS signal within a small symbol duration (see Figure 

4.4). Since the MPFEC technique requires at least two replicas in addition to the LoS 

signal, the multipath diversity gain in addition to FEC gain will be got, and the system 

performance will be improved. Otherwise, the multipath diversity cannot be obtained, 

and the system will obtain the FEC gain only. Subsequently, the system performance 

will be reduced. 

• Multipath propagation path length (PL): Since the path length of the multipath 

signals effects the arrival time of the signal (see Figure 4.16). The relation between the 

PL and the arriving time of the multipath replicas is a direct relationship.  

In Figure 4.16, If the PL is less than dmin, it is considered as a short PL; while If it is 

greater than dmax, it is considered as a long PL. The PL of the multipath signals can 

affect or restrict the MPFEC technique usage in different ways: 

▪ As identified in section 4.4. the attenuation of the signal rises with increasing PL. 

Furthermore, the strength of the multipath signals will be lost by more than 50% of 

the strength of the LoS signal, if the multipath copies travel more than one and half 

times of the distance between the transmitter and the sink. Thus, the system 

performance will be dropped by combining the multipath signal. In other words, 

the combining of these copies will be destructive rather than constructive.  

▪ Travelling for long distance (long PL) may result in late arriving time. Therefore, 

the arrival time of the multipath signal will exceed (TLoS + Sd – τ). Accordingly, the 

Chip rate 

High Chip rate 

Low Chip rate 

High Bandwidth 

Low delay time (τ) 

Low Bandwidth 

High delay time (τ) 

Figure 4.15. Relation between chip rate (CR), delay time (τ) and 

bandwidth. 

Path length (PL) 

Short PL Early arriving time (T) 

Ideal PL 

Long PL 

Ideal arriving time (T) 

Late arriving time (T) 

Figure 4. 16.Relation between multipath propagation path length (PL) 

and the multipath signal arrival time (T). 
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signals will overlap with the next LoS signal, and multipath diversity cannot be 

obtained.  

▪ The required difference in PL cannot be obtained in small areas such as an indoor 

environment (short PL). As a result, the arrival time of the signal will be considered 

as an early arrival time. Thus, the arrival signals will interfere with the LoS signal 

and the receiver being unable to separate them.    

If the PL of all the multipath signals is short or long, then the signals will be correlated 

with the desired signal or with the next LoS signal; consequently, the diversity cannot 

be obtained at the sink, and the MPFEC technique will not be applicable (see Figure 

4.17).  

Figure 4.18 illustrates the minimum and maximum travelling distance for 3.84Mcps 

WCDMA multipath signals of example 4. The light red area represents the area where 

the MPFEC can be applied, and the multipath signals are solvable. If all PLs of the 

multipath signals are less than dmin= 1078.125m or greater than dmax= 2421.873m, then 

the MPFEC cannot be applied. 
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Figure 4. 17. The range of the Ideal PL for the MPFEC technique. 
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Figure 4.18. the range of the ideal PLs to apply MPFEC technique for 3.84Mcps 

WCDMA multipath signals, where D = 1000m, TLoS=3.333µ and Sd= 5µ.  
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The minimum and maximum PL of the multipath signals differ from one chip rate to 

another; also, the range can be changed by using different distances between the 

transmitter and the receiver. In Figure 4.19, Sd= 5µ, while the distance between the 

sender and the receiver is assumed to be: (a) D=500m, (b) D=1000m and (c) D=2000m. 

The two chip rates 3.6864 and 7.3728Mcps are used to show how the PL range is 

changed with varying the distance between the sender and the sink.      

• Symbol duration (Sd): Eq. 4.6 and 4.6 show that the symbol duration has a direct 

relationship with the number of separable multipath signals (see Figure 4.4.). If the value 

of Sd is less than 3×τ (Eq. 4.6), then, even in an ideal environment the MPFEC technique 

cannot obtain multipath diversity at less order two. For that reason, the symbol duration 

value must be chosen carefully. Table 4.2. determines the minimum Sd value which is 

CR=3.6864 Mcps. 
CR=7.3728 Mcps. 
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Figure 4.19. The minimum and maximum traveling distance for two different chip rates with 

three different distances. 
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required for different technologies to get diversity order two or less. If the value of Sd 

is lower than required, then an overhead will be needed to provide multipath diversity. 

Table 4.3. The minimum symbol duration value for different chip rates to obtain 

diversity order two. 

Chip rate (CR Mcps) Delay time (τ µ) Symbol duration (< Sd µ) 

1.024 0.97656 2.9 

1.2288 0.81380 2.4 

1.28 0.78125 2.3 

3.6864 0.27127 0.8 

3.84 0.26042 0.8 

4.096 0.24414 0.7 

7.3728 0.13563 0.4 

8.192 0.12207 0.4 

11 0.09091 0.3 

11.0593 0.09042 0.3 

14.7456 0.06782 0.2 

16.384 0.06104 0.2 

The chip rate, multipath propagation path length and the symbol duration values are changeable 

from one technology to another, then the MPFEC technique conditions to provide multipath 

diversity order two can differ from one technology to another. If the chip rate and symbol 

duration cannot meet the MPFEC technique conditions, then an overhead can be added to apply 

this technique (increase CR or Sd value). While, if the difference between PLs cannot be 

obtained or PLs are very long, then this problem cannot be solved, and the technique cannot 

provide multipath diversity. Consequently, the MPFEC technique will not be applicable.      

4.7.  Conclusion. 

The MPFEC technique is a method used to eliminate the effects of degradation of the wireless 

communication system and at the same time utilise multipath propagation phenomenon. It is 

used to provide the sink with diversity order two in order to enhance the error correction 

capability of FEC codes without raising the number of redundancy. As a result, the overall 

performance of the wireless communication system can be improved. 

Multipath signals have different propagation path lengths which lead to different arrival time at 

the receiver. Therefore, the arrival time of the multipath signal can be classified into three times: 

early arriving, late arriving and ideal arriving time (IAT). In the early arrival time, the multipath 

signals arrived at the sink simultaneously with a negligible difference in their arrival times. The 

late arriving time is caused when the copies of the transmitted signal arrival time is greater or 

equal to TLoS+ Sd-τ. The early and late arriving times result in, the multipath signal interfering 

with the desired signal or with the next LoS signal. The ideal arriving time is the period of time 

where the multipath signal arrives at the receiver without interference with the transmitted 
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signal or next LoS signal.  As a result, the multipath signals will be uncorrelated with the 

transmitted signal or the next LoS signal or even some of the other multipath signals. In this 

case, the arrived signals from the different paths can be considered as independent copies of the 

main signal. This type of arrival time is used to propose a novel diversity technique called 

multipath forward error correction technique (MPFEC). This technique provides the receiver 

with at least two multipath signals (NLoS) in addition to the LoS signal. Hence saving 

significant channel resources which would otherwise be given to a feedback channel. The 

maximum number of desired signal copies relies on two parameters: symbol duration and chip 

rate. The two parameters have a direct relationship with the number of the copies. While the 

number of the copies that can be separated out of the maximum number depends on the ability 

to obtain the required difference between the path length of the multipath copies. If the required 

difference cannot be acquired (i.e. all the multipath signals travel in a very short distance such 

as in an indoor environment), then the MPFEC technique is not applicable. On the other hand, 

if the symbol duration or chip rate does not meet the requirements, then MPFEC technique can 

be applied by either increasing the chip rate or symbol duration. Consequently, the data rate or 

the overall system throughput will be decreased (i.e. adding overhead on the system).  

The wireless communication system cannot take advantage of the MPFEC technique without 

using diversity processing techniques. A novel diversity processing method known as the 

column weight multipath combiner (CWMC) has been proposed in this research. This 

combining method requires at least two multipath signals in addition to the LoS signal to 

combine them in one strong signal. Therefore, MPFEC provides a diversity order of at least 

two. The CWMC combiner principle is based on Hamming weight law and has low complexity.  

The wireless communication system which applies the MPFEC technique can use any FEC 

coding method. Since the most widely used concatenated codes in wireless communication 

system often require too much overhead (redundant data), this research suggests RS (255,239) 

+ BCH (1023,963) concatenated code as a new low redundancy concatenated code to employ 

it with MPFEC technique. This code has a lower redundancy than the other concatenated codes; 

it is only 13.34% redundant data. While the other concatenated codes such as RS (255,239) + 

CC (7,6), RS (255,239) + CC (8,7) and CC (8,7) + CC (8,7) have 24.48%, 21.93% and 30.61% 

redundancy respectively. 

Generally, applying MPFEC on the wireless communication system will improve FEC 

techniques performance, accordingly saving significant channel resources otherwise given to a 

feedback channel and without affecting the decoding complexity or raising the redundant data. 

Consequently, the overall communication system performance is boosted. Finally, the 
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outcomes of this research should have a positive impact on future technology and smart 

applications such as 5G technology. 
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CHAPTER FIVE 

METHODOLOGY AND ANALYSIS OF 

SIMULATION RESULTS 

5.1. Introduction 

The complexity of the communication systems has grown to the point where the design and 

analysis the performance of the system can no longer be conducted without a notable level of 

computing support. Thus, the community of networking largely relies on simulator tools to 

analyse the performance of FEC techniques, the behaviour of the communication channel and 

development new network protocols and architectures for the wireless communication. 

Having described the MPFEC technique in the previous chapter, the performance of the 

technique is evaluated in this chapter by presenting the simulation result. The evaluation of the 

proposed technique and the concatenated code was conducted via MATLAB simulator. The 

simulation was selected to perform a comparison of results, comparing mainly the coded 

simulation results with uncoded simulation results in order to evaluate the performance of the 

MPFEC technique and the effect of the technique on the proposed concatenated code under 

three different systems. The three systems are SISO, Alamouti MIMO and V-BLAST MIMO 

systems. Some simulation results investigate the BER performance of RS and BCH code with 

three different parameters in terms of error correction capability before and after, utilising the 

MPFEC technique.  

System performance is measured in terms of BER versus SNR. The BPSK, 4QAM, 16QAM 

and 64QAM modulation are employed under AWGN and Rayleigh channels. Any modulation 

scheme can be employed including M-PSK and M-QAM. The MPFEC technique is applied on 

RS, BCH and the proposed concatenated codes with different parameters. Moreover, a distinct 

number of multipath signals beside the main signal are combined by CWMC combiner to show 

how the changing number of combined signals changes the performance of the FEC code and 

the overall performance. 

 The chapter sections are formed as follows: in section (5.2), the basic block diagram of the 

simulation system model is explained, while section (5.3) shows simulation results for different 

multipath selection methods for the MPFEC technique. Section (5.4) demonstrates the 

simulation parameters in three parts: the common and local parameters for SISO and MIMO 

system. The simulation results of the MPFEC technique effect on three different FEC codes in 
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SISO system are revealed in section (5.5). In section (5.6), the results of the simulation are 

divided into two subsections: the first one shows two scenarios for two different Alamouti 

MIMO-Coding systems; while the second subsection presents two scenarios for three V-

BLAST MIMO-Coding systems. Finally, section (5.7) gives the chapter conclusion.     

5.2. The Simulation System Model  

Consider the system model presents in Figure 5.1. In general, the system consists of random 

integer block which is a generator of information to be transmitted. The proposed encoder is 

composed of RS (255,239) as an outer encoder, interleaver and BCH (1024, 963) as an inner 

encoder. The modulator modulates the encoder output into the transmission frequency. The 

Binary Phase Shift Keying (BPSK) and Quadrature Amplitude Modulation (QAM) modulation 

schemes are used to perform the signal modulation in this research.    

The channel symbolises the attributes of the wireless channel such as fading, interference, noise 

and other interference noise. Two channels are employed for this purpose; they are AWGN and 

Rayleigh channels. After selecting L signals from the multipath signals which include a LoS 

signal, the demodulator performs a demodulation operation and passes the signals to the 

CWMC combiner. The combiner combines the signals into one strong signal. Then the 

proposed decoder then tries to recover the original information by performing BCH (1023,963) 

encoder first, followed by deinterleaving the decoded data; thereafter the output of the 

deinterleaver passes into RS (255, 239) decoder to carry out the second decoding operation. 

The last step is the calculation of errors in order to calculate the BER to evaluate the system 

performance.   

5.3.  The MPFEC Technique and Multipath Selection Method  

There are many selection techniques which can be used to choose P signals from G solvable 

signals at the receiver to then apply the MPFEC technique. These methods are all signals, first 

P signals and best P signals techniques (see Section 4.5). Figures 5.2, 5.3, 5.4 and 5.5 present 

the BER performance of all selection methods in AWGN and Rayleigh channels with BPSK 

BER calculator Error calculator 

RS decoder Deinterleaver BCH decoder CWMC 
Combiner 

Proposed combiner and decoder  

Demodulator 

Channel 

Modulator BCH encoder Interleaver RS encoder 

Proposed encoder 

Random Integer 

Figure 5.1. The simulation system model. 

Select L Signals 
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modulation scheme and CWMC combiner, G, is 9 for all signal scheme and P, is two for the 

first and best P signals method. The threshold in Figure 5.4 and 5.5 is applied and nominated 

to be the strength of the arriving multipath signal, where the multipath signal attenuation should 

be equal or less than 50% relative to the strength of LoS signal.  

The results of the simulation in Figure 5.2 and 5.3 indicate that the wireless channel conditions 

are unideal; because of some of the first arriving multipath signals are weaker than the copies 

at later delays. Therefore, the BER performance of the CWMC combiner when utilising the 

best P paths method outperforms its BER performance when applying the first P signals. On 

the other hand, the CWMC combiner has the same BER performance after using the first or 

best P signals method under ideal conditions (see Figure 5.4 and 5.5). The CWMC combiner 

shows a high BER performance by employing the all signals method under ideal and unideal 

conditions (see Figure 5.2-5.5).  

In Figure 5.3 and 5.5, the arriving signals at the receiver are above a threshold; therefore, the 

performance of CWMC is improved. The improvement of the combiner is less than 1dB at 

10-3 BER in case of employing the first or best P scheme. While the utilising of the all signals 

method with threshold enhanced the performance of the combiner by 2dB approximately when 

the BER is 10-3.   

The results observed in Figures 5.2-5.5, mark that any selection method from the selection 

schemes can be applied with the proposed CWMC combiner to select any required number of 

the multipath components.  

 
(a) AWGN channel. 

 

 
(b) Rayleigh channel. 

Figure 5.2. The BER performance of the multipath selection methods over CWMC combiner in AWGN channel 

under unideal conditions. 
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(a) AWGN channel. 

 

 
(b) Rayleigh channel. 

Figure 5.3. The BER performance of the multipath selection methods over CWMC combiner in AWGN channel 

under unideal conditions. All the arrival signals at the receiver above a threshold. 

 
(a) AWGN channel. 

 

 
(b) Rayleigh channel. 

Figure 5.4. The BER performance of the multipath selection methods over CWMC combiner in AWGN channel 

under ideal conditions without threshold. 

 
(a) AWGN channel. 

 

 
(b) Rayleigh channel. 

Figure 5.5. The BER performance of the multipath selection methods over CWMC combiner in AWGN channel 

under ideal conditions. All the arriving signals at the receiver above a threshold. 
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If the MPFEC technique employs the all or best P paths selection method with a threshold, then 

the receiver needs to receive any multipath signals which can be separated and above the 

threshold before the symbol duration period ends. As a result, an additional overhead time may 

be required to either to select the best P paths from all of the received signals and then combines 

them or to combine all the received signal. Using the first P paths method requires receiving 

only P multipath signals above the threshold then combining them within the symbol duration 

period. Consequently, the first two paths selection scheme has been employed by the MPFEC 

technique to prevent any additional overhead time. Also, the strength of the two, four, six and 

eight selected signals should be not less than 50% relative to the LoS strength.   

5.4.  Simulation Environment  

This section will provide information about the simulation environment and the chosen 

parameters of the simulation. 

5.4.1. Common Parameters  

The parameters in Table 5.1 are common for the wireless communication systems that are used 

to evaluate the performance of the MPFEC technique and the proposed code. Table 5.1 shows 

the length of the original data n, the length of the coded information k  

Table 5. 1. The common employed parameters of the simulation for both SISO and MIMO systems. 

No Channel 
Modulation 

scheme 

Symbol Rate 

(bit per symbol) 
FEC Technique SNR 

Multipath 

Signals  

Threshold 

(NLoS strength) 

1- AWGN 

BPSK 1 

RS (255,239) +BCH (1023, 963) 1-25 2,4,6 and 8 

50% 

4QAM 2 

16QAM 4 

64QAM 6 

2- Rayleigh 

BPSK 1 

RS (255,239) +BCH (1023, 963) 1-25 2,4,6 and 8 

4QAM 2 

16QAM 4 

64QAM 6 

Two wireless communication systems have been used; they are Single-Input Single-Output 

(SISO) and Multi-Input Multi-Output (MIMO) wireless communication systems. A SISO 

system points to a wireless communication system where the transmitter and receiver uses a 

single antenna. While in MIMO systems, multiple antennas are used at the transmitter and the 

receiver. In all simulation results the blue, black, green and cyan lines represent two, four, six 

and eight multipath signals which are combined with the LoS signal by CWMC combiner 

consecutively. 
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5.4.2. SISO Simulation Parameters  

The parameters in Table 5.2 are used by two FEC codes to evaluate the performance of the 

MPFEC technique in the SISO wireless communication system. The two codes are BCH (n1, 

k1) and RS (n2, k2). The parameters in Table 5.2 represent the length of the original information 

k, the length of the coded information n and the error correction capability e of each code set.        

Table 5. 2. The employed parameters of BCH and RS codes. 

No FEC code n k e 

1- BCH 

15(b) 
11 1 

7 2 

127(b) 
120 1 

113 2 

255(b) 
247 1 

239 2 

2- RS 

15(s) 
13 1 

11 2 

127(s) 
125 1 

123 2 

255(s) 
253 1 

251 2 

b= bits, s= symbols 

5.4.3. MIMO Simulation Parameters  

The required number of antennas from one wireless system to another is different. Therefore, 

with different system requirements, various combinations of sender and receiver diversity can 

be utilised. As a result, the simulation of the MIMO implemented a different number of 

antennas Tx×Rx such as 2×1, 2×2, 4×4 and 8×8 antenna. The MIMO-coding schemes have been 

widely used to improve transmission reliability and rates (Wang et al., 2010). Consequently, 

two MIMO-coding schemes are implemented, they are the spatial diversity and multiplexing 

coding techniques. 

• Spatial diversity: A typical example of this coding technique is the Alamouti space-time 

coding technique (Alamouti, 1998). The main idea of this technique is transmitting the 

same data from diverse antennas. 

• Spatial multiplexing: A NTx×NRx V-BLAST code represents a typical instance of spatial 

multiplexing (Foschini, 1996). The V-BLAST code principle is sending different 

independent data from a different antenna at the same time.   

The 2×1 and 2×2 Alamouti codes have been implemented; while, the 2×2, 4×4 and 8×8 are 

applied by the simulator for the V-BLAST code. 
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5.5.  Single-Input Single-Output (SISO) Simulation Results  

The evaluation of MPFEC technique was achieved in the SISO system under AWGN and 

Rayleigh channels with various modulation schemes such as BPSK, 4-QAM, 16QAM and 64-

QAM. The first simulation results (scenario one) investigated the effectiveness of the threshold 

value on the BER performance of MPFEC technique under the uncoded system. The results of 

the simulation showed the suitable value for the threshold that can be used over the SISO 

system. The results of second simulations (scenario two) analysed the effect of the MPFEC 

technique on the BER performance of two different FEC code techniques; they are BCH and 

RS codes. While the outcome of the third simulation (scenario three) discussed the 

improvement of the wireless system after applying the proposed RS (255, 239) +BCH (1023, 

963) concatenated code and then the impact of the MPFEC technique on the BER performance 

of the proposed concatenated code. 

5.5.1. Scenario One: The Performance of The CWMC Combiner in SISO 

System     

For evaluating the effect of the MPFCE technique on the wireless system performance, 

different threshold values are used. Table 5.2 displays the simulation parameters which are 

employed in the first scenario.  

Table 5.3. The simulation parameters of scenario one for both AWGN and Rayleigh channels 

No Modulation 
Symbol Rate 

(bit/symbol) 
SNR 

Threshold 

(minimum signal strength) 
Multipath Signals  

1- BPSK 1 0-25 80%, 60%, 50% and 40% 2, 4, 6 and 9 

2- 2-QAM 1 0-25 50% 2, 4, 6 and 9 

3- 4-QAM 2 0-25 50% 2, 4, 6 and 9 

4- 16-QAM 4 0-25 50% 2, 4, 6 and 9 

5- 64-QAM 6 0-25 50% 2, 4, 6 and 9 

 

Figures 5.6 and 5.7 give the performance of the CWMC combiner under AWGN and 

Rayleigh channels sequentially in the uncoded SISO system with the BPSK modulation 

scheme. The BER was calculated for a different number of multipath signals two, four, six 

and seven in addition to the LoS signal. A different threshold was employed, where the 

threshold represents the multipath signal strength. The threshold was 80%, 60%, 50% and 

40% relative to the LoS signal strength. From the Figures, it can be seen that, for the same 

number of multipath signals and BER, the system performance improvement is slightly 

different for different threshold values. Such as in Figure 5.6, when the number of the 

multipath copies is two, four, six and eight signals and BER = 10-3, the performance of the 

system under AWGN is enhanced approximately by 3dB, 5dB, 6.7dB and 7.2dB sequentially 
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when the strength of the multipath signals is not less than 80% relative to the strength of the 

LoS signal (see Figure 5.6a). 

In Figure 5.6b when the multipath signals strength is at least 60%, the system performance 

is improved nearly by 2.8dB, 4.9dB, 6.4dB and 7dB. Whereas, the improvement of the 

system performance in Figure 5.6c is around 2.5dB, 4.7dB, 6dB and 6.9dB if the strength of 

the copies is equal or greater than 50% relative to the main signal strength. The enhancement 

of the performance of the system is about 2dB 4.5dB, 5.5dB and 6dB when the strength of 

the multipath replicas is 40% relative to the strength of the desired signal (see Figure 5.6d).  

 
(a) Threshold= 80% relative to the LoS signal. 

 

 
(b) Threshold= 60% relative to the LoS signal. 

  [ 

 
(c) Threshold= 50% relative to the LoS signal. 

 

 
(d) Threshold= 40% relative to the LoS signal. 

Figure 5.6. The first multipath signals arrival selection method with MPFEC technique in uncoded SISO system 

under AWGN channel with BPSK modulation scheme and various threshold values.       

Similarly, Figure 5.7 shows that the system performance enhancement after employing two, 

four, six and eight multipath signals in addition to the main signal under Rayleigh channel 

is decreased gradually by reducing the threshold value when BER is 10-3. When the selected 

copies strength is equal or greater than 80% relative to the LoS signal strength, the system 

performance is enhanced about 12.5dB, 17dB, 19.5dB and 21dB after utilising two, four, six 

and eight paths sequentially (see Figure 5.7a). The simulation result in Figure 5.7b illustrates 

that the improvement of the system performance has been reduced by selecting paths which 

have strength at less 60% rather than 80% relative to the strength of the main signal. For 
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example, combining two paths with the main signal enhances the system performance 

around 12dB which reduces the enhancement by 0.5dB when BER 10-3 (see Figure 5.7b).       

 
(a) Threshold= 80% relative to the LoS signal. 

 

 
(b) Threshold= 60% relative to the LoS signal. 

   

 
(c) Threshold= 50% relative to the LoS signal. 

 

 
(d) Threshold= 40% relative to the LoS signal. 

Figure 5.7. The first multipath signals arrival selection method with MPFEC technique in uncoded SISO system 

under Rayleigh channel with BPSK modulation scheme and various threshold values.       

As described in section 4.3, multipath signals that travel one and half times the distance 

between the transmitter and receiver have a strength approximately equal to 50% relative to 

the LoS strength; also, Figure 5.6 and 5.7 show that the enhancement of the system 

performance is stable when the strength of path is at least 50%. Therefore, all the simulation 

results in this thesis used 50% as the threshold value.  

In Figure 5.8 and 5.9, the impact of the proposed technique on the BER performance of the 

uncoded SISO wireless system is evaluated with the QAM modulation scheme. Both AWGN 

and Rayleigh fading channels are used to study the system performance, and the threshold is 

set to 50% relative to the LoS signal strength. The number of employed multipath components 

is set to be two, four, six and eight paths. It can be seen from the results obtained in Figure 5.8 

and 5.8 that the MPFEC technique improved the system performance when 2-QAM, 4-QAM, 

16-QAM and 64-QAM modulations are used. For instance, employing two multipath 

components improved the wireless system performance by approximately 2dB and 12dB for 
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a BER of 10-3 under AWGN and Rayleigh fading channels sequentially. Generally, the higher 

the number of multipath signals used to combine with the LoS signal, the better the system 

performance. Moreover, the CWMC combiner enhanced the system performance under 

Rayleigh channel more than under the AWGN channel.  

The simulation results of scenario one show that using different modulation method such 

BPSK and QAM schemes will not affect the behaviour of the MPFEC technique and, the BER 

performance of the wireless communication system is improved under both AWGN and 

Rayleigh fading channels. 

 
(a) BPSK. 

 

 
(b) 4-QAM. 

   

 
 (c) 16-QAM. 

 

 
(d) 64-QAM. 

Figure 5.8. The first multipath signals arrival selection method with MPFEC technique in uncoded SISO system 

under AWGN channel with different modulation schemes. The threshold value set to 50%. 
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(a) BPSK. 

 

 
(b) 4-QAM. 

   

 
(c) 16-QAM. 

 

 
(d) 64-QAM. 

Figure 5.9. The first multipath signals arrival selection method with MPFEC technique in uncoded SISO system 

under Rayleigh channel with different modulation schemes. The threshold value set to 50%. 

5.5.2. Scenario Two: Effect of MPFEC Technique in Two different FEC 

Codes   

In the second scenario, two FEC codes with two different (n, k) are used to evaluate the 

effect of the MPFEC technique on the BER performance of the FEC codes that have low 

redundancy in terms of error correction capability over both AWGN and Rayleigh channels.  

BCH and RS codes with three different codeword lengths which have the ability to correct 

one and two errors had been used in the MPFEC technique evaluation. The threshold value 

is set to be 50%, and two multipath components in addition to the LoS signal are utilised. In 

Figure 5.10 and Figure 5.11, the red curve represents the BER performance of uncoded 

SISO. While the purple and green curves demonstrate the BER performance of FEC code 

which has one and two error correction capability respectively. The blue curve as mentioned 

before shows the effect of utilising two multipath signals on the BER performance of the 

one error correction FEC code.  Figure 5.10 presents the performance of (n, k) BCH codes 

over AWGN and Rayleigh channels with the BPSK modulation method before and after 
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utilising two multipath signals. The (15, 11), (127, 120) and (255, 247) BCH codes have one 

error correction capability. while (15, 7), (127, 113) and (255, 239) BCH codes have the 

ability to correct two errors.                                 

 
(a) BCH (15, 11) vs BCH (15, 7) over AWGN 

channel. 

 

 
(b) BCH (15, 11) vs. BCH (15, 7) over Rayleigh 

channel. 

   

 
(c) BCH (127, 120) vs. BCH (127, 113) over AWGN 

channel 

 

 
(d) BCH (127, 120) vs. BCH (127, 113) over Rayleigh 

channel. 

   

 
(e) BCH (255, 247) vs. BCH (255, 239) over AWGN 

channel. 

 

 
(f) BCH (255, 247) vs. BCH (255, 239) over Rayleigh 

channel. 

    Figure 5.10. The effect of the MPFEC technique on the BER performance of various BCH (n, k) codes which have 

one error correction capability.  
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Typically, the BCH code with two error correction capability outperforms the one that can 

only correct one error. However, utilising two multipath signals in addition to the main signal 

improved the BER performance of the one error correction BCH code to perform better than 

the BCH code that has two error correction capability. For example, in Figure 5.10a and 

5.10b, the gain of using two multipath signals for BCH (15, 11) code is about 4.5dB and 

14dB, whereas for BCH (15, 7) code without applying MPFEC technique is nearly 3.5dB 

and 12dB over AWGN and Rayleigh channels respectively when BER is 10-3. As a result, 

the BCH codes that correct one error outperform the one which has two errors correction 

capability after utilising two multipath components.   

Figure 5.11 illustrates the BER performance of RS (n, k) codes before and after utilising two 

multipath signals over AWGN and Rayleigh channels with BPSK modulation scheme. The 

(15, 13), (127, 125) and (255, 253) RS codes can correct one error. while (15, 11), (127, 125) 

and (255, 251) RS codes have the capability of correcting two errors. The behaviour of RS 

codes is similar to BCH codes, where the BER performance of RS (n, k) codes that can 

correct one error is enhanced by MPFEC technique to be better than RS (n, k) codes which 

have two error correction capability when employing two multipath signals over AWGN 

and Rayleigh fading channels. 

The results of the simulation of this scenario show that the MPFEC technique improved the 

performance of the low redundancy FEC codes (i.e. FEC codes that have low error correction 

capability). Consequently, the bit rate of the coded system that employed the MPFEC will 

be higher than the one which does not apply this technique. For instance, the rate of 

redundancy in BCH (15,11) code is 26.66%, while in BCH (15,7) code it is 53.33%. 

Therefore, the bitrate of the system which applies BCH (15,7) as an FEC code is less than 

the system that utilises BCH (15,11) code. As a result, improving the BER performance of 

BCH (15,11) code by using the MPFEC technique will raising the bitrate of the wireless 

communication system. 

5.5.3. Scenario Three: The Proposed Concatenated Code without and 

with MPFEC Technique   

In this scenario, the performance of the proposed concatenated code (see section 4.4.2) had 

been investigated over SISO system under both AWGN and Rayleigh fading channels with 

BPSK modulation scheme. During the simulation, the threshold was set to be 50% relative 

to the main signal SNR. The first simulation results illustrated the BER performance of the 

proposed code and compared them with the uncoded SISO system firstly; then the results 

demonstrate the effect of applying the MPFEC technique on the proposed concatenated code 

BER performance. In Figure 5.12, the brown line in the legend of the graph represents the 
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BER performance of RS (255, 239) +BCH (1023, 963) concatenated code; whereas the red 

line represents the uncoded SISO communication system. It can be observed from Figure 

5.12 that the BER performance of the proposed concatenated code improved the 

performance of the system by approximately 2dB and 7dB over AWGN and Rayleigh fading 

channels respectively at 10-3 BER. 

 
(a) RS (15, 13) vs RS (15, 11) over AWGN channel. 

 

 
(b) RS (15, 13) vs. RS (15, 11) over Rayleigh channel. 

   

 
(c) RS (127, 125) vs. RS (127, 123) over AWGN channel. 

 

 
(d) RS (127,125) vs. RS (127,123) over Rayleigh channel 

   

 
(c) RS (255, 253) vs. RS (255, 251) over AWGN channel. 

 

 
(d) RS (255,253) vs. RS (255,251) over Rayleigh channel. 

Figure 5.11. The effect of the MPFEC technique on the BER performance of various RS (n, k) codes which have 

one error correction capability.  
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(a) AWGN channel. 

 

 
(b) Rayleigh channel. 

Figure 5.12. RS (255,239) + BCH (1023,963) concatenated code over SISO communication system with BPSK 

modulation scheme. 

Furthermore, the BER versus SNR curve of the proposed concatenated code over the SISO 

system which applied the MPFEC scheme is portrayed in Figure 5.13. The system 

performance was evaluated by utilising two, four, six and eight coded multipath components. 

The blue curve stands for combining two coded copies with the main coded signal. While 

the combining of the coded LoS with four coded multipath signals is represented by the 

black curve. The green line in the legend of the graph 5.13 represents six coded multipath 

components combined with the desired coded signal. Whereas, the cyan line shows the BER 

performance of the proposed concatenated code after combining eight coded signals that 

arrived at the receiver from different paths with the main coded Lo Signal.     

The simulation results in Figure 5.13 show that the BER performance of RS (255, 239) 

+BCH (1023, 963) concatenated code is enhanced; consequently, the system performance is 

improved. For example, the combining of the coded LoS signal with two coded multipath 

signals results in the coding gain of RS (255, 239) +BCH (1023, 963) code being raised 

roughly by 2dB and 9dB; therefore, the system performance is improved by around 4dB and 

16dB when BER is 10-3 under AWGN and Rayleigh channels consecutively. It can be 

observed from Figure 5.13 that as expected, the performance of the RS (255, 239) +BCH 

(1023, 963) concatenated code is increased by boosting the number of the multipath signals.    

Finally, the simulation results this scenario proved that the proposed concatenated code can 

improve the system performance even if it is difficult to utilise any multipath signals (Figure 

5.12); otherwise, the coding gain of RS (255, 239) +BCH (1023, 963) code can be doubled 

by combining at least two coded multipath signals with the coded LoS signal (Figure 5.13).          
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(a) AWGN channel. 

 

 
(b) Rayleigh channel. 

Figure 5.13. RS (255,239) + BCH (1023,963) concatenated code over SISO communication system before and after 

utilising MPFEC technique with BPSK modulation scheme. 

5.6.  Evaluation of the MPFEC Technique Over Multi-Input Multi-Output 

(MIMO) System  

In this section, the same simulation parameters as in the previous section are used, except that 

the MPFEC technique BER performance had been evaluated over MIMO under two different 

MIMO-coding schemes. The first one is the Alamouti space-time code; while the second one 

is V-BLAST code. Section 5.6.1 begins with the evaluation of the proposed technique and RS 

(255,239) + BCH (1023,963) concatenated code over Alamouti coding in MIMO system. 

Section 5.6.2 is allocated to evaluate the BER performance of the MPFEC technique and the 

proposed concatenated code over V-BLAST coding in MIMO systems. In both sections 

Figures, the uncoded LoS refers to the system BER performance without using an FEC code.         

5.6.1. Alamouti Space-Time Coding  

To evaluate the proposed MPFEC technique and concatenated code over MIMO system with 

Alamouti coding, Alamouti 2×1 and 2×2 codes were used. The results of the simulation for 

both Alamouti 2×1 and 2×2 codes are presented in two scenarios. The first scenario shows 

the CWMC combiner BER performance over AWGN and Rayleigh channels under four 

different modulation schemes: BPSK, 4QAM, 16QAM and 64QAM. The same environment 

was used in the second scenario to evaluate the BER performance of the Alamouti systems 

with the proposed concatenated code, before and after utilising an even number of multipath 

components.  

5.6.1.1. Scenario One: Effect of MPFEC Technique in The Alamouti 

System  
The BER performance of the Alamouti 2×1 and 2×2 in MIMO system after applying 

MPFCE technique; two, four, six and eight multipath signals are utilised in addition to the 

LoS signal is evaluated. The threshold value was set to be 50% relative to the LoS signal. 
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The graphs in Figure 5.14 and 5.15 show the BER performance of the Alamouti 2×1 and 

2×2 systems under AWGN channels; while the Alamouti 2×1 and 2×2 BER performance 

under Rayleigh channel is revealed in Figure 5.16 and 5.17. The simulation results show 

that the BER performance of both the Alamouti 2×1 and 2×2 is enhanced for the same 

number of multipath copies and BER. In Figure 5.14a and 5.15a, two NLoS signals are 

utilised in addition to the LoS signal enhanced the Alamouti 2×1 and 2×2 performance 

around 3dB when BER is 10-3 for both; while at the same BER value the Alamouti 2×1 and 

2×2 performance is improved approximately by 6dB and 7dB respectively, if eight 

multipath components are employed and combined by the CWMC combiner. The same 

pattern of improvement can be noticed in all simulation results in Figure 5.14 and 5.15. As 

a result, it can be seen that increasing of the number of combined NLoS signals produces 

a greater improvement in the performance of the system.        

The BER performance of the Alamouti 2×1 and 2×2 systems with CWMC combiner under 

Rayleigh channel is presented in Figure 5.16 and 5.17. All graphs in Figure 5.16 and 5.17 

reveal that in both systems BER performance is boosted after utilising any even number of 

multipath components simultaneously with the primary signal. For instance, the BER 

performance of the Alamouti 2×1 and 2×2 in Figure 5.16a and 5.17a is improved by nearly 

10dB and 11dB at BER 10-3 respectively when the number of the utilised multipath 

components is two signals. As mentioned before, increasing the number of the multipath 

signals raises the BER performance of both Alamouti 2×1 and 2×2. Figures 5.16a and 5.17a 

illustrate that the improvement of the Alamouti BER performance is increased nearly by 

12.5dB and 14.5dB for Alamouti 2×1 and 2×2 respectively under Rayleigh channel. All 

the graphs in Figures 5.16 and 5.17 show comparable results for the improvement of the 

BER performance of the Alamouti 2×1 and 2×2 in MIMO system.  

This is compared with the enhancement of the Alamouti 2×1 and 2×2 after applying the 

MPFEC technique and utilising the multipath copies. It is obvious that the Alamouti 2×2 

system performance outperforms the performance of the Alamouti 2×1 system under both 

AWGN and Rayleigh channel. On the other hand, the performance of Alamouti 2×2 system 

under the Rayleigh channel is better than the Alamouti 2×2 performance under the AWGN 

channel.  
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(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.14. The effect of the MPFEC technique on the BER performance of the Alamouti 2×1 in MIMO 

system under AWGN channel. 

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.15. The effect of the MPFEC technique on the BER performance of the Alamouti 2×2 in MIMO 

system under AWGN channel.  
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(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.16. The effect of the MPFEC technique on the BER performance of the Alamouti 2×1 in MIMO system 

under Rayleigh channel. 

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.17. The effect of the MPFEC technique on the BER performance of the Alamouti 2×2 in MIMO 

system under Rayleigh channel. 



 

90 
 

CHAPTER FIVE                             METHODOLOGY AND ANALYSIS OF SIMULATION RESULTS 

5.6.1.2. Scenario Two: Evaluation of the Alamouti System Performance 

with RS (255, 239) +BCH (1023, 963) Concatenated Code with 

and without MPFEC Technique  
In the second scenario, the BER performance of the Alamouti 2×1 and 2×2 is 

explored under the same environment of the first scenario except that the RS (255, 239) + 

BCH (1023, 963) concatenated code is used to encode the signal. After this, the MPFEC 

technique is applied to the coded signal to explore the Alamouti 2×1 and 2×1 BER 

performance in the MIMO system. The graphs in Figures 5.18 and 5.19 present the results 

of the simulation for uncoded and coded Alamouti 2×1 and 2×2 systems respectively before 

and after employing two, four, six and eight coded signals in addition to the coded LoS 

signal under AWGN channel. It can be observed in Figures 5.18 and 5.18 that, the 

employing of the RS (255,239) +BCH (1023,963) code improved the Alamouti 2×1 and 

2×2 performance in the MIMO system. For example, in Figure 5.18a, the BER performance 

of the Alamouti 2×1 with the proposed code (Coded LoS) is better than the simple 

Alamouti2×1 (Uncoded LoS) by almost 4dB at BER 10-3. While in Figure 5.19a, the using 

of RS (255,239) +BCH (1023,963) code with Alamouti 2×2 raised the BER performance 

of the system at BER 10-3 by nearly 1dB. Moreover, the performance of the Alamouti 2×1 

and 2×2 is more improved by utilising the coded multipath components. In Figure 5.18b 

and 5.18b, Alamouti 2×1 and 2×2 with the proposed code that utilised two coded multipath 

signals in addition to the coded LoS (Two coded NLoS) performs better than the Alamouti 

2×1 and 2×2 with the proposed code (Coded LoS) by about 2dB and 2.5dB respectively at 

BER 10-3.    

All the graphs in Figures 5.18 and 5.19 illustrate that increasing the number of multipath 

signals has a greater effect on the performance of the proposed concatenated code. 

Subsequently, the BER performance of the Alamouti 2×1 and 2×2 will be increased. As an 

example, employing four coded multipath signals improved the BER performance of the 

Alamouti 2×1 and 2×2 by approximately 8.5dB and 6.5dB respectively; while utilising two 

coded multipath replicas enhanced the Alamouti 2×1 and 2×2 BER performance by 

roughly 6dB and 4dB respectively at BER 10-3 as presented in Figures 5.17a and 5.18a.  

Employing the coded multipath copies improved the performance of the coded Alamouti 

2×1 and 2×2. The performance of the coded Alamouti 2×1 was almost equal to the 

performance of the coded Alamouti 2×2 under AWGN channel with BPSK AND 4QAM 

modulation schemes as displayed in Figures 5.18(a and b) and 5.19(a and b). In contrast, 

the coded Alamouti 2×2 performance is enhanced to perform better than the performance 

of Alamouti 2×1 channel with 16QAM and 64QAM as shown in Figure 5.18(c and d) and 

5.19(c and d). Finally, the best overall system performance can be seen in Figures 5.18a. 
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(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.18. The effect of the MPFEC technique on the BER performance of the Alamouti 2×1 with RS (255, 

239) +BCH (1023,963) concatenated code in MIMO system under AWGN channel. 

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.19. The effect of the MPFEC technique on the BER performance of the Alamouti 2×2 with RS (255, 

239) +BCH (1023,963) concatenated code in MIMO system under AWGN channel. 
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Figures 5.20 and 5.21 demonstrate the Alamouti 2×1 and 2×2 performance with proposed 

concatenated code before and after applying the technique of the MPFEC under Rayleigh 

channel. The simulation results of the Alamouti 2×1 and 2×2 with RS (255,239) + BCH 

(1023,963) concatenated code under Rayleigh channel have the same pattern of simulation 

results of both Alamouti systems with RS (255,239) + BCH (1023,963) concatenated code 

under AWGN channel. The exception is the improvement in performance of both Alamouti 

systems which is nearly equal to the four modulations schemes (see Figures 5.20 and 5.21). 

In comparison, the Alamouti 2×2 system with proposed concatenated code and utilising 

different even numbers of multipath components under BPSK and 4QAM modulation 

schemes can be considered as the best overall system performance under Rayleigh channel 

(see Figure 5.21(a and b)).     

As a result, scenarios one and two show that the BER performance of Alamouti 2×1 and 

2×2 in MIMO system was improved by employing the proposed concatenated code. 

Furthermore, the system performance is further enhanced by using the coded multipath 

components. Moreover, the system performance is boosted by increasing the number of 

the combined coded multipath replicas. Consequently, the MPFEC technique improved the 

performance of the proposed concatenated code which enhanced the Alamouti 2×1 and 

2×2 MIMO system performance more.   

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.20. The effect of the MPFEC technique on the BER performance of the coded Alamouti 2×1 with RS 

(255, 239) +BCH (1023,963) concatenated code in MIMO system under Rayleigh channel. 
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(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.21. The effect of the MPFEC technique on the BER performance of the uncoded and coded Alamouti 

2×2 with RS (255, 239) +BCH (1023,963) concatenated code in MIMO system under Rayleigh channel. 

5.6.2. V-BLAST Coding  

In this subsection, the BER performance of the V-BLAST MIMO-coding with and without 

RS (255,239) +BCH (1023,963) concatenated code and before and after applying the 

MPFEC technique is evaluated. Three different V-BLAST MIMO-coding systems are used 

to get simulation results under AWGN and Rayleigh channels with BPSK, 4QAM, 16QAM 

and 64QAM. The three MIMO systems differ in the number of the antennas in the transmitter 

and receiver side; the first MIMO system has two antennas on both sides (MIMO 2×2). The 

second MIMO system has four transmitters and four receivers (MIMO 4×4). The last 

simulated MIMO system contains eight antennas on the transmitter side and another eight 

receivers in the receiver side. The simulation results of the three systems are presented in 

two scenarios to show the BER improvement of each system and compare the overall 

performance of the three systems with each other at the same time.             

5.6.2.1. Scenario One: Effect of the MPFEC Technique in the V-BLAST 

System  

In the first scenario, the simulation results in Figures 5.22 to 5.27 reveal the evaluation of 

the effect of the proposed CWMC combiner on the BER performance of the uncoded 2×2, 

4×4 and 8×8 V-BLAST MIMO system. The Figures 5.22, 5.23 and 2.24 show the 
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simulation results for the 2×2, 4×4 and 8×8 V-BLAST MIMO system with the four 

modulation schemes under AWGN channel. ALL results display an improvement in the 

BER performance of all three V-BLAST MIMO systems after employing two, four, six 

and eight multipath signals in addition to the main signal and combining them with the 

CWMC combiner. Figure 5.22 reveals that the CWMC has the best performance with the 

BPSK and 4QAM modulation scheme for the 2×2 V-BLAST MIMO system. For instance, 

the utilising of two multipath replicas improves the BER performance of the system by 

approximately 2dB; while a 6dB improvement is achieved by providing eight multipath 

copies at 10-3 BER (see Figure 5.22a). On the other hand, the CWMC combiner gives an 

inferior performance with 16QAM and 64QAM modulation methods; however, the overall 

system performance has been enhanced slightly under these two modulations schemes (see 

Figure 5.22(c and d)). The results of the simulation for 4×4 and 8×8 V-BLAST MIMO 

systems in Figure 5.23 and 5.24 have the same pattern as the 2×2 V-BLAST MIMO system 

simulation results. Where the using of BPSK and 4QAM modulation gives the best 

performance of the CWMC combiner; while the using of 16QAM and 64QAM shows a 

poorer performance of CWMC. Nevertheless, the overall BER performance of the 4×4 and 

8×8 V-BLAST MIMO systems is slightly improved by using the CWMC combiner.  

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.22. The effect of the MPFEC technique on the BER performance of the V-BLAST 2×2 in MIMO 

system under AWGN channel. 
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(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.23. The effect of the MPFEC technique on the BER performance of the V-BLAST 4×4 in MIMO 

system under AWGN channel. 

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.24. The effect of the MPFEC technique on the BER performance of the V-BLAST 8×8 in MIMO 

system under AWGN channel. 



 

96 
 

CHAPTER FIVE                             METHODOLOGY AND ANALYSIS OF SIMULATION RESULTS 

Figures 5.25, 5.26 and 5.27 reveal the simulation results of the BER performance of the 

2×2, 4×4 and 8×8 V-BLAST MIMO systems under Rayleigh channel with the same 

four modulation methods used under AWGN channel. The results show that employing 

any even number of multipath signals in addition to the primary signal improved the 

V-BLEST BER performance in all simulated MIMO systems. For example, in Figures 

5.25b, 5.26b and 5.27b, the utilising of the minimum number of the multipath signals 

(two signals) enhanced the BER performance of the V-BLAST by nearly 3dB, 5dB and 

7dB for 2×2, 4×4 and 8×8 V-BLAST MIMO system respectively at 10-3 BER under 

4QAM modulation scheme; moreover, increasing the number of employing multipath 

copies from two to four signals boosted the improvement more. The enhancement of the 

2×2, 4×4 and 8×8 systems is raised approximately by 2dB, 1dB and 3dB respectively at 

the same BER value       

Because of the first scenario, the MPFEC technique improved the V-BLAST MIMO 

systems under AWGN and Rayleigh channels; however, the improvement of the system 

under the Rayleigh channel is better than under AWGN channel in all simulated 

modulation schemes. Furthermore, the BER performance of the 8×8 system is better than 

the BER performance of 2×2 and 4×4 MIMO system.     

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.25. The effect of the MPFEC technique on the BER performance of the V-BLAST 2×2 in MIMO 

system under Rayleigh channel. 
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(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.26. The effect of the MPFEC technique on the BER performance of the V-BLAST 4×4 in MIMO 

system under Rayleigh channel. 

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.27. The effect of the MPFEC technique on the BER performance of the V-BLAST 8×8 in MIMO 

system under Rayleigh channel.    
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5.6.2.2. Scenario Two: Evaluation of the V-BLAST System Performance 

with RS (255, 239) +BCH (1023, 963) Concatenated Code Before 

and After Applying the MPFEC Technique  

In this scenario, the BER performance of the V-BLAST system with the proposed 

concatenated code is evaluated under AWGN and Rayleigh channels (see Figures 5.28-

5.33). Two, four, six and eight multipath signals are utilised by the coded 

V-BLAST to analyse the effect of the MPFEC technique on the performance of RS 

(255,239) +BCH (1023, 963) concatenated code in the system. As in the first scenario, the 

same four modulation schemes are used: BPSK, 4QAM, 16QAM and 64QAM. 

Figures 5.28, 5.29 and 5.30 reveal the simulation results of three different V-BLAST 

systems, namely 2×2, 4×4 and 8×8 V-BLAST systems with the proposed concatenated 

code under the AWGN channel. Also, the Figures present the BER performance 

of the coded V-BLAST system after employing two, four, six and eight copies of the 

multipath in addition to the encoded main signal. The signals are combined by using the 

proposed CWMC combiner. They are plotted in comparison with the uncoded V-BLAST 

system. 

It can be clearly seen from the Figures that the proposed concatenated code has efficiently 

improved the BER performance of the uncoded system with BPSK, 4QAM and 16QAM 

modulation schemes; while, with a 64QAM modulation method, the uncoded and encoded 

system nearly have the same BER performance (see Figures 5.28d, 5.29d and 5.30). The 

significant improvement of the BER performance of the three V-BLAST systems with the 

proposed concatenated code is under BPSK modulation scheme. For example, in Figures 

5.28a, 5.29a and 5.30a, RS (255, 239) +BCH (1023, 963) code under AWGN channel with 

BPSK modulation method improved the BER performance of 2×2, 4×4 and 8×8 

V-BLAST systems by approximately 6dB, more than 10dB and 6dB at 10-3 BER 

respectively. In contrast, in Figures 5.28c, 5.29c and 5.30c, the results of the simulation 

reveal that the improvement of BER performance of the three V-BLAST systems is poor; 

however, the proposed concatenated code enhanced the BER performance. It is clear from 

the Figures that the 4×4 V-BLAST system with the proposed code has the highest 

enhancement in the BER performance.  

The performance of the proposed code can be improved by applying the MPFEC technique 

in order to enhance the BER performance of the V-BLAST system. In Figures 5.28-5.30 

two, four, six and eight NLoS signals are utilised beside the encoded LoS signal to analyse 

the level of improvement of the BER performance of the coded V-BLAST system. The 

employing of two multipath copies boosted the three encoded V-BLAST systems BER 
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performance. For instance, in Figures 5.28d, 5.29d and 5.30d, the coded 

V-BLAST system (Coded LoS) has a similar BER performance to the uncoded system 

(Uncoded LoS); however, by using two coded multipath signals and combining them with 

the coded main signal, the BER performance of the 2×2, 4×4 and 8×8 coded V-BLAST 

system with 64QAM slightly improved. On the other hand, employing two NLoS signals 

with the BPSK modulation scheme magnified the three encoded systems BER performance 

roughly by 2dB in the 2×2 and 8×8 coded systems and 2.5dB in the 4×4 coded system 

when BER is 10-3 (see Figures 5.28a, 5.29a and 5.30a).  

It is obvious from the simulation results in Figures 5.28-5.30 raising the number of 

multipath signals is an effective method to boost the BER performance of the coded 

V-BLAST system; for example, in Figure 5.29a, the utilising of eight coded multipath 

copies improved the BER performance of the 4×4 coded system by approximately 6dB; 

while employing four NLoS signals enhanced the BER performance of the same encoded 

system by nearly 4dB at BER 10-3.  

Finally, the best performance for the proposed concatenated code with the MPFEC 

technique under AWGN can be seen in the 4×4 coded V-BLAST system with the BPSK 

modulation method (see Figure 5.29a).                      

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.28. The effect of the MPFEC technique on the BER performance of the 2×2 V-BLAST with RS (255, 239) 

+BCH (1023,963) concatenated code in MIMO system under AWGN channel. 
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(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.1. The effect of the MPFEC technique on the BER performance of the 4×4 V-BLAST with 

RS (255, 239) + BCH (1023, 963) concatenated code in MIMO system under AWGN channel. 

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.2. The effect of the MPFEC technique on the BER performance of the 8×8 V-BLAST with 

RS (255, 239) + BCH (1023, 963) concatenated code in MIMO system under Rayleigh channel. 
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Figures 5.31-5.33 show the simulation results of the V-BLAST system with proposed code 

under Rayleigh channel. The results show that RS (255,239) +BCH (1023,963) code 

boosted the BER performance of the 2×2, 4×4 and 8×8 V-BLAST system under BPSK, 

4QAM, 16QAM and 64QAM modulation schemes with a slight improvement. To 

illustrate, in Figure 5.31, the BER performance of the 2×2 V-BLAST system has been 

improved after the proposed code is applied by least 3.5dB, 3dB, 2.1dB and 2dB with the 

BPSK, 4QAM, 16QAM and 64QAM modulation schemes sequentially in comparison with 

the uncoded 2×2 V-BLAST system. The same pattern of enhancement can be seen in the 

4×4 and 8×8 coded V-BLAST systems (see Figures 5.32 and 5.33). 

The simulation results reveal that using the multipath signals beside the primary signal in 

the MPFEC technique can have a greater improvement in the BER performance of the 

coded system. For example, Figures 5.31c, 5.32c and 5.33c show that the combing of two 

NLoS signals with the LoS signal boosted the BER performance by nearly 5.5dB, 6dB and 

5.5dB for the 2×2, 4×4 and 8×8 coded V-BLAST system under 16QAM at 10-3 BER. As 

previously discussed when the AWGN channel is used, raising the number of the NLoS 

signals is an efficient way to increase the error correction capability of the proposed code. 

Consequently, the BER performance of the coded V-BLAST system will be boosted (see 

Figures 5.31-5.33).     

    
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.3. The effect of the MPFEC technique on the BER performance of the 2×2 V-BLAST with 

RS (255, 239) +BCH (1023,963) concatenated code in MIMO system under Rayleigh channel. 
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(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.4. The effect of the MPFEC technique on the BER performance of the 4×4 V-BLAST with 

 RS (255, 239) + BCH (1023,963) concatenated code in MIMO system under Rayleigh channel. 

 
(a) BPSK modulation scheme. 

 

 
(b) 4QAM modulation scheme. 

   

 
(c) 16QAM modulation scheme. 

 

 
(d) 64QAM modulation scheme. 

Figure 5.5. The effect of the MPFEC technique on the BER performance of the 8×8 V-BLAST with 

RS (255, 239) +BCH (1023,963) concatenated code in MIMO system under Rayleigh channel. 
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It has been shown in the second scenario that, the proposed code has inferior performance 

under AWGN with 64QAM modulation scheme; while it has better performance under 

Rayleigh channel for the same modulation method. In general, the RS (255, 239) + 

BCH (1023,963) concatenated code improved the three V-BLAST systems with the three 

modulation schemes under AWGN channel and with the four modulation methods under 

Rayleigh channel. The 4×4 VBLAST system with the proposed concatenated code shows 

that the BER performance enhancement under AWGN channel with the BPSK modulation 

scheme is better than the 2×2 and 8×8 coded VBLAST system. Moreover, it is also better 

than the same system with QAM modulation scheme. While under the Rayleigh channel 

the 8×8 coded VBLAST system with the BPSK modulation method has a BER 

performance improvement better than the other systems under Rayleigh channel.  

Finally, the second scenario shows that the MPFEC technique with the proposed code 

boosted the BER performance of all the V-BLAST system at a different level. However, 

the proposed technique and code performs better under the Rayleigh than the AWGN in 

the system. Moreover, the greatest performance of the proposed technique and 

concatenated code in the V-BLAST system can be shown in the 8×8 V-BLAST system 

under Rayleigh channel with BPSK modulation scheme (see Figure 5.33a).      

5.7.  Conclusion 

In this chapter, the performance of the MPFEC technique and the proposed concatenated code 

are evaluated by using MATLAB simulator. The first simulation results show that the multipath 

signals selection methods such as first P signals, best P signals, all signals and threshold are 

applicable with the MPFEC technique; however, the first P signals with threshold method is 

chosen to keep the time overhead low as much as possible. The MPFEC technique has two 

important parameters: the threshold of the multipath selection method and the number of 

selected multipath signals. The threshold value represents the minimum acceptable strength of 

the multipath signal; it is set at 50% relative to the strength of the main signal. The CWMC 

combiner in the proposed method requires an even number of the multipath signals; therefore, 

the simulation results show that at least two multipath signals are utilised to be combined with 

the main signal. The results of the simulation clarified that BCH, RS and proposed concatenated 

codes with the MPFEC technique improved the performance of SISO communication system 

under AWGN and Rayleigh channels with BPSK modulation scheme. Consequently, any FEC 

code can be used with the proposed. Also, the proposed concatenated code with the MPFEC 

method in Alamouti MIMO-Coding and V-BLAST MIMO-Coding systems under AWGN and 

Rayleigh channels with BPSK, 4QAM, 16QAM and 64QAM modulation scheme is simulated; 

both systems performance has been enhanced. 
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The proposed code with the MPFEC technique improved the performance of all the simulated 

systems under Rayleigh channel better than the AWGN channel. The main reason is the 

Rayleigh channel causes the burst error (Niemeegers, 2004) and RS code is an efficient code to 

correct the burst errors (see section 2.3.6). Moreover, the proposed CWMC combiner provides 

a suitable environment for the pattern of the errors distributed in the Rayleigh channel more 

than the pattern of the random error in the AWGN channel.  

The results show that increasing the number of the combined multipath signals in addition to 

the LoS signal is an effective method to boost the performance of the proposed concatenated 

code rather than employing only two multipath signals; nevertheless, this method is not always 

applicable because not all systems can provide more than two multipath components (see 

section 4.2.1).  

In brief, the simulation results reveal that the multipath phenomenon can be considered as an 

advantage in wireless communication systems rather than a disadvantage. It can be used to 

reduce the number of redundant data of FEC codes by improving the performance of FEC codes 

which have lower redundancy and lower error correction capability; as a result, they perform 

better than FEC codes that have a higher error correction capability and require high redundancy 

(see Chapter Two). Consequently, the data rate of the system will be boosted. Finally, the 

simulation results clarify that the best environment to apply the proposed code with the MPFEC 

technique is in Alamouti 2×2 under Rayleigh channel with BPSK modulation (see Figure 

5.21a).   
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CHAPTER SIX 

CONCLUSIONS AND FUTURE WORK 

6.1.  Introduction 

This thesis aimed to provide a technical solution to reduce the redundancy that is currently used 

by FEC code techniques without raising the complexity of the code. This is achieved through 

utilising an existing phenomenon in the wireless communication known as the multipath 

phenomenon. The multipath phenomenon is always considered as a disadvantage in wireless 

communication because it causes interference and affects the transmitted signal. As a result, the 

receiver antenna will receive two or more copies of the sent signal via different paths.    

The thesis studied the influence of the multipath phenomenon on the performance of wireless 

communication without and with FEC techniques by identifying a technique for improving the 

performance of FEC and minimising the negative effects of the multipath propagation 

phenomenon on wireless communication networks. Since multipath phenomenon provides the 

receiver with multiple replicas of the main signal, then some of these copies can be considered 

as redundant copies of the primary signal. Therefore, the multipath propagation phenomenon 

can be treated as an advantage in the wireless communication. The first aim of this study is to 

utilise the redundant signals to enhance the performance of FEC coding techniques. 

Consequently, a novel diversity method called MPFEC and diversity process technique is 

known as CWMC combiner are developed by this thesis to take advantage of the multipath 

phenomenon. The second aim is to propose an FEC code with low redundant data and employ 

the MPFEC technique to improve its performance. Subsequently, a concatenated FEC code is 

proposed; the code known as RS (255, 239) +BCH (1023,963) concatenated code.    

In this study, three FEC techniques were considered, i.e. BCH (n1, k1), RS (n2, k2), and the 

proposed concatenated codes. In order to investigate and evaluate the impact of the MPFEC 

technique on wireless communication without and with the three FEC techniques, the 

MATLAB simulator was employed to support different relevant scenarios. The tool is used to 

test the MPFEC technique and CWMC combiner within simulated communication systems 

such as SISO and MIMO coding with several types of modulations under AWGN and Rayleigh 

channels. Moreover, BCH (n1, k1), RS (n2, k2), and the proposed concatenated codes are 

employed to study the effect of the new diversity method and CWMC combiner on the BER 

performance of the coding techniques. Furthermore, BCH (n1, k1) and RS (n2, k2) codes hired 

three different parameters to illustrate a comparison between the BER performance of codes 

Ali Al-Sherbaz
Highlight

Ali Al-Sherbaz
Sticky Note
Add more noise channel type, such as Ricin , V2V 

Ali Al-Sherbaz
Highlight

Ali Al-Sherbaz
Highlight
delete 



 

106 
 

CHAPTER SIX                                                                           CONCLUSIONS AND FUTURE WORK  

have same codeword length with different error correction capability without and with MPFEC 

technique.  

6.2.  Conclusion and Research Contributions  

Finding an FEC code with low redundancy and improving its performance without raising the 

decoding complexity and latency is a challenge. Therefore, rather than attacking the coding 

design problem directly, the multipath propagation phenomenon can be utilised to enhance the 

performance of the coding method without affecting its complexity.  

As the multipath phenomenon supplies the receiver with multiple copies of the primary signal, 

this phenomenon can provide a novel type of diversity known as MPFEC technique that can be 

utilised to enhance the performance of FEC codes. The diversity technique provides the receiver 

sides with multiple copies of the transmitted signal. The maximum number of desired signal 

copies that can be produced by the MPFEC technique relies on three parameters: symbol 

duration, chip rate, and signal travelling distance. There is a direct relationship between the 

maximum number of multipath signals which can be separated and the first two parameters, i.e. 

symbol duration and chip rate. The ability to obtain the required difference between the path 

length of the multipath copies influences the number of the copies that can be separated out of 

the maximum number of the multipath signals.  

A wireless communication system can get the benefit from the diversity method by using a 

diversity processing scheme. There are different diversity processing techniques: selecting, 

switching (Threshold), MRC, and EGC processing techniques. However, to keep the overhead 

of the system low, the CWMC combiner diversity processing has been proposed. There are four 

main contributions in this research: a low redundancy concatenated code, a novel diversity 

technique, a novel diversity processing technique, and promoting the BER limit of FEC codes 

that have low error correction capability. 

6.2.1.  RS (255, 239) + BCH (1023, 963) Concatenated Code 

The first research aim in this thesis was to study and identify the main methods used to 

develop an FEC code with low redundant data and acceptable performance for the wireless 

communication system.  

There are several articles that show that the development of different FEC coding techniques 

(see Chapter Two). Almost all the literature in this area seems to agree that established FEC 

code techniques have either low code rates or high latency and decoding complexity such as 

Turbo, LDPC and polar codes.  

In this thesis, an FEC code based on the concatenated code has been proposed in which two 

block FEC codes, RS (255, 239) and BCH (1023, 963), are concatenated to provide a code 
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which has low redundancy. RS code plays the outer code, and the BCH code represents the 

inner code. The proposed code has redundancy less than the other concatenated codes that 

are currently employed in a wireless communication system (see Section 4.4.2). Therefore, 

for that reason, this code is considered by this research as a suitable candidate. 

6.2.2. Utilisation of The Multipath Propagation Phenomenon (Novel Diversity 

Technique) 

One of the research aims is to improve the performance of the proposed code by employing 

the existing resources in the wireless system. In this thesis, the multipath phenomenon is 

considered as a valuable resource to provide the receiver with multiple copies of the 

transmitted signals. Consequently, the phenomenon is treated as an advantage rather than a 

disadvantage in the wireless system. As a result, a novel diversity technique has been 

developed called the MPFEC technique. This method depends on three factors to separate 

the multipath signals and determine the useful time arrival period of the copies: chip rate, 

symbol duration and the travelling distance of the signal between the sender and the receiver 

(see Sections 4.2 and 4.3). 

The separated copies are used as an alternative method to raise the redundancy or the 

iterative decoding algorithm for improving the performance of the proposed concatenated 

code. 

6.2.3.  A Novel Diversity Processing Technique (CWMC Combiner) 

The key role of the MPFEC technique is in providing multiple copies of the transmitted 

signal at the receiver. In order to obtain the diversity gain, the multipath signals that are 

separated by the MPFEC technique have to be processed (see Section 3.9). In this thesis, to 

keep the overhead level of the diversity processing low, a novel combining process technique 

based on the Hamming weight law and known Column Weight Multipath Combine 

(CWMC) combiner is proposed with low complexity. The combiner employs a hard decision 

to combine the multipath signal to provide a level of errors correction and combine the 

signals at the same time to get the output signal.     

6.2.4.  Promoting the BER Limit of FEC Codes That Have Low Error Correction 

Capability 

According to the literature, FEC codes which have low redundancy have low error correction 

capability. Therefore, one of the thesis aims is to improve the BER limit of these codes to 

perform better than the codes that have a high redundancy and error correction capability. 

Consequently, the BEF performance of FEC code which has error correction capability t1 

has been promoting to perform better than FEC which has error correction t2, where t1 < t2. 
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As a result, the bit rate and reliability of the overall system are boosted without bandwidth 

expansion or raising the redundancy. 

The resulting system can be used in applications where minimising the complexity and length 

of codes are essential. Also, the outcomes of this research should have impacts on the future 

technology and smart applications such as 5G technology.         

Based on the simulation results, the wireless communication system which applies the MPFEC 

technique can improve the performance of any FEC coding method and can use any selection 

algorithm. Moreover, the simulation results show that the Alamouti 2×2 under Rayleigh 

channel with BPSK modulation is considered as the best environment to use RS (255, 239) + 

BCH (1023, 963) concatenated code with the MPFEC technique. 

6.3.  Suggested Future Work  

The work explained in this thesis can be extended in many directions. This section points out 

some of the future research directions. 

1. Investigate the soft decision for the CWMC combiner. The primary goal of this research 

focused on utilising the multipath copies. The CWMC combiner can employ any even 

number of multipath signals which means if the number of separated copies is odd then 

the combiner will ignore the additional copy. The reason behind this is the CWMC 

combiner relies on the hard decision to keep a low level of overhead; therefore, the next 

stage is to develop a soft decision to increase the diversity gain by utilising all the 

separated multipath signals rather than the even number only. Moreover, the soft decision 

will enable the MPFEC technique to be applied in the systems that can separate only one 

multipath signal beside the LoS signal. 

2. Hardware implementation. In this thesis, a simulated multipath diversity system was 

designed and developed. Therefore, a real wireless communication system should be 

implemented and tested. 

3. A further stage can be taken in this research by investigating the effects of the MPFEC 

technique on the FEC codes that approached Shannon’s capacity limit such as turbo code. 

The investigation can be taken in terms of reducing the number of iteration that the 

decoding algorithm needs to reach the limit, where the number of required iterations that 

are required to achieve Shannon’s limit are eighteen iterations (Berrou et al., 1993). 

Consequently, the time overhead that is needed for turbo code decoding may be reduced.  
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The study of the effect of the novel diversity technique on the number of the redundant 

data which needed by the turbo code to reach the limit of Shannon (usual the code rate is 

1/2) (Berrou et al., 1993).    
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