
MEE07:39 
 
 
 
 
 
 

 

 
 
 

CODED COOPERATIVE COMMUNICATIONS  
 
 

 

KAMAL KHATIR 
 
 
 
 

 
This thesis is submitted as partial requirement for the Degree of  

Master of Science in Electrical Engineering  
Blekinge Institute of Technology  

Karlskrona, Sweden  
September 2007 

 

Blekinge Institute of Technology  
School of Engineering  
Department of Telecommunications and Signal Processing  
Supervisors: Dr. Christian Ibars Casas (CTTC) 
Dr. Abbas Mohammed (BTH) 
Examiner: Dr Abbas Mohammed  
 



II 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

This page left blank intentionally 



III 

 

Abstract 
 

 
Wireless communication has been evolving and growing rapidly during the last few years. In 
order to meet the demand of this growth researchers as well as industry have been working for 
new techniques and new standardizations.  

Usually wireless communications performance is badly affected by channel fading. Diversity 
technique is used to reduce the impact of fading on wireless channel by conveying data over 
multiple independent fading channel paths and combine them at the receiver. 

Cooperative diversity is novel transmission technique where multiple terminals use their 
resources in cooperative manner to form a virtual array that realizes spatial diversity gain in a 
distributed fashion. Cooperative system can obtain reliable communications, capacity gain 
and energy saving by mutual relaying among users of wireless network. 

In this thesis work we examine the performance of a cooperative system and its ability to 
realize the advantages and the ideas behind its invention. We model a simple decode and 
forward repetition-based cooperative system consisting of three nodes representing source, 
destination and relay, which communicate cooperatively between the source and the 
destination. To evaluate the performance of cooperative system we measure the probability of 
error of cooperative system using computer simulation. Our results show that a better 
performance of a communication system could be achieved by allowing wireless network 
partners to communicate cooperatively. 

In the last part of the thesis, and for more investigation of the new technique we built a test 
bed to implement cooperative system model so as to measure its performance practically. 
Click router and computers with wireless cards are used for the implementation. Click 
programming language is used to configure the network nodes.  
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CHAPTER 1 
 

Introduction 
In this chapter we give an introduction to this thesis work and give an overview to the  chapters 
contents. 

 

1.1 Introduction 

In the 21st century wireless networks becomes omnipresent. Different mobile devices, such as 
mobile phone and laptop, are connected to other devices by some sort of networks. 

Transmission over wireless channel suffers from random fluctuation in signal level known as 
fading. One of the powerful techniques to mitigate fading is diversity. Using diversity technique 
the transmitter sends more than one copy of the transmitted message so the receiver can use these 
multiple copies to detect the sent message correctly. Since it might be difficult to provide more 
than one antenna in wireless devices due to small terminal size and other factors, a new way of 
realizing diversity has been introduced, which is known as cooperative diversity.  

Cooperative communication allow single wireless device to share their antennas during 
transmission and to form spatial diversity environment and virtual MIMO system. 

Cooperative diversity can increase the reliability of wireless networks by lessening the effect of 
fading. In this thesis we study the performance of wireless cooperative networks by measuring 
the probability of error of a cooperative system. 

 

1.2 Thesis Overview 

The second chapter describes wireless communications and discusses the various impairments 
that affect data transmission over wireless channel, such as attenuation, noise and fading. Also 
the chapter gives an overview of wireless channel types in addition to error compensation 
mechanism. 

Chapter 3 introduces cooperative communications and describes the benefits that it holds for 
wireless networks. 
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In Chapter 4 we define a relay fading channel model and use it to examine coded cooperative 
communications. We used computer simulation to measure how cooperative communication will 
affect the performance of wireless networks. 

For more investigation of the idea of cooperative communication Chapter 5 presents an 
experimental part for cooperative communication system. 

In Chapter 6 we conclude the thesis work. 
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CHAPTER 2 
 

Wireless Communications 
 

Wireless communication refers to the telecommunication systems where electromagnetic waves, 
rather than wires, carry the signal over part or the entire path. Wireless networking is used to 
meet a variety of communication needs. The most common use of wireless communication 
networks could be found in wireless local area networks (WLAN) and wireless mobile systems.  

In this chapter we will study the wireless communication environment, channel specifications 
and coding techniques. 

 

2.1 Wireless Channel 

Normally in any communication system the received signal differs from the transmitted signal 
due to various transmission impairments. These impairments introduce different random 
modifications to the original signal, hence degrade the signal quality. Some of the most 
important transmission impairments are introduced in this section. 

 

2.1.1 Attenuation 

Attenuation is the reduction of amplitude and energy of the signal during transmission form 
source to destination due to absorption or scattering of photons. It is increased with transmission 
distance over any transmission medium. Attenuation varies as function of frequency; it is greater 
at high frequencies.   

Attenuation implies some factors to be considered by the transmitter and receiver so as to 
guarantee the reception of the transmitted message correctly. The transmitter should send strong 
enough signal so the received signal would have sufficient strength that enable the receiver to 
detect and interpret the transmitted message. For long distances to compensate for attenuation a 
relay could be used between transmitter and receiver to repeat or amplify the transmitted signal.  
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2.1.2 Noise 

Noise is the unwanted signal that received with the transmitted signal and is the most limiting 
factor in communication system performance. 

There are many sources for noise these include: 

Thermal Noise: thermal noise is due to the thermal agitation of electronics. Thermal noise 
places an upper pound on communication system performance because it present in all electronic 
devices and cannot be eliminated. Thermal noise has a uniformly frequency spectrum 
distribution and therefore referred to as white noise.  

Intermodulation Noise: intermodulation noise may result when signals of different frequencies 
share the same transmission medium. The result of intermdoulation is a signal with frequency 
that could be sum or difference of the original frequencies.  

Crosstalk Noise: crosstalk can occur when unwanted signal is picked up by antenna. 

Impulse Noise: it consists of irregular pulses or noise spikes of short duration but high 
amplitude. It is generated form electromagnetic disturbance such as lighting. 

 

2.1.3 Free Space Loss 

For any type of wireless communications the signal disperse with distance due to the spread of 
signal on space. Free space loss is the loss in signal strength that results from a line-of-sight path 
through free space. Free space loss is proportional to the square of the distance between 
transmitter and receiver. 

 

2.1.4 Multipath  

For wireless transmission between transmitter and receiver, there could be direct line of sight 
(LOS) between them that is when there are no obstacles in the signal path. But when there are 
obstacles, the signal can be reflected by such obstacles so that multiple copies of the signal with 
varying delays can be received. If these signals added constructively, this will improve the signal 
level. While if they added constructively the signal level declines which reduces the quality of 
the received signal and system’s performance. 
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2.2 Fading  

For most practical wireless communication channels, fading is the most important factor to 
consider when describing the channel and predicting system performance. This section addresses 
fading causes, fading types and fading channels. 

 

2.2.1 Multipath Fading 

Fading refers to the time variation of received signal power due to change in transmission 
medium or paths. Fading in mobile environment is the most challenging technical problems 
facing communication system engineers.   

In a wireless mobile system a signal can travel from transmitter to receiver through multiple 
reflective paths which is known as multipath propagation.  Multipath propagation causes 
fluctuation in signal’s amplitude, phase and angle of arrival creating multipath fading. There are 
basic three propagation mechanisms playing a role in the multipath fading: 

Reflection: occurs when a propagating electromagnetic signal encounters a smooth surface that 
is large relative to the signal wavelength. 

Diffraction: occurs at the edge of a dense body that is large compared to the signal wavelength. 
It is termed shadowing because the signal can reach the receiver even if it encounter an 
impenetrable body. 

Scattering: occurs when the propagating radio wave encounter a surface with dimensions on the 
order of the signal wavelength or less, causing the incoming signal to spread out (scatter) into 
several weaker outgoings in all directions. 

 

2.2.2 Types of Fading 

Fading can be classified from time variant view point into fast fading and slow fading, and from 
time spreading view point into selective fading and flat (nonselective) fading. 

Slow Fading: slow fading represents the average signal power attenuation or path loss due to 
moving over large or long distance area. As the environment changes over long distance, slow 
fading is affected by hills, forests, clumps of buildings, etc that exists between transmitter and 
receiver. A channel introduces a slow fading when the signal correlation time of the signal is 
longer than the symbol transmission time. 
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Fast Fading: fast fading refers to the rapidly changes in signal power and phase that occur due 
to small movement over distance of about half wavelength. A channel introduces fast fading 
when the coherence time of the signal is shorter than the symbol duration time. Therefore fading 
character of the channel can change many times during the same symbol. 

Selective Fading: a channel experience selective fading when the received multipath component 
of a symbol extends beyond the symbol time duration. In selective fading the coherent 
bandwidth of the channel is smaller than the bandwidth of the signal, which make some of the 
signal’s spectral component falling outside the coherent bandwidth, hence signal’s spectral 
components are not all affected equally by the channel. 

Flat Fading: flat or nonselective fading occurs when all received multipath component of a 
symbol arrive within the symbol time duration. In flat fading coherent bandwidth of the channel 
is larger than the bandwidth of the signal. Hence all of the signal’s spectral component will be 
affected by the channel in similar manner. 

 

2.2.3 Fading Channel 

When designing a communication system, the communication engineer has to consider all the 
factors that may affect the propagation of the signal; hence he needs to estimate the effect of 
multipath fading and noise on mobile channel. Some typical fading channels are introduced in 
below. 

 

2.2.3.1 Additive White Gaussian Noise (AWGN) Channel 

In this channel the only impairment that encounters the propagation of the transmitted signal is 
the thermal noise, which associated with physical channel itself, as well as the electronics at, or 
between, transmitter and receiver. In AWGN channel the signal is degraded by white noise 
which has constant spectral density and a Gaussian distribution of amplitude.  

 

2.2.3.2 Rayleigh Fading Channel 

Rayleigh fading occurs when there are multiple indirect paths between transmitter and receiver 
and no direct non-fading or line-of sight (LOS) path. It represents a worst case scenario for 
transmission channel.  
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Rayleigh fading assumes a received multipath signal consists of large number of reflected waves 
with independent and identically distributed phase and amplitude. The envelope of the received 
signal is statistically described by Rayleigh probability density function (PDF). 

 

2.2.3.3 Rician Fading Channel 

 Racian fading best describes a situation where a dominant non-fading, LOS, component presents 
in addition to a number of indirect multipath signals. The fading envelope of this model is 
described by Rician probability density function (PDF). 

 

Additive White Gaussian Noise and Rician channels provide fairly good performance 
corresponding to an open country environment. While Rayleigh channel, which best describes 
urban environment fading, provides relatively worse performance. So in order to achieve a 
desired performance error compensation mechanism (discussed next) is needed. 

 

2.3 Error Compensation Mechanism 

Error compensation mechanisms are used to compensate for the errors and distortion introduced 
by multipath fading. These mechanisms fall into three categories: diversity techniques, error 
correction using coding techniques and equalization (we have nothing to do with here). 

 

2.3.1 Diversity 

Based on the fact that individual channels experience independent fading events, multiple 
channels can be used between transmitter and receiver to compensate for error effects. Diversity 
reception does not completely eliminate errors but reduces the probability of occurrence of errors 
caused by fading by combining several copies of the same message received over different 
multiple channels.  

The independent fading channels are obtained by antenna, site, time, frequency and polarization. 

Antenna (micro) Diversity: multi array of antennas are used to transmit different copies of 
the signal and then combine them at receiver to construct the transmitted message. The antennas 
are located in the same place (e. g. base station tower) and their spacing is of a few wavelengths.  
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Site (macro) diversity: in site diversity the receiving antennas are located in different places 
so as not only the multipath fading is independent but also the shadowing and pass loss will be 
independent to some extent. 

Time Diversity: in time diversity the same message is transmitted many times at different 
instances of time. For effective time diversity, the time difference should be more than coherent 
time of the channel. 

Frequency Diversity: in frequency diversity more than one copy of the message is transmitted 
by spreading the signal out over large bandwidth or carried on multiple frequency carriers. To 
achieve effective diversity using frequency diversity, the carrier frequencies should be separated 
by more than bandwidth coherence 

Polarization Diversity: obstacles scatter waves differently depending on polarization. 
Polarization diversity use a set of cross polarizes receiving antennas so that the received waves 
do not cancel each other. 

  

2.3.2 Error Correction Codes 

Error detection is the ability to detect error caused by channel impairments during transmission 
from source to destination, while error correction is the ability to reconstruct the error free 
original message. Error detection and correction have great importance on improving the 
performance of fading channels. In this section we will study the error detection and correction 
codes. 

 

2.3.2.1 Channel Coding 

The challenge facing the designer of a digital communication system is to provide a reliable 
system with acceptable quality and cost. Two key system parameters are signal energy per bit to 
noise power density ratio (Eb/N0) and channel bandwidth.  Since the value that we can assign to 
Eb/N0 is limited for practical considerations, the only practical option for fixed Eb/N0 for 
acceptable data quality is to use error control coding.  

 

2.3.2.2 Channel coding theorem 

If channel capacity C represents the maximum amount of information transmitted per channel 
use, channel coding theorem states that there exists a coding technique such that information can 
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be transmitted across the channel at rates r (less than C) to achieve error free transmission. It is 
not possible to find this code if r is greater than C. 

The maximum theoretical capacity of a channel with signal to noise ratio (SNR) and bandwidth 
B, according to the theorem, is given by:  

 

( )2log 1B SNR+  

 

The graph in Figure 2.1 illustrates the limitation of the channel capacity according to channel 
coding theorem. 

 

 

   

                  

C limit 

                                                                                                                                                                                   

 

 

 

 

 

                                    Figure 2.1: Channel coding theorem capacity limit. 
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transmission. The redundancy bits are added by an encoder at transmitter side and will be 
removed by a decoder at receiver side. 
 
Although the addition of redundancy decreases the bandwidth efficiency, but the use of error 
coding may increase the operational range of communication system, reduce the error rates and 
reduce the required Eb/N0 for fixed bit error rate. The decrease in the required power for coded 
system is referred to as coding gain.  
 
With respect to the properties of the set of code words, we distinguish between linear and 
nonlinear codes. A code is said to be linear if any two code words in the code can be added in 
modulo-2 arithmetic to produce a third code word in the code. According to how the system 
makes use of the code capabilities, we distinguish between error detecting and error correcting 
codes.  
  
Error detection codes: Error detection is used to implement either error monitoring or 
automatic repeat request (ARQ). In the case of error monitoring, the decoder monitors the quality 
of the received sequence and supplies it to the user, so that, when the reliability becomes too low, 
the sequence can be discarded. In the case of ARQ, the transmitter is asked to repeat 
unsuccessful transmissions.  
 
Error correction codes: In forward error correction (FEC), the decoder attempts to restore the 
correct transmitted sequence whenever errors are detected in the received sequence.  
 
 
There are many different error correcting codes. These codes have been classified into block 
codes and convolutional codes. The difference between them is that block codes are memoryless. 
Block codes and convolutional codes are discussed in the coming sections. 

 

2.3.2.3.1 Block Codes 

In block coding a message of k bits is mapped into a sequence of n bits. The basic feature of 
block codes is that the block of n digits, known as code word, generated by the encoder depends 
only on the corresponding block of k digits generated by the source, known as data word. Hence 
block code encoder has no memory. 
 
Consider then an (n, k) linear block code in which k bits of the n bits are identical to the message 
sequence to be transmitted. The remaining n-k bits are known as parity bits. They are computed 
according to the encoding rule. 
 
Block codes are called systematic codes if the message bits are transmitted in an unaltered form. 
 
Let message bits m = m0, m1, …, mk-1 are applied to linear block encoder to produce an n bit 
code word c = c0, c1, …, cn-1. The n-k bit of c are parity bits b = b0, b1, …, bn-k-1  
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In order to have a systematic structure of code, a code word is separated into message bits and 
parity bits as shown in figure 2.2. 
 
 
 
 
 
                                                       

    
Figure 2.2: structure of code word of Block code. 

 
 
We can define the code word as 
 

[ ]c = b m  
 
The n-k parity bits are linear sums of k the message bits, hence 
 

=b mP  
 
Where P is coefficient matrix defined by 
 

00 0 1

10 1 1

n k

k k n k

p p
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− −

− − − −

⎛ ⎞
⎜ ⎟= ⎜ ⎟
⎜ ⎟
⎝ ⎠

P
…

 

 
where pij is 0 or 1. 
 
Then we have 
 

[ ]=c m P I  
 
where Ik is k by k identity matrix 
 
[P | Ik] is known as generator matrix G. Hence  
 

=c mG          
 
The generator matrix G is used by encoder to generate code words of the transmitted message at 
transmitter.  
 
 
 

b0, b1, …, bn-k-1            m0, m1, …, mk-1 
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2.3.2.3.2 Convolutional codes 

Convolutional codes operate on serial data, one or a few bits at a time. Data sequence is divided 
into k bits message. Each message is encoded into n bits codeword. The codeword depends not 
only on the corresponding k-bits message but also on previous m messages. Hence the encoder 
has memory of order m.  
 
Comvolutional codes are used where message bits come in serially rather than large in blocks. A 
convolutional encoder operates on the incoming message continuously in a serial manner. 
 
Normally convolutional codes are portrayed in graphical forms which take one of three 
equivalent forms known as code tree, trellis and state diagram. 
 
 
2.3.2.4 Decoding of Block and Convolutional codes 

In the case of block codes as well as convolutional codes the receiver needs to decode the 
incoming coded message so as to produce the original transmitted massage. There are two types 
of decoding: hard decoding and soft decoding.  
 
 
For both block codes and convolutional codes the main decoding technique is called Maximum 
Likelihood (ML). ML is based on the distance between the code words. Upon decoding, the 
receiver find the distance between each codeword and the received word. ML is achieved when 
the decoder chooses the codeword whose distance from the received word is the minimum. The 
distance method that considered by ML is depends on the type of decoding. For soft decoding 
the Euclidean distance is used while for hard decoding Hamming distance is used.  
 
 
Hard decoding: here the demodulator output is quantized to two levels 0 and 1. The decoder 
attempts to recover the information sequence by using the code words redundancy for either 
detecting or correcting the errors that are present at the demodulator output. The receiver use 
Hamming distance to choose the closest codeword to the received word.  
 
Soft decoding: in soft decoding the decoder use unquantized output of the demodulator. The 
decoder stores the n outputs corresponding to each sequence of n binary waveforms and builds 2k 
decision variables. The receiver chooses the transmitted sequence corresponding to the n-bit 
code word which is closest, in the sense of the Euclidean distance, to the received sequence.  
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CHAPTER 3 
 
 
 
Cooperative Communications 
 
Cooperative communications is a new communication technique which allows single-antenna 
mobiles to share their antennas and to produce virtual multiple-antenna system. This chapter 
addresses this new technique in more details. 
 
 
3.1 Background 

Information theory of multi-hop communication dates back to the relay channel model. Relay 
channel model consists of source, destination and relay, which is used to facilitate the transform 
of information form source to destination. 
 
Cooperative communication is built on the broadcast nature of wireless communication which 
suggests that the transmitted signal between source and destination can be overheard at 
neighbouring nodes. Cooperation communication aims to processing and retransmitting of this 
overheard information towards destination to create spatial diversity, hence to obtain higher 
throughput and reliability. 

 
Though the basic idea behind cooperative communication is the relay channel model, 
cooperative communication is different from relay channel. The recent developments are 
motivated by the concept of diversity in fading channel rather than capacity. In most cases of 
multi-hop systems the destination only process the signal coming from the relay and the relay 
purpose is only to help the main channel. In cooperative communications the whole system 
resources act as information sources as well as relay and the destination processes both signals 
from source and relay. Therefore recent works of cooperation has taken somewhat different 
emphasis. 
 
 
3.2 Cooperative Communications 

According to the information theoretic model, the destination can listen to both source and relay, 
but most multi-hop systems allow the destination to process the relay signal only. This could be 
justified by the fact that, since the source is generally further away from the destination than the 
relay, the source signal is much weaker than the relay signal. But when fading is considered, this 
scheme has considerable amount of loss, especially in diversity, compared to one in which the 
destination process both signals. 
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Relaying (multi-hop) can be used not only to overcome path loss, but also to provide diversity. It 
can be used to create virtual antenna array, work on multiple antenna systems, which is known as 
multiple-input multiple-output (MIMO) system. 

Multiple-input multiple-output (MIMO) technology has attracted attention in wireless 
communications for the good performance it holds. The advantages of MIMO communication 
has been widely acknowledged, since it offers significant increases in data throughput and link 
range without additional bandwidth or transmit power. It achieves this by increasing bit rate and 
reducing fading. It gives higher spectral efficiency which means more bits per second per Hertz 
of bandwidth. MIMO produces link reliability, or in other word, diversity which reduces fading. 

To achieve diversity using MIMO, the transmitter should use more than one antenna. But due to 
size, cost or hardware limitations many wireless devices may not be able to support more than 
one antenna. Recently a new class technique called cooperative communications has been 
proposed that allow single antenna to reap some of the benefits of the MIMO system. 
Cooperative communications enables single antenna mobiles in a multi-user environment to 
share their antennas and generate a virtual multiple antenna transmitter. It realizes a new form of 
space diversity, termed cooperative diversity, to combat the effects of severe fading by 
transmitting independent copies of the signal.  

A cooperative system could be considered as a virtual antenna array, where each antenna in the 
array corresponding to one of the partners who can overhear each other’s, process and retransmit 
to cooperate. This provides additional observations, of the transmitted signal, at destination, the 
observation which usually discarded and disappeared in space. 

Motivated by all the above cooperative communication involve two main ideas 

i) use relay (multi-hop) to form a system that provide spatial diversity in fading 
environment.  

ii) envision a virtual antenna array system where each relay (partner) has its own 
information to send as well as acting as relay for the other partners. 

 

Essentially, cooperative transmissions may be understood as virtual antenna arrays, obtaining all 
performance improvements associated to MIMO channels: spatial diversity, capacity gain and 
energy savings. 

Figure 3.1 illustrates a simplified cooperative communications system. 
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3.3 Cooperation Signaling Schemes 

The most important cooperation signaling schemes are: detect and forward, amplify and forward 
and coded cooperation. 
 
 
3.3.1 Detect and forward  
 
In this method the user tries to detect a partner bits and then retransmit the detected bits. So the 
user can have a second way diversity path. The easiest way to realize this is via pairing, where 
each two users are paired as partners to cooperate with each other. Other types of topologies that 
does not subject to pairing constrains, also could be used. This signaling scheme has advantage 
of simplicity and adaptability. 
 
 
3.3.2 Amplify and forward  
 
In this method the partner simply scales its received signal, to satisfy its own power constraints, 
and retransmit to cooperate. Each user receives a noisy version of the transmitted signal and then 
amplifies and retransmits it. Though noise is amplified by cooperation, the destination can make 
better decision on the transmitted bits by combining the two independently received faded 
versions of the signals. 
 
 
3.3.3 Coded cooperation  
 
In coded cooperation each of the users’ data is encoded in codeword that’s partitioned into two 
segments. Likewise the data transmission period is divided into two segments. Each user sends 
its codeword via tow independent fading paths. The basic idea is that each user tries to transmit 
incremental redundancy to its partner when that is possible; otherwise the users revert to 
noncooperative mode. The key to efficiency of coded cooperation is that all this managed 
automatically through coded design.  
 
Different types of channel coding techniques can be used for coded cooperation. The code may 
be block or convolutional or combination of both.  
 
In addition cooperative relaying can be selectively where the partners choose a suitable 
cooperative or non-cooperative action according to the measured SNR between them. 
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                        Figure 3.1 Simplified cooperative communication system. 
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CHAPTER 4 
 

Coding for the Relay Channel 

 

4.1 The Communication Model 

A simplified model of communication system is shown in figure 4.1. It consists of  

• Source: to transmit packet symbols of the original message in binary form. 

• Encoder: encodes the received packets and forwards them. 

• Modulator: modulates the coded packet symbols. 

• Channel: represents the media, between sender and receiver, through which the massage 
will be transmitted. 

• Demodulator: demodulates the incoming packets and sends them to decoder. 

• Decoder: to decode the received packets and forward them to their final destination. 

• Destination: the final point where massage should be delivered. 

 

              Figure 4.1: Simplified model of communication system. 

Source  Modulator Encoder 

Demodulator Decoder 

Channel 

Destination 
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4.2 Probability of Error 

Error probability is used to measure the performance of a communication system. Symbol error 
probability is the probability that a symbol transmitted by source will be received erroneously. 
For better performance measure errors also could be count at bit level and find the bit error 
probability, often referred to as bit error rate (BER).  
 
The error probability for binary antipodal signal transmitted through a fading Rayleigh channel 
with perfect channel state information (CSI) is given by 
 

0

0

1( ) 1
2 1

Np e
N

ε
ε

⎛ ⎞
= −⎜ ⎟⎜ ⎟+⎝ ⎠

 

 
Where ε   is the average received energy and N0  is power spectrum density of the White Gaussian 
Additive Noise (AWGN). For more details see [4] 
 
 

4.3 Repetition code 

One of the simplest block codes is the simple repetition code in which the added redundant bits 
are just a repetition of the original bits.  

Repetition code is a coding scheme that repeats the bits across the channel to achieve an error 
free communication. 

In repetition code the encoder is just repeats the received bit symbol that transmitted from source 
and forwards it. The decoder compares the received symbol to a list of code words, and chooses 
the correct word based on the minimum distance technique. 

The use of repetition code can add diversity to the system since two copies of the massage will 
be sent though they use the same channel. 

 

4.4 Cooperative System Model 

Figure 4.2 illustrates cooperative communication system where we have source node, destination 
node and a neighbouring node working as a relay to the source signal. The source transmits to 
destination through direct path and indirect (relay) path. Packets transmission occurred on two 
time slots. The source transmits to both, destination and relay, at the first time slot. At the second 
time slot, only the relay transmits towards destination.  

If x represents the k transmitted bits, then the output of the encoder c is given by 



19 

 

=c xG  

where G represents the code generator matrix. For simple repetition code of n bits, G is given by 

 

11 11 ... 0 1 ... 0

0 1 0 1

n k

kk kn

−⎛ ⎞
⎜ ⎟= ⎜ ⎟
⎜ ⎟
⎝ ⎠

G

 

 

Noting that for repetition code n = 2k. 

The transmitted signal will be received at two phases 

Time slot 1: at the first time slot the encoded transmitted message c will be received by relay and 
destination.  The received signal at destination and relay respectively are given by:  

, , 1s d s d da E n= +y c  

, , 1s r s r ra E n= +y c  

Time slot 2: in this time slot, only the relay transmits to the destination. Hence the received 
signal is 

, , 2r d r d da E n= +y c  

E is the mean received energy, a is the complex nonselective Gaussian fading coefficient, c is the 
received signal and n is complex AWGN with power spectrum density N0. 

In order to find the original transmitted symbol, the receiver combines both signals: the signal 
received from source and the signal received from relay to get 

 

, ,s d r d⎡ ⎤= ⎣ ⎦y y y  
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Figure 4.2: The tested cooperative communication model. 

 

Assumptions  

The transmission channel is assumed to be a non-selective (flat) fading channel in which all 
frequency components are affected by the same fading coefficients. The channel state 
information assumed to be known to the receiver. 

The source transmits binary symbols. Coding technique is used in order to reduce errors of 
received signal and minimize the effect of noise and fading.  

The transmitted bits will be encoded before being transmitted and then decoded at receiver. The 
encoder is using simple repetition code to encode the source output. The decoder is using 
minimum Hamming distance to detect the transmitted signal. The noise at receiver is assumed to 
be White Additive Noise with Gaussian distribution of zero mean and variance N0/2. 

Binary modulation technique is used to modulate the code words. 

 
4.5 Simulation 

In order to measure the performance of the coded cooperative communication system and to 
measure the effect of cooperative diversity in communication systems, we used MATLAB 
programming tool to simulate a repetition-code cooperative system. We simulate the system 
shown in figure 4.2  which is consist of source to transmit packet symbols, relay work on 
cooperation mode to receive the symbols that sent by transmitter, in the first time slot, and then 
retransmit them towards destination, in the second time slot. The third part in this system is the 
destination which receives the packet symbols that sent by source and relay respectively.  

Source  Destination 

Relay 
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In order to assess the benefits that cooperative communications technique holds over non-
cooperative communications, we first measured the performance of non-cooperative systems that 
use repetition coding method. The non-cooperative system simulated in two cases, constant 
fading and independent fading. Hence we have three different cases of communication methods: 
non-cooperative repetition code with constant fading, non-cooperative repetition code with 
independent fading and cooperative with repetition code, we refer to as just cooperative. In each 
of the three cases we count the probability of error as a function of signal to noise ratio (SNR).  
 
 
Repetition Code with Constant Fading: here we have constant fading coefficient for all 
coded symbol bits. The fading coefficients are generated once for each iteration. The 
transmission is only between source and destination.  
 
Repetition Code with Independent Fading: here each bit of the codeword has independent 
fading and noise coefficient as if each packet is sent through different channel. The transmission 
is only between source and destination. 
 
Cooperative with Repetition Code: here we have cooperative communication. The 
transmission is from source to relay and destination during the first time slot and from relay to 
destination during the second time slot. The fading coefficients are constant for each 
transmission period.  
 
 
During each transmission period and upon receiving the transmitted packets from source and 
relay, the destination combines the two received symbols, and then decodes the combined 
symbol by comparing it to a list of code words and finds the distance between the received word 
and each codeword. The decoder decides the correct word by choosing the codeword with the 
minimum distance to the received word.  
 
We computed the probability of error by counting the number of the wrong decoded messages 
compared to the original message. The simulation is used to count the symbols that received with 
error for N iterations of symbol transmissions within the same value of SNR. Then we computed 
the error probability for that value of SNR by dividing the number of errors by number of 
iterations.  
 
We plotted the results, probability of error versus SNR, for all the simulated cases as well as the 
theoretical case of probability of error for fading channel 
 
 
4.6 Results 

 
In this section we will show and analyze the results of the simulation for non-cooperative and 
cooperative communication techniques. 
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Figure 4.3:   Error probability for Theoretical, Repetition Code with Constant Fading and 
Repetition code with Independent Fading. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4:   Error probability for Theoretical, Repetition Code and Cooperative systems 
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Non-cooperative System: Figure 4.3 shows the graph of the non-cooperative communication 
system results. The graph illustrates the probability of error of fading channel in three cases: 
theoretical, constant fading and independent fading. The results show that both of non-
cooperative repetition code transmission have low probability of error compared to the 
theoretical case, hence transmission performance is improved by using the repetition code. This 
improvement is due to the use of coding techniques which combats the effect of fading as well as 
adding diversity to the communication system. The performance of the system is better in the 
independent fading case than the constant fading case, which supports the idea of cooperative 
communication.  
 
 
Cooperative communications: Figure 4.4 shows the plotted results for the cooperative 
communication system compared to theoretical and non-cooperative system. From the graph we 
can easily notice that cooperative has low probability of error compared to the other methods. 
The results showed that decode and forward cooperative transmission has better performance 
over non-cooperative with repetition code case and this could be justified since cooperative 
technique make use of both coding and cooperative specifications and benefits.  
 
The reduction in probability of error is proportional to the value of signal to noise ratio. The 
performance of the cooperative system increases with the increase of the codeword. 
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Chapter 5 
 

Experimental Relay Channel 

 

In this chapter we explain the building of a test bed to be used for the experimental 
implementation of cooperative communication system.  

 

5.1 Test Bed 

The test bed consists mainly of the Click router tool in the software side and computer machines 
in the hardware side. 

 

5.1.1 Click Router 

Click router is a network building tool. It is a virtual router that used to connect and manage 
computer networks. More details of this powerful tool are given in this section. 

 

5.1.1.1 Introduction  

Click is software for building and configuring routers. Click router consists of component called 
elements connected together into configuration. An element is a module that processes and 
manipulates packets.  

 

5.1.1.2 Configuration  

Click router design comes into two modules: user level module, where Click runs as an 
application at user level, and Linux kernel module, where Click runs as a downloadable module 
at kernel level. In user-level user write element classes, but in kernel level user chooses a set of 
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elements to design router. Running click in kernel allows for very fast operation, while user-level 
mode is useful for debugging and running repeatable tests. 

 

5.1.1.3 Elements  

Elements process packets in various ways creating them, modifying them classifying them into 
different paths, etc. 

Each element has an element class written in C++. Users can write new elements and add them 
as needed. 

Elements can have multiple input and output ports. They usually use the first output port to emit 
normal packets and the second output port for error packets. 

The classifier element, as shown in figure 5.1, is commonly used to classify Ethernet headers. It 
has one input and four outputs. A classifier will emit ARP request at output 0, ARP reply at 
output 1, IP packets at output 2 and everything else at output 3. 

 

5.1.1.4 Connection  

To connect elements Click provide three types of connection ports: 

1- Push port: in this port elements actively push packets out. Push is initiated by upstream 
element. 

2- Pull ports: in this port elements will emit packets on request. Pull is initiated by 
downstream element. 

3- Agnostic port: this port supports both; it can work as push or pull. 
 

When router configuration is being read by Click it will determine to which type of port a 
specific port should be connected. 

Connection always links source port, output, to destination port, input. 

 

5.1.1.5 Language  

The ports together with the internals of an element are configured with a configuration string. 
Configuration string contains additional arguments passed to the element at router initialization 
time.  
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While element classes are written in C++, router configuration is written in click programming 
language. Click language is declarative and it has features to declaring and connecting elements. 
An example for Click configuration written in Click language is shown in figure 5.1. 

The configuration in figure 5.1 listens to packet at interface eth0 and sends them to classifier. 
The classifier sends the ARP request packets to ARP responder, and sends the ARP reply to ARP 
querier. IP packets as well as any other type of packets will be discarded. 

 

fd_eth0 :: FromDevice(eth0) 

-> fd_eth0_cl :: Classifier(12/0806 20/0001,12/0806      

20/0002, 12/0800, -) 

-> ARPResponder(192.168.3.4, eth0) 

  fd_eth0_cl[1] -> ARPQuerier(192.168.3.4, eth0) 

fd_eth0_cl[2] -> Discard 

fd_eth0_cl[3] -> Discard 

-> Discard 

 

  Figure 5.1 Simple Click configuration script. 

 

5.1.2 Setup 

 

The experimental setup consists of Intel PCs with dual core processors and wireless interfaces. 
One of the PCs work as master while the others work as slaves. The master boots Knoppix Linux 
from a pen drive while the salves boot from the master via LAN network. The PCs represent 
source, relay and destination. 

Click router software is installed in the master computer. Click configuration is written and 
installed for each of the hosts’ interfaces. We used Click to work on kernel drive. 

We started the implementation first by using the setup shown on figure 5.2. In this setup we used 
three slave computers in addition to the master computer where Click installed. When running 
the click configuration it installs a click interface for each of the real interfaces. Using the click 
interface, the click router can listen to packets that arrive at the real interface, as well as send 
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packets to the real interface so as to be transmitted through the network. But with this setup we 
got some problems with the relay host configuration to receive and retransmit, so it is either 
write a new element that fulfill the relay job or change the network topology. To overcome this 
problem we used the setup shown in figure 5.3 instead of the first one. In this setup we have 
three PCs including the master. We put two network interfaces on the master so as to be able to 
receive through the first interface and retransmit through the second one, this enable the master 
to work as relay. 

  

 

                                                                                                   Source (slave) 

                                                                           

                                                                                                 

                                                                                     

 

 

                                                                                                                            Relay (slave)        

 

 

 

                     Master                                                            Destination (slave) 

                

                                      Figure 5.2: Test bed setup (1). 

 

Upon running this test bed, a flow of UDP packets generated and addressed to the source host. 
The packets will be generated at specific rate. Using Click router the source host forwards these 
packets towards relay and destination. The relay host receives the packets and then forwards 
them towards destination through Click router. The destination receives first the packets from 
source and second the packets from relay then combine them together to produce the original 
sent packet.  
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                                                                                                Source (slave)                 

                                                                                     

 

 

 

 

                                                                                             Destination (slave) 

 

                                       Relay (master) 

 

                                      Figure 5.3: Test bed setup (2). 

 

 

We used multi-generator (Mgen) tool to generate addressed packets towards destination. Mgen 
is a toolset to generate a real tome traffic pattern in fixed rate. Though there are click elements 
that could be used to generate packets but we got some problems generating packets using these 
elements. We think this problem is related to the configuration of Click to work on Kernel 
derive.  

We configured the network interfaces with fixed IP addresses and to work as source or relay or 
destination. Script files are used to pass the Click configuration to the interfaces and run them. 
Script files are also used to generate and derive Mgen packets. 

The received packets at destination will be checked and compared to the sent packets so as to 
decide the packets that received with errors and count them in order to find the probability of 
error. 

The flow of the packets between the three machines is monitored using TCP dump tool. 
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5.2 Results  

 

Using Click language we configured the source to get the packets that are generated by Mgen 
Tool and send them. The relay node is configured to get the packets that transmitted by the 
source and retransmit them again. The destination configured to receive packets in two time 
slots. In the first time slot the destination receives the packets transmitted by the source, while in 
the second slot it receives the packets transmitted by the relay. The destination should combine 
every two time-slot packets’, but we did not configure this part of destination task, it is left for 
future work. 

With these Click configurations we succeeded to check that the test bed is working correctly and 
to get the nodes work cooperatively. We managed to get the three nodes, source, relay and 
destination to communicate with each other. TCP dump tool is used to observe the flow of 
packets between the network components. We have seen the UDP packet transmitted from the 
source host and received by relay and destination as well as the packets sent form relay node and 
received by destination. 

 

In this part we focused on building and checking a test bed that can enable us to measure the 
performance of cooperative communication practically. Further analysis for repetition based 
cooperative communication using the results that come out from this test bed, will be continued 
as an extended work. 
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Chapter 6  
 

Conclusions  

 

In this thesis we considered the design of coded cooperative communication system and 
examined its performance. We studied decode and forward cooperative protocol for simple 
fading relay channel. The coding technique which used in this work is the repetition code. We 
computed the probability of error for the repetition code cooperative system so as to analyze its 
performance. We showed that the repetition based relay channel can be used for cooperation and 
can achieve good performance for the communication networks. 

We illustrated the benefits of cooperative coding in providing diversity and coding gains via 
simulation results. The results indicate that spatial diversity could be achieved using coded 
cooperative technique. We showed that cooperative diversity can significantly enhance the 
performance of the communication system by reducing the probability of error of the system. 
The reduction in probability of error is direct proportional to the SNR. The results showed that 
the coded cooperative technique is robust and still provides gains with respect to non-cooperative 
case. 

We have seen that error correction protocols can be used to significantly enhance the 
performance of the communication system. 

We built a test bed to implement and test the cooperative communication technique but we left 
the study and analyze of the decode and forward cooperative method using this test bed as an 
additional and extended work. 

We conclude by noting that the idea of mapping cooperative protocol onto simple relay channel 
can be extended to large networks and more complex transmission scheme. The result will be an 
effective MIMO channel which has better performance compared to classical relay fading 
channel. 
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