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The realization of robust, reliable and efficient data transmission have been the theme of
recent research, most importantly in real channel such as the noisy, fading prone power
line communication (PLC) channel. The focus is to exploit old techniques or create new
techniques capable of improving the transmission reliability and also increasing the trans-
mission capacity of the real communication channels. Multi-carrier modulation scheme such
as Orthogonal Frequency Division Multiplexing (OFDM) utilizing conventional single-carrier
modulation is developed to facilitate a robust data transmission, increasing transmission ca-

pacity (efficient bandwidth usage) and further reducing design complexity in PLC systems.

On the contrary, the reliability of data transmission is subjected to several inhibiting factors
as a result of the varying nature of the PLC channel. These inhibiting factors include noise,
perturbation and disturbances. Contrary to the Additive White Gaussian noise (AWGN)
model often assumed in several communication systems, this noise model fails to capture
the attributes of noise encountered on the PLC channel. This is because periodic noise or
random noise pulses injected by power electronic appliances on the network is a deviation
from the AWGN. The nature of the noise is categorized as non-white non-Gaussian and
unstable due to its impulsive attributes, thus, it is labeled as Non-additive White Gaussian
Noise (NAWGN). These noise and disturbances results into long burst errors that corrupts

signals being transmitted, thus, the PLC is labeled as a horrible or burst error channel.

ii


University Web Site URL Here (include http://)
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)

111

The efficient and optimal performance of a conventional linear receiver in the white Gaussian
noise environment can therefore be made to drastically degrade in this NAWGN environ-
ment. Therefore, transmission reliability in such environment can be greatly enhanced if we
know and exploit the knowledge of the channel’s statistical attributes, thus, the need for
developing statistical channel model based on empirical data. In this thesis, attention is
focused on developing a reconfigurable software defined un-coded single-carrier and multi-
carrier PLC transceiver as a tool for realizing an optimized channel model for the narrowband
PLC (NB-PLC) channel.

First, a novel reconfigurable software defined un-coded single-carrier and multi-carrier PL.C
transceiver is developed for real-time NB-PLC transmission. The transceivers can be adapted
to implement different waveforms for several real-time scenarios and performance evalua-
tion. Due to the varying noise parameters obtained from country to country as a result of
the dependence of noise impairment on mains voltages, topology of power line, place and
time, the developed transceivers is capable of facilitating constant measurement campaigns
to capture these varying noise parameters before statistical and mathematically inclined

channel models are derived.

Furthermore, the single-carrier (Binary Phase Shift Keying (BPSK), Differential BPSK
(DBPSK), Quadrature Phase Shift Keying (QPSK) and Differential QPSK (DQPSK)) PLC
transceiver system developed is used to facilitate a First-Order semi-hidden Fritchman
Markov modeling (SHFMM) of the NB-PLC channel utilizing the efficient iterative Baum-
Welch algorithm (BWA) for parameter estimation. The performance of each modulation
scheme is evaluated in a mildly and heavily disturbed scenarios for both residential and
laboratory site considered. The First-Order estimated error statistics of the realized First-
Order SHFMM have been analytically validated in terms of performance metrics such as:
log-likelihood ratio (LLR), error-free run distribution (EFRD), error probabilities, mean
square error (MSE) and Chi-square (x?) test. The reliability of the model results is also
confirmed by an excellent match between the empirically obtained error sequence and the

SHFMM regenerated error sequence as shown by the error-free run distribution plot.

This thesis also reports a novel development of a low cost, low complexity Frequency-shift
keying (FSK) - On-off keying (OOK) in-house hybrid PLC and VLC system. The function-
ality of this hybrid PLC-VLC transceiver system was ascertained at both residential and
laboratory site at three different times of the day: morning, afternoon and evening. A First
and Second-Order SHFMM of the hybrid system is realized. The error statistics of the re-
alized First and Second-Order SHFMMs have been analytically validated in terms of LLR,
EFRD, error probabilities, MSE and Chi-square (x?). The Second-Order SHFMMs have
also been analytically validated to be superior to the First-Order SHFMMSs although at the
expense of added computational complexity. The reliability of both First and Second-Order
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SHFMM results is confirmed by an excellent match between the empirical error sequences

and SHFMM re-generated error sequences as shown by the EFRD plot.

In addition, the multi-carrier (QPSK-OFDM, Differential QPSK (DQPSK)-OFDM) and
Differential 8-PSK (D8PSK)-OFDM) PLC transceiver system developed is used to facilitate
a First and Second-Order modeling of the NB-PLC system using the SHFMM and BWA
for parameter estimation. The performance of each OFDM modulation scheme in evaluated
and compared taking into consideration the mildly and heavily disturbed noise scenarios
for the two measurement sites considered. The estimated error statistics of the realized
SHFMDMs have been analytically validated in terms of LLR, EFRD, error probabilities, MSE
and Chi-square (x?) test. The estimated Second-Order SHFMMs have been analytically
validated to be outperform the First-Order SHFMMs although with added computational
complexity. The reliability of the models is confirmed by an excellent match between the
empirical data and SHFMM generated data as shown by the EFRD plot.

The statistical models obtained using Baum-Welch to adjust the parameters of the adopted
SHFMM are often locally maximized. To solve this problem, a novel Metropolis-Hastings
algorithm, a Bayesian inference approach based on Markov Chain Monte Carlo (MCMC)
is developed to optimize the parameters of the adopted SHFMM. The algorithm is used to
optimize the model results obtained from the single-carrier and multi-carrier PLC systems
as well as that of the hybrid PLC-VLC system. Consequently, as deduced from the results,
the models obtained utilizing the novel Metropolis-Hastings algorithm are more precise, near

optimal model with parameter sets that are closer to the global maxima.

Generally, the model results obtained in this thesis are relevant in enhancing transmission
reliability on the PLC channel through the use of the models to improve the adopted mod-
ulation schemes, create adaptive modulation techniques, develop and evaluate forward error
correction (FEC) codes such as a concatenation of Reed-Solomon and Permutation codes and
other robust codes suitable for exploiting and mitigating noise impairments encountered on
the low voltage NB-PLC channel. Furthermore, the reconfigurable software defined NB-PLC
transceiver test-bed developed can be utilized for future measurement campaign as well as

adapted for multiple-input and multiple-output (MIMO) PLC applications.
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CHAPTER 1

Introduction

In recent times, the indoor low voltage power line has received significant research interest as
an alternative medium of data transmission, mostly for smart home, home inter-networking
and other data communication applications. Power line communication technology offers a
cost effective means of data transmission especially in the home environment, as it utilizes
the existing ubiquitous power line network (PLN). Therefore, saving cost of new cabling as

existing power ports serve as transmit and receive ports (a plug and play scenario).

Data transmission on the PLC channel is subjected to power and frequency limitations
communication engineers must adhere to as stipulated by the European regulatory body for
narrowband PLC applications [1]. This is on account of the fact that PLNs were not originally
conceptualized for its recent use for data communication, hence, the network acts as an
antenna radiating some high frequency signals, thus interfering with other communication
systems operating at such frequencies. Such standard includes the CENELEC standard [1]
for narrowband PLC application in the 9 - 148.5 kHz spectrum and IEEE P1901.2 standard
governing the use of narrowband spectrum below 500 kHz for smart grid applications [2]. The
CENELEC standard defines the maximum allowable peak voltage at 9 kHz and 95 kHz
(CENELEC A band) to be 5 V and 1 V respectively, while stipulating a maximum of 0.63
V for the 95-148.5 kHz (CENELEC B, C and D) frequency spectrum [1, 3, 4].

PLC technology generally operates in a hostile environment inherited from the PLN. This
is as a result of the intrinsic attributes of the PLN itself and that of the power electronic
appliances connected onto the network, hence, uncoordinated switching “on” and “off” of
these appliances introduce noise harmonics (background, impulse and narrowband noise)
as well as electromagnetic interference. Consequently, these noise impairments result into
burst errors at the receiver, thus inhibiting reliable data transmission and leading to system
performance degradation [5, 6]. Unlike the Additive White Gaussian noise (AWGN) model
assumed for most communication systems, this noise model fails to capture the properties

of noise encountered on the PLC channel. This is because periodic noise or random noise

1
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pulses injected by power electronic appliances onto the network is a deviation from the
AWGN model. These noise type are categorized as non-white, non-Gaussian and unstable
due to its impulsive attributes, therefore, it is labeled as Non-additive White Gaussian
Noise (NAWGN). The efficient and optimal performance of a conventional linear receiver
in the white Gaussian noise environment can thus be made to drastically degrade in this
NAWGN environment of the PLC channel. Therefore, communication performance in such
non-Gaussian noise/impulsive channels could be greatly enhanced if we know and exploit
the knowledge of the channels statistical attributes, hence, the need for an experimentally

based statistical channel model.

Due to the varying noise parameters obtained from country to country, based on the fact that
noise impairments are dependent on mains voltages, topology of power line, place and time,
there is need for constant measurement campaigns before statistical mathematical models

are derived.

Due to the noisy and unstable nature of the PLC channel, an ideal scenario would have
been transmission of signals at high power or at selected frequencies devoid of noise, per-
turbation and interference associated with the NB-PLC channel. However, based on power
and frequency restrictions enforced by regulatory bodies, it is vital to implement robust
and flexible transceiver design based on these restrictions. The degradation in performance
over NB-PLC systems is majorly caused by multipath-induced dispersion and impulse noise
[7, 8]. Impulse noise (IN) poses as the most difficult noise impairment and the major cause of
burst errors on the NB-PLC channel as a result of its high power spectral density (PSD) [6],
though transient in nature, it could affect significant or all part of the frequency spectrum

at a specific duration [9].

PLC-G3 and PRIME PLC standards [10-12] have established OFDM, a multi-carrier digi-
tal modulation system to be more robust against frequency disturbance, impulse noise and
frequency selective fading when compared to M-ary frequency shift keying (M-FSK) modu-
lation and other single carrier modulation systems [4, 13, 14]. This is due to attribute of the

OFDM in spreading the noise energy over the available sub-carriers [15], hence, the choice

of PLC-G3 standard in this thesis.

Therefore, efficient, flexible and reliable channel models are thus valuable to developing and
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evaluating robust modulation schemes (preferably multi-carrier) and forward error correct-
ing codes capable of exploiting or mitigating noise and fading on the low voltage NB-PLC
channel. Graphical models such as semi-hidden Markov models (SHMMs) offer a powerful,
universal framework for formulating statistical models of communication channel problems
(such as noise, perturbation and interference). However, the formulation of SHMMs is only

practicable if combined with efficient algorithms for learning and inference.

One of the classical models for channel modeling is based on Markov chains, where each
state is linked to a peculiar channel status. Existing Markov chain models postulated the
number of states, as well as their associated distribution which are based on the channel
status (error-free state and error state) and other physical considerations such as the envi-
ronment (rural or urban, residential or industrial sites etc.). Training algorithms are then
used to adjust and estimate the SHMM parameters such as the state transition probability
matrix and error distributions (error-free run distribution and error distribution) based on
experimental measurement or simulations. Fritchman [16] have proposed a mathematically
inclined graphical model based on SHMM for noise modeling in channels with fading and
long burst errors (such as the PLC channel), and several investigations have been carried out
to ascertain that this channel model have fitted the experimental measurement [17-19]. The
major problems of this SHMMs is probability evaluation and learning or parameter estima-
tion, which have been solved over the years by well-known Maximum likelihood estimation
(MLE) or Expectation Maximization (EM) algorithm like the Baum-Welch algorithm em-
ployed in several literatures, [18], [20], [21]. Gradient method is another parameter estimation

method as applied in [17] to digital mobile radio channels.

In this thesis, the development of a novel reconfigurable software-defined un-coded single
carrier and multi-carrier (OFDM) transceiver systems for the NB-PLC channel transmis-
sion and modeling is undertaken. This implementation took into consideration flexibility of
the transceiver systems for possible modulation upgrade and/or addition of forward error
correction (FEC) scheme for the improvement of the overall system performance. This is
achieved by making use of the universal software radio peripheral (USRP) for a reconfig-
urable software-based or advanced software programmable modulation. Figure 1.1 shows a

typical architecture of a software-defined radio (SDR) and hardware defined radio system.

This figure illustrates communication elements that are implemented in the hardware and
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Software Radio Domain

Hardware Radio Domain —l

Application Layer

TCP/IP Layer

Software Domain

Link Management

Framing

Mac Layer —>|

Scheduling

Software Domain

Forward Error
Correction

Multiplexer

Modem

Hardware Domain

Digital Tuner

Physical Layer

Analog Digital
Converter

Tuner/Filter/
Amplifiers

Hardware
Domain

FIGURE 1.1: Basic software-defined radio vs. hardware-defined radio architecture.

software domain of the hardware and software-defined radios. The use of software-defined
approach in this project is as a result of the advantages it offers such as: reconfigurability,
interoperability, efficient use of resources under varying conditions, reduced obsolescence
(future proofed) and lower cost, as most communication elements often implemented in

hardware are now implemented in software realm.

Moreover, a First and Second-Order semi-hidden Fritchman model (SHFMM) is utilized to
model the NB-PLC channel. Unlike simulation-based NB-PLC transmission often recorded in
literature, empirical data (error sequences) are obtained based on real-time PLC transmission
at the two measurement sites (residential and laboratory), taking into consideration the
single-carrier and multi-carrier system, as well as the two distinct noise scenarios (mildly
and heavily disturbed). Parameter estimation of the SHFMM model parameters is obtained
using the First and Second-Order iterative BWA to train the model utilizing the empirical
data as training data and assumed initial SHFMM parameters as the input. Precise statistical
channel models that depict the NB-PLC channel is realized, validated and can be used to
exploit and mitigate NB-PLC noise through robust modulation design, FEC design and
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performance evaluation as the resulting models furnishes us with information about the

error distribution on the NB-PLC channel.

A novel Metropolis-Hastings algorithm is also developed based on MCMC technique for
Bayesian inference analysis and further utilized in optimizing model results obtained for both
the single-carrier and multi-carrier systems. Resultant models obtained from the Metropolis-
Hastings algorithm are near optimal model results with rich parameter sets guaranteed to be
closer to the global maxima as opposed to locally maximized model results obtained based

on BWA trained models.

Furthermore, this thesis also realizes a novel implementation of a low complexity Frequency-
shift keying (FSK)-On-off keying (OOK) hybrid PLC and VLC transceiver system. The
functionality and performance of the integrated PLC-VLC transceiver system is ascertained,
empirical data (error sequences) are obtained based on real-time transmission at both in-
house residential and laboratory site at three different times of the day. A First and Second-
Order SHFMM is realized for the integrated system. Parameter estimation of the SHFMM
model is obtained using the First and Second-Order iterative BWA to train the models
utilizing the empirical data assumed and initial SHFMM parameters. The most probable
parameter that depicts the empirical data are obtained and validated and further optimized

for near optimal models using the Metropolis-Hastings algorithm.

1.1 Problem Statement/Motivation

The performance of several digital communication systems in the presence of AWGN has
oftentimes been employed as a benchmark test in several studies over the years. On the
contrary, NB-PLC channel is a principal example of a real channel where non-AWGN is
predominant. In reality, the NB-PLC channel is a very harsh channel where the unusual mix
of noise comprises, the permanent frequency disturbance and impulse noise, of which the

major cause of burst error is the impulse noise.

There is a global consensus that OFDM, a digital multi-carrier modulation technique is the
most appropriate for PLC channel in general. Furthermore, it should be noted that OFDM is

also a modulation of choice in several other digital communication systems such as, wireless



Chapter 1. Introduction 6

communications network, digital television and audio broadcasting and 4G mobile communi-
cations. Thus, several inexpensive OFDM-based NB-PLC modem (hardware and chip sets)
have become extensively accessible. Despite the availability of NB-PLC modems such as
MAX2990, ST7590 and Cool Phoenix 2 (CPX2), the major problems of this on-board chip
is, it lacks flexibility. This is peculiar to modems with application specific integrated circuits
(ASICs), which are incapable of supporting multiple robust adaptive modulations and/or
other robust FEC techniques. Assessment of new communication protocols may be expen-
sive if these on-board ASICs are to be used for evaluation. Likewise, extensive alterations in
the physical layer operation and transmit power of these modems is a difficult task as there

is need for changes in the hardware architecture and hardware configuration respectively.

Due to the unstable nature of the PLC channel, constant measurement campaigns are needed
from time to time before precise mathematical-based statistical model are obtained. This
is due to varying noise parameters obtained from country to country, as a result of the
dependence of noise impairments on mains voltages, topology of power line, place and
time. Therefore, it is crucial to develop a flexible, reconfigurable, upgradable and reusable
software-defined NB-PLC transceiver systems to cater for the demand of the ever-changing
PLC channel at all time. This flexibility will help communication engineers to observe and
ascertain the presumed robustness of adaptive modulation and FEC codes to exploit and

mitigate noise on the unfriendly NB-PLC channel.

Obtaining globally maximized model parameters based on the use of BWA algorithms for
training SHMM is a major challenge in the use of SHMM to model burst error channels like
the NB-PLC channel. This is as a result of random initial parameters often chosen as input to
the BWA algorithms. A solution to this problem is the use of Metropolis-Hastings algorithm,
an MCMC technique based on Bayesian inference to optimize the model parameters and
obtain near optimal models with rich parameter sets guaranteed to be close to the global

maxima.
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1.2 Research Questions

B Are reconfigurable software-defined NB-PLC transceiver system practically achievable
to cater for the demands of the unstable and harsh NB-PLC channel to achieve im-

proved data transmission without making architectural changes to the hardware?

m Are multi-carrier modulations (OFDM) more robust against the NB-PLC channel
harshness than the single-carrier modulations on a real PLC channel in the presence

of similar interference scenarios?

m Do SHMMs based on maximum likelihood estimation technique yield precise statistical

channel models that are precise and statistically depicts measured data?

m Can we analytically validate that a Second-Order SHMM for the NB-PLC channel

gives a better and more precise channel model than its First-Order counterpart?

m Can Metropolis-Hastings algorithm based on Markov Chain Monte Carlo technique
for Bayesian inference aid the improvement of our MLE obtained models to obtain
near-optimal, precise channel model with rich parameter sets guaranteed to be close

to the global maxima?

This thesis is thus designed to answer these questions through a practical implementation of
a reconfigurable software-defined un-coded single-carrier and multi-carrier (OFDM) NB-PLC
transceiver systems for real-time NB-PLC transmission and channel modeling. The use of the
universal software radio peripheral (USRP) originally intended for wireless radio frequency
applications allows us to achieve a flexible, reconfigurable, upgradable and reusable NB-PLC
transceiver system as majority of the digital signal processing (DSP) task is performed in
the software domain. This includes adjustment in modulation technique; transmit power
and frequency and other parameters. One important thing to note and that has been dealt
with in details in this research, is that the use of the USRP requires adapting it for PLC

transmission by designing a coupling circuit used to couple signals onto the channel.

1.3 Research Hypothesis

The key research hypothesis for our research in order to answer our research questions is

highlighted as follows:
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1. Practical measurement and experimentally based channel models offers a more precise

channel model than simulation based modeling.

2. Semi-Hidden Markov model combined with efficient Baum-Welch algorithm gives a
precise channel model that are statistically equivalent to the measured experimental

data.

3. A Second-Order Semi-Hidden Markov model for the NB-PLC channel will outperform

and give a more precise model than its First-Order counterpart.

4. Metropolis-Hastings algorithm, a Markov Chain Monte Carlo technique based on
Bayesian inference approach will improve the SHMM parameter sets and guarantee

the realization of parameters sets that are globally maximized for near optimal models.

1.4 Research Aim and Objectives

The development of robust, flexible and reconfigurable software-defined transceiver systems
to achieve reliable transmission on burst error and fading affected non-AWGN channels is
becoming paramount for communication engineers. Likewise, the realization of precise and
near-optimal statistical channel models that depicts empirical data is also of vital impor-
tance. In this regard, this study is aimed at developing a reconfigurable software-defined
un-coded single carrier and multi-carrier (OFDM) modulation transceiver systems for the
evaluation of different modulation schemes (single and multi-carrier) on the in-house res-
idential and laboratory NB-PLC channel, as well as realize precise channel models that
depicts the NB-PLC channel based on maximum likelihood estimation technique and the
Metropolis-Hastings MCMC Bayesian inference technique. To achieve the aim of this study,

the following research objectives are emphasized.

1. To develop an efficient coupling circuit (a bandpass filter) based on differential mode
and capacitive coupling recommended for low voltage power line transmission, as the
coupling circuit plays an important role of coupling signals onto the PLC network as
well as providing galvanic isolation between the power line and both transmit and

receive USRP.
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2. To develop a novel reconfigurable software-defined un-coded single carrier and multi-
carrier (OFDM) modulation NB-PLC transceiver systems using USRPs, aimed at
achieving a flexible, reconfigurable, upgradable and reusable NB-PLC transceiver sys-

tem and test-bed for future channel measurements.

3. To develop a novel low complexity Frequency-shift keying (FSK)-On-off keying (OOK)
hybrid PLC-VLC transceiver system test-bed and realize a statistical channel model

for the hybrid system.

4. To carry out real-time transmission and obtain empirical data (error sequences) with
test-beds in (2) and (3) in a residential and laboratory in-house site taking into con-
sideration two distinct noise scenarios, “mildly disturbed” and “heavily disturbed” for

modeling purposes.

5. To develop a First and Second-Order Baum-Welch algorithm based on maximum like-
lihood estimation technique for parameter estimation of the NB-PLC channel model
and the hybrid PLC/VLC channel model. Channel models are then obtained using

empirical data obtained in (4).

6. To validate and analyze models obtained in (5) using metrics such as: log-likelihood
ratio, error-free run distribution, Chi-Squared test and Mean Square Error to ascertain

the precision of the models.

7. To develop a novel Metropolis-Hastings algorithm based on Markov Chain Monte
Carlo technique to improve the maximum likelihood estimated models obtained in (5)

in order to obtain a near-optimal and precise channel models with rich parameter sets.

1.5 Research Approach

Having carefully analyzed the focal points and scope of this research, the following procedures

were utilized in order to achieve the main objectives of the research spelt out in Section 1.4.

m Literature and technical background review: A concise but extensive technical
review and technical background of related resources through consultation of published

journals, conferences, books and websites is presented.
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m Hardware set-up and Software installation: Here, set-up of the several hardware
used in this research was done. The correct daughterboards low frequency transmitter
(LFTX) and low frequency receiver (LFRX) appropriate for the narrowband PLC
frequencies were installed on the two USRP hardware. The correct firmware and Field
Programmable Gate Array (FPGA) images were also loaded onto the USRP. Matlab
software was installed and the Matlab and Simulink communications systems toolbox
support package for the USRPs (SDRU) were installed on the host transmitting and
receiving PCs. Furthermore, a low complexity Frequency-shift keying (FSK)-On-off
keying (OOK) hybrid PLC and VLC transceiver system is developed.

m Configuration: The transceiver (LFTX and LFRX USRP) were configured with
Matlab to communicate with the host transmitter and receiver PCs together with the

appropriate parameters in readiness for NB-PLC transmission.

m Modification: Since the USRP was originally conceptualized for radio frequency com-
munication, an interface is needed to adapt it to the PLC channel, hence, a narrowband
transmitting and receiving differential mode capacitive bandpass filter (coupling cir-
cuit) was designed and implemented to couple and decouple the signal to and from

the PLC channel respectively in real-time.

m Testing stage: The implemented NB-PLC transceiver was used to transmit and re-
ceive on the PLC channel using the developed single-carrier and multi-carrier (OFDM)
transceiver system. Proper coupling is ascertained and performance evaluation of the
implemented single-carrier and OFDM transceiver scheme is done. The test-beds were
employed at both residential and laboratory in-house site taking into consideration
two distinct noise scenarios “mildly disturbed” and “heavily disturbed”. Moreover,
the implemented hybrid PLC-VLC system was also used to transmit and receive at

different times of the day at both measurement sites.

B Measurement stage: Measurement and generation of empirical data for each mod-
ulation scheme was carried out at both measurement sites for the two distinct noise

scenarios considered for modeling purposes.

m Modeling and analysis: After the implementation of the training algorithm (BWA
algorithm) considered in this work, the empirical data obtained were utilized for

channel modeling to obtain precise mathematically-inclined channel model using the
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SHFMM and BWA algorithm. A Metropolis-Hastings algorithm, a MCMC technique
based on Bayesian inference approach is used to improve the obtained modeling re-
sults for a near-optimal and precise channel models. Analysis of the obtained modeling

results is then carried out.

1.6 Research Relevance and Application

Despite the availability of several inexpensive OFDM-based NB-PLC modems, these modems
are built with application specific integrated circuits (ASICs) which reduces its flexibility in
adapting to other scenarios different from that which it was configured. Hence, extensive
alterations to meet the demand of the ever changing and varying NB-PLC channel will re-
quire hardware architectural changes. On the contrary, the developed flexible, reconfigurable,
upgradable and reusable software-defined NB-PLC transceiver systems has the capability of
been adapted to other modulation techniques and also allows the addition of FEC codes to
mitigate noise on the harsh channel without the need for hardware changes or alteration. This
test-bed can be used for constant measurement campaign required on the PLC channel and
can also be adapted for Multiple-Input and Multiple-Output PLC (MIMO PLC) and hybrid
PLC/VLC transceiver.

Moreover, the developed hybrid PLC-VLC system test-bed helps in realizing the underlying
gain achievable by leveraging the existing ubiquitous PLN infrastructure to render con-
nectivity, while exploiting the illumination system of power saving Light Emitting Diodes
(LEDs) for wireless data transmission. The ubiquitous attribute of the two communication
systems allows VLC to provide a good complementary wireless data transmission technology
to the existing in-house PLC in a similar manner broad-band Ethernet connection enjoys

the support of Wi-Fi.

Furthermore, the relevance of the realized precise and near-optimal statistical channel models

are highlighted as follows:

(a) The realized precise near-optimal channel models can be used an effective link adap-

tation as well as efficient fading compensation on the NB-PLC channel.
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(b)

1.7

Channel measurement and modeling of the NB-PLC channel furnishes us with infor-
mation about the severity of the burst errors that exist on the channel in real-time and
from location to location considering different noise scenarios. It also allows us to know
the impact of noise introduced by power electronics appliance on the high frequency

signals transmitted on the channel, although this is not included in this study.

The channel models give us statistical information about the channel impairments
such as, error-free run distribution and error probability. The error-free run distribu-
tion (EFRD) denoted by Pr(0™|1) implies the probability of m consecutive error-free
transmissions that could possibly occur after transitioning from an error transmission.
In other words, this gives how errors are distributed on the channel, which will help
inform the choice of FEC code to use to exploit and mitigate noise impairments on

the channel, as each FEC codes has its own error correcting capability.

The above mentioned statistical information including: the state transition proba-
bilities, EFRDs are useful in the design and evaluation of the performance of multi-
carrier modulation schemes and FEC codes in order to optimize the performance of
the NB-PLC transceiver system. Consequently, this reduces performance degradation

and guarantees reliable communication on the harsh PLC channel.

The evaluation above can then be used in optimizing and enhancing of the overall PLC
transceiver system design to mitigate the unpleasant effect noise impairments have on

high frequency signals transmission on the power line channel.

Research Contributions

This research contributes the following:

m Development of a novel reconfigurable software-defined PLC transceiver using USRP, a

range of software defined radio. The developed system offers flexibility, interoperability,
reconfigurability and the capability to be utilized to implement different waveforms

for several real-time scenarios and performance analysis.

m Development of a novel low cost hybrid PLC/VLC to achieve a good complementary

wireless data transmission technology in tandem with the existing In-House PLC in
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a similar manner broad-band Ethernet connection enjoys the support of Wi-Fi. The
realized hybrid system offers both illumination and data communication capabilities
with the intent of upgrading to a more robust OFDM based hybrid PLC-VLC system
as well as a software-defined hybrid PLC-VLC system.

m Development of a Second-Order SHFMM and analytical validation of the superiority of
the Second-Order SHFMM over the First-Order SHFMM in modeling NB-PLC channel
based on empirical data as opposed to simulation based modeling often reported in

literatures.

® A novel development of a Metropolis-Hastings algorithm for SHFMM parameter opti-
mization in order to obtain an optimized parameter set guaranteed to be near-optimal
and globally maximized as opposed to locally maximized parameter sets obtained using

only maximum likelihood estimation technique.

1.8 Thesis Organization

This thesis comprises of nine chapters. Chapter 1 gives an a brief introductory background of
power line communication; problem statement/motivation; research questions; hypothesis;
aims and objectives; research approach; research relevance and application; and lastly the
thesis organization. From the findings of this research work, Chapters 5-6 are arranged
as published and accepted peer-reviewed conference publications, while Chapter 7-8 are
arranged as submitted for publication in a peer-reviewed journal publication. In conclusion,
Chapter 9 summarizes the study with regards to modeling results and analysis of work
presented in Chapters 5-8 of this thesis. Furthermore, research contributions are highlighted
and recommendations for possible future research are stated. The synopsis of Chapter 2-8

are presented as follows.

In Chapter 2, background details and review of power line communications and visible light
communications are presented. A concise but detailed literature on PLC channel charac-
teristic, narrowband PLC historical overview, standards, PLC channel modeling and noise
classification is well documented. Furthermore, single-carrier and multi-carrier modulations
globally accepted as the modulation of choice for narrowband PLC applications is also pre-

sented.
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In Chapter 3, a review of background details for Maximum Likelihood Estimation and
Bayesian Inference Machine Learning algorithms for Semi-Hidden Fritchman Markov model
parameter estimation is undertaken. Baum-Welch algorithm, the most popular expectation
maximization or maximum likelihood estimation algorithm for parameterizing SHFMMs is
discussed. In addition, Metropolis-Hastings algorithm, a Bayesian inference statistical algo-
rithm based on Markov Chain Monte Carlo technique is presented as well as a literature

review of its uniqueness in helping to realize near-optimal models with rich parameter sets.

In Chapter 4, detailed design and implementation of the coupling circuit, the reconfigurable
software-defined un-coded single carrier and multi-carrier (OFDM) modulation NB-PLC
transceiver systems using USRPs is well documented. Moreover, procedures for hardware
set-up, configuration, modification and software installations are highlighted. This chapter
also discusses an end-to-end modeling methodology and approach based on the use of BWA,

an MLE algorithm utilized in realizing SHFMM for the developed systems.

In Chapter 5, the developed un-coded single carrier Binary Phase Shift Keying (BPSK), Dif-
ferential BPSK (DBPSK), Quadrature Phase Shift Keying (QPSK) and Differential QPSK
(DQPSK) narrowband PLC transceiver is used to carry out channel measurement, analysis
and modeling of an in-house CENELEC A narrowband PLC channel. Fritchman model and
the efficient Baum-Welch MLE algorithm is used to model the channel. Results obtained
showed a statistical correlation between the measured error sequences (empirical data) and

the model regenerated error sequence.

In Chapter 6, the focus is on the development of a low complexity Frequency-shift keying
(FSK)-On-off keying (OOK) hybrid PLC and VLC transceiver system for in-house trans-
mission. The ubiquitous nature of the PLC and VLC made it possible for VLC to offer a
good complementary wireless data transmission technology to the existing In-House PLC in
a similar manner broad-band Ethernet connection enjoys the support of Wi-Fi. Analysis and
modeling of the overall system integration was undertaken. Precise channel models obtained
for the hybrid system shows a correlation between the empirical data and model regenerated

data.

In Chapter 7, measurements and modeling were carried out using the developed un-coded



Chapter 1. Introduction 15

multi-carrier (OFDM) modulation narrowband band PLC transceiver for two in-house mea-
surements sites (residential and laboratory) taken into consideration two distinct noise sce-
narios: the mildly and the heavily disturbed. A First and Second-Order SHMM was un-
dertaken and results obtained show a statistical correlation between measured and model
generated data. Furthermore, results obtained ascertain the superiority of the Second-Order
SHMM over its First-Order counterpart using Chi-Squared test and the mean squared error

test as well as error-free run probability and the log-likelihood values.

In Chapter 8, Metropolis-Hastings algorithm based on MCMC technique was developed and
used to improve the SHFMMs obtained for the systems in Chapters 5, 6, 7. The resulting
models are more precise and near-optimal model with rich parameter sets guaranteed to be
closer to the global maxima than model results obtained in Chapters 5, 6, 7. The near-optimal
model chosen through the use of the Metropolis-Hastings (M-H) algorithm to optimize model
results in Chapters 5, 6, 7 is presented in Appendix B.

Chapter 9 concludes the thesis. Summary of the thesis and key results are highlighted. Future
research possibilities and recommendations are presented. This chapter is concluded by giving

final remarks.



CHAPTER 2

Background Review:
Power Line Communication, Visible Light

Communication and PLC Digital Modulation

2.1 Introduction

Communication is broadly defined as the process of information transfer from a source to
a sink via a medium identified as a channel. In communications, the physical medium or
logical connection or pathway through which this information is conveyed is recognized as
a communication channel. This pathway (communication channel) utilizes two major me-
dia types: cables (power line, co-axial cables, twisted pair, and optic fiber) and broadcast
(visible light, infrared, free space, microwave, ionosphere, satellite, and radio). A typical com-
munication system hence, consists of a transmitter, channel and receiver. The transmitter
converts information into a signal carrying information that can be sent via the communica-
tion channel, while the communication channel then conveys the signal to the receiver. The
receiver then takes the transmitted signal from the channel and converts it back into usable
information. The receiver is tasked with making sure the recovered information from the
noise impaired channel is error-free, hence, the reason for the deployment of digital mod-
ulation techniques as well as channel coding in digital communication systems. Figure 2.1
and Figure 2.2 show a typical communication system and a digital communication system
and its components respectively. In a typical digital communication system, the transmitter
majorly comprises of a source encoder, channel encoder and modulator, while the receiver

components are source decoder, channel decoder and demodulator as shown in Figure 2.2.

The background or review related to the research project is presented in this Chapter. De-

tailed background of power line communication is presented. Modulation methods for PL.C

16
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FIGURE 2.1: Basic components of a communication system.
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FIGURE 2.2: Digital communication systems block diagram.

transceiver system design is also detailed, as well as single-carrier modulation and orthogo-
nal frequency division multiplexing system for narrowband PLC. This Chapter is concluded

with a concise background and overview of visible light communications technology.

2.2 Power Line Communication

PLC technology is simply a communication technology that uses the ubiquitous power line
network as a pathway for signal and data communication. Ever since the late 1990s, this tech-
nology has received increased research effort characterizing the PLC channels with the aim
of developing cost-effective communication systems using the electrical power distribution

line as a medium of data transmission.



Chapter 2. Background Review: PLC, VLC and PLC Digital Modulation 18

Reliable power line communication systems for smart home, home inter-networking, smart
grid and Internet protocol television (IPTV) are now readily available. Nevertheless, power
lines were not originally conceptualized for communication purposes, hence, constitute a
difficult (harsh and unstable) environment for information communication via old analog
signaling or recent universal modern digital PLC systems [22]. Power line communication
channel exhibits a low-pass behavior, frequency selective fading, and alternating current
(AC) associated cyclic short and abrupt long-term imbalance or variations [22]. Furthermore,
PLC channel noise has been classified based on temporal and spectral attributes. In [7, 23],
one can identify narrowband noise (NBN), colored background noise (BN), periodic impulse
noise (synchronous and asynchronous to AC mains frequency) and asynchronous impulsive
noise as the dominant noise impairments on the PLC channel. These noise impairments are

leading PLC researchers to label the channel as a horrible channel [24].

Aside from these, the fundamental concept of PLC entails the deployment of small-signal,
high frequency technologies via power distribution networks and cables that were originally
designed for power (electricity) distribution at low frequencies. Hence, the PLC equipment’s
communication ports are bound to fail should they be connected directly to the power line
grid voltage. Therefore, PLC coupling circuits are crucial for transmitting and receiving on
the power line while at the same time providing galvanic isolation and protection of PLC
communication devices. PLC couplers are either designed as capacitive or inductive coupling

and in either common or differential mode as will be discussed in Section 2.2.8.

2.2.1 PLC Frequency Bands Classification and Topologies

Power line communication technology uses the very-low frequency (VLF) up to the ultra-
high frequency (UHF) of the International Telecommunications Union (ITU) stipulated fre-
quency spectrum for power line application purposes as shown in Figure 2.3. The three
main categories of power line technologies according to these frequency classifications are:
Ultra-Narrowband, Narrowband and Broadband PLC technologies. As show in Figure 2.3,
narrowband PLC operates in the frequency below 1.8 MHz (3-500 kHz to be specific), while
the broadband PLC (BB-PLC) technologies operate at frequency above 1.8 MHz (1.8-100
MHz) [25]. Concise information on corresponding regulations for narrowband PLC frequency

band is discussed in Section 2.2.2. Refer to [22] for corresponding regulations applicable to
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Broadband PLC frequency bands. Besides, an overview of NB-PLC systems is discussed in
Section 2.2.2.

Super Low UltraLow  Very Low Low Medium High UltraHigh
Frequency Frequency Frequency Frequency Frequency Frequency  Frequency
30 Hz 300 Hz 3kHz 30 kHz 300 kHz 3MHz 30MHz 300 MHz

3kHz 500 kHz 1.8 MHz 100 MHz

<&

» & > >
» <X » < »

Ultra-Narrowband-PLC Narrowband-PLC Broadband-PLC

FiGure 2.3: ITU frequency spectrum and its PLC usage.

Apart from the classification of PLC technologies into narrowband and broadband PLC, it
has become common practice to categorize PLC technologies based on operational voltages
of the PLN namely: the high voltage (HV) lines, medium voltage (MV) lines and low voltage
(LV) line as discussed as follows [25-27].

m HV Power lines: The HV power lines with voltages ranging between 110-380 kV
utilizes long overhead lines with small or no branches for nationwide power transmis-
sion, hence, making them suitable waveguides with lesser attenuation per line length
compared to LV and MV power lines [22]. Nevertheless, their prospect for broadband
communication applications has been limited till date due to time-varying HV electric
arcing, corona-noise and besides, the feasibility and cost of transmitting and receiving
signal on this line has been a drawback. However, some productive trials utilizing HV

power lines are reported in [28-30].

m MV Power lines: These lines are in the 10-30 kV range and are linked with the
HV power lines through primary transformer substations [22]. The MV power lines
are either overhead or underground and are employed for the distribution of power
between towns, cities and power-intensive industrial end-users [22]. These lines exhibit
limited branches and are connected directly to intelligent electronic devices (IED) like
capacitor banks, reclosers, phasor measurement units (PMU) and sectionalizers that
only requires comparatively low data rates for monitoring and control which can be
supplied by the narrowband PLC [22]. MV Power lines field trials and related studies

are reported in [31-34].
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m LV Power lines: The LV power lines are the most used topology for power line
applications. Its voltage level ranges between 110-400 V and are interconnected to the
MYV power lines via secondary transformer substations. These lines are either directly
or via LV bus bar cabinets linked to end-users premises. Note that relatively large
territorial topology differences exist from country to country. In countries like US, a
single house or few houses can be served by a small secondary transformer, however
in Kurope it is usually common to see up to 100 consumer premises being served by
a secondary transformer substation. As reported in [35], notable differences also exist
between building categories. Buildings are possibly grouped as high rise buildings,
multiple-flat buildings with riser, isolated family houses, and multiple-flat buildings
having communal meter room [22]. Their non-identical wiring topologies impact signal
attenuation and disturbance between neighboring PLC networks [36]. Typically, the
power grid is fed into the consumer premises via a house access point accompanied
by an electricity meter and a fuse box also referred to as electrical distribution board
(DB). Thence, the low voltage power lines are linked to several power points or sockets
in all rooms in a star or tree topology fashion. An access network or systems often
refers to PLC systems running from outside to the inside of the consumer premises
while those operating inside are regarded as in-home systems. In summary, an access
system or network makes data connection to a collection of consumers possible through
overhead and/or underground power distribution network [24, 37-39], while the in-
home network makes possible communication between different end-user devices within

a consumer premises [24, 40-44].

2.2.2 NB-PLC Regulations

The power line network cables presently been used for communicating high frequency signals
were not originally designed nor conceptualized for this purpose, therefore, conducted and
radiated emissions often interfere with other communication systems like broadcast receivers
operating in same frequency spectrum. Hence, both NB-PLC and BB-PLC electromagnetic
compatibility (EMC) regulations exist to control interference on the network. The narrow-
band PLC regulations cater for the frequency spectrum within the 3-500 kHz range. Major

narrowband PLC regulations are listed in Table 2.1 as follows.
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TABLE 2.1: Narrowband PLC regulations

Country Frequency Regulatory
Spectrum (kHz) | Body
European Union (EU) 3-148.5 CENELEC
United States (US) 10-490 FCC
Japan 10-450 ARIB

Comité Européen de Normalization Electrotechnique (CENELEC) bands are a subset of
all other NB-PLC bands and are the only bands accessible for use on a global scale. The
CENELEC band is categorized into four different bands namely: CENELEC A in the range
(9-95 kHz), CENELEC B in the range (95-125 kHz), CENELEC C in the range (125-140
kHz) and CENELEC D in the range (140-148.5 kHz) [1]. Apart from the specification of
transmission limits and measurement routines, the CENELEC standard issued a directive
on the use of CENELEC A band for electricity suppliers and their licensees, while bands B,
C and D can be utilized by consumers. Furthermore, PLC devices or modems operating on
the CENELEC C band must comply with the use of carrier sense medium access/collision
avoidance (CSMA /CA) protocol. This protocol permits a maximal channel holding time of
1 second, a minimal of 125 milliseconds between channel usages by same device as well as a

minimal of 85 milliseconds preceding the declaration of the channel as idle.

In US, efforts are underway [45] in the specification of 9-534 kHz spectrum for narrowband
PLC purposes with the use of the stipulated CSMA /CA protocol conforming to CENELEC
EN 50065-1 standard [1]. This is beneficial to equipment manufacturers as they would be
able to effortlessly adapt their narrowband PLC products to European Union and United
States market as well as lots of other market that adhere to these standards. Refer to [22]
for detailed contemporary ITU and Institute of Electrical and Electronics Engineers (IEEE)
narrowband PLC standards.

2.2.3 NB-PLC Specifications and Standards

NB-PLC technologies are operational in the very low frequency, low frequency and in a
section of the medium frequency spectrum. NB-PLC bands comprise of the CENELEC
bands (3-148.5 kHz), Chinese band (3-500 kHz), Japans Association of Radio Industries
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and Businesses (ARIB) band (10-450 kHz) and the United States Federal Communications
Commission (US-FCC) band (10-490 kHz). Apart from these classes of NB-PLC bands, the
narrowband technology is further categorized as follows in terms of specification. Figure 2.4

shows an overview of NB-PLC specifications and standards.

Narrowband Power Line
Communication (NB-PLC)

3-500 kHz
|
Low Data Rate High Data Rate

NB-PLC NB-PLC
ISO/TEC 14908-3 ITU-TG.9902
ISO/IEC 14543-3-5 ITU-TG.9903
CEA-600.31 ITU-TG.9904
IEC 61334-3-1 IEEE 1901.2
IEC 61334-5-2 PRIME
IEC 61334-5-1 G3-PLC
Insteon
X10
HomePlug C & C
SITRED
Ariane Controls
BacNet

FIGURE 2.4: Overview of narrowband PLC specifications and standards.

Low data rate (LDR): The LDR specification refers to narrowband technologies that are
able to achieve few kbits/sec of data rates and are commonly based on spread spectrum
(SS) or single-carrier (SC) modulations. They are also described as power line carrier or
distribution line carrier. Distinctive examples of NB-PLC LDR technologies are appliance
complying with the following recommendations or standardization: ISO/IEC 14908-3 (local
operating network (LonWorks)), IEC 61334-5 (Frequency Shift Keying (FSK) and spread-
FSK), CEA-600.31 (Consumer Electronics Bus (CEBus)), ISO/IEC 14543-3-5 (Konnex Net-
works (KNX)) and IEC 61334-3-1. These recommendations are endorsed by two Standard
Development Organizations (SDOs) namely: Organization for Standardization (ISO) and
International Electro-technical Commission (IEC). Other examples of LDR NB-PLC tech-
nologies that are non-SDO based are: Building Automation and Control Network (BacNet),
Ariane Control, Insteon, SITRED, HomePlug C & C and X10 [22].
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High data rate (HDR): The HDR specification refers to multi-carrier narrowband tech-
nologies that are able to achieve data rates between tens of kbit/sec up to 500 kbit/sec. Cur-
rent HDR NB-PLC technologies are OFDM-based and classic examples are those currently
included in the ITU-Telecommunication Standard Sector (ITU-T) approved NB-PLC rec-
ommendations: ITU-T G.9902, ITU-T G.9903 and ITU-T G.9904 [46-48] as well as the
ongoing IEEE 1901.2 project [2]. Non-SDO based HDR NB-PLC examples are the G3-PLC
and Power line-Related Intelligent Metering Evolution (PRIME) which are industry specifi-
cations recently turned ITU-T recommendations G.9903 and G.9904 respectively [22].

2.2.4 PLC Channel Characteristics Overview

Reliable communication on the NB-PLC channel is vital in home automation, home inter-
networking and smart grid’s value added services such as: remote diagnostics, distribution
automation, load control and advanced meter reading [5, 22, 25]. The use of NB-PLC fre-
quency spectrum up to 500 kHz is growing popular and is often utilized within Smart Grids
as a result of its comparatively vast coverage. Regrettably, the NB-PLC channel exhibits
extremely dynamic irreproducible and unpredictable attributes and is well known to subject
high frequency communication signals to harsh or hostile channel conditions thus making

data transmission at low speed absolutely challenging.

The PLC channel and noise conditions is heavily dependent on the scenarios defined in Sec-
tion 2.2.1. Typically, the NB-PLC frequencies is characterized by complex noise scenarios, a
low-pass behavior, low access impedance, alternating current-related cyclic short-term and
abrupt long-term variations, frequency-selective multi-path fading, frequency-selective atten-
uation and time-selective and frequency-selective interferences [5, 25, 27, 49-51]. Frequency-
selective attenuation also referred to as coupling loss is induced by impedance mismatch
[52]. The frequency-selective multi-path fading is induced by non-uniformity of the power
line network parts where cabling and coupled loads having dissimilar impedances produces
signal reflections and consequently in-phase and out-of-phase combinations of the arriving
signal components [22]. The equivalent transfer function could without much difficulty be
derived as infinite impulse response filter as in [53]. One significant parameter that captures
the feature of the frequency-selectivity that exist on PLC channel is the root mean square

(rms) delay spread (DS). For instance, in the design of OFDM systems, delivering good
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system performance requires that the guard interval be 2 to 3 times the root mean square

delay spread [54].

Aside fading, the in-home PLC channel do exhibit time variation as a result of end-user
appliances (loads) and/or line sections being connected or disconnected [55]. Furthermore,
through the synchronization of channel measurements with the power line alternating cur-
rent mains cycle, authors in [56, 57], showed that the in-home PLC channel varies in a

cyclostationary fashion [22].

Till now, the PLC channel’s low-pass behavior has not been studied. This low-pass behavior
is as a result of di-electric losses that occur in the insulation between cable conductors and is
more pronounced in outdoor underground long cable segments. Several differing cable types
and differing length have been studied and their transfer function measurements detailed in

38, 58].

2.2.5 PLC Channel Modeling Overview

The characterization and modeling of the PL.C channel have been a topic of constant research
in recent times. Characterization of the PLC channel based on channel measurements is
essential as it facilitates the derivation, validation and fine-tuning of PLC channel models,
while the models themselves oftentimes furnishes communication engineers with valuable

knowledge and insight thus stimulating more innovative PLC channel characterization.

Generally, PL.C channel models are categorized into physical and parametric modeling ap-
proach, also referred to as bottom-up and top-down approach respectively [24]. The bottom-
up physical modeling approach gives a description of the electrical attributes of the power
line, for instance, through cable type specification (line parameters), the length of cable and
location of branches [59-63], while the top-down parametric modeling approach focuses on
a higher level of abstraction far from physical reality in describing the channel, for instance,

through the channel’s transfer function or impulse response [38, 64, 65].

Furthermore, each modeling classification specified above is further subdivided into stochas-
tic and deterministic modeling. Deterministic modeling approach is based on describing one

or a small set of particular reproducible PLC channel realization, while stochastic modeling
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approach is concentrated at reflecting a wider range of PLC channel realization based on
their probability of occurrence [22]. These classifications of PLC modeling approach is shown

in Figure 2.5 and each further discussed as follows.

Power Line Communication
Channel Models

The Bottom-Up The Top-Down
(Physical Approach) (Parametric Approach)
Physical Parametric
Deterministic Model Deterministic Model
& &

Physical Parametric
Stochastic Model Stochastic Model

FiGure 2.5: Classification of PLC channel modeling approach.

Physical-deterministic modeling: This modeling approach details the electrical at-
tributes of the power line through cabling parameters specification, length of cable, location
of branches and so forth [60-63, 66]. Majority of physical models are established on the rep-
resentation of power line elements and their connected loads in their S-parameters or ABCD
format [67] and are eventually interconnected to create the power line channel’s frequency
response [22, 60-63, 66, 68-70]. As an alternative, Berger and Moreno in [53, 71] proposed
representing power line elements and connected loads as infinite impulse response (IIR) fil-
ters, a novel and intuitive viewpoint considering the fact that communication signals are
transmitted on the PLC channel in electromagnetic waves form and might ricochet (bounce)
an innumerable number of times between neighboring power line discontinuities. This type
of physical modeling is specially and effectively fit for representing and testing deterministic
power line conditions. It is also been labeled bottom up approach as they begin with an exact
description of the electrical power line network being considered so as to attain a universal
behavior of the communication channel. For a network (electrical) under consideration, this
modeling approach can give a channel transfer function (CTF) model extremely close to the
real or actual measurement. The disadvantage of this modeling approach is its requirement
for a substantial number of input data and computational pool particularly should one desire

to deduce channel statistics for quite a large amount of dissimilar network topologies.
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Physical-stochastic modeling: This modeling type is a combination of the physical-
deterministic modeling approach with stochastic components. In [72, 73], Tonello and Ver-
solatto proposed a statistical bottom-up PLC channel modeling approach, where the channel
transfer function is determined from the precise network topology through the use of a deter-
ministic algorithm. The stochastic attribute of the model originates from random creation of
practical electrical network topologies, founded on certain rules that are obtained from ob-
served wiring practices, a technique also proposed in [53]. The physical-stochastic modeling
approach inherits the advantages the deterministic approach has to offer in terms of accuracy
with regards to physical transmission phenomena, with the possibility of randomly generat-
ing representative channel actualizations. Communication system engineers usually perform
digital simulations of the overall system, thus allowing evaluation of the behavior and effi-
ciency of differing digital signal processing algorithms. A physical-stochastic channel model
is therefore anticipated to replicate key effects of the communication channel by producing
a fairly large number of arbitrary channel actualizations that are statistical representation

of real-life observations [22].

Parametric-deterministic modeling: This modeling category is probably the most fre-
quently utilized but it is generally not labeled as parametric-deterministic model. Here,
parametric-deterministic refers to a database of measured parameters for example the chan-
nel transfer function, where measurement results played-back could be utilized in PLC system
simulations and performance analysis. The benefit is that the precise parameters based on
observed actual scenarios are utilized devoid of the risk of generating impracticable channels
due to inaccuracies in modeling. The drawback is that in order to get significant results

generally, a large as well as diverse database is required [22].

Parametric-stochastic modeling: This modeling approach utilizes an advanced level of
abstraction and also gives a description of the channel, for instance, by its impulse response
features as reported in [58, 74, 75]. Analysis of gathered measurement data permits one to
mathematically express and as well define a model. The mathematically expressed model is
not essentially associated to the physical phenomena that occur while transmitting signals in
electromagnetic form, but it is designed to reliably replicate the key features of the channel
being considered. The parameters of the model are statistically defined, hence, allowing gen-

eration of diverse random realizations of the channel’s impulse response or channel transfer
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function that possesses similar statistics as the experimentally measured data. This mod-
eling approach is occasionally labeled as a top-down approach, because it firstly takes into
consideration the global statistics of the communication channel so as to define in-depth
specifics of the channel structure. This modeling method usually delivers practicable results,
but its drawback is that in order to produce the model, fairly large experimental data is
required. In [38], an early instance of a statistical channel model was presented by Zim-
mermann and Dostert, where a general channel transfer function is defined conditioned on
physical studies of the communication signal via simple electrical network topologies. The
parameters of the model were then gotten through fitting of the mathematical model to sev-
eral experimental measurements acquired on the broadband PLC channel in the 0-20 MHz
spectrum. More recent statistical channel modeling results using this strategy can be found

in [18, 19, 76, 77].

Figure 2.6 shows a juxtaposition of the four PLC channel modeling possibilities discussed,
it important to note that each approach possess its own advantages and disadvantages for
specific applications, hence, before making a decision on a choice of channel model one must

ask what the channel model is meant to do or achieve? [22].

Some desirable attributes of a channel model are for instance highlighted as follows [22].

1. Identify the effect of the time-variant channel on the quality of the received signal
in channel and system simulations as well as in algorithm testing, for instance, on
SNR estimation, Multiple-input multiple-output (MIMO) schemes, tracking of channel
filter.

2. Modeling of the correlation (in other words statistical relation) that exists between

temporal and spatial channel variations as well as noise variations.

3. Reinforce the research of multi-user (in other words multi-point) power line commu-

nication systems.

4. Potential of extending to several other communication scenarios just by addition of a

small set of measurement scenarios.

5. Description of modal coupling useful in designing of Multiple-Input Multiple-Output

coupling circuits.
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FIGURE 2.6: Juxtaposition of modeling approaches for PLC channel.

6. It must facilitate the design and improvement of PLC modem’s analog front end

(AFE).

The physical bottom-up or parametric top-down modeling approach can be used to realize
goals (1-3) and (5) with more or less effort. Nevertheless, goals (4) and (6) are difficult to
actualize with the parametric modeling option. Generally, adjusting the model parameters
of parametric models requires large range of experimental measurement. On the other hand,
physical models permit knowledge deployment, for instance, on the physical dimensioning
of a novel scenario, to fine-tune physical model parameter. Subsequently, just a reduced set
of experimental measurement is required for rough validation purposes. Considering related
issues with regards to digital signal processing for MIMO-PLC systems, the use of a para-
metric model offers certain advantages, as its deployment could be more easily achieved and
since similar studies exist in the wireless domain [78], parameters like spatial correlation is
comfortably understood. Nevertheless, considering the real-world implementation of say for
instance MIMO coupling circuits or the adjustment of analog front ends (AFEs), a physical

model because of its significant closeness to the reality of electronic components may be
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more suitable and practicable. Based on these illustrations, it is evident that selection of a

channel model must be dependent on case-by-case basis [22].

2.2.6 PLC Noise Characteristics Overview

It is important to know that the noise that exists on the PLC channel is a deviation from
the AWGN scenario often assumed for other communication channels. On the in-home
PLN, observed noise has been conventionally categorized into various classes, based on their
source, their level and their time domain signature [79]. PLC channel noise can be classified
based on both temporal and spectral attributes. According to [7, 58], one can differentiate
narrowband noise (NBN), asynchronous periodic impulse noise, synchronous periodic impulse
noise, aperiodic impulse noise and colored background noise (BN) as the major power line

noise types as shown in Figure 2.7.

Power Line Communication
Noise

X
\f

Narrowband Noise Impulse Noise Background Noise
Eerlodlc Impulse P?rlOdIC Impulse Aperiodic Impulse
Noise (Asynchronous Noise (Synchronous Noise
to mains) to mains)

FIGURE 2.7: Power line communication noise classification.

The first noise category, the Narrowband noise (NBN) typically consists of noise ingress
from external noise sources like short-wave (SW) and frequency-modulation (FM) broad-
casting radio bands. Other sources of this kind of ingress noise include leakages from close
range electrical and industrial consumer appliances or equipment. This noise type normally
produces strong interference over a very long duration as long as the interferer is active on

the network and it is confined to a narrow portion of the frequency spectrum.

The Second noise class is the Impulse noise (IN) emanating from the power electronic
appliances connected and powered by the AC mains grid. Consumer appliances such as light

dimmers, fluorescent lamps and switched mode power supplies are major sources of impulse
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noise. Unlike NBN;, this noise type is characterized by short duration (transient in nature- a
few microseconds), and relatively high amplitude (level) often in the order of tens of milli-
Volts (mV). As a result of the periodic attribute of the mains, impulse noise sources can
produce impulses in a synchronous manner with the mains period. In such cases, the impulse
noise is labeled as periodic-impulse noise synchronous to the mains frequency with
a repetition rate depending on the AC mains frequency (multiples of 50/60 Hz). Other
impulse noise sources produce impulses at higher repetition rate (50-200 kHz) and hence are
categorized as periodic impulse noise asynchronous to the mains frequency. Lastly,
sporadic strong impulses with no periodicity with the mains or itself are also observed on

the power line. This noise class is referred to as aperiodic impulse noise.

In [80], dissimilar attributes of the IN have been statistically studied based on experimental
measurement data. Similarly, an extensive PLC impulse noise model has been suggested in
[79], where a statistical characterization of the pulses based on amplitude, repetition rate
and duration are first carried out, while a Markov chain is utilized to model the global noise

situation.

Lastly, noise sources producing a low interference level form the third category of power
line noise referred to as Background Noise (BN) and is commonly colored as a result
of a stronger power spectral density (PSD) at lower frequencies. Esmailian et al. in [42]
modeled the BN PSD with decreasing power as a function of frequency [22]. Based on large
measurement campaign in the medium voltage, low voltage-access and low voltage in-home
scenarios, Meier et al. presented a statistical approach to average colored BN modeling. A
major finding is that the mean noise power decreases exponentially with frequency. In a
different manner, neural network method was deployed to generate a model for single input

single output (SISO) PLC BN in [81].

A crucial characteristic of all the major power line noise discussed is their time-dependency. This
is as a result of the un-coordinated use of the power electronics (noise sources) on the net-
work, hence, the attributes of the noise observed at a given power outlet often significantly
changes over time. For example, human activity increases in the in-home environment after
work hours leading to a stronger contribution of power electronic appliances to the noise

observed on the channel. It is less evident that power line noise possesses cyclostationary
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structure, with a period associated to the mains signal. This is largely as a result of period-
ically changing impedance at the load termination point on the network dependent on the

mains cycle. A detailed investigation of SISO PLC noise time variation is carried out in [82].

2.2.7 PLC Noise Classification

The noise class encountered on the PLC channel have been labeled as NAWGN as several
power electronics appliances on the network, particularly those having switching circuits
inject periodic or random noise pulses onto the channel. The resulting noise is a deviation
from the AWGN model, consequently, leading to labeling of the channel as a long burst
error or horrible channel [24, 52]. As documented in several literatures, PLC noise have been
categorized into three major types namely: background noise, narrowband noise and impulse

noise as shown in Figure 2.7 [5, 24, 52, 83-85].

As presented in [86], the combination of Multiple frequency-shift keying (MFSK) modulation
with permutation code is done by mapping of each symbol from an alphabet of magnitude
M onto a distinct frequency of M dissimilar available frequencies, hence we obtain a binary
decision matrix M x M. For a permutation codeword 1234, where M = 4, the decision
matrix denoted as Yjpisefree is shown as follows in (2.1), where the row indices represents
the frequency location of the information, while the column indices represents every discrete

time instance.

The decision matrix Yj,iscfree is noise-free, but will be used to describe the impact of the
different types of NB-PLC noise henceforth. The major PLC noise types are thus discussed

as follows.

t, ty t3 t4
fAl1 0 0 0
10 1 0 0
Ynoisefree = (21)
310 0 1 O
20 0 0 1]

The colored background noise: Background noise (BN) possesses comparatively low
power spectral density (PSD) resulting from the sum of various low power noise sources

connected onto the channel. It is frequently identified by a constant envelope occurring over
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a prolonged duration [5]. This noise type includes flickering noise, thermal noise emanating
from receivers’ front end amplifier. This noise type also emerges from universal motors often
found in but not limited to end user gadgets such as fans, drilling tools and dryers. BN
is also identified due to it’s non-white attribute, hence it possesses a frequency-dependent
PSD and is always present on the NB-PLC channel. The PSD of this noise type decays as
frequency increases, possessing a slope varying between 20-25 dB/decade in an indoor low
voltage NB-PLC environment [5], [87] and is principally present in narrowband frequencies
than in broadband frequencies [87]. In (2.2), two received decision matrices corrupted by
background noise is shown. Yyackgroundi(2,2) is corrupted through the random substitution
of 1 with 0 (deletion error), while Yyackground2(4, 3) is corrupted by the replacement of 0 with

1 (insertion error).

t1 to t3 14 t1 to t3 14
fillt 0 0 O fill 0 0 O
Jo10 0 0 O f210 1 0 O
vaackgroundl = ) vaackgroundZ = (22)
510 0 1 0 510 0 1 0
fa (00 0 1] fa |00 1 1]

The narrowband noise: Narrowband noise (NBN) is typically limited to a certain fre-
quency slot dependent on its source. It emanates primarily from signals (sinusoidal) having
modulated amplitude and are radiated or conducted from both internal and external appli-
ances onto the network, hence the power line acting as an antenna. In literatures, this noise
have been found to originate from the horizontal retrace frequency of televisions [5]. Other
NBN origins are spurious electromagnetic disturbances emanating from end user gadgets
with built-in transmitters and receivers [5], [87]. In (2.3), Yaarrowbandt and Ynarrowband2 show
two received decision matrices corrupted by narrowband noise at the f; and fy respectively,

with the noise impairment lasting for a number of continuous frames as shown.

t1 to t3 14 t1 to t3 t4
Al1 0 0 o] Al1 0 0 0]
210 1 0 0 ol 1 1 1
Ynarrowbandl = ) Yna’rrowbandQ = (23)
fs10 0 1 0 fs10 0 1 0
fo {1 1 1 1] fa {0 0 0 1]
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The Impulse noise: Impulse noise (IN) is transient in nature and it has been described
to be the principal cause of burst errors on the PLC channel. Unlike NBN, impulse noise
covers a wider part of the spectrum in use. It possesses a high PSD and is distinguished by
its inter-arrival time, duration and amplitude. It is significant to clarify that on a low voltage
NB-PLC channel, two main classification of impulse noise exist: the “Periodic impulse noise”

and “Aperiodic impulse noise” [5, 85, 87].

1. Aperiodic impulse noise: also regarded as asynchronous impulsive noise originates
from arbitrary emission events or isolated activities at both homes and industrial
sites. Classic aperiodic impulse noise emanates from switching transient such as: on
and off switching, plugging and unplugging of appliances and co-existence issues that
often occur due to uncoordinated PLC transmissions. This impulse noise type is pre-
dominant in the high frequency band ranging from several hundred kHz to 20 MHz
[7], [88]. The duration of the impulses lies mostly in the range of 10-100 ps. The PSD
of this noise type is especially concentrated at frequency range below 1 MHz as a
result of noise oscillations. It has been established as the noise with the highest power
compared to other noise and disturbances as the noise PSD can be 50 dB greater than

the background noise or even more [79].

2. Periodic impulse noise also referred to as “Cyclostationary impulsive noise” is
sub-divided into two: Periodic synchronous impulse noise and Periodic asynchronous

impulsive noise as discussed as follows:

(a) Periodic synchronous impulse noise: This impulse noise waveform exhibits a
train of impulses synchronous to the low voltage AC mains 50/60 Hz frequency. It
is comprised of a series of impulses that are isolated, with fairly large amplitude
and duration. They originate from non-linear power electronic gadgets like; silicon
controlled rectifier operations in power supplies, thyristors operation in light
dimmer, laptops, desktop computers, LCD monitors and from a brush motor

commutating effects [83, 84, 89].

(b) Periodic asynchronous impulse noise: This noise type is characterized by periodic
noise impulses or trains of impulses which occurs with a frequency and repetition
rates independent of mains frequency [89], [90]. It has repetition rates between

50-200 kHz and is majorly injected by transient operations such as switching of
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relays that occurs in switch mode power supplies connected to the network [5],
[89]. The noise impulses typically possess much shorter durations and much lower
amplitudes than those of the periodic synchronous impulse noise [89], [91]. Ac-
cording to [79], [83, 84], the duration of this noise type is usually less than 1.5 ps
and on certain occasions up to 10 us. In (2.4), Yimpuise1 and Yimpuisez show two
received decision matrices corrupted by impulse noise dominating all frequencies

at time instant ¢; and 3 respectively.

t1 to t3 4 t1 to t3 4
A1 0 0 o] Al1 0 1 o]
f211 1 0 0 f2]10 1 1 0
Y;mpulsel = ) Y;mpuZSGQ = (24)
3|11 0 1 0 fs 10 0 1 0
filt o0 1) filo o1

As aperiodic impulse noise is predominant on broadband power lines, recent indoor and
outdoor noise measurements on both low-voltage and medium-voltage PLNs established that
“cyclostationary noise (both periodic synchronous and asynchronous to mains frequency
impulse noise)” are the prevailing noise impairment present on the 3-500 kHz NB-PLC
spectrum [92-94]. This kind of noise possesses long noise bursts with periodically varying
statistics and whose period is the same as half the AC main’s cycle. In PLC systems, a
typical periodic synchronous impulse noise is composed of noise bursts having high power
which spans from 10% - 30% of the period [94], which is oftentimes a lot prolonged than
the standardized duration of a typical OFDM symbol [88] and amounts to 833us-2.5 ms
in the US FCC band [94, 95]. A single cyclostationary noise burst could posssibly lead to
corruption of multiple successive OFDM symbols. For instance, for a PLC-G3 standard
functioning in the 3-95 kHz CENELEC A band [92], the OFDM symbol duration is 695us,
hence, cyclostationary noise burst that lasts 30% of a period is bound to corrupt up to
four successive OFDM symbols [95]. During certain period of the bursts, the noise power at
particular frequency bands could rise to 30-50dB greater than in the remaining period [94],

[95).

In (2.5), Ysadingt and Yyqding2 show two received decision matrices corrupted by frequency

selective fading, with the fading occurring at the f; and f3 respectively.
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2.2.8 NB-PLC Coupling Circuit

The coupling circuit is an inevitable part of the NB-PLC transceiver system. Apart from
providing galvanic isolation and preventing excessive voltage from damaging the sensitive
transceiver equipment, this interface must also be able to adapt to the varying impedance
on the channel in order to overcome insertion and coupling losses at the coupling point
[96]. It is also important for this piece of circuitry to adhere to standards and regulation
stipulated by PLC communication regulatory bodies. A coupling circuit is designed as a
bandpass filter with the primary aim of injecting communication signals onto the power line
network. While it blocks and filters the power grid AC mains power waveform, it allows high

frequency communication signal pass onto the network [96-98].

When choosing a coupling method, one usually has to choose between capacitive and in-
ductive couplers. Inductive coupling guarantees a balance between the lines while capacitive
coupling generally introduces asymmetries as a result of the manufacturing tolerances of the
passive electronic components used for its implementation [22]. Aside symmetry, the commu-
nication signal bandwidth and the dimensioning in order to protect transceiver equipment
from excessive voltage from the AC mains are decisive coupling attributes. Additionally,
the observed channel attributes are not independent of the coupler employed to inject and

decouple signals from the power line.

As stated by Biot-Savart law, the chief origin of radiated emission is the common-mode
current denoted as Ioys. Hence, in order to circumvent radiated emission, conventional PLC
modem designers target the injection of communication signal in the most possible symmetric
way. Consequently, small-scale radiated emission is observed as 180° out-of-phase electric
fields produced neutralize or cancel out each other. This suitable symmetrical mode of signal

propagation is referred to as differential-mode (DM) coupling with an accompanying signal
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voltage denoted as Upjs. Thus, the reason for the stipulated use of a capacitive-differential
mode coupling circuit for low voltage PLC applications [22]. Refer to Section 4.2 for the

development of the coupling circuit utilized in this project.

2.3 Modulation Methods for PLC Transceiver System

To propagate a signal over a PLC channel, it is essential that the signal be modulated onto
a carrier frequency for two major purposes. First, attenuation is considerably reduced when
baseband signals are modulated onto higher-frequency carriers. Second, for effective use of
the available frequency spectrums PLC channel offers, there is need to multiplex as many
channels as practically feasible in the same PLC channel [99]. This implies the frequency

division multiplexing (FDM) of multiple frequencies over the same PLC channel.

Several methods have been suggested and analyzed in the pursuit of the most suitable mod-
ulation scheme for PLC applications. In selecting a modulation technique, it is imperative
to consider the attributes of the power line channel such as: time-variation and frequency-
selectivity, impulsive noise and other noise and interference types, as well as transmit power

limitation due to regulatory constraints [24].

The transmission techniques commonly utilized for PLC technologies are single-carrier (amplitude-
shift keying (ASK), frequency shift keying (FSK) and phase shift keying (PSK)), spread
spectrum (SS) and multi-carrier OFDM techniques. Figure 2.8 shows a typical represen-
tation of a single-carrier, spread spectrum and multi-carrier transmission and modulation
technique. The simplest of these techniques is FSK, achieved by the modulation of multiple
signals with frequency separated carriers. The simplicity of this scheme is due to channel
response variation and the manner the system behaves, however, its downside is its intrinsic
limitations in PLC applications operating beyond the 1 megabits per second (Mbps) rates

[99].

The trait of spread spectrum as a modulation scheme implies that modulated signals are
almost practically safe from any form of interference. SS permits signal transmission beyond
the 1 Mbps rates over the PLC channel. Two variants of this technique are Frequency
Hopping Spread Spectrum (FHSS) and Direct Sequence Spread Spectrum (DSSS). In the

former, user transmitted signal randomly changes frequency from time to time, hence, the
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FIGURE 2.8: Power line communication transmission techniques. (a: single-carrier,
b: spread spectrum and c: multi-carrier (OFDM))

transmitted signals cannot be easily intercepted or tracked due to changing frequency. In the
latter, the user does not change frequency but changes the pseudo-random code, with this
code having the attribute of not repeating itself. The code is unique, hence, implying that
users encrypt their signal using this code, with the code changing from time to time. DSSS
offers a great technique as well as provides maximum security but its a bit difficult to
implement, while FHSS is easily implementable but has lesser security compared to DSSS. A

viable solution is needed to solve the main synchronization drawback of SS [100].

Another PLC transmission technique is OFDM, where the entire bandwidth is sub-divided
into N parallel sub-channels, while bits are allocated to sub-channels in direct proportion
to the sub-channel signal-to-noise ratio (SNR). OFDM offers a distinct advantage of being
robust in the presence of multi-path fading, and its effective and efficient utilization of the

limited frequency spectrum.

The eventual choice of a modulation scheme is dependent upon the PLC application and
channel environment. A suitable PLC modulation should offer adequate robustness against
PLC channel impairments such as impulse noise the major cause of burst errors and should

be capable of mitigating severe inter-symbol interference (ISI) resulting from greater delay
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spread of the PLC channel. Section 2.4 and Section 2.5 give a concise description of single-

carrier digital modulations and multi-carrier OFDM techniques respectively.

2.4 Single-Carrier Modulation for Narrowband PLC

The three major categories of digital modulation techniques (ASK, FSK and PSK) often
used in transmitting digitally represented data in communication systems is discussed as

follows.

2.4.1 Amplitude Shift Keying (ASK)

Shift keying refers to a process whereby digital bits commonly used to represent digital data
are represented in analog format. Amplitude shift keying is a class of amplitude modulation
that is realized through variation of the amplitude of a sinusoidal carrier signal in order to
reflect the amplitude levels in the digital information or signal. In a typical ASK system,
a binary symbol 1 is depicted by the transmission of a fixed amplitude carrier signal and
frequency for a bit period denoted as T seconds. In essence, if a binary “1” is the value of
the signal to be transmitted the carrier signal is transmitted with amplitude 10, while for

“0”, a carrier signal with amplitude 5 is transmitted.

All digital modulation techniques utilize finite distinct signals in representing digital data. ASK
employs finite amount of amplitudes, each allocated a distinct arrangement of binary dig-
its. Generally, every of the amplitude normally encodes the same number of bits. Each bit ar-
rangement gives rise to a symbol that is depicted by the specific amplitude. The demodulator
often designed precisely for the same symbol-set utilized by the modulator then determines
the received signal’s amplitude and thus mapping it back to the represented symbol, hence,
a recovery of the original transmitted data without changing the phase and frequency of the
carrier wave. Figure 2.9 is a typical representation of an ASK scheme, the upper diagram
shows particular digital bits in binary format before encoding, while the lower figure shows

the corresponding ASK modulated waveform representing the digital bits.

ASK is a linear, low-complexity, low-power, low-cost and limited data rate technique but

its major disadvantages are its sensitivity to distortions, atmospheric noise and amplitude
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FIGURE 2.9: Waveform representation of a typical ASK technique.

attenuation resulting from non-linearity in components used in several communication equip-
ment. Consequently, regardless of the simplicity in its implementation, it still not suitable
for a robust NB-PLC communication as a result of non-linear PLC equipment used on the

network.

2.4.2 Frequency Shift Keying (FSK)

Frequency shift keying is a class of frequency modulation technique in which transmission of
digital information is achieved through discrete changes in frequency of a carrier signal. In
essence, the digital data stream varies the frequency of the carrier signal. The simplest type
of FSK technique is the binary FSK (B-FSK). This form of FSK utilizes a pair of discrete
frequencies in the transmission of binary information “0s” and “1s”, with the “1” being
labeled as the mark frequency while “0” is referred to as the space frequency. Figure 2.10
shows a typical waveform representation of a particular digital signal bits modulated with

FSK technique.

Other forms of FSK include continuous-phase frequency-shift keying (CP-FSK), Gaussian
frequency-shift keying (G-FSK) and multiple frequency-shift keying (MFSK). FSK like ASK
is also easy to implement and possess better noise immunity when compare to ASK, hence
there is high probability of error-free reception. Its major drawback is high bandwidth re-
quirement, hence, it is extensively used in low speed applications because an increase in

speed results in a corresponding increase in bit rate.
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FIGURE 2.10: Waveform representation of a typical FSK technique.

2.4.3 Phase Shift Keying (PSK)

Phase-shift keying (PSK) techniques are a class of single carrier digital modulation tech-
niques achieved through the encoding of digital data bits into an analog format. This is
generally realized by changing (modulating) the phase of a sinusoidal carrier wave (reference
signal). In PSK modulation, finite number of phases is utilized, with each phase assigned a
distinct configuration of binary digits. Generally, each phase is encoded with an equivalent
number of bits. Each bits configuration produces the symbol that is a representation of a
specific phase. The PSK demodulator made precisely for a set of symbol utilized by the PSK
modulator carries out a mapping of the phase of the received signal to the represented sym-
bol, hence, a recovery of the original data. This normally needs the receiver to be capable of
comparing the phase of the received signal to a carrier signal (reference signal), hence such
a system is referred to as being coherent, thus we have a class of PSK called coherent PSK

(CPSK).

On the contrary, another class of PSK technique exist where the demodulator decides the
received signal phase change rather than it been decided by the phase (relative to a refer-
ence signal) itself. Due to the dependence of this scheme on the difference between sequential
phases, it is referred to as differential phase-shift keying (DPSK). DPSK schemes are con-
siderably easier and cheaper to implement when compared to the normal PSK (CPSK) since
the demodulator is not required to have a replica of the reference signal at the receiver be-

fore it can determine the precise phase of the received signal. Consequently, DPSK schemes
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are referred to as non-coherent PSK techniques. In DPSK modulation schemes, the input
binary sequence is initially differentially encoded before being finally modulated by a single-
carrier PSK modulator. In terms of performance coherent schemes outperforms non-coherent

schemes.
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FIGURE 2.11: Waveform representation of a typical PSK technique.

Figure 2.11 shows a typical representation of a Binary PSK modulation scheme with the
topmost figure showing the digital input signal to be encoded, while the lower figure is a

representation of a BPSK modulated waveform of the digital input signal.

Binary phase shift keying (BPSK) also often referred to as 2PSK is the simplest class
of the PSK family. It maps just one bit of data to the carrier, utilizing two possible phases-
bit 0 (representing 0 radian) and bit 1 (representing 7 radians). It employs two phases
that are 180° separated and it does not specially matter the position of the constellation
points. Figure 2.12 shows the BPSK constellation at 0° and 180° on the in-phase or real axis.

Quadrature Axes

-\E VE
—@ @ > In-phase Axes
0 1

BPSK Signal Constellation

FIGURE 2.12: A typical BPSK constellation diagram.
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BPSK is the most robust of the PSK family as it requires the highest level of distortion or
noise for an incorrect decision to be achieved at the demodulator. It is however capable of
modulating at 1 bit per symbol as seen in Figure 2.12, hence, it is inappropriate for high data
rate applications. In a case of the introduction of arbitrary phase-shift by the communication
channel, the demodulator is incapable of distinguishing the constellation, hence, the data is

oftentimes differentially encoded before modulating.

Quadrature phase-shift keying (QPSK) also referred to as 4-PSK and functionally
equivalent to 4-QAM is another class of the PSK family. QPSK utilizes four constellation

points which are equi-spaced in Figure 2.13 around a circle. In this PSK technique, mapping

T 3w 5w

or encoding of two bits/symbol using four equidistant phases (%, 7, °f and %’r) is realized.

Quadrature Axes

QPSK Signal Constellation

FIGURE 2.13: A typical QPSK and 8PSK constellation diagram.

Analytic mathematics demonstrates that QPSK is dually employed in order to double data
rates compared with BPSK systems while the same bandwidth of the signal is maintained,
or employed in maintaining BPSK data rate while halving the bandwidth required. In the
later scenario, the bit error rate (BER) of QPSK is precisely equivalent to BPSK’s BER. Due
to the stipulation of maximum allowable bandwidth by communication bodies, QPSK has
an advantage over BPSK in that it is able to transmit twice the data-rate in a specified
bandwidth at the same BER compared to BPSK. The only penalty is that QPSK transmitters
and receiver implementation are rather more complex than the BPSK ones, however, the
penalty in terms of cost in the advent of modern electronics technologies is moderate. If
coherent transmission is guaranteed, PSK is mostly preferred over FSK and vice versa. Due

to phase ambiguity issues at the receiver, QPSK is often differentially encoded [101].

Eight Phase Shift Keying (8PSK) is another class of the PSK family. 8PSK refers

to a PSK scheme that utilizes eight equi-spaced constellation points or states as shown in
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Figure 2.14. In 8PSK modulation implementation, mapping of three bits/symbol using eight
equidistant phases is achieved. QPSK is more tolerant to channel degradation than 8PSK,
but 8PSK offers more data capacity.
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FIGURE 2.14: A typical 8PSK constellation diagram.

Summarily, BPSK, QPSK and 8PSK are special cases of Mary-PSK with M the number of
constellation point equals 2, 4 and 8 respectively, while N the number of bits a symbol is

mapped to and is 1, 2 and 3 for BPSK, QPSK and 8PSK respectively.

It should be noted that the single-carrier PSK modulations are more robust than each
other, due to differing symbol energy and Euclidean distance on the constellation diagram.
Hence, they perform better than each other in the presence of similar interferers, as the PSK
modulation with the most superior spatial proximity and angular separation or Euclidean

distance on the constellation diagram representation graph offers better robustness [102].

2.5 Orthogonal Frequency Division Multiplexing System

The Orthogonal Frequency Division Multiplexing (OFDM) technique was first invented in
[103] in the year 1966. The work in [103] described a principle where information are con-
veyed through a linear band limited orthogonal channel assuming no ISI and Inter Carrier
Interference (ICI). In 1967, [104] gives the performance analysis of parallel data transmis-
sion in a number of overlapping channels. Relevant contributions in literature to support
the use of OFDM technique in its early stage includes reference [105, 106], among oth-
ers. OFDM technique was first proposed in [107] as a viable solution to wireless communi-
cation in 1985. OFDM is now widely accepted and its principle has been deployed in many

wireless and power line communication applications and standards. In fact, many researchers
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see OFDM as a tenable solution for highspeed PLC applications and future generation mobile

wireless applications most especially in the Fourth Generation (4G) mobile systems.

The OFDM is a frequency division multiplexing technology deployed as a multi-carrier mod-
ulation scheme. OFDM systems uses multiple orthogonal sub-carriers to convey message
over a communication channel [108]. It offers a couple of advantages which include its effec-
tive and efficient use of the limited spectrum resource, simple implementation using Inverse
Fast Fourier Transform (IFFT) and Fast Fourier Transform (FFT), its robustness against
multi-path fading which is the main contributor of ISI and co-channel interference. Also, in
time-varying frequency-selective fading channels such as PLC channel, OFDM systems per-
form efficiently in comparison with single carrier systems because it converts the frequency-
selective fading properties of the channel into a number of parallel flat fading sub-channels

109, 110].

2.5.1 Principles of OFDM

The operational principle of an OFDM transceiver system is centered around the muxing and
demuxing of sub-carriers at the respective transmitter and receiver stages. The fundamental
components or process in the use of OFDM are the Inverse Discrete Fourier Transform
(IDFT) and Discrete Fourier Transform (DFT), practically realized through the use of Inverse
Fast Fourier Transform (IFFT) and Fast Fourier Transform (FFT) respectively. A typical
OFDM transceiver system is shown in Figure 2.15. The OFDM system uses the conventional

M-PSK and M-DPSK single-carrier modulators for its signal mapping.

In the absence of FEC codes, the serial input data is mapped to the M-PSK or M-DPSK
constellation symbol in the frequency domain dependent on the bit rate of interest. Although
not shown, at this stage pilot symbols, preambles and paddings are inserted as this inser-
tions are needed at the receiver for proper synchronization in order to avoid both ISI and
ICI. The resultant set of complex baseband symbols is then de-multiplexed by passing it
through the serial-parallel converter, which splits the complex baseband symbols into paral-
lel streams. The inverse fast Fourier transform (IFFT) block converts the frequency domain
OFDM symbols to the time domain so as to be able to transmit the signal on the PLC
channel. The transformed time domain OFDM symbol is multiplexed by feeding it through
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FIGURE 2.15: Typical block diagram of OFDM transceiver system.

the parallel-serial converter, after which cyclic prefix is added to the resultant serial data
stream to combat ISI. The cyclic prefix is included to the time domain OFDM signal by
adding typically 10% - 25% of the symbols at the end of time domain OFDM signal to the

beginning of the signal.

The serial time domain signal is then fed into the digital up-converter (DUC) block, where
it is digitally up-converted from a complex digital baseband signal to a real passband signal
based on specified center frequency in preparation for transmission. The resultant passband
signal is then fed through the digital to analog converter (DAC) in order to convert the
digital signal into analog form. The analog signal is now transmitted over the time-varying

frequency-selective PLC channel.

The reverse task is performed at the receiver, where the received time domain OFDM signal is
first converted to analog signal by the analog to digital converter (ADC), before the passband
signal is digitally down converted by the digital down converter (DDC). The cyclic prefix are

subsequently removed from the received time domain OFDM signal. The time domain OFDM
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signal is passed through the serial-parallel converter block before it is transformed to the
frequency domain in the FFT block and subsequently converted to serial data streams by the
parallel to serial converter. After the parallel to serial conversion, usually channel estimation
is carried out in order to compensate for the varying properties of the channel before the
closing steps of signal demodulation and reconstruction are performed to reconstruct the

transmitted data.

2.5.2 Challenges in OFDM System

In spite of the numerous advantages and ease that comes with the use of OFDM systems
in different digital communication applications, OFDM system has a couple of disadvan-
tages. Common of these disadvantages is the high Peak-to-Average Power Ratio (PAPR)
that OFDM signals exhibit compared to single carrier system because OFDM signal is a
combination of many sub-carriers in the time domain [111, 112]. High PAPR occur when
the different sub-carriers are out of phase with each other. This causes different problems in
OFDM systems, more significantly at the transmitting end. One of the problems caused by
high PAPR is that it makes the DAC at the transmitter end to be intricate while also reducing
the efficiency of the power amplifier [110]. Another challenge with the use of OFDM system
is the time and frequency synchronization errors which result in ISI and ICI that eventually
degrade the performance of the overall OFDM system [113, 114]. Other challenges related
with the use of OFDM system includes: channel estimation and equalization, co-channel in-
terference, etc. This thesis will however focus on NB-PLC modeling using OFDM transceiver

Systems.

2.6 Visible Light Communications

White light-emitting diodes (LED) are gradually taking over a great deal of our everyday
life. An attractive aspect of these LED devices is the fact that apart from its original use for
lighting purposes, it can also be used for data communication purposes. Data transmission at
high speed is fast becoming part of what is playing a major role in our day-to-day life in this
modern century. Availability of multimedia data/information is e