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Abstract

Power Line Communication (PLC) has the potential to become the preferred
technique for providing broadband to homes and offices with the advantage of
eliminating the need for new wiring infrastructure and reducing the cost. Power
line grids, however, present a hostile channel for data communication, since the
fundamental purpose of the power line channel was only the transmission of
electric power at 50/60 Hz frequencies. The development of PLC systems for
providing broadband applications requires an adequate knowledge of the power
line channel characteristics. Various types of noise and multipath effects are
some of the limitations for power line channels which need to be considered
carefully in designing PLC systems. An effect of an impulsive noise
characterized with short durations is identified as one of the major impairment in
PLC system. Orthogonal Frequency Division Multiplexing (OFDM) technique is
one of the modulation approaches which has been regarded as the modulation
technique for PLC systems by most researchers in the field and is used in this
research study work. This is because it provides high robustness against
impulsive noise and minimizes the effects of multipath. In case of impulsive
noise affecting the OFDM system, this effect is spread over multiple subcarriers
due to Discrete Fourier Transform (DFT) at the receiver. Hence, each of the
transmitted communication symbols is only affected by a fraction of the
impulsive noise. In order to achieve reliable results for data transmission, a
proper power line channel with various noise models must be used in the
investigations. In this research study work, a multipath model which has been
widely accepted by many researchers in the field and practically proven in the

Tanzanian power line system is used as the model for the power line channel.




The effects of different scenarios such as variations in direct path length, path
number, branch length and load on the channel frequency response are
investigated in this research work. Simulation results indicate the suitability of
multi-carrier modulation technique such as an OFDM over the power line
channels. To represent the actual noise scenario in the power line channel, an
impulsive noise and background noise are classified as the two main noise
sources. A Middleton class A noise is modelled as an impulsive noise, whereas
the background noise is modelled as an Additive White Gaussian Noise
(AWGN). The performance of PLC system based on OFDM is investigated
under Middleton Class A and AWGN noise scenarios. It is observed that Bit
Error Rate (BER) for the impulsive noise is higher than the background noise.
Since channel coding can enhance the transmission in a communication
system, Block code and convolutional codes have been studied in this research
work. The hamming code chosen as a type of the block code, whereas the
Trellis Coded Modulation (TCM) selected from the category of the convolutional
channel codes and modelled in Matlab2013b. Although TCM code produces
improvements in the Signal-to-Noise Ratio (SNR), they do not perform well with
Middleton class A noise. A rectangular 16-QAM TCM based on OFDM provides

better BER rate compared to the general TCM.
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Chapter 1

Introduction

1.1. Background and Motivations

Demand for broadband multimedia applications has been rising significantly in
the past few years, and is still growing. Broadband internet access has now
become a necessity for businesses and homes and is highly in demand. There
are a lot of communication technologies that are used for broadband
connectivity in homes and offices. Among those communication technologies,
power line communications (PLC) appears to be a preferred multimedia
connectivity solution and receives a huge amount of research interest by the
researchers.

PLC exploits the power line infrastructure to provide high-speed broadband to
customers. Hence a PLC system does not require new wiring installation in the
building which is a great cost saving. The concept of using power line for
communication services is not one that has just emerged recently. The first
application of PLC in fact was used hundred years back when analogue
communications were used for home automation and remote metering. Hence,
the power supply utilities were required to have a stable communication link to
maintain the operation of high voltage power lines. The attention, however, has
shifted to the PLC technology for the purpose of high-speed internet access and
various other services of broadband multimedia in the past decade

(Cacciaguerra, 2003).




Although there are various advantages of the PLC, the power line channel was
actually never designed for data transmission. There are essential structural
and physical differences between the power lines and the other communication
channels such as a coaxial cables and fibre optics. Therefore, it is important to
understand these properties in order to design PLC systems (Dostert, 2001).
Multipath affects, attenuation and noise are the most significant factors affecting
communications over power lines. Power line cables suffer from frequency-
dependent attenuation. This attenuation increases with high frequencies and
can be severe for long distance communications. Signal reflection is caused by
impedance mismatching which increases the multipath fading. The noise that is
produced by various appliances that are connected or linked to PLC
transmission channel, is one more impairment found in PLC systems. The noise
that comes at from the power outlet (plugs or sockets) is basically the noise
produced by various appliances that are connected to the line. There are five
common noises that can be found in the power line channels. They are
narrowband noise, periodic impulsive noise asynchronous to the main
frequency, coloured background noise, periodic impulsive noise synchronous to
the main frequency and asynchronous impulsive noise. Coloured background
noise, narrowband noise, periodic impulsive noise asynchronous to the mains
frequency are known as background noise, while the other are known as
impulsive noise.

An impulsive noise is a created from switching transients in power appliances.
These impulses are of short durations with high amplitudes. The Power Spectral
Density (PSD) of such noise can reach up to 50dB higher than that of the

background noise.




Because of the impulsive noise as well as other interference characteristics of
power line grids, it is important that a suitable modulation technique is selected
for the PLC system. There are various available modulation techniques, Figure
1.1, such as a Multi Carrier Modulation (MCM), single carrier and spread
spectrum modulation. An MCM technique such as an OFDM is a modulation
technique of choice for PLC systems because of having better performance in
comparison with a single carrier modulation and its performance in impulsive

noise environments.

Single carrier
Carrier Carrier

Data > Data { I

Power line Frequency

Power density

Spread spectrum 2

Spreading Spreading g

Carrier  carrier Carrier Carrier ¥

E

el Lo & bl
Power line Frequency

OFDM

Data —*3 -
Power line

Power density
———>

Frequen c;

Figure.1.1. Available modulation approaches (Gotz, et al., 2004)

The problem of multipath can be eliminated by adding a cyclic time guard as it
can be more discussed in later chapters. Furthermore, the influence of
impulsive noise is also reduced because the received OFDM signal with added
noise is divided by the number of sub channels through the discrete Fourier
transform operation in the receiver (Biglieri & Toino, 2003).

Forward Error Correction (FEC) can be utilized to improve the reliability of the

data transmission systems. To tackle errors caused by burst disturbance and




make the system more efficient, interleaving is required because of the
occurrence of impulsive noise in the power line channels.

As it has been discussed earlier, the impulsive noise has more effects on the
PLC system than any other sort of noises. A considerable performance
degradation can occur in OFDM based PLC, due to the high power impulsive
noise. Hence, it is very important to investigate its influence on data
communications. There is also a need to bring ways that can limit its damage
and enhance PLC performance in severe environments.

The focus of this research study is on the power line as a communication
channel with the aim to improve the performance of the current PLC system
with the use of an OFDM and FEC techniques. This objective is achieved by
first tackling the problem of impulsive noise and presenting ways of limiting its
effect on communication signals. Secondly, the research work includes the
application of suitable methods of modulation and FEC channel coding
techniques that, as will be demonstrated here, increase the reliability of PLC

systems as well as maximizing the data rate.

1.2. Power line distribution systems

A power plant generates the electric power, then transports it through High
Voltage (HV) cables to Medium Voltage (MV) substations. The substations
transform the Medium Voltage into Lower Voltage (LV) and then distributes it to
a large number of LV grids. Typical voltage values for HV, MV and LV
transmission lines respectively, are 425 KV, 33 KV and 11 KV.

Every LV grid contains one substation. This substation delivers the voltage,
which is transformed into 400V line voltage, to all the households that are

connected through LV lines. PLC works through electrical signals. These




signals carry information over the power line. A communication channel can be
explained as a physical path that exists between two communicating nodes.

The type of communication that takes place through the power line channels
determines the quality of the channel. The channel quality is generally a factor
of the level of the noise at the receiver and the attenuation of the electrical
signal at different frequencies. It is harder to detect the received signal when
the noise level is high due to possible interrupted signals. If the signals get
attenuated on their ways to the receiver, the quality of the channel deteriorates
further due to the fact that the signal gets more hidden by the existing noise.
The noise on the power line is generated by every load (electrical devices),
which is linked to the grid. The power line is considered as a very harsh
environment due to the time variant attributes of the noise and the attenuation.
However, this also prevails in most communication systems and limits the
performance that can be achieved.

PLC systems comprise different components which function together to provide
internet connectivity services to consumers in their houses, offices or buildings.
The data is carried by either fibre optic or telephone lines to avoid HV
transmission power lines. As it is illustrated in Figure.1.2. the data is injected
onto the MV power distribution grid and special electronic devices, known as
repeaters, re-amplify and re-transmitthe signal because the signal loses
strength as it travels along the MV power line. Other technologies are used to

detour the signal around transformers.




MV
Power Lines

BPL
Injector

In-House BPL

BPL
Repeater

Distribution
Transformer

BPL
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) H < Modem
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Data/Internet

Figure.1.2. Overview of End-to-End Access PLC System (SMSE, 2005)
An Access PLC system uses either a combination of LV and MV power lines or
LV power lines only. It also uses repeaters, injectors and extractors to deliver
internet service to customers. In this case the Broadband Power Line (BPL)
(another name for PLC which is normally used in Europe) data is injected onto
and carried by the MV power line. The BPL signal is then transferred to the LV
power line via couplers or through the LV transformer and delivered directly to
the end-user. In the case of LV only BPL systems, the BPL signal is injected

onto the LV power line at the transformer or the utility meter (SMSE, 2005).

1.3. Digital communications

Figure.1.3. illustrates a digital communication system, which uses the power

line as its communication channel. The output impedance, Zt, of the transmitter,




and the receiver's input impedance, ZI, are the most significant elements of the

Power line channel system.

The communication system is connected to the power line through a coupling

circuit. There is a twofold purpose of the coupling circuits;

1)

2)

To provide the specific signal transmission with the appropriate
bandwidth, i.e. it makes sure that most of the part of the transmitted
signal remains within the frequency band which is used for the
communication.

The safety level required by the applicable domestic or international
standard, i.e. It is responsible for the prevention of the 50 Hz, from

entering the equipment.

This ensures that the receiver's dynamic range is increased and no interfering

signals are introduced by the transmitter, on the channel (Wang, 2006).

Transmitter

Coupling Powerline Coupling

Circuit Channel Circuit Receiver

Figure.1.3. A digital communication system for the power line channel

The performance of a PLC system can be reduced because of the following:

Impedance mismatching at the transmitter, Hi, (f.t).
Attenuation of the Channel, Hchannel (f,t).

Noise, N(t).

Impedance mismatching at the receiver, Hoy (f,1).

Time-variations of the Impairments.




A power line channel model is shown in Figure.1.4. All elements in this model,

apart from the noise, can be modelled as time variant linear filters (Proakis,

1995).

Transmitter ] H,(f,1) H ponnel D) H_(f.f) | Receiver

out\”

Communication channel

Figure.1.4. Impairments present on the power line (Proakis, 1995)

As it is shown in Figure.1.5. all the above mentioned impairments can be
formed into a single time variant filter H(f,t).

Although, this model is quite simple, it still covers the properties that are
important to the design of the communication system and its related
performance. The noise and the transfer function can be estimated by

theoretical analysis or even through measurement (Proakis, 1995).

Transmitter ——»  H(f{) >

» Receiver

Figure.1.5. A simplified model of the power line channel

The Comité Européen de Normalisation Electrotechnique (CENELEC) is the

European Committee for Electrotechnical Standardization that certifies the




bandwidth on regions in Europe. The allowed frequencies by the standard is
only between 3 kHz to 148.5 kHz which might not support the high bit rate data
transmission. The required bandwidth for data transmission with higher bit rate
is between 1 to 30 MHz (Brown, 1998). An interference with any other

communication system such as a radio and airplane navigation within the part
of this frequency band requires more consideration. It means that these
communication systems might disturb the communication on the power line or

vice versa. (Yang, etal., 2009). PLC operating bands are shown in Figure 1.6.

PLC Operating Bands
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/_/\ 1.61 30 MHz
jt \‘<< L s \

A-Band B-Band | C-Band | gang

3 9 95 125 140 148.5 520 kHz

Figure.1.6. PLC operating bands in Europe (Yang, et al., 2009)

1.4. Thesis Objectives
Today, there is a huge interest in the PLC system to provide internet access to
customers in their homes and offices. There is a great potential for PLC

technology to provide high speed broadband over the most ubiquitous wired




network without the need for any additional new wiring which is a great save on
cost. However, power line grid were originally only designed for the distribution
and transmission of electrical signal at 50/60 Hz. Therefore, they are harsh
environments for the purpose of data transmission. Hence, different types of
noise, attenuation and multipath fading are some of the most undesirable
characteristics of the power line channels. The multipath model for channel with
various effected topologies such as variation in loads, branch and length is
investigated. Middleton class A noise which is closest to the real impulsive
noise has been chosen for this research study and modelled in Matlab. One of
the available modulation approach for PLC is an OFDM technique which can
minimise the effect of inter symbol interference caused by multipath
propagation. The data might get lost during the data transmission when the
power line is interfered by switching on/off the electrical devices. OFDM
technique uses a number of subcarriers for small packets of data to deliver
within the home. Thus, losing one subcarrier only implies losing a small portion
of data rather than the whole data. Channel coding such as hamming code,
TCM and rectangular QAM TCM has been modelled and applied to the PLC
system to enhance the quality of the data transmission. Figure 1.7 illustrates the

extent of the research work carried out in this thesis.
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Figure.1.7. PLC model for this research study work

1.4.1. Research Questions

The research questions will be addressed on the following specific objectives to

fulfil the overall objective:

What is the best suitable channel model to describe the characteristics of
the power line channel with the contain noises?

How does the number of branches contribute to the total data transfer
response?

How does the line length from transmitter to the receiver and branched
line length influence the frequency response?

How do the terminal load (infinite and low) impedances influence the
signal response?

How can the effect of impulsive noise in PLC be reduced?

11
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e How efficient are channel coding techniques such as hamming and TCM

in reducing the effect of impulsive noise in PLC systems?

e How can we maximize the data rate in PLC system and achieve

acceptance BER?

Currently, there is no complete systematic approach conducted to provide

answers for the above questions due to the complexities and uncertainties

involved in the adopted PLC modelling. In this thesis a nhumber of case studies

have been carried out for different channel topologies in order to provide

guidelines for a possible future optimal planning and design of PLC systems.

1.4.2. Research Aim

The specific objectives arising from the above questions have been addressed.

These can be summarised as follows:

()

(i)

(iii)

(iv)

v)

Investigate the use of the frequency response of PLC
channels.

Develop accurate PLC models for various power line
topologies (different loads and various numbers of branches).
Investigate efficiency of high data rate modulation techniques
such as OFDM over various PLC.

Develop a model to mitigate the effect of an impulsive noise on
the PLC system.

Apply different channel coding schemes and find the best
suitable coding approach to enhance the transmission over the

power line channel.
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1.4.3. The Research Methodology and Design
The research process plays a central role in science. To support research and
researchers, it is necessary to understand the research process and its phases.
Although the literature offers different research processes, these are often
focused on specific research paradigms and methods.
This research study will ease the use of an existing power line channel for
communication purposes such as getting an access to the internet from the
power line grid. There are different methods for doing research;

I.  The deductive research where the findings are derived using a theory

II.  Aninductive approach builds theories based on the findings
Considering the methods adopted in the previous researches (in the literature),
designing a model for data transmission over the power line channel in this
thesis requires both inductive and deductive approaches. The deductive
approach in this research begins with gathering data from specified document,
analysing existing power line channel models, driving mathematical equations
for the capacity of the power line grid and testing theories. Based on the results
and outcomes from the deductive method, an inductive method is applied to
design a new model for enhancing the data transmission over the power line
channel.
The research begins with analysing the existing knowledge and the latest
development about PLC systems and formulating the main research questions
and design problems. A model system for a PLC channel with different
scenarios such as varying the length from the transmitter to receiver, the
number of branches and etc. is designed. Then PLC channel characteristics in

presence of an impulsive noise and background noise, based on OFDM
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modulation technique are investigated. A Middleton class A is modelled in
Matlab as an impulsive noise, whereas an AWGN noise modelled as a
background noise. In order to reduce the effect of noise and enhance the data
transmission various channel coding techniques such as a hamming, TCM and
Rectangular QAM TCM are also designed and applied into the PLC system. As
an alternative to experimental design, the results are validated by critical

comparison to existing case studies and literatures.

1.4.4. Original Contributions

This research study contributes a number of original works in the digital
communication field with the main focus in PLC based on OFDM, under AWGN
and Middleton class A noise. Various channel coding such as hamming, TCM
and rectangular QAM TCM have been used to enhance the performance of the
data transmission in the PLC. The main contributions in this research
investigation are summarised below:

a) Main contribution of the PhD research work:

e The use and validation of applying different topologies such as varying
the loads, number of branches and etc. with the use of the Multipath
channel model for LV European power lines.

e Applying and analysing the effect of hamming code in OFDM based PLC
system. The approach was studied under the multipath channel model in
the presence of an impulsive noise (Middleton class A) and different
conditions.

e Perform analysis of OFDM based PLC system under Middleton Class A

noise and AWGN.
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e Performance evaluation for TCM / rectangular 16-QAM TCM using
OFDM modulation is explored with the Viterbi decoding and puncturing
scheme to improve the BER of the PLC.

b) Development/external contribution:

e Modelling and Performance analysis for PLC with AWGN and impulsive

noise. Middleton Class A is used as an impulsive noise.

1.5. Summary

In this section the current research focused on the characteristics of the power-
line as a communication channel and the development of effective
communication methods was discussed and analysed. The channel
characteristics of a power line are important to design PLC systems. The
development of PLC system requires detailed knowledge of the power line
channel properties, interference scenarios and suitable transmission methods.
A quick introduction to the digital communication system and power line

distribution was also presented.

1.6. Thesis Organization

This thesis comprises seven chapters. The first chapter serves as an
introduction to the research study whereas the second chapter presents a quick
literature survey of the PLC and related topics. The dissertation is organized as
follow:

Chapter 2: Literature Review

A Literature survey on PLC systems is made in chapter two. Originally power
lines were not designed for high speed data communication purposes, therefore

the chapter begins by outlining the basic structures and physical properties of
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power line networks and a quick background of communications over power
lines. A review of the previous work/researches done in modelling PLC systems
and related fields, and the existing impulsive noise in the PLC is given in this
chapter. The use of OFDM modulation in PLC applications is also explained.
Applying different channel coding to enhance the data transmission is also
given. The chapter finishes by presenting some of the common security
approaches for more reliable PLC technology as well as the feasibility of such a
system.

Chapter 3: Data Transfer over Power Distribution Networks

PLC systems were not designed for the purpose of high-speed data
transmission as they consist of various branches and power line elements such
as bridges, taps, transformers and capacitor banks. Therefore, the power line
transmission medium not only introduces noise, but is also adverse to high-
speed data transfer in terms of the channel bandwidth. In this section a power
line channel has been modelled using Matlab and the effects of variations in the
direct length, branch length, different number of paths and branch load on the
channel frequency response are investigated. Simulations indicate the suitability
of multi-carrier transmission over the power line channels.

Chapter 4: Bit Error Rate Performance in Power Line Communication
Channels with Impulsive Noise

As a major impairment for PLC transmission, impulsive noise and various
available modes are investigated in this section. Middleton class A is chosen as
a best suitable model for an impulsive noise. The mathematical model is
discussed in the first section of this chapter. The performance of PLC degrades

due to the presence of different types of noise interferences generated by

16

—
| —



electrical appliances. This section investigates the BER performance of a
higher-order 16-QAM constellation with orthogonal frequency multiplexing
modulation (OFDM) in presence of impulsive noise modeled as Middleton Class
A over a multipath PLC. It is observed that BER for the impulsive noise is
higher than the background noise. The BER further deteriorates on increasing
the level of the impulsive noise, even while being injected into the PLC channel
at a lower rate. Investigations would assist applying methods to mitigate and
reduce the effect of impulsive noise over PLC systems for higher constellations
with a view to increase the data rates.

Chapter 5: Trellis Coded Modulation on PLC based OFDM

This chapter gives an overview of the TCM technique that is typically decoded
by use of Trellis and Viterbi based decoding technique. Convolutional codes,
especially TCM/rectangular QAM TCM based on an OFDM system in PLC are
modelled in Matlab/Simulink and discussed. The reconstructed rectangular
QAM TCM provides better BER performance compare to the general TCM for
PLC multipath channel in presence of a Middleton Class A noise and AWGN.
Chapter 6: Validation, discussions and critical analysis

The obtained results in the previous chapters are presented and critically
discussed in here. The chapter incorporates a balanced presentation of this
research work compared to the existing readings. It carefully evaluates
literature and provides an academic argument for the validity of other studies
versus the one presented in this thesis.

Chapter 7: Conclusions and Future Work

This chapter summarises the main conclusions of this dissertation and presents

possible future direction. This research study work is about power Line
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communication channels which has interested several researchers and utilities
during the last decade, trying to achieve more reliable communication over the

power lines with higher bit rates.
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Chapter 2

Literature Review

2.1. Introduction

Today Internet technology has become an important factor in business,
academia, and daily life. Wired internet network (such as XDSL and cable
networks) and wireless internet networks (such as a wireless local area
network) are readily available urban areas rather than rural areas for
commercial reasons. A PLC system therefore becomes an attractive option
for high speed data transfer for communication. Broadband over power line can
provide internet access over the power line system. A laptop or any other
devices can be plugged into any power outlet (by use of PLC modem) in
building to get access to high-speed internet (Cacciaguerra, 2003). The main
advantage is to use the existing infrastructure of power line grid resulting in
economising the infrastructure cost and providing internet to customers in rural
areas who do not have access to cable modems. However, power line cables
are not designed for transfer of data; therefore there are limiting factors such as
electromagnetic interference, degrading the system such as from noise loads
and other devices connected to the power line grid. Although, several
approaches have previously been attempted to avoid these issues, such gaps
still exist in providing high bit-rate transmission through power lines. The aim of
the research is to develop and evaluate suitable technique and PLC properties
for the design of PLC systems to reduce the effect of noise and also to

maximise the data transmission over power line. In this chapter a survey of the
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quick literature on PLC is provided. Undoubtedly in design any PLC model,
adequate knowledge of the structure and properties of the power line channel is
required (Anatory, et al., 2008). The chapter starts with outlining the history
behind the development of PLC and the current advance in this technology
followed by available modulation techniques and channel modelling for PLC
technology. Over all this chapter serves an extensive knowledge of PLC that will
be used in later chapters of the thesis to investigate the available approaches
and develop new techniques to enhance and improve the performance of PLC

applications.

2.2. Power Line Communications
2.2.1. History development of PLC

The idea of communication over a power line network dates back to the 1920s.
It was introduced by the energy providers, to establish communication between
their plants, Figure 2.1 The basic idea was to use the existing networks for
communication such as narrow band tele-remote relay applications, public
lighting and home automation rather than to establish a new one. Mid 1980s
saw beginning of research on use of electrical power lines to support data
transmission between the 5 — 500 KHz bands. In 1997 the first bidirectional data
transmission over the power line network was tested and companies like Ascom
(Switzerland) and Norweb (UK) began their researches on this field.
Subsequently first tests were carried out by France and North America. It was
observed that PLC systems have some limitations on data transmission

(Cacciaguerra, 2003).
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The main reason for development of communication over PLC channel was the
need for a communication link to maintain the function of HV transmission
systems. Companies for tasks such as monitoring, operations management,
and fault finding required to create a new fast bidirectional flow of information
between power plants, switching gears, transformer stations and coupling
points. Due to the unavailability of telephone lines in all required communication
points and also unreliability of the telephone lines (often caused serious
interruptions during necessary communications) it was necessary to use the HV
lines to fulfil the communication tasks. (G.Lazaropoulos, 2012) & (Schartz,

Jan.2009).
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Figure.2.1.General structure of a PLC system for energy related services

Channel models are useful for design and modelling of communication systems.
There are several power line channels available for PLC systems as the
Philipps model, Zimmermann, Dostert model and the Anatory model. (Anatory,

et al., 2008).
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There are number of challenges facing transmission of data through power line
system. Power line topology i.e. geometry and transmission voltage levels vary
from region to region and country to country. For example in Tanzania the MV,
LV and Indoor-Voltage (IV) systems have a potential to supply a broadband
services through power line network to end users whereas in UK the potential of
these has not been confirmed yet. The Comité International Spécial des
Perturbations Radioélectriques (CISPR) (the special international committee on
radio interference) after five years of study was unable to produce any
conclusion which would guarantee reliable transmission of data through PLC.
(Zimmermann & Dostert, 2002) indicated that the maximum distance for a
lossless data transmission through power grid is about 300 m. But later on it
has been found that researches are still necessary to better understand and
improve the performance of power lines for higher bit rate transmission
(Paviidou, et al, 2003). Some investigations have been done regarding the
variation in time/frequency responses due to the influence of load impedance,
branches and line length. But none of them mention the exact contribution of
each parameter to the stochastic behaviour of channel responses.

One such example is the test and simulation done in Tanzania for a MV/LV line
in which it is observed that as the line length increases there are rapid changes
in the signal phase response. This could perhaps limit the available
transmission bandwidth of the MV channel (Anatory & Theethayi, 2010).

Later on in (Hassina, et al., 2005) the influence of load impedance, branch line
length, effect of number of branches and direct line length of transmitter to the
receiver point on the performance of a LV power line network system is

presented. In this work a deterministic model based on the transmission line
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theory is presented for PLC systems. The main focus for this research was to
signal degradations caused by the time variant connections of electrical devices
on the power line grids. It has been established that the channel condition
changes when customers switch on/off their electrical devices to power line
socket. These observations can be helpful in suitable design for the BPL
systems for reliable high-rate data transfer. (Hassina, et al., 2005)

(Anatory, et al., 2008) Conducted a laboratory experiments to validate PLC
model by comparing the channel transfer functions. From these experiments, a
good agreement between the PLC model based on transmission line (TL)
theory and experiments are found for channel frequencies up to 100 MHz.
Based on the model developed by (Anatory, et al., 2008) which was validated
by using time-domain simulations using the alternative transient program -
electromagnetic transient program (ATP-EMTP). A standard model was
developed for a communication system with TL interconnections and distributed
TLs along the line connecting the transmitting and receiving end. As simulations
from their model indicate that the model can be used satisfactorily for
determining of the transfer function of a power line grid with interconnections
and branches.

According to (Olsen, 2008) an attenuation, delay spread due to multipath
propagation, input impedance, different types of noise, interference from narrow
band signals and modulation of the input impedance by the power lines are
some of the challenges facing the designers of PLC systems. These challenges
require the best suited modulation technique that can withstand these

challenges.
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An investigation done in many research studies such as in (Amirshahi &
Kavehrad, 2007) for performance of OFDM modulation for high data rate
transmission over PLC channels indicates that for better performance in data
transmission of PLC systems, the OFDM is a well suited modulation technique
for power line networks. In this modulation data are transmitted on a number of
sub-carriers within the usable spectrum thereby increasing the data rate of
transmission in a multi-path environment. Another advantage of OFDM is that
frequencies/sub-carriers susceptible to interference can be turned off to avoid
any interference. The obtained results from simulations show the single carrier
schemes require complex non-linear equalizers to mitigate the effects of
multipathing. It also shows that adding a linear equalizer to the system results in
increasing the noise level rather than eliminating an intersymbol interference
(ISI). As in other communication systems, coding increases the overall
performance in terms of Bit Error Rate (BER). Block codes, and convolution
codes such as hamming code and turbo coding repeatedly can be incorporated
to improve the PLC performance.

In many papers such as (Andreadou & Pavlidou, 2010) and (Meng, et al., 2005)
theoretical and practical model for noise in PLC are proposed and investigated.
The noise in PLC system is divided in five categories which are then grouped
into two main classes: background and the impulsive. The effect of each class
in PLC system in term of BER was obtained.

In (Maneerung, et al., 2011) the characteristic of PLC multipath channel in
presence of noise model with OFDM for smart grid system was investigated.
The simulation results showed that use of OFDM can improve the performance

of such a system with better data transmission.
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High peak to average power ratio (PAPR) in OFDM system for PLC is
investigated in (Adebisi, et al., 2007). For PLC system with a high ISI introduced
by power line channel, a suitable channel coding and equalisation scheme in
required. The authors investigated the effect of turbo coding in PLC application.
The simulation results show that, after performing a number of iterations, the
performance of a Turbo Code orthogonal frequency multiplexing division
(TCOFDM) system can possibly enhance the transmission over PLC system.

In (Anon., 2010) the performance of double binary turbo coded OFDM system in
term of error probability in presence of Bernoulli-Gaussian noise in PLC system
is analysed and simulated. The results showed that the double binary turbo
coding technique offers considerable coding gain as well as encoding
complexity and the system performance can be substantially improved by
increasing the number of iterations.

In (Singh & Singh, 2012) convolutional coding technique with OFDM is used to
overcome the multipath fading. Although such a system can combat the effect
of multipath fading but it also increases the complexity of the system. In this
work turbo coding technique error correcting approach is used. The BER
performance of the TCOFDM under Binary Phase Shift Keying (BPSK) and
Quadratic Phase Shift Keying (QPSK) and under Additive White Gaussian
Noise (AWGN) channel is investigated. Simulation results demonstrated that
the TCOFDM system with 4 iterations is sufficient to provide a good BER
performance for PLC systems. Additional number of iterations do not have
noticeable different. It is also shown that the TCOFDM system achieves large
coding gain with lower BER performance with a reduction in iterations number,

thereby leading to higher data rate.
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According to (Nakano, et al., 2003) power line channel suffers from impulsive
noise interferences generated by electronic appliances which results in
degradation of such a system. Middleton Class A noise as an impulsive noise
model was chosen and its effects on a PLC system based on OFDM and Viterbi
decoding is investigated. The computer simulation results showed that Viterbi
decoding enhances the performance of the PLC system in the presence of
Middleton Class A noise.

In (Bert, et al., 2011) the existing noise model, background and impulsive noise
in PLC system has been reviewed. The effect the Middleton class A noise
model for an impulsive noise in PLC system has been investigated. The
obtained simulation results illustrated that the Middleton class A noise has a
certain coloured spectrum related to the average path loss of the propagation
channel which can have an effect on decoding process.

Many researches, based on Turbo Trelis Coded Modulation (TTCM) and
applying OFDM into communication system have been studied. In (Wang &
Wei, 2006) the effect of the impulsive noise on performance of the TTCM based
on OFDM system has been investigated. The BER performance of TTCM
based on OFDM for both AWGN and Ultra Wideband (UWB) channel in
presence of an impulsive noise has been evaluated by simulations. Although
the constructed punctured parity turbo trellis code with lower complexity using
64-QAM constellation proved to offer higher spectral efficiency in such a
system, there are still several requirements to be considered to achieve higher
data rate transmission for a communication channels in the presence of an

impulsive noise.
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Therefore, there is no completed research done for the investigation of a
suitable data transmission over the PLC system. In this thesis hamming, TCM
and rectangular QAM TCM coding systems based on OFDM under Middleton

class A and AWGN for PLC are designed in MATLAB/Simulink and

investigated.

2.2.2. Advantagesof using power line communication system

PLC can provide extra services compare to XDSL and cable modem which
would be a key element for a business model for internet service providers.
Some of these potential list of customer services are listed below (Wook Kwon,
2009), for which an LV PLC network is used, Figure.2.2.

e Biling data and energy consumption data.

e Real-time building security monitoring/reporting.

e Automated inventory tracking of various goods such as fuel stocks.

e Dynamic price information.

e Video on demand.

e Streaming audio.

e Voice over Internet telephony.

e Automated monitoring and control of end-use equipment, including

demand response and load shedding.
e Real-time, interconnected Internet-based games.
e Transmission of data/telephone/fax without multiple fixed lines.

e Triple play services; voice/data/video (Wook Kwon, 2009).
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Figure.2.2. Power Line Communication network

2.2.3. Power Supply network

Three different network levels are present in an electrical power system which
can be utilized as a transmission media. The three levels are (Hrasnica, et al.,
2004):

e High Voltage: HV refers to voltages in between 110 and 380kV. HV
networks are used where long distance connection is required like
connecting continents, states, cities, countries, etc. for exchange of
power. HV networks are utilized for connecting power stations with
customers that require high power and voltage and also for supplying
power to large supply regions. Overhead cables are used for
implementing HV networks.

e Medium Voltage: MV refers to voltages in between 10 and 30kV. MV
networks are used to supply power to customers’ at large distances but
these distances are considerably smaller in comparison to the distance in

which HV networks run. They are used to supply power to industries,
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large cities or commercial customers that operate at MV. Both overhead
and underground cables can be used for implementing MV network.

e Low voltage: LV refers to 230/400 V in the UK and 110 V in the USA. LV
networks are utilized for supplying power to customers within a few
hundred meters. LV networks are used by small customers that are
usually residential customers. Underground cables are wused for
implementing LV networks in urban areas whereas over-head cables are
used in rural areas. LV networks are present both inside the house and
outdoors. The outdoor LV network includes the connection from the
house to transformers and is the property of electrical supply utilities. The
indoor connections are connected to the outdoor network via a meter unit
(M).

In LV networks huge numbers of customers are connected and therefore the
implementation of the PLC in such networks is quite useful as this technology
will help to efficiently manage the provision of broadband to customers. The so
called “last mile” in telecommunications can also be easily implemented using
the PLC technology because the “last mile” is the connection between the
customers and transformer unit which is usually covered by low voltage

networks as itis shown in Figure.2.3. (Hrasnica, et al., 2004)
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Figure.2.3. LV PLC access network (Wook Kwon, 2009)

2.2.4. Power line communication Standards

A number of standards have been developed for electrical power line channels.
The various standards include the European standard, American and Japanese
standards. The American and Japanese standards provide a frequency range
up to 500 kHz. The European standard- CENELEC EN 50065 provides a
frequency range from 9 to 140 kHz.

The European standard- CENELEC EN 50065 allows data rates up to several
thousand bits per second only, which can be utilized in data transmission that
use very low bit rate such as implementation of voice channels and some
metering functions like remote meter reading, load management in electrical
networks, etc (Hrasnica, et al., 2004).

The PLC systems need to function in higher frequency ranges (up to 30 MHz)
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for allowing data rates for the communication to be possible. But no standards
have yet been specified which allows the PLC systems to operate in frequency
bands greater than that specified by the standards like the CENELEC. A
number of bodies are working on standardization of broadband PLC networks,
some of which include:

e The PLC forum is one of the international organization that works on
providing a platform for research in PLC. This organization has
approximately 50 members including electrical supply utilities, research
organizations, manufacturer companies, network providers and many
others. For smooth and efficient working of the organization, this
organization have been divided into four groups namely regulatory, in
house, technology and marketing groups.

e The Home Plug Power line Alliance. This organization is closely related
to the PLC forum and is a non-profit organization working on in- home
PLC solutions. ks aim is to provide platform for people to work on
developing high speed home power line networking products and
services.

e European Telecommunications Standards Institute (ETSI) and
CENELEC as in table | also work on standardizing the broadband PLC

technology (Hrasnica, et al., 2004).
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Table.2.1. CENELEC bands for narrowband PLC network (Sutterlin & Downey, 2005)

2.2.5. Impactof interferenceand datarate limitation

Due to the increased sensitivityy, PLC cannot be implemented over long
distances. The interferences to the PLC system come from both the
components of the PLC system and from other services like short wave radio,
etc. in which the operating frequency is below 30 MHz. Interferences from within
the system include the use of heavy machineries like TV and computer
monitors, electromotor, and frequent switching of appliances and phase angle
control devices also result in disruption in the network. Other than the
interferences caused by components within the PLC system and other services,
interference can also result from the adjacent PLC systems. Different
techniques must be employed for resolving this problem to ensure an effective
and reliable PLC system. Chapter 4 discusses in detail the various noise and
disturbance in PLC systems and the different interference model that have been
designed for illustrating the noise in PLC systems. Several error handling

techniques have been developed for handling the interferences to allow error
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free transmission. One such a technique is the use of forward error correction in
which the original data can be recovered even in the presence of noise. Another
technique that can be used is the Automatic Repeat Request (ARQ) mechanism
in which extra transmission capacity is again utilized for retransmission of the
defective data and this retransmission of data also introduces transmission
delays (Hrasnica, et al., 2004).

The data rate of the PLC systems is low and they are further slowed down by
the use of error handling mechanisms. These error handling mechanisms are a
necessity in PLC systems to ensure effective and consistent error free
transmission. Another reason for decreased data rate is that the PLC networks
link a number of subscribers using low voltage networks for transmission. A
PLC network thus can be considered as a network having a shared medium for
transmission but all the customers are dealt independently. This is one of the

major reasons for reduced PLC system capacity (Hrasnica, etal., 2004)

C D oo

Disturbances from PLC network

Figure.2.4. The influence of various interference sources.

33

—
| —



2.2.6. Realization of broadband PLC transmissionsystems

The data transfer is accompanied with interferences and noise which include
colured noise, echoes, impulsive, along with the additional effect of narrow band
interferences. Therefore the modulation technique that is to be utilize enough to
handle all sorts of disturbances is required. The suitable modulation techniques
for PLC system include OFDM techniques and Direct Sequence Spread
Spectrum (DSS) (Del Re, et al., 2001) & (Tachikawa , et al., 2002).

DSS provides a number of advantages including the possibility of
implementation of Code Division Multiple Access (CDMA), reduction in
Electromagnetic Compatibility (EMC) problems, possibility of functioning at low
power spectrum and shield from narrowband interferences (Schulz & Schwarze,
2007).

Along with numerous advantages, the DSS technique also has some
disadvantages; the sensitivity to frequency selective fading, low spectral
efficiency and low pass characteristic are some of these drawbacks. Due to
these drawbacks, PLC networks require complex signal equalization (Dotert,
2001). OFDM technique provides higher bandwidth because of the spectral
overlapping and orthogonality of the subcarrier. OFDM also provides increased
resistance for signal distortions and reduces channel equalizer complexity. The
frequency ranges that get influenced by narrow band interferences can also be
easily avoided using the OFDM technique. Due to these advantages, OFDM is

an optimum option for implementing in PLC networks (Ma, et al., 2005).
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Figure.2.5. Shared transmission medium in PLC access network

The power line impedance varies with the frequency reliant on the appliance
and the location and the value can fluctuate from a few ohms to few kilo-ohms.
The discontinuities in the impedance result in multiple reflections in the cables
due to which the power line can be considered as a multipath channel. The
impedance of the cables is affected by a number of factors; some of them are
the topology of the part of the network under consideration, the nature of
electrical loads connected, and the characteristic impedance of the cables. The
results of some of the measurements conclude that for the entire spectrum the
average value of impedance varies in between 100 and 150 Q. In the case
when frequency is below 2 MHz the average value of impedance is much lower
and lies in between 30 and 100Q. Due to these varying impedances, there are
transmission losses in the PLC networks.

The channel model of the power line can be explained using various
approaches. The approach which has been discussed in the thesis has been

designed taking into consideration the PLC as a multipath channel because of
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the multipath nature for the power line. The multipath nature is because of the
existence of impedance mismatch and branches that results in reflections.

The medium which is used for data transmission selects the modulation
technique that is to be used in a communication system. As it has been
discussed earlier, power line provides a number of parameters for data
transmission like noise, channel selectivity, multipath, etc. Therefore, the
modulation technique applied in the PLC systems must be able to handle all
these issues along with being reasonable in cost.

The modulation being used must be able to overcome the non-linear
characteristics of the channel. The non-linearity in the channel must be handled
because it will result in increased complexity and cost of demodulator.
Therefore, the modulation technique must be capable enough of dealing this
issue without utilizing complex equalization. Another problem that the
modulation technique can deal with is the impedance mismatch; this results in
echo which ultimately causes delay in data transmission. The modulation
technique being used must be flexible enough to pick or eliminate any desired
frequency because there are certain frequencies that are greatly affected by
noise and interferences or some frequencies may be assigned for various other
purposes, thus, making the frequencies unavailable for the PLC communication

(Hrasnica, et al., 2004).

2.3. Characteristics of power lines

The main purpose of PLC system is to use the existing electrical power line
system to transmit high speed data. The earlier power lines were only a
medium for electric transmission and distributions at 50/60 Hz. Later on the

power line was used for low speed communication such as in for operation
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management that provide the needs of electrical power supply utilities and also
a remote metering. Until recently, with a fast development of technology the
demand for high speed broadband over power line channel has increased
(Carcelle, 2006).

The power line system distributes electrical power to various electrical devices
connected to the power grid. Each of these electrical devices is characterized
with capacitance (C), an inductance (L) and also depends on the current (1) that
runs through the circuits. The inductance is actually the value of magnetic flux
that is caused by the current that runs through the electrical circuit.

If an electric current (I) produces a magnetic flux (&), the inductance (L) of the

circuit can be defined by (Carcelle, 2006):

P
L= 7 (2.1)

In the case of an alternating current (AC) with the Voltage (V) at a frequency (f),

the above expression can be rewrite as:

%4
L=——r 2.2)

The capacitance of the electrical circuit can also be defined in terms of the

voltage (V) between the two surfaces and an electric charge (Q);

C= (2.3)

< IQ

The capacitance (C) for the AC voltage in the power line system can be defined

as below:

C = (2.4)

T jomfv
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An impedance is the overall opposition to the flow of the current in (AC) circuits.
The impedance (Z) of a cable is made of capacitive, resistive and inductive

components and can be define as (Carcelle, 2006):

I

Z=R+jl2nf + ——

(2.5)

In case of a direct current running through the electrical circuit, the impedance
of the circuit would be equivalent to a pure resistance. In power grid network,
electrical devices are continuously turn on and off from the system. Therefore
the input impedance for such a network is variable. This variation makes the
modelling for the proper power line communication very difficult (Carcelle,

2006).

2.3.1. Power line channelmodel
For the development of any communication system, an adequate knowledge of
the characteristics of the transmission channels are required. Based on the
Channel Transfer Function (CTF) and its capacity the transmission technique
and other design parameters can be then chosen. The suitable model for such
a system needs to be able to describe the transmission behaviour over the PLC
system.
In addition there are some other facts that affect the transmission in PLC
channels such as;

a) different types of noise ( such as an AWGN and Impulsive noise),

b) an effect of branching due to the complicated power line distribution

structures.
c) signal propagation along power lines as they do not only take a single

path from the transmitter to the receiver.
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d) reflections from load points.
There are several power line channels available for PLC systems such as the
Philipps model, Zimmermann, Dostert model and the Anatory model (Anatory,

et al., 2008). The multipath model has been used for this research study.

2.3.2. The multipath model

The structure and topology of power line are not the same as any other
available telecommunication systems. In power line, the link between a
substation and the consumers at their places is not presented by a point-to-
point connection as it is structured in the telecommunication systems. In other
word the propagation of data signal in power line networks follow a multipath
channel very similar to wireless signals in cellular transmission networks not the
same as a telephone line in a single path communication system (Zimmermann
& Dostert, 2002).

As it is shown in Figure.2.6. the power line from a transformer substation is a
single distribution line with house connections and various lengths/loads of
branches from distributor cable (Tx is the transmitted point and Rx is the
receiving point). In the Power line an impedance mismatches and various
branching cause numerous reflections that leads to a multipath propagation with
frequency selectivity. In addition signal attenuation resulted by coupling losses
(depends on the transmitter design) and line losses (depends on length of the
cables) has to be carefully considered in design of modelling PLC channel
(Khalife, 2011). Due to the fact that there are different electrical devices with
constantly being switched on and off which cause changes in the transfer
function, therefore the channel transfer function is time-varying and depends on

the location of the receiver (Biglieri & Toino, 2003).
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Figure.2.6. Typical topology of power line transmission line (Khalife, 2011)
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Figure.2.7. A multipath propagation data from A-C

In Figure.2.7. Let A be the transmission point and C be the receiving point. The
signal generated at point A could take any of the possible following routs:
A—> B> A

A—> B> C
A—>B—>D>B—>A

A—> B> D *>*B>D—+*B—>C

The bit error rate and the signal power of received signal at point C depends to
the path selected and also the length of it. Multipath propagation is also

responsible for delay (zi) in PLC system, which is given by:
dl \/S'r dl

1, = Co = ; (26)
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Where C, is the speed of the light, d; is the path length and \/sr is the dielectric
constant of insulating material.

The frequency response of the channel between two points is (f). A(f,di) are
losses of the cable (in form of heat or signal leakage). (f) is the frequency of
operation, gi is weight factor which is directly proportional to number of

reflections and the selected path:

H(f) = XX, 9;.A(f,d;).e 2™/ 2.7)

lgil <1 (2.8)
Refer to the investigation in (Ma, et al., 2004) an experimental data A(f,di) can
be mathematically approximated by the formula for attenuation factor (a);
Where ap and a; are attenuation parameters;
a(f) = a,+ a,.f* (2.9)
therefore:
A(f,d) = e—a(f) . d — e—(a0+ a;.f%) . d (2.10)

Based on all above given mathematic expression and Using A(f,di) in H (f) the

mathematic multipath model, as it is shown in Figure.2.8., for PLC can be

written as (Anatory & Theethayi, 2010) & (Hrasnica, et al., 2004):

N .
1=

Where:
gi is the weighting factor,

_ )i - . .
e~ (a0+a1f*)di is o attenuation portion and

e /2™ iy is delay portion.
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Figure.2.8. Multipath PLC channel model

2.4. Power line communication access network

2.4.1. Structureof PLC access networks

Access PLC uses power distribution line as a medium to deliver high speed
broadband to the consumers in their homes. They are connected to the
backbone communication networks (Wide-Area Network: WAN) via a Base
Station (BS) usually just before transformers as it is shown in Figure.2.9. They
use repeaters, injectors, and extractors to provide internet service to the
customer. The communication signals from the backbone need to be converted
into the form that makes the transmission over LV distribution line possible. This
conversion normally being done in a BS of the PLC system.

The PLC subscribers are normally connected to the network via a PLC modem

that is placed in either;
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e the electrical power meter unit, the subscribers within a house or a
building are connected to the PLC modem wusing another
communications technology (e.g. DSL, WLAN).

e or connected to any socket in the internal electrical network, the internal
electrical installation is used as a transmission medium that leads to the
so-called in-home PLC solution.

The PLC modem deals with conversion of the received information from the
network into a standard form which then can be processed by conventional
communications systems. On the user side, standard communications
interfaces (such as Ethernet) are usually offered. Within a house, the
transmission can be realized via a separated communications network or via an
internal electric installation (in-home PLC solution). In this way, a number of
communications devices within a house can also be connected to a PLC access

network (Hrasnica, et al., 2004).

4———— PLC access network —_—

Backbone telecommunications
network _—-——— QOutdoor ------ == -- In-home--=

Base/master W
station
0

0

e Transformer
- ) unit [ U

b , Low-voltage power supply network

~ - -

) gl:lighgt;/medium-
voltage power supply network

a7 8\

.

Figure.2.9. The typical PLC access network
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2.4.2.In-home PLC networks

In-home PLC (indoor) systems use the electrical system as the transmission
medium for the purpose of transmitting electrical signals. Telephones,
computers, video devices, printers and other kinds of electrical devices can also
be connected to the PLC systems installed within a house. This could save a
lot of money because new communication cables would not have to be
installed. Automation services are being increasingly used in the industrial and
commercial sectors and large buildings. They are also being used in the houses
of ordinary common people and automation services such as automatic light
control, heating control and security observation are being employed. Electro-
motors, sensors, cameras, lights and other types of electrical devices are
interconnected to establish these automatic systems. The households and
buildings which do not have an adequate communication system can possibly
make used of the PLC technology to create automated networks.

The PLC access systems based on low voltage networks are quite the same as
the PLC networks installed indoors. These systems have a base station which
links the system to the area outdoors. The meter unit, or some other appropriate
place in the indoor PLC system, can be the site for the location of the base
station and PLC modems, like the PLC access network subscribers, are used to
interconnect the different devices in the PLC network installed within the
household as itis shown in Figure.2.10.

The power supply sockets in the wall are used to provide electrical power to the
modems and the various communication devices can be linked to the PLC
network installed in the house through the power outlets in the walls. The

independent PLC networks are meant only for a single house or a building and
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the PLC services within the structure cannot be used from far away, but the
remote controlled PLC systems within the households can provide effective
automation functions like security and energy management. A WAN
communication system can be used to enable the users of an indoor PLC
network to benefit from many telecommunication services from the electrical
power outlets in the house. The PLC access systems can easily be linked to the
PLC networks installed inside the house and other kinds of communication
systems can also be accessed by the PLC networks. A power utility controlled
access network can provide additional metering services by using the PLC
networks. The remote electrical meter reading devices save cost and energy
and a favourable tariff structure can be introduced (Hrasnica, et al., 2004).

The liberalization of the telecommunications market can benefit the indoor PLC
network users and the broadband indoor systems can also be implemented by
using other kinds of cost effective communications systems. Data transmission
rates over 20 Mbps are provided by the Wireless Local Area Network (WLAN)
networks. The WLAN also enables the users to use remote services, like
cordless telephony, and it is easier to handle the communication devices used

for such kinds of networks as they are portable.

45

—
| —



s A X _
ST ﬁ@ﬁ

L .
Qutdoor low-voltage
network i
I M
To PLC access“‘\\
network BS . ﬂ ﬂ ﬂﬂ
] ’
ooy
To other cnmm./ EJ | L@
natwork

Figure.2.10. Structure of a PLC in-home network

2.4.3. PLCnetwork elements

Data is transmitted by the PLC networks through the electricity supply system.
Different kinds of communication and automation services can also be provided
through the electrical power systems by converting the communication signals
into a form which is appropriate for transmission through the power networks.

This conversion is done by certain network elements in the PLC systems.

2.4.3.1. Basic network elements

Communication through the electrical power systems is possible because of the
PLC network elements which convert the communication signals and transmit
them over the power lines. These elements are also responsible for receiving
signals. Any PLC access network will have the following two devices:

* PLC modem

* PLC base/master station.
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The subscribers use standard communication devices which are connected to
the electrical power lines through a PLC modem and standard interfaces can be
provided by the user side interface. The Ethernet and Universal Serial Bus
(USB) interfaces can be used for the transmission of information. A coupling
technique is used to link the PLC modem with the power grid and the
communications signals can be sent and received through the power lines. A
safe galvanic separation must be provided by the coupling method so that only
signals greater than 9 KHz are transmitted and the 50 or 60 Hz electrical power

frequencies are filtered out (Hrasnica, et al., 2004) as it shown in Figure.2.11.

User
interfaces Coupling
to
powerline

00

PLC
modem

8 L

[

Figure.2.11.Functions of the PLC modem (Hrasnica, et al., 2004)

The coupling is done in the middle of the two phases in the access area and
between the neutral conductor and a phase in the area within the house to
reduce the electromagnetic emission as it is shown in Figure.2.12. (Dotert,
2001). Modulation, coding and other functions of the physical layer are carried
out by the PLC modem. The data link layer exists inside the modem and the

MAC (Medium Access Control) and LLC (Logical Link Control) sub-layers
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(according to the OSI (Open Systems Interconnection) reference model are
present inside it (Walke, 1999).

The link between the backbone network and the PLC access system is provided
by the PLC base/master station, but the individual subscriber devices are not
connected to the backbone system through the base station. Many interfaces
for network communications, like Synchronous Digital Hierarch (SDH) and
xDSL, are provided by the base station. These interfaces can be used to
connect with a high speed network. Wireless Local Loop (WLL) can be used to
connect with a wireless interconnection network. Different kinds of
communication technologies can be connected to the backbone network by

using the PLC base station.

Connection Coupling
to to
backbone powerline

PLC
base station
y2 (master)

Figure.2.12. Function of typical PLC base station

The PLC assess networks are controlled by the base station, but certain
functions of the network can be controlled by other elements. The PLC modems
can, sometimes, control the functioning of the network and connect it to the
backbone network. In this way, certain functions of the network can be carried

out or controlled by other elements of the network.
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2.4.3.2. Repeater

If the distance between the base station and the individual subscribers, or the
distances between the different PLC subscribers in a low voltage supply
network, are too long, the PLC access system will not be able to function and a
repeater could be used for the operation of long range networks. The PLC
access network is separated into different network segments by the repeaters
and these networks are divided into various time slots or bands of frequency.
Transmission is possible inside the first segment by using a time slot and the
second segment can be utilized by choosing a different time slot as it is shown

in Figure.2.13.

PLC
repeater

fi, ty fo, b

Supply network

Figure.2.13. A function of PLC repeater

The network segment based on frequency has a repeater which receives the
transmission signal having a frequency f;. This signal is amplified and fed into
the network with a frequency f,. The transmission occurring in the other direction
switches the frequency from f, to f;. The repeater can be used to modulate and
demodulate the transmitted signal and it can also use a higher network layer to
process the signal, but the information carried by the signal cannot be changed
by the repeater and it passes unchanged through all the segments of the PLC

access system'’s network (figure.2.14).
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The transformer unit has a base station in and the first repeater is also located
in the first network segment. The transmitted signal has a frequency f;. The
signal has a frequency f, in the second segment. The two branches of the
network are both used to send the signal in both directions and the transmission

is not affected by the topology of the physical network.

BS e -

@_
gl
]
|
|
=]

| |

Figure.2.14. PLC network with repeater

The frequency f; could be utilized for the third segment of the network, in theory,
but the signals from the first segment interfere with the signals from the third
segment and this is the reason for selecting a frequency f3 for the third segment
of the network and a different frequency f; is used for the fourth segment. The
PLC systems can only utilize frequencies up to the limit of 30MHz. This limit is
set by the regulatory bodies for communication networks.

Various ranges of frequencies are used for the communication networks the
capacity of these networks is decreased by separating the bandwidth into small

segments and a limited number of frequencies can be utilized by the PLC
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access networks. The network distances can be increased by using repeaters,
but the cost of the network also increases due to the expenditures on
purchasing equipment and installing it. This is the reason why a minimum
number of repeaters must be used for the PLC access networks (Hrasnica, et

al., 2004).

2.4.3.3. PLC gateway

The PLC subscribers can connect to the PLC access network through the wall
sockets in two different ways:

* Direct connection

* Indirect connection over a gateway.

The first case consists of PLC modems which direct connections to the PLC
base stations and the complete low voltage network (figure.2.15). The indoor
and outdoor areas are not separated and the power meter unit serves as a
medium for the transmission of the communication signal. There are certain
problems related to the electromagnetic compatibility and the properties of the
PLC transmission channel. These problems occur due to the difference in the
indoor and outdoor power networks. The indoor PLC network can be separated
by the PLC access network by using a gateway which converts the frequencies
used for the transmission of the signals between the indoor areas and the
access areas. The gateways are often placed next to the house meter unit as it
is shown in Figure.2.16. The logical network division of the indoor and access
areas can also be done by using a PLC gateway.

The data input into the access area is not needed for the internal

communication between the PLC modems linked in an indoor network. The
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PLC gateway acts as a local base station and it manages the communication
between the internal devices, the PLC access network and the internal PLC

modems (Hrasnica, et al., 2004).
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Figure.2.15. Subscriber connection over gateway

PLC modem

Base T~ )
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Meter unit

Figure.2.16. Direct connection of the PLC subscriber

The network division on the logical level and the signal regeneration (repeater
function) can be achieved by a gateway which is located in a PLC access
network. Many sub-networks are created by the division of the PLC system and

they all use the low voltage network as a medium for transmission. They
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operate independently of each other and the gateways (G) act as PLC
repeaters and the signals within the frequency range of f1 and 2, or time slots
tl and t2, are converted by these repeaters. The frequencies between f2 and f3
(or t2 and t3) are also converted by these repeaters. The sub-networks Il and liI
are operated by the gateways. The sub-network’s internal communication is
managed by the gateways and the remaining portion of the PLC access
network functions normally. This is not very different to the operation of the
indoor networks which employ gateways.

A specified gateway controls the communication between the base station and
the sub-network, but the base station can also influence several subscribers
(sub-network ) if the network is configured for this purpose.

The connection of the gateways to the network is not very different from the way

in which the repeaters are connected as it is shown in Figure.2.17.

BS Subnetwork | Subnetwork Il Subnetwork Il

g2 YR Y

_________________ -

-+ = 0 e mmmmmee - -

Figure 2.17. Gateway in the PLC access network

The capacity of the network decreases when the number of gateways is
increased in the PLC access network. The cost of the network also increases.
When a simple signal is forwarded by the repeaters from one network segment
to another, the resources of the network can be effectively managed by the

gateway and this makes the network perform better (Hrasnica, et al., 2004).
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2.4.3.3. Connection to the core network

A PLC access network covers the so-called “last mile” of the
telecommunications access area. This means that the last couple of hundred
meters of the access networks are covered by the PLC access network when
low voltage supply networks are used as the medium of transmission and these
PLC access networks are joined with the backbone network by using the
communications distribution networks. A local exchange is linked with the PLC
base station through a distribution network. The network provider controls the
local exchange. A new telecommunications network does not need to be
established when the PLC technology is used and this saves money. Backbone
networks are used to connect the PLC access network to the WAN and this
increases the cost. The PLC backbone network must be implemented with
minimum costs so that it is able to compete with the various access

technologies used by the PLC networks (Hrasnica, et al., 2004).

2.5. Applications of power line communication

Due to the increasing importance of communication, the power line channel has
been considered as a good candidate for the communication medium. PLC is
using an existing power line system, i.e., this is a great saving in cost and time.
The general idea of PLC system is to modulate a radio signal with data and
transmit it through power line channels in a different band of frequencies that
are not used for supplying electricity. PLC technology can be divided into two
categories; the narrowband and Broadband communication. The frequency
range of up to 150 kHz is for narrowband with the theoretical bit rate of kilobits

(up to 2 Mbit/s). The frequency range for Broadband technology is between
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1.61-30 MHz with theoretical bit rate up to 200 Mbit/s. Remote switching of
public lights (single- directional communication), gas/electric meter reading and
home automation application such as fire detection and intruder alarm
(bidirectional application) are some of the narrowband application for PLC.
Nowadays due to increase in demand for high speed data broadband, PLC
technology provides a wide range of application such as video, voice,
multimedia and networking to customers at their houses (Agrawal, et al., 2011).
This section provides an overview of the narrowband and broadband
technologies and some of their applications in PLC.
2.5.1. Narrow band over PLC (Smart metering)
The narrowband PLC are normally used in automation systems. The
automation systems based on PLC technology are implemented with no any
additional insulation of communication networks, which results substantially
reduction in costs for the installation and realization of the new network within
the existing buildings. The automation system in this system can be used in
(Fernandes & Dave, 2011):

) Central control of various home system such as controlling

doors/windows
i) Controlling connected devices to the internal wiring such as lighting,
air conditions

i) The Security function, sensor control

Another application for narrowband technology is called smart metering. The
smart meter system includes meters at the consumer site, communication
medium between a service provider and consumer, such as a gas, an

electric, or water, and data management systems in a service provider site
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that make the information available. The smart meter transmits the collected
data through PLC to a Meter Data Management System for data analysis

and billing (Consumer Focus UK GOV, 2013).

Wireless PLC
Implementation Implementation
-New infrastructure -No new wiring
needed necessary!
Power
(from area
station)
Wireless Tower Meter Data Meter Data
Management Management
center Power + center
meter data
Area
station

Figure.2.18. The Smart Metering System (Fernandes & Dave, 2011)

If you get a smart meter in your house/building you should get the following
benefits:
a) Accurate bills; the smart meter sends information to your energy provider
on how much energy you have exactly used, so no more estimated bills.
b) Could help to save money; by knowing what you're using, and having an
idea of which appliances use the most energy, you may be able to
reduce your energy usage and save money.
c) A standard in-home energy display, has a small screen which shows

your energy usage at any one time with no any additional cost.
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d) Reduced theft of energy; the energy theft detection is more easily,
therefore it can be easily prevented, meaning you won’'t have to pay for

stolen energy (Consumer Focus UK GOV, 2013).

2.5.2. Broadband over PLC

Today internet technology has become an important factor in business,
academia, and daily life. Wired internet network and wireless internet networks
are readily available urban areas rather than rural areas for commercial
reasons.
A PLC network therefore becomes an attractive option for high bit-rate data
transmission. A PLC system is emerging as an alternative to the
broadband access network. Broadband power line can provide internet access
over an ordinary power line. A laptop or any other device can be plugged into
any power outlet (by use of PLC modem) in building to get access to high-
speed internet. The main advantage is to use the existing infrastructure of
power line networks resulting in economising the infrastructure cost and
providing internet to customers in rural areas who do not have access to cable
modems. About twenty four million homes in the UK will be required to have a
smart meter for gas and electricity by 2020. It would be cost effective to install
PLC at the same time (Fernandes & Dave, 2011).
Today's broadband over power line grids has three primary parts (Gellings &
George, 2004) :

1) Internet access as the substation connected via backhaul, which can be

fixed wireless, fiber optic or any other communication systems.
2) Use repeater/extractor on the MV line enable digitised data to be

conveyed through the distribution power line.
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3) Use devices such as Modem, couplers or extractor to move the data
around or through the transformers to connect to the consumer

premises.

Injector —

Repeater
P M Substation

with modem

Option 3

Through transformer

Extractor

Option 1

Wi-Fi connection

Option 2

Transformer bypass system

Wi-Fi receiver

Figure.2.19. PLC with different system architecture (Gellings & George, 2004)

2.6. Modulation techniques over PLC

The used frequencies and the modulation scheme are two main factors which
have a significant influence on the efficiency of the PLC system. The properties
of the power line grid and its vulnerability to different types of noise requires for
the best suitable modulation technique to be used in the PLC. Some of the
major issues to be considered for the selecting the best modulation technique

for PLC are listed below (Biglieri & Toino, 2003);
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a. The PLC channel is known as a time varying channel with
frequency selectivity.

b. Due to presence of possible electromagnetic, the transmit power
in
PLC systems can possibly be limited to relatively low levels.

c. The susceptibility to various types of noise such as an impulsive

noise with relatively high noise power resulting to lower SNR.

2.6.1. Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is one of the multi-carrier modulation approach that transmits signals
through multiple carriers (subcarriers) with different frequencies. These
subcarriers are orthogonal to each other. In other word OFDM splits up the
original high bit information stream into a large number of parallel lower rate
information which results smaller bandwidth for the subcarriers compared with
the bandwidth of the original channel. It is a combination of modulation and
multiplexing (Okab, 2004).

As it is shown in Figure.2.20. in the normal Frequency Division Multiplexing
(FDM) technique, the carriers are spaced apart in such a way that signals can
be received by use of demodulators and conventional filters. At the receiver
side, guard bands are required between the different carriers which then results
in lowering of the frequency in the frequency domain. However, in OFDM
system, this issue can be resolved by arranging the signal carriers in a way that
the sidebands of the individual carriers overlap and the signals can still be
received without adjacent carrier interference (Cowley, et al., 2002). In other

word the deleterious effect of fading is spread over many bits, therefore, it is
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more likely that the channel fading have slightly effects on several bits instead
of a few adjacent bits being completely destroyed by the fading .The other
advantage of OFDM technique is its efficient spectral usage by allowing
overlapping in the frequency domain (reducing the bandwidth by squeezing
subcarriers until they overlap with each other) and multi-path delay spread

tolerance (Nikookar & Nathoeni, 2002)
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Figure.2.20. OFDM transmitted signal (Hassan, 2007)

OFDM technique has recently been applied in both wired and wireless
communications systems, such as the Digital Audio Broadcasting (DAB) and
the Asymmetric Digital Subscriber Line (ADSL).In this technique the probability
of error in received information is reduced by dividing the channel property into
a few narrowband flat fading sub-channels. In general, OFDM techniques are
less sensitive to an impulsive noise compared with the single carrier techniques

(Hassan, 2007).
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2.6.1.1. Realization of OFDM

The information bits must undergo a number of complementary operations
before they can be sent for the IFFT processing, as depicted in Figure.2.21.

One of the early steps to ensure that transmission takes place over the actual
channels is coding of the primary information. The reason for this is the
distortion. When there is interleaving of the encoded information, the extensive
error bursts that restrict the ability of the error rectifying codes for detection and
rectification of errors are curtailed. The bit-loading process is used in the more
intricate OFDM system attainment. In this bit-loading, the quality of the
subcarrier determines the extent of information (or bits) that can be transmitted
over a certain sub-carrier. In this situation, the bit rate attained over those
subcarriers that are influenced to a large extent by the disturbances is less than

the bit rate attained over distortion-free subcarriers.

DATA SOURCE CHANNEL | MarPING ]
—"® ENCODER ENCODER *  SYMBOLS » MODULATOR
GUARD TIME IFFT SERIAL TO
INSERTION [ + PARALLEL
A J
CHANNEL

A J
Y

GUARD TIME FFT
REMOWVAL PARAIIFL
TO SERIAL
DATA SOURCE CHANNEL RECOVERING DEMODUL
DECODER DECODER SYMBOLS ATOR

Figure.2.21. Realisation of an OFDM system (Sekhararao, et al., 2013)
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2.6.1.2. Generation of OFDM signals

The OFDM symbols can be produced by dividing the data stream into several
sub-streams and a subcarrier signal is used for the modulation process. The
transmission takes place after the multiplexing of the signals and the inverse of
the duration of the signalling symbol is used for the separation of the modulating
subcarriers. The frequency multiplexed subcarriers can be independently
separated. The subcarrier frequencies related to the basic idea of orthogonality,
and OFDM implementation, have a zero frequency spectrum of the individual
subcarriers (Cimini, 1985).

N parallel data elements are used to represent the data stream and the spacing
between them is t=1/fs (fs is the symbol rate required). N subcarrier frequencies
are modulated by N serial elements and the frequency division multiplex
technique is used. The symbol interval becomes Nt and it improves the delay
spread which is produced by the channels. The interval separating the

subcarrier frequencies is given by the equation:

Af = —— (2.16)

N.At

Multiples of 1/T are used to separate the subcarrier frequencies and the
subcarriers are orthogonal in nature for the duration of the symbol. This is only
possible if there are no distortions. The OFDM symbol duration is represented

by T and it does not include the Tcp in this phase.

2.6.1.3. OFDM transmitter configuration

The configuration of an ODFM transmitter is shown in Figure.2.22. Firstly, at the
transmitter side, the transmitted high speed data is converted to parallel data of

N sub channels and then the data of each parallel sub channel undergoes PSK
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modulation. Consider a quadrature modulated data sequence of the N channels
(dO, d1, d2... dNs-1) and din and dQn (I and Q axis) are {1,-1} in QPSK and {1,
+3} in 16-QAM. These modulated data are then served as an input to the
inverse fast Fourier transform (IFFT) circuit and then an OFDM signal is
generated. Since OFDM is a low rate modulation scheme, so the symbols are
comparatively long as compared to the channel time characteristics. So they
don’'t suffer much from inter-symbol interference which is caused due to
multipath. This is an advantage of using the OFDM technique as it transmits a
many low rate streams in parallel rather than single high rate stream. For
removing the inter symbol interference a guard interval can be introduced in
between the OFDM symbols. The long duration of each symbol facilitates this
insertion. This guard interval comes with lots of benefits. The sensitivity to time
synchronization problems get diminished by the guard interval. The cyclic prefix
Is also transmitted during this interval. The OFDM signals are not stringently
band limited; this is obvious from the fact that the sub-channels spread their
power into the adjacent channel because of multipath fading. Each of the sub-
channels can be separated and the orthogonality of the sub-channels in the
absence of ISI and inter-carrier interference (ICI) can be maintained by placing
an FFT circuit at the receiver end. The signals can suffer interference because
of the delay of the signal with the delay time being greater than symbols time.
This problem can be overcome by either increasing the number of carriers or
the symbol duration. This problem however has a drawback considering the
carrier stability in contradiction to FFT size and Doppler frequency. An alternate

solution for eradicating ISl is inserting cyclically extended guard interval due to
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which each of the symbol is followed by an extension of the signal (Sekhararao,
et al., 2013).

As it has been discussed earlier the symbol consists of two parts. Thus the total
symbol duration can be given as Ttotal = Tg + Tn, where Tg = guard time
interval. This active symbol consists of the complete signal and this is also
repeated at the beginning of every symbol, it is called as the guard interval. The
guard interval inserted in the symbol reduces the data throughput. The ISI can
be easily removed by keeping the guard interval longer than the channel
impulse response or multipath delay. Conversely, the ICI still exists. Ratio of
guard interval and useful symbol duration depends upon the application

(Sekhararao, et al., 2013).
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Figure.2.22. OFDM transmitter configuration (Sekhararao, et al., 2013)

2.6.1.4. OFDM receiver configuration

The arrangement of an OFDM receiver has been shown in Figure.2.23. The
band pass filter is sued for filtering of the received signal r (t) at the receiver
end. This band pass filter is expected to have a wide pass band so that it can
prevent any distortion in the signal. After this the signal is down converted to

FFT band using an orthogonal detector. This is followed by the FFT circuit for
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attaining the Fourier coefficients during the observation. The modulation
scheme of the sub channel decides the BER performance and the orthogonality
is maintained in the OFDM transmission. The BER is varied with the noise of
the receiver (Sekhararao, et al., 2013).

d

L1}
N >
d,
l.(t} = l Serial to » —— Parallel to OAM op
Tine pep] Parallel FFT Serial emodulatod . data
Removal converter converter
expj 241, N .
d )=

Figure.2.23. OFDM receiver configuration (Sekhararao, et al., 2013)

2.6.1.5. Coded OFDM

Coded OFDM (COFDM) refers a system with the combination of the forward
error coding system and OFDM modulation technique. The major step in a
COFDM technique is to interleave and code the bits prior to the IFFT. The aim
is to take the adjacent bits in the source information/data and spread them
across multiple subcarriers. The interleaving section at the transmitter spreads
out the contiguous bits in a way that the bit errors become spaced far apart in
time which makes it easier for the decoder at the receiver section to correct the
errors (Katsis, et al., 2007).

2.6.1.5.1. Benefit of COFDM

COFDM systems can achieve excellent performance on frequency selective
channels due to their combined benefits from coding and multicarrier

modulation technique. In COFDM the inserted redundant bit into the bit stream
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at the transmitter section allows great error correction codes at the receiver

section, resulting a reduction in BER of the system. The more bits used for error

correction the better the error correction would be, however the useful data rate

Is decreased (Katsis, et al., 2007).

2.7. Different types of noises effecting PLC

Normally in a power line, the source of the noise can be internal (inside the

network) or external (outside the network). Overall in PLC channels the additive

noise normally classified into five different classes (Chariag, et al., 2011);

i)

ii)

Coloured background noise: has very low Power Spectral Density
(PSD) which also varies with the variation in frequency and resulted
by summation of a number of different noise sources with very low
power.

Narrow band noise: normally has sinusoidal signals with modulated
amplitudes and caused by ingress of broadcast station in short wave
broadcast bands and the medium.

Periodic impulsive noise asynchronous to the mains frequency: have
a repetition rate between 50 kHz to 200 KHz in most cases and
normally resulted by switching power supplies.

Periodic impulsive noise synchronous to the mains frequency: with
the repetition rate of 50Hz or 100 Hz and are synchronous to the
mains cycle and normally created by the power supplies operating
synchronously with the mains cycle.

Asynchronous impulsive noise: which sometimes has a very high
PSD value of more than 50 dB above the background noise and is

normally caused by switching transients in the network.
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The first three type’s noises (i-iii) are stationary over time periods and normally
assumed as a background noise. The other two types (iv and v) are time
variant. According to (Ma, et al., 2004) the noise modelling can be divided into;
a) Time domain which is based on measurement of real-valued noise
waveforms over the time.

b) Frequency domain which is based on the measurement of the noise

frequency spectral density.

Colored Narrowband Periodic Non-periodic Burst
Background . Impulse Impulse .
. Noisc . . Noisc
Noise Noise Noise

Input The channel impulse response Received
! - > ; Signal
Signal [ * h(t.t) <> H(f.7) "/ (1)
White
Gaussian
Noise

Figure.2.24. Classification of noise in PLC (Chariag, et al., 2011)
Note that the background noise can only be modelled in the frequency domain
approach (it produced by very low — power noise source and its value can
normally be reduced by the increasing of frequency) while the impulsive noise

can be modelled in both frequency and time approaches.

2.8. Channel coding and error correction

In order to achieve reliable communication through a channel affected by noise
in the digital system, the code-words required to be different from each other
conspicuously enough. This difference reduces the probability of each single

symbol to be taken for another symbol. The conversion of the message with this
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purpose is defined as a channel coding in digital communication system.
However it might cause some side effects such as an increase in needed
channel bandwidth, decline of data transmission rate and an increase of
complexity in the encoder/decoder (Yang, et al., 2009).

In other word the purpose of using channel coding is to encode the information
sent over digital communication channel in such a way that in presence of other
interferences and noise, the error can be detected and possibly corrected.

There are two distinguish approaches;

2.8.1.Backward Error Correction (BEC)

This approach only deals with error detection process. In case of detecting an
error, the sender is requested to retransmit the information again. This
approach is very simple and has low requirements for code error correcting
properties. The drawback of this technique is that it requires duplex
communication, resulting undesirable delays in transmission process (Yang, et

al., 2009).

2.8.2. Forward Error Correction (FEC)

One of the most commonly used techniques to enhance the quality of
connection in digital communications and storage systems is the Forward Error
Correction (FEC). This term refers to the rectification of transmission errors on
the receiver side without requiring any further information from the transmitter.
The FEC essentially seeks to involve some degree of redundancy to the
information that is to be transferred, which can then be used by the receiver to
adjust transmission errors that are a result of channel disturbance and noise

(Hrasnica, et al., 2004).
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According to Shannon’s mathematical theory of communication, there is a
theoretical maximum capability of every transmission channel and this is
determined by the bandwidth and the SNR.

Implemented systems have a much lower capability most of the times, as
compared to the largest possible value determined by the theory. This is why
appropriate codes have to be used so that the bandwidth efficiency can be
further enhanced (Hrasnica, et al., 2004).

According to Shannon’s capacity theory, the following formula provides the
highest reliable (error-free) transmission rate for channel:

Where R refers to the communication bit rate in bits per second (bps), B refers
to the channel bandwidth, P denotes the transmitted power and N is the power

spectral density of the noise.

R < B.log, (1+ =) (2.17)

Ny B

The minimum Ep/Ng needed for reliable communication can be obtained as a

function of R/B by rearranging the expression given above:

(2.18)

It is when R/B, referred to as “bandwidth efficiency’, moves towards zero that
the least value for Ep/Np is obtained. This gives the lowest value for Ep/Ng
beyond which it is not possible to carry out “reliable” communication. This is

referred to as the “Shannon limit”:

2 > 10logy,(l0g,2) (2.19)
0
L = —1.6dB (2.20)

0
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For instance, when the bandwidth efficiency is R/B = 1 bps/Hz, the limit at which
reliable communication occurs is 0 dB (Hrasnica, et al., 2004).

There are two key categories of FEC codes: block codes and convolutional
codes, also referred to as trellis codes. Block codes include a constant amount
of parity bits into a block of information bits which are of a constant length,
however, convolution codes create an adjusted output bit stream that has a
greater rate as compared to the input stream. These code classes are
explained in this section, along with their principles, features and instances of

realization.

Data packet
l |
Block COV Wlutional codes
| B B
Information bits  Parity bits Encoded packet

Figure.2.25. The main FEC classes: block codes and conwlutional code (Hrasnica, et al., 2004)

Different codes possess different properties regarding error rectification function
and decoding intricacy. Furthermore, for an actual system, design aspects like
block size and scalability face practical limitations. However, the following
specifications need to be fulfilled by channel codes, or at least some trade-off
between them should be attained.

* To attain the highest data throughput, channel codes should have a high

rate.
* To reduce the energy required for transmission, channel codes should

have an appropriate bit error rate performance at the required SNR.
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* Channel codes need to have less encoder/decoder intricacy so that the
size and cost of the transceiver can be curtailed, and

* There should be least delays exhibited by channel codes, particularly
during voice communication, so that any deterioration of signal quality is

not noticeable.

2.8.2.1. Hamming code

Hamming codes are a popular simple category of block codes which are quite
appropriate for low-speed indoor PLC (Dostert, 2001). Hamming codes have
the ability to correct all individual errors and determine combinations of two or
fewer errors in a single block (Sklar, 2001).

A Hamming code for any positive integer m < 3 has the parameters given
below:

« Code length: n =2™- 1

« Number of information symbols: k =2™ m -1

* Number of parity symbols: n = k=m

* Error correction ability: t =1, since d min= 3.

Figure 2.26. lllustrates the representation of the hamming code. The three big
circles in this figure represent the three parity check equations defining the
hamming code and the seven small regions are representing the seven bits in a
codeword. The hamming equation requires an even numbers of ones in each
big circle. If not, there is an error. If an error is a single error, depending to its
location it can be fixed by flipping a single bit in the appropriate region. In
practice codes used are longer and more complicated, but the basic principle is

the same. There are different way of employing redundancy bit for error
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correction. Although researchers are still looking for some new ways but up to

now the hamming code is known as more efficient than others (Aydin, 2007).

Figure.2.26. An alternative description of the Hamming code (Aydin, 2007)

2.8.2.2. Turbo coding system

The first turbo code, based on convolutional encoding, was introduced in 1993.
Many schemes have been introduced over the years and the turbo codes now
refer to the block codes and the convolutional codes. When an interleaver
separates two codes and a parallel concatenation of these codes takes place,
the turbo code is produced (Berrou, et al., 2003).
It is shown in the Figure.2.27. that the turbo code’s generic design which are
usually developed according to the concepts in (Berrou, et al., 2003), but the
selection of the encoders and the interleaver can also be done freely;

¢ Identical encoders are commonly used.

e The output contains the input bits and a systematic representation is

chosen for the code.

e The order in which the bits are read is pseudo random.

The design of the turbo code is greatly influenced by the type of interleaver

which has been selected (Kasper, 2005). An interleaved input into the second
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encoder makes its output different from the output of the first encoder a low
weight code word at one of the outputs does not ensure a low weight code word
at the other output. A decoder works efficiently with higher weight code words
and the divide and conquer strategy can be used for the decoding problem
because a parallel concatenation is used for the two codes. A scrambled input
in to the second decoder will produce a different output and there will be no
correlation with the first encoder's output and the two decoders involved will

benefit from the exchange of data (Kasper, 2005).

Input x; Systematic output z;
Output 1
Y “’ Encoder I ] -
Interleaver
Output 11

™| Encoder II

Figure.2.27. The generic turbo encoder (Késper, 2005)

2.8.2.3. Trellis Coded Modulation (TCM) concepts

2.8.2.3.1. Euclidean Distance

An Euclidean distance is a straight line (shortest distance) between any two
constellation points. For instant for two points Pi (x1,y1) and P2 (X2y2) the

Euclidean distance can be defined by familiar formula (Langton, 2004):

\/(x1_ X, )2+ (Y, — ¥, )2 (2.22)
The Euclidean distance is an analog concept. For signals the Euclidean

distance can be defined in | and Q plane. Euclidean distance can also been
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used between sequences by comparing distances between corresponding
points of the sequences (Langton, 2004).

2.8.2.3.2. Hamming distance

Hamming distance is a distance between two binary numbers. For instance the
hamming distance between two binary numbers 011011 and 101101 is the
number of places these two numbers differ. i.e the hamming distance is 4. In
case of two digital numbers with the same patterns the hamming distance would

be zero (Langton, 2004).

2.8.2.3.3. Trellis Coded Modulation (TCM)

The term of TCM is a combination of coding and modulation technique and the
word of Trellis stands for using trellis code.

As it can be seen in Figure.2.28. the coding system adds just one extra bit to
the symbol bit size. The symbol size increases from k bits to k + 1 bits. If the
coding increases the bit rate by 1 extra bit, the constellation size need to be
doubled to accommodate this bit as it can be seen below:

2L+1 = 2 x 2L (2.23)

L is the original number of bits per symbol. So if the original signal is BPSK,
then the output from the TCM encoder will be QPSK. If the original signal is
QPSK the output will be 8PSK and if 8PSK was selected then the output will be

16QAM.
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Az it can be seen in Figure.2.28. by varying a number of bit (k) in TCM system,

QPSK, 8PSK or any other higher signal can be created (Molisch, 2012).

Data
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—_ . retis , . Syvmbol
k=1Dbit| g..oder | kTl | Modulator .

>

Soor 2l . > 2
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B e—— - 7 3
QPSK R=2/3 3 bits M=2

_I_)ata uoul oo 1100 1000
11 i wosis 3|5 2
k=3 bit Trellis i1 Modulat Svmbol .
= 1 Moduliator L
Encoder > —0
8PSK | pesg |4bits M=2* S 2|2 8

Figure.2.28. General TCM system with various code rate and out puts (Molisch, 2012)

As the constellation increases the signal energy reminds the same, but the
distance between the symbol reduced and this decrease the performance of the
system.

A few key benefits of using the TCM method are as follows (Molisch, 2012):

e The TCM functions as bandwidth efficient modulation since it makes use
of convolution coding and also multiplies the number of constellation
points of the signal. This also leads to an improvement in bit rate with the
symbol rate staying the same.

e All incoming bits do not undergo coding, which is in contrast to a true

convolution coding system.
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e When the constellation size is increased, Euclidean distances between
the constellation points are decreased, however, there is a sequence
coding which counters the power drawback of moving towards the
increased constellation.

e |t is possible to determine performance by coding gain over un-coded
signals.

e |t is not the Hamming distance that is the decoding metric; rather it is the
Euclidean distance.

e The TCM was initially put forward by Ungerbock which employed set-
partitioning and fewer states that had code rates that were in accordance

with the kind of input signal.

2.9. Transformers

The transformers have a complex effect on the propagation of high frequency
signals. A shunt capacitance connected to a transformer experiences a short
circuit in case of high frequency signal. The shunt capacitance is connected in
parallel to the inductance and it causes resonance and high impedance for
certain frequencies. So as a result, the transmission of these high frequency
signals is a very strong function of the frequency. The attenuation values range
from 10 to 20 dB across the transformer of these high frequency signals and the
attenuation values depend on the frequency.

There are no recently updated references about the impedance of power
transformers at different carrier frequencies. The discussion, below, on the topic
is completely general and based on past experiences. However, the results may

completely differ.
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Power transformers are considered as high shunt impedance at carrier
frequencies. Their effect on the carrier channel performance depends on their
location in the carrier channel. A power transformer that connects two
transmission lines of different voltage levels is accepted to constitute a blocking
device of broad band high frequency that prevents carrier frequency to travel
from one line to another. Hence, a power transformer at the terminal location of
the carrier channel appears as a trap to the carrier signal.

Extractors can be used to retransmit the signal when PLC signals loses their
strength as they pass through the transformers. In addition couplers can also be
used in LV and MV to bypass the transformers and deliver the signal to

customers.

2.10. Electromagnetic compatibility of PLC systems

The power grid is used to transfer information signals in the PLC technology.
When the electrical PLC signal is included in the power cables, there is
radiation of an electromagnetic field in the environment, and the power cables
start functioning like antennas. This field appears to serve as a disturbance for
the environment, and hence, it is prohibited to go beyond a certain prescribed
level so that electromagnetic compatibility is attained. This means that the PLC
system needs to function in an environment without upsetting the working of
other systems present in the same environment (Hrasnica, et al., 2004).

This research does not take into account deep consideration of EMC because

several other noises are assumed to be interferences.
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2.11. Security of power line communication

One of the major issue in any telecommunication system is a Security. This is
even bigger issue in the case of using a shared medium/channel such as a
power line channel. However, in theory the PLC system is more secure
compare to the wireless system due to the fact that the physical medium of
power line channel is not easy to get accessed. For instance, with suitable
tools, the Wi-Fi system which uses a shared channel with its accessibility for
people in the coverage area the network traffic can possibly be intercepted and
even any electronic device connected to the network can also be reconfigured
(Al Mawali, 2011).
Another advantage of security aspect for PLC is its potential for involved danger
due to the presence of the AC electrical signal (Carcelle, 2006).
Although in theory the power line systems are more resistant to attacks, but
they are not fully protected and need some software security to reach to the
acceptable security levels against possible attacks such as an (Al Mawali,
2011);

a) attacks for damaging the available working network

b) attack to prevent the system operation,

c) attack that aims to access to the devices connected to the network
These possible treat can possibly be countered by use of (Al Mawali, 2011):

a) Authentication is one of the possible software security approach that

can possibly be used in PLC system as well as any other wired/ wireless
systems. This security approach authorise the user to access to the

network only after identifying the user.
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b) Cryptography is an approach that can be used in PLC network to deny
hackers access to the information in the network. An encryption key is
used to encode the information before transmission through the channel.
The encoded information makes the signals incomprehensible to the
hackers. A decoding key then required to retrieve the coded information
carried in the signal at the receiver side.

c) Integrity control is used to identify if the sent information through the
power line network has been modified during transmission. Electronic
signatures can be used to check if the received information has been any
changed or modified during the transmission over the power line

networks.

2.12. Feasibility of power line communication

The feasibility of PLC system has been investigated in (Fink & Jeung, 2008).
Due to importance of energy for living, electricity are ever-present in most of the
residential (urban and rural) areas compared to telephone systems. Therefore,
it would be a good idea to provide high speed data to consumers at their homes
as it comes cheaper compare to providing high speed data with the coaxial or
telephone cables. Especially in areas where a DSL or a cable is not available,
power line grid can be a cost effective connectivity solution.

Obviously, using an existing infrastructure for high speed data transmission
would be a great reduction in the network deployment cost.

The feasibility of such a system has been investigated for a few countries. In
rural areas the provision of the PLC system for data transmission in place of the
current alternative technologies (wireless/satellite) ,such as a backhaul and last

mile, has been considered.
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From the technological perspective, the basic idea of PLC system is just to
modulate a radio signal with data and send it through the power lines in a range
of frequencies which are not used for supplying electricity. As it was mentioned
earlier, the frequencies used and the encoding approach have a significant
influence on the efficiency and the speed of PLC technology. From the
customer’s perspective, the equipment needed to set up PLC in the building
(home/office) is cheaper compared to other broadband solutions such as cable
and DSL modems due to the need for additional wiring or installation.

Although the PLC system does not appear to represent the major distribution
technology in competitive markets, it is very suitable for rural areas and can be
considered as the major strategy for future policy. In addition any progress in
the PLC system with high speed data transmission can be a great aid for the
transmission of narrow band system such as those used in smart meter

technologies (gas and electricity). (Fink & Jeung, 2008).

2.13. Summary

This chapter provides a brief overview about the historical developments of PLC
systems and also a literature survey covering all the aspects of a PLC system.
The structures of power line systems, their physical properties and applications
were explained. In addition, the chapter outlined the available models for a PLC
channel and sources of noise .Different modulation techniques and their
applicability in PLC were also reviewed to enable the reader to identify which
modulation approach is more suitable for the PLC system. The superiority of
OFDM and the need for adaptive modulation have been described. Various

Channel coding techniques were also reviewed.
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A short overview about the security of the PLC technology was provided. In
addition a survey of the past, current and future PLC standards were included.

The chapter ends by reviewing feasibility of the PLC system.
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Chapter 3

Data Transfer over Power Distribution
Networks

3.1. Introduction

PLC communication systems are fast emerging as a cost-effective solution for
broadband access networks. As it was discussed earlier the main advantage of
a PLC system is to use the existing infrastructure of power line networks for
providing data network services to customers in areas without access to wired
medium such as telephone or fibre optics cables. (Zimmermann & Dostert,
2002). The high data rate signal undergoes attenuation due to line loss and
impedance mismatches of the power line elements such as branches and
loads. In addition, these elements are a source of noise and interference in the
transmission medium. The topology of the PLC system can vary according to
distribution network in use (Chandna & Zahida, 2010). This section discusses a
typical topology of the distribution network where a LV European power line is
used as the transmission channel. The topology of the LV distribution network
may differ from country to country and even from region to region. It is
dependent on several factors such as user density, the distribution network
length, location (commercial or residential) and the topological designs (the
length of the branch, number of branches, etc.). In this section a multipath
power line channel has been modelled using Matlab and the effects of
variations in the direct length, branch length and branch load on the channel

frequency response are investigated. A power line with typical European
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specifications is considered (Ferreira, et al.,, 2006). Results and information in
this chapter has been published in IEEE conference paper

(Hosseinpournajarkolaei, etal., 2012).

3.2. Transmission line model

There are different methods to study and simulate the transmission line
behaviours. Most of these methods are obtained from the time dependent
telecommunication equations which are for the elementary line transmission
cell, as it is shown in Figure.3.1:

Where;

x represents the longitudinal direction of the line,
R’ is per unit length resistance (Q/m),

L’ is an inductance with unit of (H/m),

G’ is the conductance of the line (S/m) and

C’ is the capacitance with unit (F/m).

i(x.1) R dx L dx i(x+dx,t)

AN Y — .

v(x.t) C'dx —— G'dx Vv(x+dxt)

4 dx 'Y
N |4

Figure.3.1. Elementary cell of a transmission line (Mlynek, et al., 2010)

6v(x t) Bl(x t)

+Ri(x,t) + L =0 (3.1)

6v(x t) Bv(x t)

+Gv(xt)+C =0 (3.2)
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The electric quantities are normally geometric and also constitutive dependent.
The channel characteristic impedance Z. and the propagation constant y are
the two main parameters to describe a transmission line which are given as

(Mlynek, et al., 2010):

_ ’R'+ij'
Zc= G'+jwC' (3-3)

y= a+jB = JR+joL)(G+jwC) (3.4)

the transfer function of the line with the length | can be defined as:

_YGED oyl gmalNL B
H) = vomn = ¢ ¢ e 89)

3.3. Power distribution networks

As HV lines are not suitable for data transfer, conventional fibre optics or
wireless radio-links are used for transmission of data over the existing power
lines with repeaters used in MV networks to mitigate the effects of noise
interference. Couplers then can be used to by-pass transformers when the
power is lowered from MV to LV. In (Anatory, et al., 2007) the effects of
changes in the power distribution network topologies on the power line channel
frequency response are investigated for systems used in Tanzania. This section
investigates the effects of variations in the direct length, branch length, number
of the path and branch load on the LV power line channel frequency response
for European power distribution networks. A simple topology for such a power
distribution network is shown in Figure.3.2. The length of the power line

between the transmitter and the receiver is AC. The branch length is given by
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BD, where B is assumed as the midpoint of AC. The source and load

impedances are given by Zs and Z respectively.

Transmitter Receiver

B c 17

Figure.3.2. A LV power line network configuration

According to (Ferreira, et al., 2006) the characteristic impedances of the power
lines are connected in parallel. A typical indoor power line has characteristic
impedance value which lies between 40-80Q. Therefore, a house connection,
with 10 lines connected in parallel, has approximately a 4Q equivalent
impedance. However, in practice the number of lines connected in parallel will
be larger, thus causing the equivalent impedance to be close to zero at this
point. In this investigation, the type of the cable used is NAYY150SE (cable
specification, R, L, G, C, Zc and y parameter, has been taken into
account).3.4. Channel model for power line communication.

The various power line channel models available are the Zimmermann and
Dosteret model, Philipps model and the Anatory et al. model (Anatory, et al.,
2007). The multipath model proposed by Philpps and Zimmermann is a widely
used model for investigating the data transmission over power lines. Where H(f)
is the frequency response of the channel and the various parameters used in
eguation (3.6) are given in Table.3.1. The weighting factor g; and the length of
the data transmission path d; for various path numbers is given in Table 3.2.

where N is the total number of paths.

85

—
| —



—j2nfd i

N
H(f) = Zgi,e_(a°+a1fk)di .e Vp (3.6)
i—1

Parameter Description

i Number of the Path. The path with the
Shortest delay has the index i=1

Qo,a; Attenuation parameters

k Exponent of the attenuation factor
(usual values between0.2and 1)

Oi Weighting factor for path i, in general
Complex, can be physically interpreted as the
Reflection/transmission factors of that path

d; Length of path i
t; Delay of path i

Table.3.1. Model parameters of the transfer function

3.5. Simulation results

A distribution network topology with one branch and segments (1),(2) and (3)
with the length |, I, and I3 and also characteristic impedance Zci, Zco and Zcs is
presented in Figure.3.3.

The transmitter and receiver are impedance matching. This means Za=Zci,
Zc=Zcy. The appliance on the branch BD has different impedance than the

cable which then causes the reflection.

Branch
A (1) :B (2) C
Transmitter

oD

Figure.3.3. Topology of sample network
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Based on the parameters on the topology of the distribution network, the
characteristic impedance, propagation constant and reflection factors for each
network segment can be calculated.

Due to the difference in impedance of the cable and the branch, there would be
the reflection points B and D with the reflection factor of rig, rsp, and rsg (Mlynek,

et al.,, 2010) & (Zimmermann & Dostert, 2002).

Zcz - Zc3 ~Z¢
_ Zc2+Zcs 1
rlB — Zc2.Zc3 (3.7)

Zc2+Zc3 =

— Zp—Z¢cy
sp = 7 370, (3.8)

Zca-Zca -z,
3

_ Zc2+Zcy
38 = Zcz Zca (39)
c3

Zc2+Zc1

From (3.7) — (3.9) the transmission factor, t;g and tsg, can be calculated
(Mlynek, et al., 2010);

tig = 1—|r;l (3.10)

tay =1 — 1551 (3.11)

Each of these i possible propagation paths from transmitter to receiver has a
weighting factor g; which is the product of the transmission factor and the
reflection (Mlynek, et al., 2010).
The delay t; of a path can be calculated from the length di, the speed of light co

and the isolation relative permittivity €, (Mlynek, et al., 2010):
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7. = Giver (3.12)

The possible propagation paths from transmitter to the receiver are shown in

Table.3.2.

Path Pathway Weighting factor g; Length of

No Path d;

1 A>B->C t1B L1+L2

2 A->B->D->B->C t1B.r3D.t3B L1+2L3+L2

N A>B(>D>B)N? t1B.r3D.(r3B.13D)N 2 t3B L1+2(N -
>C 1).L3+L2

Table.3.2. Signal propagation paths of the examined network

This section gives the simulation results for the effects on the frequency
response of the LV power line channel due to variation in length for the direct
line with and without a branch; variation in length and load for the branch BD.

The simulations are undertaken in Matlab 2013b.

3.5.1. Variation in the directline length from the transmitter to
thereceiver

The topology in Figure.3.1 without a branch BD was employed to investigate the
effects of change in the direct line length on the power line channel i.e. N=1.
The length AC between the transmitter and the receiver was varied as 100m,
200m, 400m and 800m. Points A and C are matched with the characteristic
impedance of the cable. The frequency response of the power line channel is
shown in Figure.3.4. It is observed that the direct line channel topology exhibits

no reflection points, i.e. there is no multi-path fading as the channel response is
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a linear function of the frequency. The receiver can, therefore, recover the data
transmitted using a single-carrier modulation transmission. As the length of the
direct line increases the channel bandwidth decreases indicating a direct line
length of up to 100m is suitable for data transmission up to 10 MHz, even
though the European specifications indicate a maximum length of 1 Km for

power transmission for the length AC (Hosseinpournajarkolaei, et al., 2012).

an}
T
c
T |
—100m N
-80 —200m
-==400m
-=-800m N
10 5 10 15 20 25 30
Frequency (MHz)

Figure.3.4. Frequency response for LV channel, effect of the direct length from
transmitter to receiver (AC varies as 100m,200m,400m,800m) , Z, =Zs=50Q

3.5.2. Effect of varying thelength AC with onebranch

The direct line length AC was varied as 100m, 200m, 400m and 800m with a
single branch BD at constant length of 20m, i.e. N=2. The point D was left
open leading to a reflection factor equal to 1. The multi-path behaviour of the
power line channel can be observed as the notches in the frequency response

and is shown in Figure.3.5.
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[H(f)| in dB

-80|~200m| '. A { VOO
~--400m | Y
--800m AT

Frequency (MHz)

Figure.3.5. Frequency response for the LV channel with one branch; effect of varying
the length of AC with one branch BD of 20m. AC varies as 100m, 200m, 400m, 800m.

The multi-path behaviour in Figure.3.5. indicates that multi-carrier transmission
would be suitable for data transmission over the power line channel with this
topology. As each frequency notch is spread over a spacing of 5 MHz, each
sub-carrier therefore would be required to have a maximum bandwidth of 5 MHz
to ensure frequency flat fading. The increase in the direct line length AC
reduces the channel bandwidth and its effect on frequency response is similar
to the no-branch case, the difference being that the frequency notches are

superimposed on the frequency response in Figure.3 4.

3.5.3. Effect of varying the branch’s length

The length of the branch BD was varied from 10m tol00m, while the
transmitter-receiver length AC was kept constant at 100m. The branch BD was
terminated at a typical value of 70Q. The effects of change in BD with AC kept
constant at 100m are shown in Figure.3.6. From Figure.3.6 it is observed that

increasing the branch length BD increases the power line attenuation which is
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especially noticeable in higher frequencies (Hosseinpournajarkolaei, et al.,

2012).

[H()| in dB

5 79 2
Freq“ency(MHz) 0 Branch length (m)

Figure.3.6. Variation in the frequency response for the LV voltage channel with change
in branch of length.

3.5.4. Effect of varying the branch’s load

The frequency response for the branch load values of 40 Q and 80 Q is shown
in Figure.3.7. The direct line length AC and the branch length BD were kept
constant at 100m and 20m respectively. The branch load considered is at the
termination point D of the branch. It observed from Figure.3.7 there is marginal
change in the frequency response as the branch load is changed from 40 Q to

80 Q.
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3.5.5.

-==40Q

[H(f)| in dB

s 0 s 200 25 30
Frequency (MHz)

Figure.3.7. Variation in the LV channel frequency response with
change in branch from 40Q to 80Q.

Effect of varyingnumber of the path

In case of multipath with different numbers of paths, from the simulation results

for number of path 4 and 10 shown in figures below, it can be observed that the

position of notches do not change. But as the number of paths increases from 4

to 10 the attenuations of notched points and signal distortion tend to increase.

H(f)in dB

) \\/ N L ]
o A=

Figure.3.8. Multipath channel model with number of path=4.
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Figure.3.9. Multipath channel model with number of path=10

3.6. Summary

Various studies undertaken in Africa have indicated that PLC systems can use
the existing LV power distribution networks as the ‘last mile’ alternative for
network data transfer. In this chapter the channel frequency response for the
European LV power distribution networks is investigated. The frequency
response indicates a multi-path transmission which is as expected due to
various branches present in the transmission path. Multi-carrier transmission
therefore is a suitable transmission scheme for data transfer over such
networks. The effects on the frequency response for more complex topologies
for power distribution networks, including different noise interferences is been

investigated and is presented in later chapters.
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Chapter 4

Bit Error Rate Performance in Power
Line Communication Channels with
Impulsive Noise

4.1. Introduction

Noise can be defined as an unwanted signal that interferes with measurements,
communication, perceptions, and processing of information bearing. The noise
itself is also considered a signal which contains the information regarded the
source of the noise. There are several sources of noise which may be inherent
in electrical current flows, interferences due to varying levels of impedance and
attenuation, thermal noise intrinsic to electric conductors or many more. In a
digital communication system, the data transmission capacity becomes limited
due to presence of noise amongst several other issues such as attenuation and
multipath effects. Hence, it is highly recommended to carry out a thorough
analysis on the modelling and removal of noise within general data
communication systems and particularly for power line communications.
(Vaseghi, 2006)

Noise has a significant effect on data transmission in PLC systems. Several
noise sources are responsible for the noise present in the PLC. The channel
between any two outlets in any building has a transfer function with a complex
transmission line network and several stubs that terminate loads of several
impedances. The phase and amplitude responses of these systems fluctuate
extensively with frequency. Some signals may be distorted by the noise or

some frequencies may observe little attenuation in the transmitted signal.
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Furthermore, the PLC channel transfer function has a time varying
characteristic due to the fact that at any point of time, the consumer may plug a
new electrical device into the electrical power line or some appliances may
consist of time-varying load impedance. This is mostly caused by small
electrical motors or switching power supplies. Impulsive noise is induced into
the power line channel when inadequately designed switching power supplies
are connected to the power grid system. These power lines consist of high
harmonic content that is linked with the supply switching frequency. Hence, the
power line channel presents a non-Gaussian noise environment due to its noise
diversity consequence (Anon., 2003).

The PLC channel noise can be divided as impulsive and background noise as
stated in (Zimmermann & Dostert, 2002). Stationary characteristics are present
for background noise, but for impulsive noise there are short intervals that have
a high power spectral density (PSD) of up to 40 dB existent above the
background noise. Due to this impulsive noise is the main source error for data
transmission over power lines. It is more difficult for PLC transceivers to handle
the impulsive noise in comparison with background noise. The disturbance does
not affect data when the disturbance is shorter than the transmitted symbol
duration. However, in an opposite situation, the data would be distorted by
noise.

A mathematical model for impulsive noise in PLC systems is useful for providing

relevant solutions for data transmission.
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4.2. Impulsive noise modelling

The digital and analogue mathematical concepts have been presented as part
of this section. In Figure.4.1(a) the unit-area pulse, p (t), is defined. The pulse
transforms into an impulse since the pulse width tends to zero. In Figure.4.1(b),
the impulse function is shown as a pulse with an infinitesimal time width,

whereas figure.4.1.(c) shows the spectrum of the impulsive function. (Vaseghi,

2006).
1/¢, |t]| < e/2
lim,_,p(t) = (4.1)
0, It] < &/2
AP0 a(1) A A
/e 1
1
- - -
_e/2 e/ lo ! 0 f
(a) (b) (c)
Figure.4.1.

(a) An unit-area pulse
(b) The pulse transforms into an impulse since ¢ —0;

(C) the spectrum of the impulsive function.

The integral impulsive function is presented as follows:
[Z sdt=¢ xi =1 4.2)

The Fourier transform of the impulse function is presented as follows:
[Z 8(®e P tdt =e® =1,~0 < f <o  (43)

Where the frequency variable is denoted as f.
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A signal with an ‘on’ duration of a single sample is known as the digital impulse,
6 (m). It can be stated as:
1, m=0
6 (m) = 4.4)
0,m=+0
Where the discrete-time index is denoted as m. The frequency spectrum of
digital impulse, with the help of the Fourier transform relation, is given by.
Y §(m)e /™M = 1,—00 < @ < © (4.5)
In communication systems, a real impulsive-type noise has a duration that is
usually more than a single (one) sample long. This impulsive noise origination
takes place from within space and time, then propagates from the channel to
the receiver. The characteristics of impulsive noise include the random positions
of occurrence, binary-state sequence of impulses with random amplitudes and
non-stationary. The non-stationary nature of impulsive noise can be seen by
considering a few impulses per second of the power spectrum of the noise
process. In case of the noise being absent, the process has zero power, and
when an impulse is present the noise power is the power of the impulse. Hence,

it can be stated that the power spectrum and autocorrelation impulsive noise is

a time-varying and binary state process (Vaseghi, 2006).

4.2.1. Statistical models for impulsive noise

The statistical models that help with the characterization of impulsive noise is
presented in this section. The characteristics of impulsive noise includes nj(m)
which consists of short duration pulses of random amplitudes, durations and
times of occurrence. Its model has been presented as the output of a P-tap filter
(Vaseghi, 2006):

In this case,
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e h, is the impulse response of a filter that models the duration and the
shape of each impulse

e n(m) is a continuous-valued random process that models the impulse
amplitudes

e b(m) is a binary-valued random sequence modelling the time of

occurrence of impulsive noise.

n;(m) = YhZshn(m— k)b(m — k), (4.6)
The Bernoulli-Gaussian and Poisson-Gaussian processes are the two essential

statistical processes that are used for impulsive noise modelling.

4.2.2.Bernoulli-Gaussian Model

Within a Bernoulli-Gaussian model, the random time of occurrence of the
impulses is modelled by the binary Bernoulli process, b(m), and the amplitude
of the impulses is modelled by a Gaussian process. The Bernoulli process, b
(m), is referred to as a binary-valued process which has a value of 1 and must
have a probability value of 0 managing a probability of 1- a. The probability
mass function (pmf) of a Bernoulli process is the following (Andreadou &
Pavildou, 2009).

a, for b(m) =1
Pg[b(m)] = (4.7)
1—a,forb(m)=0
Gaussian probability density function (pdf) with a zero mean for the random

amplitude of impulsive noise is given as (4.8), where the g, is the variance of

the noise amplitude.

PN[n(m)] = \/er_anexp {_nzig)} (4.8)
(o8]



And the pdf of impulsive noise, ni (m) as part of the Bernoulli-Gaussian model is
given as (4.9), where &[n;(m)] is the Kronecker delta function. In the function
PNy [n;(m)] there is a mixture of a discrete probability mass function &§[n;(m)]

as well as a continuous pdfPN[n;(m)].

PNg;[n;(m)] = (1 — a)d[n;(m)] + aPN[n;(m)]  (4.9)

4.2.3. Poisson-Gaussian Model

The Poisson process helps modelling the probability of occurrence of an
impulsive noise event within the Poisson-Gaussian model. The Gaussian
process helps modelling the distribution of the random amplitude of impulsive
noise. As stated in (Papoulis & Pillai, 2002), the Poisson process is a random
event-counting process. The formula for the Poisson model, the probability of

occurrence of k impulsive noise events in a time interval T and rate functionA

given by (Papoulis & Pillai, 2002):

k
P(k,T) = —(AZ,) e (4.10)

A consists of:
e Pr(one impulse in a small time interval At) = AAt
e Pr(zero impulse ina small time interval At) = 1- AAt
The assumptions stated include that only a single impulsive noise event may
take place at time interval At. The ni (m), in a small time interval At and the pdf
of impulsive noise in a Poisson-Gaussian model are presented by:
PNpg[n(m)] = (1 — AAD)S[n;(m)] + AAtPN[n;(m)] (4.11)

Where, as before, the Gaussian pdfis: Np;[n(m)] (Papoulis & Pillai, 2002).
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4.2.4. Classification of EMIin Middleton’s theory
In Middleton's theory, there are three classes of EMI extracted.

I.  Class A — This class has been originally defined in order to compare the
bandwidth of noise or keep it less than the bandwidth of the receiving
system. Modifications have now been made to include the noise pulses
which do not even produce transients in the receiver’s front end.

II. Class B — The noise pulses are able to produce transients within the
receiver as the noise bandwidth is greater than the receiving system
bandwidth.

lll.  Class C — This is a linear sum of Class A and B. The derivation models
concise exposition has been presented by Skomal.

Optimum reception of signals in Class A and B noise has been analysed by
Spaulding and Middleton. The overlap index is Ax and as per Middleton it is the
impulsive index. This is referred to as the mean number of emissions per
second times the mean length of an emission in seconds. An exponential
distribution power is present for noise if it consists of a Gaussian distribution

(Middleton, Aug 1977) & (Middleton, Aug.1979).

4.2.5.Middletonclass A noise

Middleton Class A noise model is useful in describing the statistical
characteristics of impulsive noise in the PLC environments. Background and
impulsive noises are both integrated within the model. Keeping a PDF, with an
overall noise as a sequence of independent and identically distributed (i.i.d.)
complex random variables, the Middleton Class A model has been presented in

(Anon., 2006) (Andreadou & Pavildou, 2009) (Pighi, et al., 2006).
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Accuracy and basic requirements of the real impulsive noise modelling has
been fulfilled by Middleton’s class-A impulsive noise model. Hence, this model
has been widely used for PLC systems analysis (Umehara, et al., 2004) &
(Ardakani, et al, 2005). This research study work is also based upon
Middleton’s class-A to model impulsive noise and design communications
systems over power lines. Impulsive and background noise have been
represented by the Poisson-Gaussian model as part of the Middleton’s class-A
model. According to the probability of impulsive noise, m impulsive noise events

in atime interval T is given by (Ardakani, et al., 2005);

(AT ) et
Pp=—"—"" (4.12)
m!

The amplitudes of both background and impulsive noise are modelled by the
Gaussian random process model. The impulsive index is A= AT. Hence,
Middleton’'s class-A impulsive noise probability density function can be

presented as;

m

2
;‘,’;zoe‘AA—;exp (— ﬂ) (4.13)

m! 2mwo, 203,
Where, g2 is the total noise power for both Gaussian and impulsive.
on-é/a,z, Is termed as the mean power ratio of the Gaussian to impulsive

noise.

Impulsiveness reduces and noise and Gaussian noise become closer when A
increases. A Poisson distribution has been observed as part of the equation 4.13
of impulsive noise. With a different variance, each impulsive noise source

generates a characteristic Gaussian noise.

N, =207 is the one-sided power spectral density of the total white noise.
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The pdf of class A impulsive noise can be written as function of A, I and No as

below (Ardakani, et al., 2005):

m 2
PAM) = 36" A" AL+T) — A1+T)n|
= miaN, m+ AT (m+AT') N,

(4.14)

In Figure.4.2. the pdf of the Middleton Class A noise is given with an impulsive

index A=0.01.
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Figure.4.2. Pdf of the impulsive noise with impulsive index A=0.01.

The effect of variation in Middleton class A parameters A and I' are shown in

Figure.4.3. and Figure.4.4.
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4.2.6. Mitigation of the effect of impulsive noise

The characteristics of Impulsive and AWGN are different. Therefore, the same
technique for mitigation of AWGN cannot be implemented to combat the effect
of impulsive noise in PLC systems. To reduce the effect of impulsive noise,
many of the researchers proposed to make use of:
¢ QAM modulation: a single carrier modulation technique with high
spectrum efficiency. The effect of the QAM technique for an impulsive
noise (Middleton class A) was investigated in (Proakis, 2000) &
(Miyamoto, et al., 1995). The results indicate that QAM reduce the BER
for the same SNR.
e OFDM: the impulsive noise effect becomes distributed across multiple
spread carriers at the receiver. Hence, the effects of impulsive noise in
the PLC is reduced (Dai & Poor, 2003).
e Error correcting codes: such as block and convolutional code (Haring &
Vinck, p. 2003).
This research study uses the combination of all above-mentioned ways to

reduce the effect of Middleton class A noise in PLC systems.

4.3. BER performance in PLC under an impulsive noise
A PLC can be modelled as in Figure.4.5. The model consists of a PLC
transmitter, the PLC channel with noise and the receiver block. According to the
model, the received signal r(t) is given by :

rit)= s(t)* h(t)+ n(t) (4.15)

where:
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s(t) is the signal injected into the channel by the transmitter, h(t) is the impulse
response of the channel and n(t) is the noise in the channel.

According to (Zimmermann & Dostert, 2002) there are various models available
for PLC channel such as the Zimmermann and Dosteret model, Philipps model
and the Anatory et al. model. The multipath model proposed by Philpps and
Zimmermann is a widely used model for investigating the data transmission
over power lines and is given by:

N k i :
H(f)= Zgie—(ao+alf J! ieddly,
i1

(4.16)

where:

H(f) is the frequency response of the channel, g; is the weighting factor , d; the
length of the data transmission path, k is the exponent of the attenuation factor;
dilvy stands for the time delay and ap and a; are attenuation parameters.

As in PLC Frequency Shift Keying (FSK), Amplitude Shift Keying (ASK) and
Phase Shift Keying (PSK) are used for low- data rate (300Kbps), for higher data
rate transmission of more than 2Mbps modulations such as M-ary PSK, M-ary
QAM and OFDM are used. In OFDM as the symbol duration increases for the
lower rate subcarriers, the amount of dispersion in time caused by multipath
delay reduces, thereby reducing the inter-symbol interference (ISI) leading to

higher data rates (Bui, 2006).

N (1)

S

Figure.4.5. The PLC model
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4.3.1. Simulation and results

Results of simulations undertaken in Matlab to quantify the BER performance of
a PLC system using a higher modulation constellation of 16-QAM with Hamming
code in presence of impulsive noise are given in this section. Figure.4.6.
illustrates the diagram of the OFDM system used for simulation. FEC code such
as the Hamming code is used to enhance the data rate. An interleaving block is
used to arrange the coded bits in a way that erroneous bits will be randomly
distributed over many code-words rather than only a few code-words,
subsequently the data bits are sent to the QAM modulator for mapping. Next is
the OFDM stage which uses pilot signals to detect the channel response. The
data stream is split into 16 parallel streams (by use of serial to parallel converter)
that modulate 16 subcarriers using the IFFT. The CP is inserted to reduce ISI.
The multipath channel model has been used as given in (Mlynek, et al., Jul

2010). Background and impulsive noise are injected through the Channel.

The effect of background and impulsive noise on the signal amplitude is given in
Figure.4.7. As observed the impulsive noise distorts the signal amplitude while
propagating through the channel. For 16 QAM the effect of variation in the
impulsive index A from 0.001 to 10 on the BER is shown in Figure.4.8. A high
value of A corresponds to low amplitude pulses with frequent occurences, while
a low value of A corresponds to high amplitude and less frequent pulses. As A
increases the BER performance improves with increasing SNR. A low value of
A would correspond to a signifant fault interference in the power line likely as a
result of a major fault, while higher values of A would be the more regular low
power interference caused due to common sources such as heating and electric

motors.
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Figure.4.8. BER V.s. SNR for different value of index (A) of Middleton Class A
for the PLC channel.

As it can be seen from figure.4.8. when I is kept constant at 10~ and the
impulsive index A is varied from a small value to the larger value, the
characteristic distribution of impulsive noise changes, i.e. an impulsiveness
reduces. In particular, when A=0.001 the distribution of an impulsive noise has
its highest impulsive characteristic. On the other hand, at A=10 the distribution of
impulsive noise reduces which results better BER performance for the system.
Figure.4.9. shows the BER performance of the PLC through a multipath channel
with background and impulsive noise.The BER performance is for A=10. The
BER performance of the impulsive noise is worse than the background noise,
even though for higher A values. The BER performance can be improved by
using suitable filters. However the improvement is likely to occur for high values
of A, for low A values the improvement is not likely to be the same due to a

much higher level of interference
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Figure.4.10. and figure.4.11. illustrate the effect of AWGN and Middleton class

A noise separately on the input signal to the PLC channel.

0 BER vs SNR
10 %: —o—Middleton Class A and background
—<— Middleton Class A Noise
N\ ~#-Background Noise
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Figure.4.9. SNR Vs. BER for the multipath PLC channel
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Figure.4.11. Input signal affected by Middleton Class A (Impulsive noise)
4.4. Summary

Main sources of noise in a power line are caused by the interference due to
electric appliances connected to it which affect the data transfer over PLC
channels. The main sources are the background and impulsive noise. In order
to analyse the performance of PLC system in presence of an impulsive noise, a
mathematical model for an impulsive noise is required. In this chapter various
models for an impulsive noise are discussed and mathematically explained. A
Middleton Class A is discussed in detail and is selected as the impulsive noise
for this research study and modelled in Matlab. The BER performance of the
system was investigated for a higher signal 16-QAM constellation using OFDM
technique. It is observed that BER for the impulsive noise is higher than the
background noise. The BER further deteriorates with increasing the level of the
impulsive noise, even while being injected into the PLC channel at a lower rate.

Applying methods to mitigate and reduce the effect of impulsive noise over PLC
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systems for higher constellations to increase the data rates could be carried out
by means of alternate FEC/ convolution codes and suitable filters would be

worth investigating.
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Chapter 5

Data Transfer Implemented by Trellis Coded
Modulation on PLC based OFDM

5.1. Introduction

TCM is a combination of coding and modulation. The word trellis stands for the
use of trelis codes. It is bandwidth efficient modulation based on the
convolutional coding system by doubling the number of constellation points of
the signal that results an increase in bit rate and keeping the symbol rate at the
same. TCM was originally proposed for transmission over AWGN channels, but
later it was further developed for applications such as in mobile, wireless and
power line communications systems, where it is capable of achieving a coding
gain without bandwidth expansion (Ng, et al., 2006). In (Hongchnn, 2012) a
comparison between TCM and Read Salman (RS) coding for MV electric
distribution line carrier communication system showed that the TCM can have a
great advantages compared to other coding methods such as Reed-Solomon
(RS) in a MV power line system. Convolutional code and TCM based on OFDM
for a Rician fading (Satellite) channel was considered in (Anushruti, et al.,
2013). The BER performance comparison between these two illustrated that
the TCMOFDM provides better performance compared to the convolutional
ones. OFDM is known to cope with multipath channels and suitable for data
transmission over power line (Chiang, et al., 2010). The adoption of coding and
OFDM system can possibly enhance the transmission rate. A TCOFDM, in spite

of large coding delay, works the best among all the coding schemes, although
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complicated in implementation. While TCM-OFDM system has the best
compromise between performance and complexity (Fernando & Ragetheva,
1998).

In this section the effect of the AWGN and Middleton Class A noise on the
performance of TCM OFDM and rectangular QAM TCM for PLC system is

investigated.

5.2. Trellis Coded Modulation (TCM)

As it was discussed in an earlier chapter, for the purpose of error correction, an
additional redundancy bits will be transmitted with a code as a consequence.
This requires a wider bandwidth to keep the same data rate and the same SNR
with lower BER. This is a trade-off between the bandwidth efficiency and the
power efficiency. TCM which was invented by Gottfried Ungerboeck is one of
existing approaches to mediate these two conflicting factors. It is a combination
of modulation and coding system for more effective utilization of the bandwidth
and power.

For instance a code rate 2/3 TCM is a combination of (N,K)=(3,2) convolutional
coding technique and an 2° =8-PSK modulation approach as it is shown in
Figure.5.1 and Figure.5.2. This is a four state convolutional code. In the
encoder section, the 8-PSK signal mapper creates one of the 8 PSK signals
depending on 3-bits symbol b, = [b; bz bs] which contains two uncoded
message bits (b; and by) and the output bits (with an additional coded bit). Since
trelis can be used as an encoding technique for such a system, for the
decoding TCM coded signal, the Viterbi algorithm can be used. In order to use

such technique, there are couple of things to consider (Yang, et al., 2009);
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Using a larger modulation order with the same SNR reduces the
minimum distance among the code words which may also cause
suffering the BER performance.

TCM has some limitation to combat the possible degradation for BER
performance which are listed below;

i.  The convolutional coding can only allow certain paths of
signal points. This causes an increase for the free distance
between various signal paths in trellis.

ii. In decoder section, a soft decision decoding technique is
normally used to find the path with minimum distance
(Euclidean distance) within the trellis. This makes the trellis
code design to maximize the Euclidean distance through

the code words (Yang, etal., 2009).

ub, x by
uby I — b,

o o Fo-a
|

Figure.5.1. 2/3 rate convolutional encoder
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Figure.5.2.Trellis Coded Modulation (Yang, et al., 2009)

5.2.1. Generalinformation about TCM

e TCM is a bandwidth efficient modulation based on convolutional coding
which conserves bandwidth by doubling the number of constellation
points of the signal. This way the bit rate increases, but the symbol rate
stays the same.

e Unlike a true Convolutional code, not all incoming bits are coded and
only one extra bitis always added.

e Increasing the constellation size reduces Euclidean distances between
the constellation points, but sequence coding offers a coding gain that
overcomes the power disadvantage of going to the higher constellation.

e The decoding metric is the Euclidean distance and not the Hamming
distance.

e TCM uses set-partitioning and a small nhumber of states (Georgiadou,

2008).

5.2.2. Rectangular QAM TCM

A rectangular QAM TCM implements a TCM by convolutionally encoding the
binary input signal and mapping the result to a rectangular QAM signal

constellation (matlabri4b, 2014).
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Figure.5.3. Rectangular 16-QAM TCM

In general rectangular QAM signal constellations are sup-optimal in the sense
that they do not maximally space the constellation points for a given energy with

the advantage of easily transmission and also demodulation.

This section investigates the performances of the TCM/Rectangular 16-QAM
TCM systems for power line multipath channel under impulsive noise and
AWGN. Conventionally, receivers for a TCM/rectangular 16-QAM TCM system
have been designed based on Euclidean distances between signal sequences
assuming their use under Gaussian, impulsive noise and multipath

environments.

5.3. System model

In order to have a general view of the proposed system model being used in
this section, a block diagram of the Simulink model is given in Figure.5.4. This
figure shows the block diagram of the rectangular 16-QAM TCM based on
OFDM for PLC system. A quick description of the individual blocks is given with

the purpose of offering a better understanding.
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5.3.1. Transmitter section

The Bernoulli Binary Generator block generates random binary numbers using
a Bernoulli distribution. The rate of the convolutional encoder presented by k/n.
This block accepts a binary-valued input signal. The output signal is a complex
column vector. In a TCM / rectangular QAM TCM encoder, the added
redundancy bit for error control does not increase the signal bandwidth. The
mapping in transmitter encoder is done by set partitioning which increase the
intra subset Euclidean distance. Each partition causes an increase in minimum
distance between constellation points. Since a convolutional encoder can be
presented as a state diagram with its output representing a state transition.
Therefore, every state will branch out to different states depending upon the
input. This fact along with the set partitioning principle is carefully used to
assign symbols within same subset, which have maximum distances, to the
outputs when two branches emerge or converge at a state. This selection
ensures a minimum Euclidean distance between any two paths in the state
trelis that emerge from a state and then re-emerge back later. As the
performance of convolutional code is dominated by Euclidean distance, this
careful selection of symbols and design of encoder results in improved

performance.

A TCM/rectangular 16-QAM TCM as the channel coding and modulation with %4

code rate is been used in the transmitter section. The rectangular 16 - QAM
TCM encoder implements the TCM by convolutionally encoding the binary input
signal and mapping the result to a QAM signal constellation. The signal

constellations and mapping is done by a normalize block.
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To define the encoder, the Trellis structure parameter poly2trellis (7, [L171 133])
was used where 7 is a constant length of the encoder, 171 and 133 are the
code generator polynomials in octal numbers.

Synchronization in OFDM systems is however needs careful considerations.
Since orthognaility is maintained only when the transmitter and receiver are
synchronized which thus critical to the performance of the OFDM system.
Therefore, how to develop effective synchronization algorithms for satisfactory
performance and less complexity is a major issue to be considered.

In the transmitter, the input serial data stream is converted into the word size
needed for transmission and then shifted into a parallel format. The data is then
transmitted in parallel by assigning each word to one carrier in the transmission.
Then the information bits are mapped into baseband symbols. An IFFT is then
used to convert this signal to the time domain, and to produce the orthogonality
between subcarriers, allowing it to be transmitted.

A number of zeros can be added to the input data vector to center the
spectrum. This ensures the zero data values are mapped onto frequencies
close to plus and minus half the sampling rate, while the nonzero data values

are mapped onto the subcarriers around OHz.

.. Select Zero pad
1 Rows »! for OFDM IFFT »U Y
In
IFFT
Zero pad for OFDM Add Cyclic
Prefix
Matrix
Multiport Concatenation

Selector

Figure.5.5. The schematic of OFDM modulation (matlabrl4b, 2014)
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In order to protect successive OFDM symbols from multipath a CP of length Ng
is used which is a copy of the last part of the samples of a OFDM transmit block

appended to the front before transmission as depicted in Figure.5.6.

» time
0 N-1

a) Original N point OFDM symbol

— T

* time
|¢ N, ’l‘* Original N samples 4"

b) OFDM symbol with Cyelic Prefix (CP)
Figure.5.6. OFDM symbol; a) without cyclic prefix, and b) with cyclic prefix

The transmitted signal is therefore N+Ng samples. Provided that the length of
the CP is chosen so that it is longer than the longest expected delay path
successive OFDM symbols will be free of ISI. In other word the main purpose of
using CP is to create guard intervals by copying the last part of OFDM symbol
and inserting as a first part of OFDM symbol. The benefit of CP insertion in
maintained as long as the span of the time dispersion does not exceed the
duration of the CP. The drawback of using CP is OFDM system is increased

overhead.

The OFDM baseband signal of IFFT output using N subcatrrier is:

X0 () = ~ TRZ§ X (Dermhn (5.)
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Where Xi(j) is the modulated complex data of the K-th subcarriers in the j-th
OFDM symbol, and n is the sample time. The transmitted OFDM symbol with
CPis:

Sn () = XnZZe % () (5.2)

Where G is the length of CP and the received n-th sample in the j-th OFDM
symbol is:

kn

() = 5 ENZ3 X (DN H, (5.3)

Where Hy is the channel frequency response at the k-th subcarrier.

The parameters set in proposed system with T=0.05 ps are listed in Table.5.1.

Codingrate %
Modulation
technique OFDM

matrix Interleaverand
Datainterleaving | General Block Interleaver
TCM / Rectangular 16-

FEC Coding QAMTCM
IFFT/FFT 16

Signal

Constellations

and mapping Normalize

Puncturing rate 4/6
Samplingrate

f,=1/T 20 MHz
CP duration Tep 16*T, 0.8 s
Channel Multipath + AWGN

Table.5.1. Proposed system parameter set

5.3.2. Channelmodel
The channel model for this section is same as the one being used in previous
section. It is a multipath channel model which was designed in Matlab and

added as a function to the AWGN channel.
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5.3.3. Noise model
The noise scenario in the PLC is complicated due to the presence of different
sources of disturbance. There are two possible approaches for modelling noise
in PLC; a physical model which requires an individual circuit for each source,
and statistical physical model which provides universal models for natural and
human made sources. In order to combat against unacceptable performance,
the true characteristics of the noise in power line must to be taken into account.
For this reason a Middleton Class A noise and AWGN which are from statistical
physical models are chosen for this part of the research work investigation. A
Middleton class A noise added to the multipath channel as a written function in
Matlab program as well as an AWGN model in Simulink has been used in this
section. These two models have been used to develop optimum detection
algorithms for a wide range of communications problems. The two main
advantages of using the Middleton Class A in the system are (Middleton, 1979):
e It can be expressed as canonical form, therefore noise from various
interference scenarios can be presented by the same model but with a
different set of coefficients.

e [t is analytically tractable and computationally manageable.

5.2.4. Receiver Section

The structure of the OFDM demodulator system is shown in Figure.5.7. The
receiver generates side information about the channel conditions for use in
OFDM demodulator and TCM/rectangular 16-QAM TCM decoder. The OFDM
demodulator is implemented by an inverse process of OFDM modulator. In the
design of the demodulator OFDM at the receiver section, at least three main

synchronization issues must be considered carefully. The first is the frame
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timing synchronization, which can be resolved by a careful design of the
preamble. The second is the frequency synchronization, which can be
estimated and then compensated by exploiting the information contained in the
received preambles, pilot subcarriers, and CP. Thirdly the symbol timing and
sample clock synchronization, which can be estimated by using pilot subcarriers
and CP.

The purpose of using CP in OFDM modulator is to add some circular periodicity
to the transmitted signal. This can be broken and removed in demodulator
section by use of removing the CP block in Matlab/Simulink. The FFT used in
OFDM demodulator is the inverse process of IFFT in OFDM modulator and
converts the signal in the frequency domain to detect and compensate for the
frequency components associated with the transmission path. The signal then
is set to the frame based samples to the value of the sampling mode of the

output signal parameter.

Data

Select
—»U YI—» FFT | p Fr:ﬁqe U Y Rows
i Pilots
Remove Cyclic FFT Frame Conversion Remove
Prefix zero-padding Remove
and Pilots

reorder

Figure.5.7. The schematic of OFDM demodulator

5.2.5. Simulation Results
Although trellis codes produce improvements in the SNR, they do not perform
well with multipath power line channel and Middleton class A noise.

Performance of TCM with/without impulsive noise and rectangular 16-QAM
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TCM in Matlab/Simulink has been studied. Simulation results indicate that
although the TCM gives better performance in BER compared to the uncoded
QAM, in presence of Middleton class A noise and multipath channel, but the
BER still is so much for such a channel coding system. However as it is shown
in Figure.5.9. the TCM has better BER performance in presence of only AWGN.
Therefore the rectangular 16-QAM TCM has been used to enhance the results.
A 16- QAM achieves a great distance between adjacent points in the I-Q plane
by distributing the points more evenly. The constellation points for rectangular
16-QAM TCM is spaced evenly inside the square. In this way the constellation
points are more distinct which results reducing data errors. The advantage of
using higher order of M array QAM is that it is able to carry more bits of data per
symbol which then results an increase in the data rate. The drawback of
applying higher order of M array QAM is that it can be less resilient to noise and
interference. A puncturing code and interleaver applied at the encoder, and the
decoder uses a Viterbi algorithm to enhance the data transmission in the

rectangular 16-QAM TCM.

Baseband

Figure.5.8. Decoding of rectangular 16-QAM TCM

N N N N\
— o ) Block Rectangular Denormalize 4—
Viterbi Decoder Deinterleaver Deinterieaver 16-0AM
Viterbi Decoder Matrix General Block Rectangular QAM
Deinterleaver Deinterleaver Demodulator

Interleaving breaks the correlation and enables the decoder to eliminate or
reduce local fading throughout the band and over the whole depth of the time

interleaving. The punctured codes are a common way of achieving higher code
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rates, i.e. larger ratios of k to n. Punctured codes are created by first encoding
data using a rate 1/n encoder and then deleting some of the channel symbols at
the output of the encoder. The process of deleting some of the channel output
symbols is called puncturing. The Punctured code being used is [1 11 0 0 1],
where a one indicates that a channel symbol is to be transmitted, and a zero
indicates that a channel symbol is to be deleted. As it is shown in Figure.5.10.
applying Viterbi algorithm and puncturing code results a significant reduction in
BER of rectangular 16-QAM TCM. Due to this reduction, the rectangular 16-
QAM in presence of AWGN and Middleton class A noise also has better error

rate in comparison with TCM in presence of even only an AWGN.

) SNR v.s BER
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Figure.5.9. Simulation results for TCM and rectangular 16-QAM TCM
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5.4. Summary

The efficiency of the TCM technique against Gaussian noise has been well
known. However, its performance for impulse noises which degrade the quality
communications remain unknown. Simulink/Matlab simulations are carried out
to verify the efficiency of the TCM/rectangular 16-QAM TCM schemes against
the impulse noise, power line multipath channel and AWGN. A TCM /
rectangular 16-QAM TCM coding combined with OFDM modulation is used to
combat the bursty of the Middleton Class A noise under a PLC Multipath
channel model. The obtained results indicate that although TCM improves the
SNR slightly better than uncoded ones, but it does not achieve a good BER
performance in the presence of an impulsive noise. However, using the
rectangular 16-QAM TCM based on OFDM with a puncturing technique and the
Viterbi decoder in receiver section can enhance the transmission quality

significantly.
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Chapter 6

Validation, discussions and Critical Analysis

6.1. Introduction
This research study has followed an analytical research design in order to
model and simulate the PLC system by use of the given channel characteristics.
As an alternative to experimental design, the results are validated by critical
comparison to existing case studies and literatures. The modelling assisted the
assessment of the system in a logical way that can be used in the
experimentation. There are some advantages of using model system which are
listed below:

e Helps to assistin the development and analysing a large system.

e It can improve reliability and saving money by making the project easier

to understand before releasing itin the real world.
¢ Helps to design an experimental setup that is suitable for the application.

e Minimises the risk of experiment failure.

e It can be verified with the actual measurements later.

6.2. Interpretation and reporting
Interpretation of data has been carried out to discuss the outcome of the
simulation results from PLC models. After interpretations, the outcome of the

research study has been reported at various conferences and in journal

proceedings.
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The evaluation of this research study is performed by use of Matlab/Simulink
simulation and case studies. Scenarios developed for this thesis can be easily
compared to the results obtained for countries like Tanzania; and simulation in
different software program such as ATP EMTP, would further validate the
results of this research work. Decisions taken and routes taken during the
modelling of the PLC can be monitored, analysed and reviewed by use of the
mentioned technique. The evaluation stage is followed by a critical discussion
section which in details, outlines the arguments and analysis of the work
through a comparative study. Based on the form of the simulation results in this
thesis, the validation strategy is split into three parts, each of which can be
validated individually with different case studies. Every sub validation is carried
out by use of general arguments from the simulation results and observations

gained inthe different case studies.

6.3. Critical analysis and validations

The results of this research study derived from modelling of the multipath
channel, a Middleton Class A noise as an impulsive noise, OFDM modulation
with various channel coding such as the Hamming, TCM and the rectangular
16-QAM TCM in Matlab/Simulink. Some investigations have been done
regarding the variation in time/frequency responses due to the influence of load
impedance, branches and line length. But none of them mention the exact
contribution of each parameter to the stochastic  behavior of channel
responses.

In this section, some of the existing research works are critically reviewed and

discussed.
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One such example is the test and simulation done in Tanzania for a power line
in which it is observed that as the line length increases, there are rapid changes
in the signal phase response as shown in Figure.6.1. This could perhaps limit
the available transmission bandwidth of the low voltage channel (Anatory &

Theethayi, 2010).
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Figure.6.1. Phase response for a typical power line link one branch (a) 4 Km, (b) 2 Km,
(c) 1 Km, (d) 500m. Ref (Anatory & Theethayi, 2010)

It is also observed that frequency response has also changed as the braches
length is varied. As it is shown in Figure.6.2. as the length of branched line
increases the number of notches increases and as the branched length

becomes shorter the received signal becomes more distorted.
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Figure.6.2. Simulation results for a typical channel of 4 Km with one branch of length
(a) 10, (b) 20, (c) 40 and (d) 80m.

In (Hassina, et al., 2005), the influence of load impedance, branch line length,
effect of number of branches and direct line length of the transmitter to the
receiver point on the performance of a PLC system was investigated. The main
focus for this research was the signal degradations caused by the time variant
connections of electrical devices on the power line grids. It has been found that
the channel condition changes when customers switch on/off their electrical
devices (loads) to the power line socket. In (Anatory, et al., 2007) based on the
effects of different loadings at different branches with the ATP EMTP
programing software was shown the significant attenuations and distortions
introduced in the signal when the number of branches increases. (Anatory &
Theethayi, 2010) performed number of experimental studies on channel
characterization of broadband communication channels and their results
impeccably correspond to the simulations and analytical study in the first part of

this research work. The experimental work performed by these researchers also
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focuses on PLC in which they have assessed the performance of the channels
with the service quality of up to 100 MHz. Based on Tanzanian power line
characteristic they identified that by increasing the number of interconnections
at one point the signal from the source to a point increases, which has
implications to electromagnetic interference. The effect of varying topologies on
the performance of a PLC network was also investigated using different number
of branches, line lengths and load impedances from a transmitter to a receiver
by using ATP-EMTP software. From the simulation, it is observed that with the
increase in number of branches, the BER increases. Repeaters are used in
order to keep BER within limits when the signal power cannot be increased
beyond certain limits. The increase in the number of branches results in an

increase in BER.
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Figure.6.3. Performance of the PLC system with different load impedances (Zahida, 2010)
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The simulation results for channel characteristics of a power line for this PhD

research study work, has given a fine match with the studies performed by

above mentioned researchers and also the experimental related work in this

field. However the simulation results cannot be exactly the same due to the

differences in channel characteristics for each country and even region.

Matlab/Simulink simulation results of the first part of this research study clearly

illustrate that;

There is no multi-path fading as the channel response is a linear function
of the frequency in the direct line channel from the transmitter to the
receiver. Therefore, even a single carrier modulation technique can be
used to recover the transmitted signal.

An increase in number of branches results and an increase in signal
distortion of the channel. In other word there would be an increase in
BER of the transmission. In order to keep the BER within specified limits,
either the distance between the used repeaters can be reduced or the
signal power of the system can be increased ( which causes an increase
in the SNR)

For the case of varying the line length with a single branch, the positions
of the notches and peaks are changing. Therefore multi carrier
modulation technique would be better modulation option for data
transmission. In theory the BER of the system will also increase and
there is possibility of signal lost at some points. Therefore repeaters are
required at some specified distances. These repeaters amplifies the

received transmitted signal and injects them to the network again.

132

—
| —



The power of the incoming signal determines the distance that can be
covered by the PLC systems which in turn decides the data rates. The
power also introduces considerable interferences and various types of
noise in the PLC. The combined effect is that when the PLC systems
cover longer distances the data rates are very low because of the
increased interferences and noises. If both longer distance and higher
data rates are required then this can be achieved by using a repeater
technique. Although, the use of repeaters helps in attaining both greater
distance and higher data rates simultaneously but it increases the cost.
This problem, however, can be countered by positioning the network
stations properly. The ideal case is that the stations are placed in such a
way that the PLC network gets divided into small network segments thus;
reducing the need of greater power and interferences/noise, therefore
each station can serve the purpose of repeater as well. But this
arrangement increases the complexity of the station and requires intense
and complex management for assigning time or frequency slot
allocations in the network. With the increase in the number of repeaters
the delay in the signal is increased because of the time being taken by
the repeaters. Therefore, it is recommended that the number of repeaters
in any network is limited.

There is a small change in the frequency response as the branch load
changes from 40 Q to 80 Q. In other hand an increase in the load results
and increase in the BER. However, by increasing the number of
branches in the network the effect of load reduces in the network. This is

because an increase in the number of branches results reduction in the
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impedance of the system due to the ability of having the large number of
impedance in parallel. Therefore, the effect of loads remains hidden in

such low impedance system.

An AWGN does not give a complete description of the noise on a power line
channel. The channel suffers from different forms of narrow-band interferences
and impulse noise. To study impulsive noise a few of the models available were
presented in the research work. The impulsive noise can significantly degrade
the performance of PLC systems. Hence, to provide the impairments in the
hostile channel, channel coding becomes important. Not many research has
been made to study the effect of Middleton class A noise on PLC systems. The
main research works have been discussed below;

In (Rahman & Majumder, 2012) performance improvement of a PLC is
investigated on the basis that noise is considered to be a non-white Gaussian
random process. The impulsive noise causes bit errors in the signal and is
considered to be time variant. It occurs for a short duration and randomly with a
high Power Spectral Density (PSD). To improve the effects of fading and the
impulsive noise on the signal, the OFDM modulation technique was used.
According to the simulation results, noise depended on time and frequency
which caused deterioration in system BER and the degradation was significant
at higher bandwidth and bit rates.

In (Wang, et al., 2012) the performance of the OFDM system for PLC systems
was analysed and the results were compared with a single carrier system. It
was demonstrated that under AWGN, the performance of the system remains
the same with or without OFDM because OFDM demodulation performs the

FFT, which is actually a linear process. The additive Gaussian noise is
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Gaussian distributed, even afterit goes through the linear FFT process. An
analysis was performed to study the influence of impulsive noise on the OFDM
system and it was found that the OFDM performs better than single carrier
modulation for the PLC in the presence of an impulsive noise as it is shown in

Figure.6.4.
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Figure.6.4. BER of OFDMW/64-QAM over power line and AWGN channel.

In (Al-Mawali, et al.,, 2012) an impulsive noise as one of the major challenges
which can cause serious problems in OFDM-based PLC system is investigated.
Techniques such as error correction code, time domain and time/frequency
domain are discussed to mitigate the effect of impulsive noise and enhance the
performance of PLC systems. The results showed that applying error correction
code had a performance that presents almost an outright elimination of
impulsive noise in the PLC.

Different types of noise interferences of electrical appliances degrade the

performance of PLC systems. Based on this, in the second part of this study
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work, research was made on the BER performance of a 16-QAM constellation
with OFDM in presence of Middleton Class A over a multipath PLC channel.
The Middleton’s model enables to study the noise characteristics of various
devices with an advantage of the model to be constructed as an equivalent to
real world noise source. To minimize the effect of the Middleton Class A noise
in PLC systems, Hamming code and OFDM are combined for this part of the
research study. The performance of OFDM is better than single carrier in the
presence of an impulsive noise due to the fact that OFDM scatter the effect of
impulsive noise over multiple symbols as a result of DFT operation. The cyclic
prefix reduces the effect of multipath by dividing the transmitted bit stream into
many different sub streams which are then sent over different sub channels.
The number of sub streams is chosen in such way that each sub channel has a
bandwidth less than the channel's coherence bandwidth so that the sub
channels experience relative flat fading. The data rate on each sub channel is
less than the total data rate and the bandwidth of the associated sub channel is
also lesser than the total system bandwidth. Hence the ISI on each sub channel
is of a small value. The sub channel saves a lot of bandwidth and
simultaneously achieves high data rates so it is not necessarily contiguous. The
results show that the Middleton class A noise has a higher BER in comparison
with AWGN. The simulation results of the combination of the hamming code
and OFDM on the PLC multipath channel show that, the data rate performance
improves in the presence of the Middleton class A noise.

Normally modulation and coding are two different and independent functions.
Coding is a digital function and modulation is an analogue function. However in

TCM they are combined together. TCM was originally proposed for
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transmission over AWGN channels, but later it was further developed for other
digital communication’s applications. It is capable of achieving a coding gain
without bandwidth expansion. However not adequate study has been made to
investigate the performance of TCM based on OFDM on PLC system in
presence of an Impulsive noise. TCM OFDM has been investigated in some
other digital communication system such as wireless and mobile communication
(Yanxia & Lei, 2006). The results from investigation in (Miyamato, et al., 1992)
on the optimum detection and the proposed model for the TCM under impulsive
noise environment show that TCM achieves better performance than the
uncoded. PLC channel based on TTCM has been designed, analysed and
implemented in various modulation techniques such as QAM, OFDM etc.
(Anushruti, et al.,, 2013). In (Liew & Ng, 2003) TTCM was used due to its
advantages such as higher frequency using rate, easier tolerance of phase
ambiguities, better trade-off between complexity and coding gain. TTCM is a
more recent proposed bandwidth efficient transmission method, with a similar
structure to the family of binary turbo codes and also distinguishing itself by
employing TCM schemes as component codes. Both the TCM and TTCM
schemes employed set partitioning based signal labelling, in order to increase
the minimum Euclidean distance between the encoded information bits (Liew &
Ng, 2003). A convolutional and TCM are considered with OFDM for a Rician
fading (Satellite) in (Anushruti, et al., 2013). The BER performance comparison
between these two showed that the TCM OFDM provides better performance

compared to the convolutional ones as itis illustrated in Figure.6.5.

In this research work study a TCM and rectangular 16-QAM TCM as a

convolutional code over multipath channel in presence of AWGN and Middleton
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class A noise is been designed in Matab/ Simulink and studied. Although the
TCM based on OFDM for PLC multipath channel in presence of impulsive noise
does not provide well performance in BER, but the simulation results proved
under carefully reconstruction and chosen algorithms for decoder section, a
rectangular 16-QAM TCM based on OFDM system can enhance the
performance over PLC channels. The simulation results show that at higher
values of SNR is advantageous to use rectangular 16-QAM TCM, because the

constellation points in 16-QAM results an increase in data rate and reduction in

error rate.
BER vs SHNR
OA T T T T T
—&— TCM
—*— Convolutional
)48 | ¥ + c " B T o —
0.48 T TP — Sr————
043 -
038 | -
o
(1]
o
033 [ i
028 [ N
023 [ M
1 1 1 1 1 L 1
0 2 4 B 8 10 12 14 16
SNR

Figure.6.5. BER v.s SNR comparison of TCM and Conwolutional (Anushruti, et al., 2013)
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Chapter 7

Conclusions and further research

The research provides a detailed overview of the progress and advancements
in PLC and the relevant parameters of the field. Data transmission has not yet
been possible in electric power grids because of a number of issues. However,
with advancements in technology, it has started to become a possibility. Power
lines are considered as a competition to xDSL telecommunication lines and
modems to provide internet access to the consumers whether residential or
commercial, LV and MV of the. The main advantage of PLC is that it does not
require any new wiring for the implementation of the system, therefore it is cost
effective.

In areas where DSL or cable modems cannot provide data transmission to
customers, and the fibre optic installation is expensive, the PLC system can be
an alternative to be used to provide internet to customers. PLC system can also
be used for narrowband applications such as an automation system and smart
metering. The development of PLC systems requires an adequate knowledge of
the power line channel characteristics. An investigation on PLC multipath
channel model in presence of an impulsive and background noise indicated the
suitability of MCM technique such as an OFDM over the power line channels.
OFDM provides high robustness against impulsive noise and minimizes the
effects of multipath by spreading it over multiple subcarriers. Therefore each of
the transmitted communication symbols are only affected by a fraction of the
impulsive noise. It is also observed that the BER for an impulsive noise is higher

than the background noise. Various channel coding techniques such as a
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hamming code, TCM and rectangular QAM TCM to enhance the data
transmission are applied to the multipath PLC model. It is been observed that
although TCM improves BER performance for AWGN, but they do not perform
well with an impulsive noise. The proposed rectangular QAM TCM model based
on OFDM with the help of puncturing technique and reconstructed Viterbi
decoder provides better BER rate. This is because the space between the
constellation points are not maximised with the advantage of easily

transmission and also demodulation.

7.1. Summary of the results

According to the literature review of the related work, there is an increase
interest in the PLC technology as an alternative for data transmission over
power lines. However, ML / LV power line channels were only designed for the
transmission and distribution of energy signal at 50/60 Hz, therefore they
present a harsh environment for the other type of data transmission. Attenuation
due to the line loss, impedance mismatch because of branches and loads, and
also the dynamics of the system effect the data transmission through a PLC and
change the topology of the system frequently.

In chapter two the PLC system and several parameters that affect the data
communication as well as some history and background of this system was
studied. It was illustrated that the quality of the power line channel varies in
time, depending on the length of the channel and various numbers of loads
connected to it. From this observation, it was obvious that in order to improve
the power transmission system and mitigate against the time varying adverse

properties of the channel, more advance communication approach is required.
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In chapter three the effect of the varying number of branches, load impedances
and the line lengths, between the transmitter and the receiver, on the
performance of the PLC system has been studied. The channel frequency
response for the LV European power distribution systems was investigated in
this chapter too. The frequency response indicates a multi-path transmission
which is as expected due to various branches present in the transmission path.
Multi-carrier transmission is therefore suitable scheme for data transmission
over such a system. The simulations generated for a power line channel
indicates that as the line length increases, there are rapid changes in the signal
phase response. This could perhaps cause unpredictable packet loss during the
transmission. Therefore, retransmission is necessary in order to guarantee the
service integrity. Although using repeaters can increase the cost, they are
necessary to achieve higher data rates in longer distances. The effect of loads
on the multipath PLC channel model was also studied. The results illustrated
that there no much change in the BER due to linear continuous variation of
load, particularly in systems containing a large number of branches. From the
simulation results it was also observed that an increase in the number of
branches results in an increase in BER.

Chapter four has begun with an introduction to an impulsive noise and different
types of this noise. A Middleton class A was chosen as the closest type of real
world noise introduced in the PLC system. The effect of variation in this type of
noise parameters was investigated. The second part of the chapter investigated
the new proposed model of combination of 16-QAM, Hamming code and OFDM
for PLC multipath channel. It was illustrated that BER for the Middleton class A

noise is higher than in the AWGN. The BER further deteriorates on increasing
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the level of the Middleton Class A noise, even while being injected into the PLC
channel at a lower rate. The results also illustrated that although applying
hamming code combined with an OFDM modulation improves the performance
of data transmission over power lines, it also results in increasing the
complexity of the system. The results of the Investigation introduced in this
chapter provide techniques to mitigate and reduce the effect of Middleton Class
A noise over the PLC channel.

In chapter five, a proposed model based on TCM/rectangular 16-QAM TCM and
OFDM under Middleton class A for the multipath PLC channel was investigated.
One of the great advantages of OFDM is to convert a wideband frequency
selective fading channel into a series of narrowband and frequency non-
selective fading sub-channels by using parallel and multicarrier transmission.
Although coding OFDM subcarriers sequentially by using TCM produce
improvements in the SNR, they do not perform well with Middleton class A
noise. The simulation results show that a rectangular 16-QAM TCM based on
OFDM provides better BER rate in comparison with the general TCM. The
advantage of applying higher order of M array QAM is to increase the number of
transmission bits per symbol which results in an increase in the data rate. The
drawback would be less resilient to noise and interference which needs further
investigation. Interleaving is very important in channel coding as they are
providing diversity in the time domain. Interleaving breaks the correlation and
enables the decoder to eliminate or reduce local fading. Use of puncturing
technique reduces the redundancy of the sequence to transmit by removing

some of the channel coded bits at the risk of deteriorating the BER
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performance, therefore the code rate increases in comparison with no

puncturing technique.

7.2. Suggestion for further Works

The future research for this PhD thesis can be extended on following areas:

(1) Investigate on effect of more than one branch at the same or different
node, with the different lengths and terminated loads on the frequency
response of the PLC channel.

(2) A detailed analysis on the effect of impulsive noise (Middleton Class A)
and AWGN on the OFDM system has been carried out in this research
study. Further analysis of some other types of noise and mixed noise
situations can possibly be made in the future.

(3) Applying a combined turbo code with TCM in the PLC system could also
be pursued as a research study. Presently, the TTCM encoder is
constructed as a concatenation of the TCM inner code and simple parity
check outer code by some researchers in the field. This encoder can be
constructed into further complex encoding scheme to provide higher
spectral efficiency and robust error correction ability.

(4) Investigation on applying higher M-Array QAM for rectangular QAM TCM
on the PLC system.

(5) Utilisation of various types of filters to mitigate the effect of noise and

enhance the data transmission in the PLC system.
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Appendices

Abstract: The performance of Power Line Communication (PLC) degrades due
to the presence of different types of noise interferences generated by electrical
appliances. This paper investigates the bit-error rate (BER) performance of a
higher-order 16-QAM constellation with orthogonal frequency multiplexing
modulation (OFDM) in presence of impulsive noise modelled as Middleton
Class A over a multipath PLC. It is observed that BER for the impulsive noise is
higher than the background noise. The BER further deteriorates on increasing
the level of the impulsive noise, even while being injected into the PLC channel
at a lower rate. Investigations would assist applying methods to mitigate and
reduce the effect of impulsive noise over PLC systems for higher constellations

with a view to increase the data rates.

Abstract: Due to the increasing importance of communication networking, the
Power Line (PL) channel has been considered as a good candidate for the
communication medium. Power Line Communications (PLC) term stands for the
technologies for the data communication over the electrical power supply
network. The PL channels were not designed to transmit high speed data;
therefore they exhibit hostile medium for communication signal transmission.
There are many factors such as noises, attenuation, distance and etc. affecting
the quality of the transmission over PL channels. This paper presents PL model
in the first sections of the work. Then it covers the security assessment of the
PL system in the Supervisory Control and Data Acquisition (SCADA) context.

Abstract: Broadband power line (BPL) data transmission deals with transfer of
data via the existing power line systems and is a fast emerging technology. The
main advantage of BPL is being able to use the existing power line
infrastructure, thereby reducing the cost. However, power line systems were not
designed for high-speed data transmission as they consist of various branches
and power line elements such as bridges, taps, transformers and capacitor
banks. Therefore, the power line transmission medium not only introduces

noise but is also adverse to high-speed data transfer in terms of the channel
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bandwidth. In this paper a power line channel has been modelled using Matlab
and the effects of variations in the direct length, branch length and branch load
on the channel frequency response are investigated. Simulations indicate

suitability of multi-carrier transmission over the power line channels.

Abstract: Broadband power line (BPL) communication systems are fast
emerging as the cost-effective alternative to the broadband access networks.
The main advantage of a BPL system is to use the existing infrastructure of
power line networks resulting in savings and providing data network services to
customers in areas without access to wired cable modems. Power line channels
present a harsh environment for high frequency data transmission. The high
frequency signal undergoes attenuation due to line loss and impedance
mismatches because of branches and loads. In order to develop BPL
communication systems, accurate estimation of the channel parameters such
as capacity, noise susceptibility and the channel frequency response are
required. In this paper the current research is reviewed, followed by outlining
the challenges faced for high-speed data transfer over power lines and the way
ahead for areas of future research in UK with respect to design of BPL

communication systems is given.

Abstract: Broadband over power line grid called Broadband Power Line (BPL)
communication that provides internet access over any ordinary power line. A
laptop or any other computing device can be plugged into any power outlet (by
use of BPL modem) in building to get access to high speed internet. The main
advantage of use of BPL system over power line is to utilize the existing
infrastructure of power line networks. This means great savings in wiring (cost-
effective) and providing internet to customers in rural area where cannot receive
cable modem or any other internet services. However, power-line systems are
not designed for transferring data signal. In this paper different issue facing
channel properties of BPL system will be discussed. There are some factors
influencing transfer function of BPL system. The main focus of this study is to
assess the effects of varying the branch’s length. The success of this research
would be a great forward step towards implementation of BPL system. The

Integrated Development Environment (IDE) used inthis study is MATLAB.
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MATLab codes:

oe

Multi path PLC channel Code
No.of branch: 1
Variaion of load of the branch

o° oo

clear all;

$***Define Constants//
ao=0;
al=8+*(1/(10"10));

k=1;

711=50;

712=711;

Z13=70;

Zzd=1000000;
Vc=2.99*(10"8);
Vp=0.6*Vc;
L1=50;L2=50;L31=[10:100];
%****End

$***Wieghting Factor

r1B=(((212*Z13)/(212+213))-211)/(((212*Z13)/(212+Z13))+211);
r3D=1%(2d-211)/ (zd+z11) ;
r3B=(((Z212*211)/(Z12+211))-213)/(212*211)/((212+211)+2Z13);
tl1B=1-abs (rlB);
t3B=1-abs (r3B);
gl(l)=tl1lB;gl(2)=tlB*r3D*t3B;%g (i) is the i value of g array.
for x=1:length(L31);

L3=L31 (X);
dl(1)=L1+L2;d1(2)=L1+L2+2*L3;
N=2;

$N=[3 4 5 6 7 8 9 10];%Cannot have a value < 3;

for i=1l:length(N);

g2 (1)=tlB*r3D* ((r3B*r3D) "~ (N(i)-2))*t3B;
d2 (1)=L1+2* (N(i)-1)*L3+L2;

end;

g=[gl g2];

d=[dl d2];

$***End

$**Main Multipath Equation Implement
£1=0:1000000/2:30000*1000;

for n=1l:length(fl);

f=f1(n);

for i=1l:1length(g);

S(1)=g (i) *exp (- (aotal* (£*k)*d(i))) *exp (-
(§J*2*pi)*£*(d (i) /Vp)) ;%Equation for f=1;
end;

H1 (n)=sum(S) ;

H2 (n)=abs (H1 (n)) ;

H3(n)=20*1ogl0(H2 (n));

end;

h=impz (H2);%find impulse response
H4 (x, :)=H3;

end;

figure (2);
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surf (H4) ;

hold on;

$fvtool (freqgz (H2)) ;
$figure(l) ;plot (f1,H3,"'-*r");
$figure(2) ;plot (h);

% figure (3); freqz (H2);

oo

% **%%* IMPULSIVE NOISE ***x%%

$***Impulsive Noise Production Using Middleton Class A Method ***
%% Data reception

m = 10 ; %input ('Please enter the number of noise producer divice(s)
:\n') ;

A = 10 ; %input('Please enter the value of A :\n' ) ;

Rho = 0.001; %input ( ' Please eneter the value of Rho :\n');

sigma = 1; %$input ('Please enter the value of sigma :\n' ) ;

%% Calculatons

NO = 2 * (sigma”™2) ;

nn=( (numel (cext data)))/2 ;
for i=0:nn ;

for j=1:m ;

temp(j) exp (-

A) *( /(fa orlal( ) *P1i*N0) ) * ( (A* (Rho+1))/ (J+ (A*Rho) ) ) *exp (-
(A (1+Rh0)*( s (i )/ ((3+ (A*Rho) ) *NO) ) ;

end

P(i+1) = sum(temp)+ (exp(-A)*((1+Rho)/ (Rho*pi*N0)) *exp (-
((1+Rho) * (abs (i) ~2)) /Rho*NO0) ) ;
end

o

% these following 3 lines make a cocurrent matrix for impulsive noise
Impulsive Noise—ones(l n);

Impulsive N01se( )y /2) (end:-1:2);

Impulsive Noise ( /2 +l.l.end)— (l:end-1) ;

%% Plotting the results
figure (6)
title('Impulsive Noise')
plot(0:1:nn,P,"'-*")

hold on
plot(0:-1:-nn,P,'-*")
grid on
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