
COPYRIGHT AND CITATION CONSIDERATIONS FOR THIS THESIS/ DISSERTATION 

o Attribution — You must give appropriate credit, provide a link to the license, and indicate if
changes were made. You may do so in any reasonable manner, but not in any way that
suggests the licensor endorses you or your use.

o NonCommercial — You may not use the material for commercial purposes.

o ShareAlike — If you remix, transform, or build upon the material, you must distribute your
contributions under the same license as the original.

How to cite this thesis 

Surname, Initial(s). (2012). Title of the thesis or dissertation (Doctoral Thesis / Master’s 
Dissertation). Johannesburg: University of Johannesburg. Available from: 
http://hdl.handle.net/102000/0002 (Accessed: 22 August 2017).    

http://www.uj.ac.za/
https://ujdigispace.uj.ac.za/


IMPROVEMENT OF INDOOR

ENVIRONMENT SIGNAL RECEPTION

USING PLC-RF DIVERSITY TECHNIQUES

by

FRANK NONSO IGBOAMALU

A thesis submitted to the Faculty of Engineering and the Built
Environment in fulfillment of the requirements for the degree of

Doctor of Engineering

in

Electrical and Electronic Engineering Science

at the

University of Johannesburg

Supervisors:

Prof. H.C. Ferreira

Dr. A. R. Ndjiongue

Dr. A. S. De Beer

2019



Declaration of Authorship

• This work was done mainly while in candidature for a research degree at this Uni-

versity.

• Where I have consulted the published work of others, this is always clearly at-

tributed.

• Where I have quoted from the work of others, the source is always given. With the

exception of such quotations, this thesis is entirely my own work.

• I have acknowledged all main sources of help.

Signed:

Date:

ii



Abstract

The demand for broadband communication has substantially increased over the past

decade. Among the applications of broadband is the provision of high data rate com-

munication within structures such as multi-storey buildings. The use of free-space radio-

frequency (RF) signals to achieve broadband communication in multi-storey environments

faces restrained coverage due to obstruction caused by walls, metals and concrete slabs

in such buildings. This challenge necessitates the need to seek alternative communication

technologies that will provide the required continuous connectivity in such environments.

One such technology is power-line communication (PLC) technology.

PLC technology is regarded as one of the technologies that can be employed to over-

come the limited coverage associated with the use of RF technology in multi-storey build-

ings and mega-structures. PLC is a cost-effective system that uses the pre-existing elec-

trical distribution networks in a building to transmit data.

This thesis focuses on the performance analysis of the combination of PLC and RF

technologies to overcome the challenges to communication posed by the obstructions in

multi-storey buildings. PLC-RF technology that takes into consideration the mobility of

the end-user is proposed, followed by an analysis of the system channel frequency response.

The signal is detected and demodulated by an RF receiver. First, the performance of such

a system is analysed and the resultant measurements proposed. Second, an overall system

concatenation of the PLC and RF systems is proposed.

A combination of PLC and RF technologies is proposed for achieving signal trans-

mission in indoor environments, taking into account the internal characteristics of multi-

storey buildings. Diversity combining techniques, namely selection combining (SC) and
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Abstract

maximum ratio combining (MRC), are exploited to recover the retransmitted message.

Furthermore, the estimated cost of implementing a hybrid system is analysed, followed

by a proposal for the outage probability for both the SC and the MRC.
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1 Introduction

1.1 Introduction

Radio frequency (RF) in indoor communication is the most frequently used technology in

the telecommunication industry. RF faces severe signal degradation in an indoor environ-

ment. This is a result of the scattering of the transmitted signals caused by wall thickness

and metal objects inserted between the floors of multi-storey buildings. In most cases,

the obstruction is due to the equipment inside the building (tables, wall demarcations,

chairs, amongst others) that affects the signal strength. In general, the RF signal suffers

from high attenuation when facing thick walls, thick concrete, and many other structural

materials [2]. This problem develops when RF is deployed in an indoor environment.

A very popular RF technology for providing broadband connectivity to users in indoor

(and outdoor) situations is wireless fidelity (WiFi) technology. WiFi technology standard-

ised by the IEEE 802.11 standard [3] was made available to the public in 1997. It exploits

2.4 GHz for IEEE 802.11b and 5 GHz for IEEE 801.11a [3], and currently facilitates the

development of the Internet of Things (IoT) [4, 5]. As the demand for high data rate

and transmission speed increased, other WiFi standards were developed, including IEEE

802.11g in 2003 and IEEE 802.11 in 2009. Irrespective of its wide application, WiFi is

still challenged by overcrowding at both 2.4 GHz and 5 GHz and by the poor propagation

of the retransmitted signal.

Another communication technology that has promising possibilities for application

in indoor environments is power-line communication (PLC). By improving link perfor-

mance, PLC has recently been used as an alternative communication option to combat
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fading caused by signal scattering in an indoor wireless communication system. PLC is

a cost-effective form of telecommunication technology since it exploits existing electrical

wires for data transmission. PLC aims at utilising electrical power cables simultaneously

as an electronic communications channel and a power transmission medium. Among the

applications of PLC are high definition television (HDTV), and video conferencing and

control, amongst others. It has been on trial in home automation and smart grid appli-

cations [6, 7] and it has even been envisaged that PLC could perform better than RF in

multi-storey buildings (including the basement) [6].

However, a major challenge to a PLC system is how to overcome the issue of non-

white and non-Gaussian noises. Indeed, its channel is one of the noisiest among most

wired and wireless communication channels. The noise in a PLC system usually comes

from the electrical components connected to the power line, such as impulse voltage and

electrical arc between the lines. Overcoming the noise challenge will help to improve

the quality of service, increase speed, and enhance data transmission. To combat signal

degradation due to noise and attenuation, and to improve spectral efficiency and error

performance, a diversity technique is often employed. The diversity technique is a well-

known tool used to overcome fading. The principle behind diversity is to receive copies of

a signal from different signal sources that are independent of each other [8]. The output

signals are combined in some optimum manner using different combining techniques. In

this thesis, a diversity system using two different channels (PLC, RF) is proposed. The

transmission system is analysed, and signal reception is based on both SC and MRC

combining technique.

1.2 Problem statement

WiFi technology is widely employed to provide broadband communication services in

multi-storey indoor environments. However, it is challenged by several issues including

spectrum saturation and as mentioned above, by RF signal attenuation due to structural

obstruction such as walls and concrete slabs in the buildings. An alternative communi-

cation technology that promises an approach to combating attenuation and scattering in

an indoor wireless communication system is the PLC. PLC and RF technologies can be

combined to form a diversity system. This technology has been reported in the literature

for smart grid applications using frequencies between 3 kHz and 500 kHz. For existing
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literature, as in most results proposed for PLC technology, the impact of the coupling

circuit on the PLC signal is not taken into consideration. It is well known, as explained

in [9], that the coupling circuit has an impact on the transmitted signal. Limitation of RF

(signal attenuation due to structural obstructions) and the impact of the coupling circuit

on the PLC signal mentioned above, prompted the investigation reported in this study.

It should be noted that the work is dedicated to high data rate applications (2.4 GHz).

This thesis attempts to solve the aforementioned communication problems pertaining

to indoor multi-storey buildings by proposing a joint PLC-RF transmission system in

which the receiver exploits diversity combining techniques to produce the final message.

1.3 Research questions

In order to address the problem stated above, the following research questions will be

addressed:

1) How can a hybrid PLC-RF system be designed to improve the signal performance

and signal strength at a frequency of 2.45 GHz?

2) What is the effect of a coupling circuit in PLC-RF diversity at 2.45 GHz, and how

does it affect performance of the system?

3) What is the best combining technique that will be suitable to use in combining PLC

and RF for a parallel transmission at 2.45 GHz?

1.4 Aims and objectives

The aim of this research is to combine PLC and RF technologies using diversity schemes,

in an effort to solve the problem of effective communication lack by broadband commu-

nication services in indoor environments. This will help to improve signal performance in

such environments and support the application of the Internet of Things emerging from

the Fourth Industrial Revolution, besides other applications that require high data rates

especially in the indoor environment.
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The following are the objectives of this thesis:

1) To design a PLC-RF diversity system that operates at 2.45 GHz to solve signal

penetration of RF technology in multi-storey buildings.

2) To develop such a system, a channel model will be proposed and its transmission

system analysed, while considering the effects of the couplers used in the PLC link.

3) Display the best combining technique for PLC-RF diversity that operates at 2.45

GHz.

1.5 Main contributions

The main contributions are as follows:

1) The PLC-RF diversity system that operates at 2.45 GHz is designed. A discussion

on a hybrid PLC-RF system, in which such a diversity system is used, is presented

(see Chapter 6).

2) A channel model for PLC-RF diversity that operates at 2.45 GHz is proposed, and

its transmission system analysed with due regard for the effects of the couplers

used in the PLC link. The proposed system and the incoming data are coded and

modulated (see Chapter 6).

3) The best combining method for PLC-RF diversity that operates at 2.45 GHz is

proposed. Different combining techniques are studied to identify the most suitable

one (see Chapter 6).

4) The PLC-RF system in which the end-user is mobile due to the contactless aspect

of the system, at 2.45 GHz is proposed. The system was analyzed, and a channel

model was proposed along with its frequency response (see Chapter 4).

5) The measurement results highlighting the channel capacity and performance is pro-

posed. The transmission medium was analyzed on the PLC side and define the

transmission capability with respect to the types of wire used. We implement the

system practically and measure the radiated signal strength and the feasible data

rate for both RF and PLC, separately. (see Chapter 5).
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1.6 Thesis organization

The rest of the thesis is organised as follows:

Chapter 2 is divided into 5 sections, excluding the introduction. Section I describes

RF technology and its environment. A description of the indoor wireless environment and

wireless channel modeling are presented. This includes a detailed description of basic radio

wave propagation, indoor environment propagation, path loss, shadowing, multipath, and

Rayleigh. Section II entails a brief history of PLC technology, including indoor/outdoor

PLC environments, and the PLC channel. Section III deals with techniques of modulation;

Section IV with other PLC-RF related work, and finally, Section V provides a summary

of the chapter.

Chapter 3 introduces the first modeling techniques for the PLC-RF system. The PLC

channel, such as contactless PLC, is briefly introduced. An overview of transmission line

effect, coupling circuit and the radiation pattern of a long-wire antenna is presented. It

includes a basic description of different diversity techniques and their application on PLC-

RF. Furthermore, combining techniques, which include selection combining, maximum

ratio combining and equal gain combining, are presented.

Chapter 4 deals with contactless power-line communication at 2.45 GHz channel anal-

ysis, including comprehensive designs. The results of simulations are presented.

Chapter 5 discusses the preliminary measurement method for contactless power-line

communication at 2.45 GHz. The results obtained from the measurement are then pre-

sented.

Chapter 6 reports a PLC-RF diversity channel analysis for both channels and the

results are provided. The simulation measurements are performed, and the results of

each channel are compared.

In Chapter 7 concluding remarks for the work reported in this thesis are given. Sug-

gestions for future research are also presented in this chapter.
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2
Overview of PLC and RF

Communications

This chapter provides an overview of PLC and RF technologies and their applications. It

focuses on the resources required for PLC-RF system integration. The RF channel model,

which involves both indoor and outdoor environments, and the history of PLC and its

channel model are discussed. Various aspects of PLC, including channel characteristics,

attenuation, noise, and spectrum, are also discussed. The OFDM techniques that are

applicable in PLC technologies are highlighted, and previous studies on hybrid PLC-RF

are reviewed.
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2.1 Introduction

WiFi is commonly utilised for interfacing devices, such as laptops or desktop computers,

to each other in wireless mode and to the wired network. It employs RF technology to

transmit and receive data at high speed in both indoor and outdoor environments. It

operates within the generic terms of the IEEE 802.11 standard for wide local networks

(WLANs). WiFi is used worldwide for Internet access because of its simplicity and because

it is a cost-effective way of accessing the Internet without requiring wire.

However, WiFi faces a fundamental challenge, viz. the impact of obstacles that affect

signal propagation and spectrum saturation. This has drawn the attention of researchers

whose endeavours have produces a variety of solutions to the problem. PLC is one possible

way out, but its immobility is one of the most serious barriers there are others - that

slows down the mass implementation of PLC technology. This is often due to the fact

that end nodes are physically connected to power wires which generally presents a high

risk of electrical shock.

An overview of PLC and RF technology is given in this chapter. The details are

important since they will facilitate an understanding of the main elements that affect the

behaviour of the PLC and RF channel model. The channel model, together with noise,

is also presented in this chapter, and modulation techniques that are applicable in PLC

technology are highlighted.

2.2 PART I: RF technology

2.2.1 The indoor wireless environment

This thesis focuses more on the indoor than the outdoor environment and involves multi-

storey buildings and the effects of building materials on wireless signals. It is necessary

to briefly discuss the indoor environment propagation characteristics and the factors that

affect radio propagation in order to facilitate a broad understanding of indoor wireless

propagation.
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2.2.1.1 Basics for radio wave propagation

The propagation of radio waves refers to as the process by which energy travels through

a given medium from the transmitting to the receiving antenna. The medium is informed

of electromagnetic waves where radio signals use the speed of light as a communication

channel. The RF propagation can be determined by how well a signal travels in free space

or radiates using other uniform media. Different radio signals have different properties

which depend on high and low frequencies. The four major propagation mechanisms are

reflection, transmission, scattering, and diffraction [10], all of which have a significant

impact on electromagnetic waves and the environment.

2.2.1.2 Propagation in the Indoor environment

Most researchers have worked on radio propagation in the indoor environment. The mea-

surement of the indoor environment, which is based on narrowband and wideband systems,

is described in [11–19]. The indoor environment is associated with a short distance be-

tween the transmitter and the receiver [20], and the loss in the indoor link is usually cause

by free space loss. The signal strength in the indoor environment depends on the height of

the antenna, as well as on hardware equipment (tables, types of doors, windows and other

reflection shape object) with in the environment. Transmission techniques in the indoor

environment can be classified as follows: a direct LOS and an indirect LOS. In the direct

LOS, the transmitter and receiver normally establish communication by transmitting a

signal between transmitter and the receiver, although in indoor environments, most of

the receiver locations are obstructed by walls or other in-built obstacles. The effect of the

obstruction on the direct path of the signal can be considered dominant with the direct

line of sight. In this system, the transmission rate is high, and it maintains low multipath

dispersion and low path loss.

Indirect LOS depends on three main propagation mechanisms. As indicated in the

previous section, the signal can take many different paths from the transmitter to the

receiver as a result of reflection, scattering, and diffraction. In some cases, the signal can

reach the receiver directly, but might be phase-shifted, which will produce a distorted

signal. Because of reflection, the transmitting signal usually scatters off walls, ceilings,

or the doorways of a building. The reflection can thus be induced by some object or it

can be energy reflection which includes both the electrical and physical properties of an
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object. These will create multiple paths between the transmitter and the receiver. The

reflection normally reduces the power of the received signal.

2.2.1.3 Propagation in building environment

A comparison between propagation in indoor and outdoor environments in terms of mul-

tipath is given in [21]. It can be observed that the indoor environment has greater mul-

tipath as a result of obstruction associated with the constructions materials and building

structures used in the building [22]. A similar situation applies to offices and residential

houses. In this thesis, the focus is on the office and residential environment, since both

have similar propagation patterns. The aim of propagation in every building is to achieve

a high data rate together with high capacity. For partitioned apartments, propagation

measurement is discussed in [11–19]. These sources show that reflection is a major factor

influencing the signal strength. However, measurements [17] have shown that radiating

energy along corridors has the most significant propagation at a distance of up to 10m.

Another factor that influences indoor propagation is building materials, which include

metal, bricks, and glass. Understanding the transmission and reflection characteristics of

building material helps to predict the accuracy of data propagation.

2.2.2 Wireless channel modelling

Radio propagation can be grouped into three independent levels based on the electro-

magnetic (EM) wave propagation mechanism: path loss, shadow fading and multipath

fading [23]. The attenuation in the wireless link can be calculated in terms of summation

of path loss, shadowing and multipath fading, which represents the total attenuation as

follows [23].

a(t) = aPL(t)aSH(t)aFA(t), (2.1)

where a(t), aPL(t), aSH(t) and aFA(t) are total attenuation, attenuation of the path loss,

attenuation shadow fading, and attenuation of multipath fading.
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2.2.2.1 Pathloss

Path loss is the type of attenuation that propagates the transmitted signal from the

transmitter, which is the source, to the receiver at a given time interval [24]. Absorption

due to moisture and radiated power dissipation can be classified as two major causes of

path loss. Distance from the transmitter to the receiver is one of the major factors that

determines the received power of the path loss, in other words, path loss is a function

of distance which is known as free space propagation [25]. Different path loss model

descriptions are given in [24,25]. The channel linear path loss is given by

PL =
Pt
Pr
, (2.2)

where Pt and Pr are the source power, and destination power respectively. In free space

propagation, the received power for path loss of a channel in dBs is given by

PLdB = 10 log10

Pt
Pr
, (2.3)

where PL is the channel linear pathloss.

2.2.2.2 Shadowing

Shadowing is a result of objects obstructing the path of a transmitting signal, thereby

causing loss of signal from the transmitter. This results in fluctuation in the power of

the received signal. The signal is lost because of absorption, reflection, scattering, and

diffraction. The path loss in dB can be expressed according to Log-Normal fading as

PL(d)dB = PL(d) +Xσ

= PL(d0) + 10γ log
( d
d0

)
+Xσ,

(2.4)

where Xσ is the random shadowing effect. The Log-Normal distribution, which is the

probability distribution of a random variable whose logarithm is normally distributed, is

given by

fX(x;µ, σ2) =
1

xσ
√

2π
exp

(
− (log x− µ)2

2σ2

)
, (2.5)
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where x is the random variable, µ, andσ2 mean and variance of the distribution (in dB),

respectively.

Figure 2.1: Graph representing distance loss, shadowing, and multipath propagation.

2.2.2.3 Multipath

The application of multipath propagation in both channels (PLC, RF) are the same,

the only difference is that in the RF channel, the fading phenomenon depends on the

physical nature of the channel. In general, fading in the wireless channel is caused by

an additional signal as a result of the multipath phenomenon. The multipath fading in

wireless communication is cloned by the Ricean and Rayleigh models which have been

adopted in [26], to analyze the characterisation of wireless channels [26]. The Ricean

model is used in situations where LOS is applicable, while Rayleigh concentrates more

on NLOS. Here the focus is more on the Rayleigh distribution because in the PLC-RF

system there is NLOS. The graphical representation of the intensity for signal behaviour

over a distance for three components of the channel response is shown in Fig. 2.1 [26].

Ricean fading: Ricean fading is essentially part of radio propagation and is a stochastic

model for interpreting the partial cancellation of a radio signal. In such a situation, the

signal arrives at its destination via different paths. At any point when one signal path

within LOS is stronger than the others, Ricean fading occurs. Once the Ricean occurred,

2-6



2. Overview of PLC and RF Communications

the envelope obeys a Ricean distribution. Its probability density function is given by

p(α) =
2α

Ω
exp

(
− α2 + A2

Ω

)
I0

(
Aα

Ω

)
, (2.6)

where A represents the peak amplitude of the dominant path and I0 is the modified Bessel

function of the first kind and zero-order. The random variable for the signal amplitude is

represented by α, while Ω represents the average power of the random variable.

Rayleigh fading: Rayleigh fading is a statistical model for predicting or calculating

the effect of the environment on a radio signal. It is more effective when there is NLOS

between the transmitter and the receiver. The multipath fading associated with wireless

communication systems is commonly modeled by Rayleigh and Ricean distributions. This

study focuses on the modeling and simulation of Rayleigh fading. However, where there

is an issue of NLOS, the issue of attenuation as regards multipath fading in a wireless

channel.

Rayleigh distribution can also be described as two orthogonal components that have

complex number values. Such values include magnitude of both imaginary and real parts

which is for a zero mean Gaussian random variable. The two random process for the

orthogonal components of the imaginary and real parts respectively, are given as Rs and

Rc, it can be defined as

Rc = E0

N∑
n=0

Cn cos(ωct+ φn) (2.7)

and

Rs = E0

N∑
n=0

Cn sin(ωct+ φn), (2.8)

we can express Tz as

Rc = Rc(t) cos(ωct+ φn)−Rs(t) sin(ωct+ φn), (2.9)

where Rc and Rs are gaussian random processes for a large value of N with due regard

for the central limit theorem and Tz is the complex number of gaussian random process.

The evelope of Tz is given by
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α =
√
R2
c +R2

s. (2.10)

The channel response is modeled in a wireless channel to have a Rayleigh distribution.

The PDF expression is given by [27],

p(α) =
2α

Ω
exp

(
− α2

Ω

)
, (2.11)

where α represents the random variable for the signal amplitude and Ω represents the

average power of the random variable. The channel fading parameter and spectral density

of noise power in terms of the instantaneous SNR value per bit is given by [27]

p(γ) =
1

Eb|N0

exp

(
− γ

Eb|N0

)
, (2.12)

where γ is the SNR per bit, Eb is the ratio of energy per bit, N0 is the spectral density of

noise power.

2.2.3 Wireless channel noise

The wireless channel noise is mostly caused by the thermal performance of the receiver

and it associated with additive white Gaussian noise (AWGN).

2.3 PART II: PLC technology

2.3.1 PLC technology brief history

PLC uses an electrical power delivery network to transfer a signal from the source to the

receiver, and it carries both electric power and data simultaneously. PLC operation is

carried out by a signal modulating carrier on the electrical power network and utilises an

electrical cable for data transmission [28–30]. There are three stages of electrical power

classification: transmission over high, medium and low-voltage which is 44-132 kV; 1-44

kV, and 0-1000 V over transmission lines [31] respectively. PLC is applicable in all three
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stages. Its advantage over other techniques is that in every building and home, there are

existing power lines which are normally linked to a power grid. There is therefore, no

need to install additional infrastructure because the existing electrical power supply can

be used as the signal transfer medium.

In 1922, narrowband PLC was mainly used for the delivery of low-speed communica-

tion [32]. The first carrier frequency operating system started its operation over a high-

voltage line with a 15 to 500 kHz frequency range [33] for telemetry applications. The first

industrial system was developed in France in 1960 and made use of kVA of power. It is

generally known as Pulsadis. Thereafter, the CENELEC band PLC systems, which oper-

ate between 3 kHz and 145.8 kHz frequency range [34], came into existence. The low data

transmission works perfectly over a power line and it allows bi-directional operation over

low voltage, for example in remote meter readings. Power-line technologies have a wide

frequency band which allows the speed of both high and low data transmission over power

lines. Frequency bands are grouped into three main sets: ultra narrowband (UNBPLC)

technologies which are very low data rate, less than 100 bps; lower band frequency be-

tween 0.3 and 3 kHz, and upper band frequency between 30 and 300 Hz. According to

European standards, narrowband BPLC technologies operate within the range of 3-500

kHz frequency, and broadband BPLC technologies operate within the band 1.5-250 MHz.

Over time, research also introduced medium voltage and low voltage networks. In

time research involving PLC technology has gained in popularity, and there is an increase

in demand for networking in various areas such as offices and in industrial organisations

amongst others, where power lines utilise high-speed data transmission that is greater

than 2 Mbps [35,36]. In general, current PLC technologies have gained in popularity and

look very promising for energy providers and their users. Moreover, such technology has

been improved from the energy distribution network to the data transmission medium,

and many other applications have emerged from PLC technology such as Internet access

broadband and the wide area of the Smart Grid. Broadband uses PLC technology to

improve Internet access broadband through a normal power line. It is also regarded to as

power-band or power-line internet. A device such as a computer or laptop can be con-

nected to the electrical outlet of a building and it will get access to the internet at high

speed. Moreover, a broadband power line (BPL) has some advantage over a DSL connec-

tion. The cost of developing another Ethernet infrastructure in an existing building will

be saved. BPL uses existing electrical wiring to give users access to the internet in remote

areas using existing infrastructure. Beside the efficiency of low power devices, security
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is a major problem facing the wireless framework and its limited maximum throughput.

Some studies on broadband power-line communication modeling have shown that there

is a significant improvement in power-line technology to compare with wireless, and good

results have been obtained on the actual behaviour of power-line usage [37–39].

2.3.2 The PLC channel

The multipath reflections normally occur in an electrical power network within a multi-

path propagation environment. However, this type of reflections is normally regarded as

discontinuities and unmatched loads. The periodic change of loads which is synchronised

is determined by cyclic time variation of the PLC channel in terms of its frequency selec-

tive fading. A PLC channel modeling experiment can be performed using a top-down or

bottom-up approach [40]. Both modeling approaches have advantages and disadvantages:

the top-down modeling approach is easy to implement, and its computation is simple

and straight-forward. The top-down approach is performed by finding a suitable model

that uses either impulse responses or frequency responses. The parameters of the transfer

function of a PLC network are extracted from the actual measurement of the signal in the

channel. One of its disadvantages is the inability to replicate the character of the channel

in a different PLC network, and furthermore, it is also prone to error as regards to the

measurement.

The bottom-up modeling approach uses theoretical details to extract all parameters

of the transfer function, that is, it makes use of transmission theory to derive its channel

model. The bottom-up type of approach is used in this study, although, a channel model

approach is adopted, for modelling of an indoor power-line channels behaviour in terms

of periodic time-varying. The factors that determine the multipath propagation model

that defines the PLC channel can be referred to as the effects of reflection; the effects of

the cable (attenuation), and phase-shift propagation effects [41].

The PLC channel transfer function modeling techniques can be achieved by using a

time or frequency domain, although it depends on the algorithms being used. However,

the time domain channel is regarded as a multipath model in which the channel is classified

as a multipath environment. The frequency-domain algorithms, on the other hand, use

the fragmented network which is often regarded as elements in cascade and are referred

to as either transmission or scattering matrices [42]. In the following sections, the two
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main modeling approaches are reviewed.

The indoor PLC environment: The network for an indoor PLC system consists of

branching. The loads are connected through AC outlets to various points, which as a

result, experience different types of noise, conditions for frequency channel selection, and

attenuation that is on the high side [43]. The impedance mismatches heavily influence

performance of indoor PLC environment because various terminal points are connected

to the network.

The indoor environment provides an alternative to broadband networking by using

power-line communication [44], and without the need for installing a new infrastructure

network [44]. Indoor PLC includes various environments, such as offices, houses and

public environments, which all exhibit similar characteristics. The channel capacity of

the indoor environment is analysed in [45], and the result of the study show that there

is a variation in voltage, depending on the environment. Indoor power-line distribution

typically utilises two-wire transmission lines one of which is red (hot) and the other black

(neutral), the ground is normal the unsheathed copper wire.

The outdoor PLC environment: The network outdoor PLC environment consists of

a few long branches. It consists of two voltage levels: low voltage and medium voltage

which normally vary between countries, depending on the local voltage regulation body.

The power distribution network determines the voltage level that is used in the transmis-

sion network for signal propagation coverage. The outdoor PLC environment requires low

fading and high attenuation in comparison with that of indoor PLC environments [46].

2.3.2.1 Top-down PLC channel model

The PLC top-down channel model is generally an echo-based channel with an impulse

response. The echoes, which are the reception of multiple delays, occur due to the reflec-

tions from the appliances that are connected at the branch endpoints of the transmitted

signal. The top-down channel uses data fitting to develop statistical channel models that

produce low complexity. This is one of its advantages, although there is an issue of low

flexibility which is a major disadvantage. The model, as well as the derived parameters,

differ from one frequency band to another. Generation of the channel realisation can be
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achieved with a short interval once the model and parameters are provided. The impulse

response of an echo-based framework can be defined as [43].

Hp(f) =
N∑
i=1

gie
β−(f)lie

−j2πfτi , (2.13)

where t, ki and τi are the number of taps, attenuation and the delay of individual echo,

respectively. The attenuation coefficients, ki, of echoes is expressed using the effective

cable length, li. The weighting factor gi of the ith path represents the link topology [43,47].

The skin effects and dielectric loss are determined by the factor f . The Fourier transform

of the channel model statistic is expressed [43,47] and also the channel frequency response

for spectral analysis.

2.3.2.2 Bottom-up PLC channel model

The transmission line effects model and the voltage ratio model are used to model the

PLC bottom-up approach [48]. The voltage ratio approach describes the relationship

between an input voltage and an output voltage in a network. A detailed description of

the bottom-up approach model with its transmission-line theory was explained in [49], and

the theory behind the bottom-up is highlighted in [40,50]. The elements of the network are

generally modeled mathematically in such a way that they can be incorporated to generate

channel realisations. The channel model of a bottom-up approach can be summarized as

the product of the channel transfer function and the units of the various electrical power

sources in the network topology. The formula for the bottom-up approach is presented

in [40,50] and it is given by

Hp(f) =

Ip−1∏
j=0

VRxi(f)

VTxi(f)
, (2.14)

where VRxi and VTxi are the voltages measured at the receiver and the transmitter input

ports, respectively, and Ip the number of input ports.

2.3.3 Noise and disturbances in PLC

The noise in PLC differs from that in the classic AWGN. In this study both noise types

are emphasised. In the following section, PLC noise and interference are discussed.
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PLC channel noise The PLC noise scenario basically depends on the environment

which involves several parameters such as magnitude and graphical representation that

will determine the sources of the noise [47, 51]. The PLC noise is typified as background

noise and impulse noise [52–55]. There are two types of background noise, viz. coloured

background noise and narrowband noise [52]. Impulse noise in turn, consists of impulse

periodic noise and synchronous and asynchronous impulse noise [52].

Back ground noise: This is the result of low power noise emanating from various

sources. It is the noise that is normally caused by household devices, e.g. an electrical

cooker and an iron, among others [52]. Background noise can be disregarded because of

its relatively low power spectral density (PSD) [56, 57]. The PSD, Pbackg, of background

noise can be calculated as [58].

Pbackg(f) = ρ+ α|f |γ, (2.15)

where ρ, α and γ vary with time and location. The power levels of coloured noise, which

is associated with background noise, vary with time, from one second, minute or hour to

the next, and thus change over time.

Narrowband noise: Narrowband noise is caused by signal spectrum interference or

coupling of a RF signal, e.g. Wi-Fi and broadcasting station, amongst others. The

amplitude of narrowband noise depends on time, and normally dominates part of the

spectrum [56, 57]. The noise originates from television vertical scanning frequency are

connected to the same transmitter harmonics. The television scanning frequency noise

has been presented in [52,59].

Impulse noise: The main cause of impulse noise is the switching on of the power

supply from the transients network. The power supply which varies within a few seconds

depending on the load connected to it. In [52,56], a comparison of PSD for impulse noise

and background noise is given. In conclusion, the PSD of impulse noise is estimated to

exceed the range of 10-15 dB in comparison with the background noise, which at times

can reach 50 dB.
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Asynchronous impulsive noise: This kind of noise is the most dominant type, besides

being the most difficult to predict. Asynchronous impulsive noises usually originate from

transients. It has the ability to connect or disconnect from an electrical appliance on

the power-line network depending on the load connected in the network. Such noise is

sometimes known as sporadic impulsive noise. Asynchronous impulsive noise modeling

is based on periodic function that represents an additive white Gaussian noise with zero

mean. It is detailed in [52], and is given by

σ2
n(t) =

L−1∑
l=0

Al|sin(2πt/TAC + θl)|nl , (2.16)

where nl, θl and Al are the main characteristics of the noise. Note that TAC is the mains

period and L represents the number of noise classes.

2.4 PART III: Techniques of modulation

OFDM has been adopted as the modulation scheme for wireless and PLC channels [60].

In [61, 62], the authors consider NBPLC/wireless diversity combining, for which they

propose OFDM as the transmission modulation scheme. In this case, the same information

is sent through both channels at the same time. In the solution provided by OFDM-PLC,

the 78.6 kbps data rate can utilize 48 data sub-carriers at its maximum capacity and

in the frequency range of 24 to 93 kHz [63]. Based on these frequencies, there will be

an increase in the transmission filters which will help to reduce unwanted signal. The

problem with this solution is that it does not align with the CENELEC A principle. For

CENECLEC to work, the data rate speed of 78.6kbps will be utilised with the 48 data

sub-carriers which must match the 16-PSK modulation. Moreover, the PLC channel is

a low SNR environment. In addition, OFDM depends on the carrier frequency offset.

Consequently, other solutions should be investigated.

To combat signal degradation due to noise and attenuation, to reduce error rates, and

to improve spectral efficiency, it is necessary to employ some form of signal modulation

technique. Solutions such as MIMO-OFDM for the PLC channel have been proposed

[64–66]. Most of the solutions (PSK-QAM) are based on full channel state information

(CSI) [67]. Solutions based on CSI are preferable, but are not the best, which means

that there is a need for more research for an optimal solution to PLC channel because of
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the unpredictability of CSI. Differential code shift keying (DCSK) and spread frequency

shift keying (S-FSK) were proposed for SENELEC A [68, 69]. The ideal solution will

accommodate low-power and low-cost constraints. Energy detection of the chosen scheme

must attain a minimum BER on the AWGN channel.

Different modulation techniques are highlighted in [70]. Here a suggestion is made

that a better performance can be achieved using BPSK modulation when compared with

other modulation techniques such as QPSK, 8-PSK, or 4-QAM and 16-QAM [70]. For

purposes of simplicity, the modulation technique used in this study is BPSK, and outage

probability is used to calculate the numerical performance.

2.5 PART IV: Other PLC-RF related work

The hybrid system is gaining more popularity recently for indoor communication, which

is likely to be consider as future possible solution for wireless communication systems. A

more flexible solution, which could considerably impact on the communication industry,

is the use of a radio frequency (RF) antenna [71–75], which will detect the radiation signal

provided by the power wire and converts it into an electrical signal. The signal received

will be detected definitely by the PLC receiver. It is also regarded as an excellent approach

to achieving service quality required. In [76], the hybrid RF-VLC system was proposed,

which was more vitality productive and more versatile to the brightening conditions than

the individual VLC or RF frameworks. A similar hybrid system was shown in [77], which

involves a hybrid system that considered RF as well as optical wireless-based communi-

cation technologies. All the results demonstrate that the hybrid system performed better

than single RF, PLC, and VLC. Using the wireless and PLC channel simultaneous to

improved indoor network performance has been proposed by Lai et al. [78]. In this ap-

proach, the analysis of a narrowband model was presented using OFDM subcarriers, in

which various diversity combining (DC)scheme was used to receive the signals. In their

research, bit error rate (BER) for binary phase shift keying (BPSK) is performed which

help to analyze the saturated AWGN metric for diversity. Solutions have been proposed

for employing selection combining in correlated with log-normal channel noise, in this

case, the PLC channel is considered to be log-normal [79]. By using BER for BPSK for

analysis, it can be seen that multiple channels employing selection combining is better

than the single channel in terms of unwavering quality [79]. The two technologies were
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combines together using a hybrid system which are TV white space (TVWS) and broad-

band power line communication (BBPLC). Th two technologies were proposed for a smart

grid multimedia network in [61], where the same signal is sent through both TVWS and

BBPLC channels.

A similar hybrid wireless-PLC systems experiment was performed in [60], in com-

parison to not hybrid systems. From the computational simulations that were based

on the physical layer of the IEEE P1901.2 standard, it was concluded that the hybrid

PLC-wireless system offers a gain of the signal-to-noise ratio (SNR) when compared to

only a wireless or PLC system. The hybrid PLC/wireless channel was analyzed for data

communication purposes, using statistical modeling, which was presented in [80]. A prac-

tical hybrid wireless-PLC systems scheme based on single relay channel (SRC) [72] is

introduced. The hybrid power line/wireless a single relay channel (HSRC) significant

performance was exhibited which outperforms both power line and wireless SRCs in all

considered scenarios.

This provides the possibility of using the PLC as an access technology. To the best of

our knowledge, a joint PLC-RF framework in which the transfer function of the coupler is

considered has not yet been investigated. In such a system, the coupling circuit ought to

be considered as one of the major components that will impact the performance of a PLC

channel. With this in mind, in this thesis, a diversity system using two different channels

(PLC, RF) is proposed. The transmission system is analyzed, and signal reception is

based on both SC and MRC. The outage probability analysis is proposed, and resultant

signals are obtained by both SC and MRC combining technique.

In [81], the measurement campaign of hybrid PLC/wireless channels are analyzed.

The results of the analysis indicate that the communication of portable devices over the

electric distribution grid is viable. A previous study on PLC/wireless diversity combining

can be found in [62], which summed the received signals for both NBPLC and wireless

link along with the diversity combining techniques and then add them to the conventional

combining techniques using closed-form expressions for average BER. In [82], a solution

for combining a received signal using diversity-combining techniques for hybrid NBPLC

and unlicensed wireless transmission is proposed. It makes use of differential modulation

schemes. In [83], the research introduced an approach, which is amplify-and-forward re-

laying was used for in-home PLC and wireless systems. The capacity of the system for

both PLC and wireless channel were analyzed using the exploited statistical properties. It
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was concluded that the performance of the hybrid system is better to compare with single

wireless or PLC system. In [5], the researcher discusses the advantages of a hybrid system

when compared to a non-hybrid one using a hybrid power-line/wireless data communica-

tion system. Numerical results show that hybrid power-line/wireless data transmission is

more stable in comparison with data transmission via an individual power-line or wireless

system. The scheme described in [82] helps improve the performance robustness in the

communication link by reducing interference and noise. Selection diversity was proposed

for the analysis of a closed-form expression for an average BER performance. In [84], the

authors introduce another narrowband PLC and an unlicensed wireless communication

system in which the output signal is combined, but in this case, the two channels carry

the same information. The channel performance is analysed using the average BER. A

solution using wireless and power-line communication channels to increase the coverage

and throughput of an indoor network is proposed in [85]. For the channel model, OFDM

was used for transmission over different media.

It should be noted, first, that in all the sources referred to above, the authors anal-

ysed the performance diversity for a PLC-wireless channel using the average BER and a

few tools. This is an interesting channel analysis in terms of the noise factor. Further

investigation on issues such as the channel outage probability is needed. This will re-

ceive attention later in this study. Second, in most of the sources the coupling circuit is

not considered in the analyses reported by the authors. Furthermore, they consider the

transfer function of the coupler as one unit which is not usually the case.

Combining RF and PLC technologies are proposed in the literature for various appli-

cations [3, 61, 62, 79, 81, 84–87]. In most of the sources consulted, PLC is proposed as a

fundamental aspect of RF, and signals to be transmitted by the WiFi router come from

the PLC channel.

Over view of contactless PLC: In [81] hybrid PLC-wireless channels are presented.

The discussion demonstrates how physical portable devices can communicate with each

other through an electric distribution grid. The frequency band used for the analysis is

in the range of 1.7 to 100 MHz. The magnitude for the channel frequency response is

also discussed in this source. The study concludes that the channel frequency response of

a hybrid PLC-wireless for a portable device is better when compared with an individual

portable PLC or wireless. Similar to the work in [81], the authors of [4] report an ex-

periment involving characterisation of a hybrid PLC-wireless channel. In their work, the
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authors give measurement of the hybrid channel in the PLC and its performance. The

researchers characterise the hybrid PLC-wireless channels. The study reveals that the hy-

brid channel measurement offers lower attenuation than a non-hybrid channel offers [4].

The authors of [88] performed an experiment involving a power-line cable and its prop-

agation characteristics. In their work, they demonstrate that application of radio wave on

an existing power-line network for a large building will help to enhance signal penetration

when a WiFi wireless network is used. This was also confirmed in a similar exercise re-

ported in [89] where the authors performed the experiment using wireless communications

at 2.4 GHz frequency over a power-line network inside a multi-storey building. In their

work, RF LOS for outdoors can go up to 100 m, which is not the case in an indoor multi-

storey building, where the signal will be obstructed by the floors or ceilings, leading to a

signal drop by 10 m, or might even be blocked completely. The power-line network in the

building acts as a guide to the weak signals from their source to their final destination.

Similar to work reported in [87], the author of [87] performed a measurement analysis

of a contactless PLC system. This study shows that electromagnetic interference (EMI) is

produced from a power line that carries a communication signal and it can be transmitted

to a receiver by means of a contactless off-the-shelf power line connected to an antenna.

Power lines that carry communication signals tend to produce radiation through the

principle of EMI. Signal can be transmitted via a wireless medium and received through

the power line. This can be achieved by using off-the-shelf power lines and a modem

connection to an antenna. The limitation here is the 2 m radiating distance that operates

within the frequency band range from 150 kHz to 30 MHz. Advanced work needs to be

carried out in which a longer radiating distance is considered.

2.6 PART V: Summary

In this chapter, the background of RF and PLC technology as regards communication

systems in general is discussed. An overview is provided of the transmission of RF, using

radio waves, and the behaviour of the channel model in indoor and outdoor environments

received attention. Furthermore, PLC transmission that uses a power-line cable for its

delivery is dealt with. RF and PLC design were considered and fundamental principles for

both technologies were highlighted. Emphasis was placed on the modulation methods, and

the PSK technique was mentioned. A brief description of PLC noise was given and finally,
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relevant aspects from published studies on hybrid PLC-RF systems by other researchers

were highlighted.

This background, in which the basics of the proposed technologies together with the

benefit of integrating the systems have been highlighted, sets the scene for the next

chapter. In it the necessary statistical tools as well as the different diversity techniques

for the PLC-RF channel will be analysed.
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3
Modeling Techniques for

PLC-RF Systems.

In this chapter the statistical tools required to demonstrate a PLC-RF channel are pre-

sented. The diversity techniques applicable to PLC-RF technology are emphasised, and

an analysis of various combining techniques and their applications are highlighted. The

long-wire antenna and transmission-line parameters are also identified.
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3.1 Introduction

The demand for wireless communications technology in the next-generation network and

beyond is moving towards contactless PLC technology, especially for indoor communica-

tion applications. This is because it offers better performance, coverage, and reliability

through the provision of Internet access for both wireless and power-line mediums. PLC

aims to simultaneously use existing electrical power cables as electronic communication

channels, besides its regular use as an electrical cable. The main challenge, viz. how

to improve signal transmission in terms of a megabits per second (Mbps) rate in indoor

communication by using a power line, persists. Although some work has been done in

this field [86,87], it is still a new area of research, and much remains to be done.

3.2 Transmission line effect.

Figure. 3.1 shows the transmission line of a common PLC channel, where L, R, G and

C are inductance, resistance, conductance and capacitance respectively. The electrical

parameter for the power line that determines the channel frequency response is described

in [90], and the calculation for the circuit is given in [90, 91]. The single phase, which

consists of parallel L−C circuits with parameters of variable inductances and capacitances,

resonate at a specific frequency.

The impedance calculation of the series RLC resonant circuit, which is frequency

dependent in Fig. 3.1 (see 2.6 above), is given by

Zs = R + j2πfL+
1

j2πfC
. (3.1)

The capacitive and inductive reactants may be equal to the resonance. They lead to

the circuit being resistive. The resonant frequency is given by

fres =
1

2π
√
LC

, (3.2)
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Figure 3.1: Transmission line

and the channel frequency response (f) is

H(f) =
1

1 + Z
Zs(f)

. (3.3)

The long-wire antenna for RF radiation acts as a transmission line, which is a standing

wave or traveling-wave antenna, or possibly a guided surface-wave system. The coupling

circuit will couple the signal into the transmission line.

3.3 Coupling circuit (CC)

The PLC utilises a CC as part of its major component for transmission. It is simply the

interface between the PLC modem and power-distribution network. The CC is used to

couple the communication signals in/out of the power line. The coupling of the commu-

nication signal can be achieved by using several closed current paths [92]. The closed

current paths are discussed in [93]. In their experiment, the authors of [93] show that the

CC, which was a RG-58 coaxial cable, was stripped in proximity to the power line to act

as coupling circuit which is clearly described in [86].

Input-output coupler: The indoor environment uses three wires lines, such as life

wire (Le), neutral (Ne), and the protection wire (Pe). A maximum of four inputs can be

realised including the common-mode (CM) input (Le-Ne, Le-Pe, Ne-Pe, CM). However,

only one MIMO/SISO combination of two inputs is advised because of the imbalance that
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will be created by the others [94]. If the receiving couplers at the receiver do not inject

any signal into the channel, it will create an unbalance signal situation in the PLC system.

The four ports can be used consequently, a maximum of 2×4 MIMO is feasible (Q=2,

N=4 ⇒ Γ=2). The different single SISO streams included in the decomposition of the

channel matrix H are all affected by a correlated noise vector ~n. It has been shown that

for low-level noise, the Le port is less sensitive than the ports situated on the protection

and the neutral wires. A coefficient Cq,n (0 ≤ Cq,n ≤ 1) characterises the correlation

between noise types affecting the different wires.

3.4 Long-wire antenna

The radiation pattern of a long-wire antenna depends on its electrical length and can

be unpredictable. The wave lengths (λ) in radio wave are used for measuring its length.

A wire antenna is a three-dimensional solid electrical conductor of any cross-sectional

geometry, although normally it is round or square, with a specific spatial shape and

orientation [95]. The simplest wire antenna topology is a 1
4
λ antenna. The 1

2
λ dipole is

normally easy to construct. The combination of two of 1
4
λ antennas is 1

2
λ. The long-wire

antenna normally has different lobes which are usually located at an angle to the axis of

the antenna [96,97]. This is caused by drop-off zone radiation that is on the axis. At 0.6 a

normal wire antenna will have a single lobe at its right angle axis. The lobe will split into

two lobes usually at equal angles to the wire, depending upon an increase in the length

of the wire. An increase in the length of the wire in wavelengths is directly proportionate

to an increase in the number of the lobes and is difficult to predict.

The length of the wire antenna depends upon three variables such as operating fre-

quency, dielectric value and the material of the conductor. The operating frequency of

an antenna operates only in a vacuum environment (free space). The dielectric value

(effective relative permittivity) of the material surrounding the conductor, and the mate-

rial that exists between the conductor that comprises the antenna and the nearest earth

plane. This is described in [98, 99]. Long-wire antennas are usually created by using a

number of dipoles [100]. The length of the wire for long-wire antenna [101] is given by

La = n
λ

2L
, (3.4)

where La, n and λ are length of the antenna, number of elements and wavelength respec-
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tively. The combination of long wires to form antennas of different shapes will help to

increase the gain and directivity over a single wire. The length of long-wire operation de-

pends upon the wavelengths. Moreover, the characteristics of the antenna change slowly

with the length of the wire, except in situations where short wires are used; here the

change will not be noticed. The lengths of the antenna system for harmonic wires can be

determined with the following formula [101],

Length = 984
(Na − 0.025)

f
, (3.5)

where Na is the antenna length in wavelengths and f if the frequency. The long-wire

antenna operates to give satisfactory gain and directivity over a frequency range that is

twice the value for which it was prepared. It receives power and radiates effectively on

any frequency for which the whole length is not less than approximately λ
2
. A long-wire

antenna has directional patterns that are shaped into horizontal and vertical planes [102].

The radiation concentrates more on the low vertical angles.

3.5 Radiation pattern

The characteristic of radiation pattern for an antenna in the directional function, for the

far-field region can be defined as a 3D plot of the radiation [96,103]. The distance of the

far-field is given by [104]

RF =
2(D)2

λ
, (3.6)

while

λ =
c

f
. (3.7)

The near field distance is given by [104]

Nf =
(D)2

4λ
, (3.8)

whereD, f , λ and C are the largest dimension of antenna, operating frequency, wavelength

and speed of light in free space.
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The radiation pattern can be expressed as a graphical representation of radio prop-

erties, classified in two-dimensional plots and consisting of an elevation pattern and an

azimuth. The radiation of an antenna is a transducer between a radiated wave and a

guided wave. Antenna patterns can be grouped into four categories: omni-directional,

directional, isotropic and principal plane patterns. For purposes of simplicity, omni-

directional and directional antenna patterns will be discussed and analysed in this study.

The omni-directional pattern is uniform in a given plane; the antennas that are associ-

ated with it are mostly micro-strip patch and dipole antennas. Their reception has the

same transmission because of the reciprocity characteristic of the radiation patterns of

the antenna. The calculation for directivity of an antenna is given in [96] as

D(θ,Φ) = 4π
F (θ,Φ)∫ 2π

0

∫ π
0
F (θ,Φ) sin θdθdθ

, (3.9)

where F (θ,Φ) is the function for radiation intensity. In some cases directive antennas

perform better than omni-directional antennas in terms of gain. Antenna directivity gain

depends on directional properties and antenna efficiency [101,105]. The gain measurement

is discussed in [105]. Moreover, the gain measurement depends on the angle where the

maximum radiation occurs [105,106]. The gain can be calculated as [105]

Gain = 4π
F (θ,Φ)

Pin
, (3.10)

where the input power is Pin

Long-wire radiation pattern: The electrical field model radiation for an electrical

cable of the long electrical antenna depends on two distinct modes, viz. radiated and

coupled modes. The radiation is made up of slots where each acts as a magnetic dipole

antenna. The slots radiate as a result of the interruption from the currents lines that run

along the outer conductor of the coaxial cable.

The fundamental electromagnetic radiation principle depends on the basic relation

between current and charges as explained in [107, 108] and shown in Eq. 3.11. The

movement of charges in a time-motion results in the creation of a current which activates

the radiation. The cross-sectional area of a circular conducting wire in which electrical

charges and current are uniformly distributed in terms of the wire area, A, and volume,

V, is demonstrated in [109] and shown in Fig. 3.2. The current density Jz (A/m2) cross-
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Figure 3.2: Charge uniformly distributed in a circular cross section cylinder wire.

Figure 3.3: Coaxial cable simulation model

section of the wires depends on the uniform velocity and electric volume charge density.

vz (m/s) and qv (C/m3) respectively is given by [110] as

Jz = qvvz. (3.11)
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The total current Q is inducted on the outer conductor which radiates in the cable.

x, y, andz are the directions of the radiating field, which operate at half wavelength of a

long electrical cable, and act as an antenna over a distance. The power-line simulation

software used for the analysis was a long cable wire which functioned as an antenna at

high frequency. The frequency and power selected were 2.45 GHz and 5 watts respectively.

This helped to indicate a minimal EME/EMF around the cable, as shown in Fig. 3.3. A

power cable will have a different EME/EMF emittance, depending on the cable isolation,

length and cable type. However, the cable used in this work was non-energised. The

characteristics of non-energised cables are mentioned in [86].

A RG-58 coaxial cable was used for the analysis. Based on the characteristics of a

RG-58 coaxial cable, it can be assumed to have the same EME/EMF emittance. The

radiation in the power cable at high frequency depends on the power and cable distance

as shown in Fig. 3.3. As was expected, the simulation result radiated through the cable

according to EMF. As the frequency increased, the distance and power were reduced as

explained in [86]. Although this matter falls outside the scope of this study, it can be

said that further experimentation is needed to establish a perfect finding. The results

obtained are preliminary which will be justify in the future work.

The radiation E-filed strength of a long-wire antenna in the directional function is

given by

EE−Field =

√
30 ? PT ? GT

d
, (3.12)

where E is the radiation EE−Field, the strength, PT and GT are transmission power and

total gain respectively. The distance d, is the link from the source to the receiver. At

higher frequency, the transmission line of a long-wire cable acts as an antenna and the

antenna gain is part of radiation lobe as described in [1].

The radiation pattern of a long-wire antenna produces two different lobes viz. the

symmetrical and unsymmetrical lobes. In the symmetrical lobe system, the radiation

pattern of a long-wire antenna depends on the frequency. A standing-wave antenna de-

picted in Fig. 3.4 gives a good example of a symmetrical lobe, producing radiation at the

center of a long-wire antenna. Alternatively, the unsymmetrical lobes produce more lobes

in the current flow direction, and fewer lobes in the opposite direction.
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Figure 3.4: Radiation pattern for long wire antenna as a function of frequency [1].

3.6 Diversity technique

Diversity, which leads to better link performance, has been used as a very powerful tool

to combat fading in wireless communication systems. Diversity techniques are used in

the fading channel to improve the performance of a system by reducing the depth and

duration of the fading signal from the receiver. The principle underlying diversity is the

reception of the signal on two or more independent, and hence uncorrelated, branches,

and then combining the output in some optimum manner so that various branch signals

(channels) are significantly uncorrelated. The idea is that at any given point, the receiving

antenna will receive a strong signal from one or both channels. In this method, the same

signal is transmitted over two different channels at the same frequency and time.
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The RF channel is affected by indoor RF obstacles, and likewise the PLC is affected by

PLC noise and various physical phenomena. The target is to develop a channel that will

helps to produce the best channel with the strongest signal at any point in time. Diversity

techniques can also be used to overcome noise issues, for example impulse noise as a result

of multipath effects. Diversity can be classified in various ways such as frequency, space,

time, and polarisation diversity. This study is intended to propose the application of

the diversity concept to approach the indoor channel fading by examining the channel

reception performance in terms of time and frequency diversity. At the communication

channel receiver, coupler diversity is introduced. This will help to combine the coupling

outlet to one terminal in time and frequency domain.

3.6.1 Frequency diversity

Frequency diversity can be achieved by using two antennas transmitting simultaneously

with different carrier frequencies in a frequency domain, with the assumption that fading

will be independent. The process is described in [111]. Coherence bandwidth separates

a carrier from others. The only problem with frequency diversity is that it requires large

bandwidth, which normally slows down the systems performance. It requires one antenna

only, and the total transmitted power is shared among the carriers.

Figure 3.5: Frequency diversity
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3.6.2 Time diversity

Time diversity can be achieved by transmitting the signal with the same information

more than once at different time intervals and in a way that each signal symbol will be

transmitted M times. The interval between symbol transmissions of the same signal is

referred to as coherence time. It becomes an issue once the time interval for a time slot

exceeds the coherence time. However, the challenge with time diversity is that it requires

extra transmission time.

Figure 3.6: Time diversity

3.6.3 Space diversity

Space diversity differs somewhat from frequency diversity and time diversity as regards

bandwidth usage and transmission time. It can be obtained by using two or more an-

tennas from the transmitting side and using two or more antennas to receive the signal

at the receiver side. The aim is to improve the quality and reliability of the link. The

antennas are separated from each other and are placed several wavelengths apart, with a

minimum spacing being 0.5 wavelength. The spacing should be adequate to provide spa-

tial decorrelation between the receiving antennas. On the receiving signal side, received

signals are combined by means of different combining methods to achieve the best SNR.

The two main types of spatial diversity are macroscopic and microscopic diversity

Macroscopic diversity prevents large-scale fading and it is a log-normally distributed sig-

3-11



3. Modeling Techniques for PLC-RF Systems.

nal. Shadowing is the major cause of large-scale fading in wireless communication situ-

ations because of major variations between transmitter and receiver resulting from the

terrain profile and the nature of the surrounding environment. Macroscopic diversity pre-

vents small-scale fading which is caused by multiple reflections from either transmitting

or receiving antennas. This can be avoided by choosing an antenna with a strong signal

that mitigates the small-signal fading effect.

3.7 Combining techniques

3.7.1 Selection diversity

Selection diversity proves to be the simplest technique when compared with the other

techniques. The diversity branch with the strongest signal level should be selected for

signal transmission which have already described in [112]. However, the principle behind

SC is to select the best signal in terms of its signal strength at any point in time from

the transmitted signals. In a situation where there is signal obstruction due to the fading

environment, a strong signal can still be achieved. Moreover, SC is mostly used in the area

of wireless communication because of its simplicity when compared with other diversity

techniques. Since the selection method depends on the SNR performance, it is difficult to

measure SNR in a short period of time. However, selection is done by selecting the branch

that has the largest received signal with the same average noise power on each branch,

as shown in Fig. 3.7. A typical example of SNR improvement with selection combining is

Figure 3.7: Selection combining

shown in (see Fig. 3.8) which was presented in [113]. For, (see Fig. 3.8), it clearly showed
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that the SNR performance depends on the number of antennas being used, the more the

number of antennas, the better the SNR performance. The selection combining output is

y(t) = Aie
jθis(t) + zi(t), (3.13)

where A = max (A0, A1, ...AN−1), the received SNR for selection combining is be given

by

γ =
A2Eb
N0

= max(γ0, γ1, ...γN−1).

(3.14)

The CDF equation for independent and identically distributed branch with uncorrelated

branches is give by

Pγ(γ) = NrPγ0(γ)[Pγ0(γ)]N−1, (3.15)

where Pγ(γ) is the CDF and Nr is the number of branches.

Figure 3.8: SNR improvement with selection combining.

Outage probability for selection combining: The probability of BER depends on

the probability of failure for the ith on the receiving antenna [114]. The PDF of the instan-
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taneous SNR, in which the ratio of bit energy to noise drops in exponential distribution

format, for chi-square with two degrees of freedom is given by

fγ(γi) =
1

γav
exp
{ γi
γav

}
. (3.16)

The associated CDF is given by

Pout, γ1 = Pr[γ1 < γ] =

∫ γ

0

fγ(γi)dγi

= 1− exp
{ γi
γav

}
, γav

=
Eb
N0

,

(3.17)

where γ is the threshold for the ratio of bit energy to noise. The total probability for the

instantaneous SNR is the product of individual probability which is the actual PDF and

is given by

fγ(γSC) = Pout(γi < γSC , i = ...., N)

=
N∏
i=0

P (γi < γSC)

=
(

1− exp
{
− γSC
γav

})N
, γSC ≥ 0.

(3.18)

The PDF is derive from the CDF and is calculate as

fγ(γSC) =
dPout(γSC)

dγSC

=
N

γSC
exp
{
− γSC
γav

}[
1− exp

{
− γSC
γav

}]N−1

.

(3.19)

Bit Error Rate for selection combining: The calculation of BER with AWGN for

BPSK [115,116] is given by:

Pe =
1

2
erfc

√
Eb
N0

. (3.20)
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The total BER for all possible values of SNR is the integral of conditional BER and is

given by:

Pe =

∫ γ

0

1

2
erfc(
√
γav)Pγdγ

=

∫ γ

0

1

2
erfc(
√
γav)

N

γSC
exp
{
− γSC
γav

}[
1− exp

{
− γSC
γav

}]N−1

.

(3.21)

3.7.2 Maximum ratio combining

Among all the combining techniques, maximum ratio combining (MRC) is the most

complex. It uses a coherent technique in which all branches are optimally combined

at the receiver. The co-phased and weighted factors for MRC on SNR scaling is discussed

in [112,117]. The most ideal form of diversity combining, which requires a complex design

at the receiver circuit to adjust gain in every branch, is the MRC. This is demonstrated

in Fig. 3.9, where the individual receiver signal of each branch is weighted according to

its voltage to noise power ratio. The best performance of SNR can be achieved by the

sum of the individual SNRs. One of the interesting part of MRC is that it may accept the

Figure 3.9: Weight branches for maximum ratio combining.

output even if the input was unacceptable, although it requires proper tracking of complex

fading, which in practice, is difficult to achieve. Some work has already shown that the

SNR can be improved by using maximum ratio combining [113]. Various antennas are

used to achieve the improvement of the SNR up to 10 dB, as shown in Fig. 3.10 [113].

The SNR performance for MRC can be slight when compared with that of equal gain

combining (EGC) [112], but the difference is that MRC uses co-phased. In MRC, each

branch weights have equal magnitude which is used to analyse the received signals from

3-15



3. Modeling Techniques for PLC-RF Systems.

the source, however, the process gives more details analyses of the received signals. This

results in MRC being able to produce acceptable output signals from different unaccept-

able inputs. MRC still performs better in terms of SNR improvement, followed by EGC

which is better than SC [113]. The linear combiner output for MRC is expressed by

Figure 3.10: SNR improvement with maximum ratio combining.

Y (t) =
N=1∑
i=1

Wirt(t). (3.22)

The instantaneous signal and noise power of the combined signal is

γMRC(Γ) =

∑N=1
i=1 A2

iEb
N0

=
N=1∑
i=1

Γi.γi.

(3.23)

The probability distribution of the SNR at the combiner output, taking into account
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the chi-square distribution with two degrees of freedom, is given by [111,118]

fΓ =
1

(N − 1)!
exp
{
− γN−1

MRC

γNav

}
exp
{
− γMRC

γav

}
. (3.24)

Outage Probability for MRC: A failure due to partially packet lost in transmission

of an SNR that will result in a small packet detection is known as outage. In a channel

with Rayleigh fading, the outage probability can be obtained from the CDF. This is given

in [114] as

Pr(γMRC < γ) =

∫ γ

0

fΓ(γMRC)dγMRC

= 1−
∫ γ

0

fΓ(γMRC)dγMRC

= 1− exp
{
− γMRC

γav

}N=1∑
i=1

(γMRC/γav)
i−1

(i− 1)!

. (3.25)

Bit Error rate for MRC: The Rayleigh distribution of a random variable channel can

be related to the chi square variable in a mathematical expression. The square root of the

random variable channel of Rayleigh distribution is equivalent to the chi square variable

with two degrees of freedom. The PDF of SNR of the Rayleigh distribution is given by

Pγi =
1

γav
exp
{
− γi
γav

}
. (3.26)

The PDF of chi-square random variable with 2N degrees of freedom is given by:

Pγi =
1

(N − 1)! (γav)N
γN−1exp

{
− γi
γav

}
, γi ≥ 0. (3.27)

The calculation of BER with AWGN for BPSK [8] is given by

Pe =
1

2
erfc

√
Eb
N0

. (3.28)

For all possible value of SNR, the total BER is integral of conditional BER and its
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given by

Pe =

∫ γ

0

1

2
erfc(
√
γav)Pγdγ

=

∫ γ

0

1

2
erfc(
√
γav)

1

(N − 1)! (γav)N
γN−1exp

{
− γi
γav

}
dγ.

(3.29)

3.7.3 Equal gain combining

Equal gain combining is a relatively complex technique that requires co-phasing. The

slight different between EGC and MRC is that MRC offer different levels of complexity

while EGC is simpler to implement. The individual branch signals in EGC are normally

dependent on each other and will enhance the performance. EGC is the same as MRC,

the only measure that is different being the weighting circuit which EGC lacks. EGC

uses co-phasing to combine the high quality receiving signals, interference and noise as

described in [119]. The signal improvement in EGC is slightly lower when compared with

MRC.

Figure 3.11: Weight branches for equal gain combining.

Figure 3.11 shows the individual signal branch of the coherent and non-coherent noises.

It combined using co-phasing and the summation of simple phase circuit. Equal gain

combining uses simple phase summing for simplicity. For each branch weighted with the

same factor, there is no need for signal amplitude or channel amplitude to gain an accurate

estimate [120]. However, there is a need for the signal cancellation for co-phasing of all

the signals. This is described in [120].

Other diversity techniques commonly used in wireless communication are mentioned
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in [27,120–124]. For simplicity purposes, SC and MRC will be used as a combine technique

for the signal reception in this study.

The linear combiner output of EGC is expressed by

y(t) =
N∑
i=1

e−jθirt(t). (3.30)

The instantaneous signal and noise power of the combined signal is

γEGCΓ =
[N−1∑
i=1

Ai

]2

γavN. (3.31)

Equal gain combining Eb/No As discussed in [125], the ratio of bit energy to noise

at the receiving antenna in terms of its channel is given as

γi =
|h1|2Eb
N0

, γav

= Eb/N0.

(3.32)

The calculation of BER with AWGN for BPSK of EGC is described in [125–127].

The EGC technique for two branches of all possible values of SNR per bit is described

in [128,129] and the equation is given by:

Pe =
exp
{
− 2γi

γav

}
γav

+ (
√
π)exp

{
− 2γi
γav

}
=

[
1√

4γγav
− 1

γav

√
γ

γ av

]

=

[
1 + 2Q

[√
2γ

γ av

]]
,

(3.33)

where Q (·) is error the function [130,131].
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3.8 Summary

In this chapter, the discussion covered different techniques and tools used to model the

hybrid PLC-RF channel receive. The demand for accuracy and long-wire antennas, as

well as transmission-line parameters were also presented. Various diversity technique

approaches were studied, and their complexities examined. Finally, different combination

techniques and their applications received attention.
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4
Contactless PLC: Channel

Analysis

The demand for broadband has advanced substantially over the past decade, and it has

become one of the best ways of achieving high data rate wireless communication. The

restrained coverage provided by existing wireless hotspots indicates that there is a need

for implementing a low-power system by other technological approaches. Such a system

will help to provide the continuous connectivity technology that will be required in future.

This chapter focuses on the performance analysis of the frequency response of both

the PLC and RF channels at 2.45 GHz in an attempt to overcome obstructions that WiFi

has difficulty penetrating due to LOS issues. These channels denote the concatenation of

the PLC and RF channels. In the discussion that follows, PLC and RF technology, with a

detection system motivated by the mobility of the end user, is first provided, followed by

an analysis of such a system, and then a proposal for its frequency response. Finally, the

channel frequency response and its performance are proposed for both channels. Results

emerging from the proposed channel model will be discussed.
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4.1 Introduction

Immobility is one of the most serious barriers among others, that slows down the mass

implementation of PLC technology. This is due to the facts that end nodes are physically

connected to the power wires. To solve this dilemma, solutions have been proposed, which

allow the end user to be connected to the PLC channel via a secondary communication

technology, which allows the node to be mobile and physically separated from the dan-

gerous power network. This solution restricts the end user to be in the same room or to

absolutely be located under the beam of the VLC transmitter, which, still, reduces the

end user mobility. A more flexible solution, which could considerably impact on the com-

munication industry, is the use of an RF antenna [71–75], which will detect the radiation

signal provided by the power wire and converts it into an electrical signal. This signal

will be detected definitely by the PLC receiver.

The second solution, which exploits the unwanted electromagnetic radiation, is fun-

damentally based on the use of the power wires as a RF antenna. The effectiveness of a

contactless PLC system is influenced by the transmission frequency range and faces many

signal attenuations due to channel parameters. Such systems are introduced in [86, 87],

where the PLC end user is contactlessly connected to the PLC channel in such a way

that a transmission link is established at frequencies between 150 kHz and 30 MHz as

explained in [87], and at 2.5 GHz in [86]. In both articles ( [87] and [86]), data transfer was

made possible between two computers, one directly connected to the main (original PLC

network) via a coupling circuit, and the other connected via a loop antenna to another

PLC network totally isolated from the first network.

In this new version of the research involving the contact-less PLC reported in ( [87]

and [86]) further insight into contactless PLC is provided. The proposed communication

system and various portions of the channel are analysed, taking into account the two

main PLC frequency bands, viz. the narrow-band PLC (NBPLC) and broad-band PLC

(BBPLC). First, the communication channel, which is PLC-RF, is defined, then its fre-

quency response receives attention and a proposal for a channel model is given. Second,

the transmission medium on the PLC side is analysed and thereafter, the transmission

capability of the types of wire used is analysed. Third, the system is implemented in

practice, and the radiated signal strength, the feasible data rate and BER are measured.

With the help of RF radiation characteristics, long-wire antennas act as transmission lines

and as traveling-wave antennas for signal propagation. The radiation in the transmission
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can be energised (with a load on the long-wire) or non-energised (without a load on the

long-wire). This process of non-energised can be referred to as a control contactless power-

line cable. Here use is made of radiated electromagnetic interference (EMI) generated by

power-line cables as presented by Ferreira et al. in [132]. The result of the EMI which is

used for contactless transfer is presented in [86, 87]. In these channels a 50 m cable with

three wires at 1mm diameter was used. The connection of the link is from the transmitter

to the receiver through the power grid in an existing power-line network on the same floor

of an indoor environment. The application of an existing power-line network in an indoor

environment for signal communication transmitter and the receiver on the same floor is

explained in [133,134]. In this chapter, control contactless is proposed, which means that

the power cable was not energised. The control contactless wire consists of the wires; live,

neutral and earth. The live and neutral are connectors, while the earth is floating at both

side because there is no connection on it. The connection of the earth was not considered

in the experiment thats why it was disconnected to be floating. However, since the line

and the neutral are in the same or different phases, there could be losses in the channel,

thereby increasing the attenuation.

4.2 A model for a contactless PLC system

A model for a contactless PLC where RF technology is used to connect the end node

is shown in Fig. 4.1. It includes the data source, a modulator, coupling circuit, a PLC

channel, an RF channel characterised by their transfer functions Hplc and Hrf and a

demodulator for transmitting the message to the data recipient. The channel consists of

the two main components (Hplc and Hrf ) and represents a pure cascaded system that

may face reflections from each of its components.

4.2.1 Modulator-demodulator

The modulator and the demodulator are fundamental components of this PLC-RF system.

The modulator is responsible for producing the signal to be transmitted according to the

message from the data source. The demodulator recovers the message from the signal

which is detected by the antenna over the channel. Both modulator and demodulator

must be based on the same scheme with the same constellation size.
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Figure 4.1: System model of the generalized cascaded PLC-RF.

4.2.2 PLC Channel and model

The PLC channel represents the main medium exploited in a contactless PLC system.

It consists of wires and has a double-function, including carrying electrical energy and

carrying over the communication signal. The PLC channel varies is time and frequency

with regard to the multiple power activities occurring on the network. Its model in the

time domain is given in [6, 38,135] as

hplc(t) =
M∑
i=0

Iiδ(t− τi)ejτi , (4.1)

where M , I and τ are the number of taps, attenuation and echo delay respectively. The

frequency domain expression for the PLC channel, which is in the Fourier transform

format as discussed in [6, 38, 47,135] and is given by

hplc(f) =
N∑
i=1

gie
−(a0+a1fk)die

−j2πf di
vp . (4.2)

The model as given in equation (4.2) is the combination of three parameters (multi-

path propagation, attenuation and frequency) that are normally present in the power-line

network, where a0, a1 and k are attenuation coefficients, gi and di are the weighting factor
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Figure 4.2: Model of the a contact-less PLC using RF to connect the end user.

and the path length respectively, and vp is the propagation speed of light in the cable.

4.2.3 RF Channel and model

The RF channel uses air as communication medium, the medium of the main technology

used to connect mobile nodes. It is characterised by its transfer function Hrf . The model

of the RF channel for the proposed experiment is the multipath channel and impulse

response. It is given in [136,137] as

HRF (t, τ) =
L∑
l=1

a1(t)δ(t− τi(t)), (4.3)

where a1 and τ are the complex gain of the lth path and propagation delay for the lth

path respectively.

4.3 Analysis

The model proposed in Fig. 4.2 consists of two blocks in cascade. Here it is assumed that

the radiated signal does not bounce back to the PLC channel. This is due to the weakness

of the signal as discussed in [6, 138] and its given by

H(s) = HplcHrf . (4.4)

In this study, two sets of attenuation versus distance were used as given in Tables 1

and 2. The attenuation values of Set 1 range from -0.038 to 0.029, while the values of
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Figure 4.3: Attenuation vs distance for Set 1 and Set 2 above.

Figure 4.4: PLC channel for Set 2 characteristics for a0 = 0, 0.01 and 0.0001, and a1 = 20×10−10,
20× 10−10 and 10× 10−10.

Set 2 attenuation range from -0.38 to 0.29. The distance for Set 1 and Set 2 is the same.

This is because the changes in the attenuation depend on the environment, and as the

environment changes, the channel attenuation is affected. The distance remains constant.

Fig. 4.3 shows how the attenuation coefficient, g, relates to the distance, d, for Set 1 and
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Figure 4.5: PLC channel based on Set 1 characteristics for a0 = 0, 0.01 and 0.0001, and a1 =
20× 10−10, 20× 10−10 and 10× 10−10.

Figure 4.6: RF channels for voltage 1st path RF = 0.05, 0.25, 0.55 and 0.85.

Set 2 respectively.

Figures. 4.4 and 4.5 depict the PLC channel with Set 1 and Set 2 respectively. Each

figure includes plot for various values of attenuation and distance for Set 1 and Set 2
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Figure 4.7: PLC-RF channel based on characteristics OF Set 1 for a0 = 0, 0.01 and 0.0001, and
a1 = 20× 10−10, 20× 10−10 and 10× 10−10.

Table 4.1: Cable characteristics Set 1.

Attenuation factor(g) 0.029 0.043 0.103 -0.058 -0.045 -0.040 0.038 -0.038 0.071

Distance (d) 90 102 113 143 148 150.8 152.3 200 260

Attenuation factor(g) -0.035 0.065 -0.055 0.042 -0.059 0.049 0.05 -0.035 0

Distance (d) 322 411 490 567 740 960 1130 1250 0

Table 4.2: Cable characteristics Set 2.

Attenuation factor(g) 0.29 0.43 0.03 -0.58 -0.45 -0.40 0.38 -0.38 0.71

Distance (d) 90 102 113 143 148 150.8 152.3 200 260

Attenuation factor(g) -0.35 0.65 -0.55 0.42 -0.59 0.49 0.5 -0.35 0

Distance (d) 322 411 490 567 740 960 1130 1250 0

respectively. The selected values of a0 and a1 are 0.01, 0, 0001 and 20× 10−10, 10× 10−10

respectively. Fig. 4.3 shows the RF channel frequency responses (CFR) with different

values of voltage path, ranging from 0.05, 0.85, 0.55 to 0.25. Figs. 4.7, 4.8, 4.9 and

4.10 depict channel frequency response of the indoor wireless radiated RF channel; of the

PLC channel exploited as backbone channel, and that of the cascaded system comprising

PLC and RF. Figs. 4.7 and 4.8 show the relation between PLC-RF CFR versus the

frequency for Set 1 and Set 2 respectively, where the RF radiation radius is fixed for
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Figure 4.8: PLC-RF channel based on characteristics OF Set 2 for a0 = 0, 0.01 and 0.0001, and
a1 = 20× 10−10, 20× 10−10 and 10× 10−10.

Figure 4.9: PLC-RF channel based on characteristics of Set 1 for voltage 1st path RF = 0.05,
0.25, 0.55 and 0.85.

voltage path at 0.85. The values of the coefficient for a0 and a1 of the PLC channel

model were selected randomly and record the influence on the cascaded PLC-RF channel.

These values respectively correspond to a0 = 0, 0.01 and 0.0001, and a1 = 20 × 10−10,

20 × 10−10 and 10 × 10−10 over frequencies up to 3 GHz. The results show that the
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Figure 4.10: PLC-RF channel based on characteristics of Set 2 for voltage 1st path RF = 0.05,
0.25, 0.55 and 0.85.

selected values of a0 and a1 are characterised by notches that vary throughout the entire

frequency band. It is clear that the RF channel is less attenuated than the transmitted

message when compared to the PLC channel. However, the effect of the RF channel as

regards to the PLC channel frequency response are observed. This is due to the multiple

factors influencing the PLC channel, of which the most significant factor is low impedance

of the PLC link. The increase in high value of a0 for both Set 1 and Set 2 leads to the

high values of PLC channel gain, and automatically to the hybrid PLC-RF channel gain.

Figures. 4.9 and 4.10 show the relation between PLC-RF CFR and frequency. The

fixed values a0 and a1 are given as, a0 = (0 and 0.01) and a1 = (20 1010 and 10 1010),

for Set 1 and Set 2 respectively. Various values of voltage path RF at 0.05, 0.25, 0.55 and

0.85 were selected randomly for the experiment. The PLC-RF channel was estimated,

using different values of voltage path RF, which provides various results for the system

behavior of channel frequency response. There is an increase in the number of PLC-RF

taps in the network which also increase with the channel gain. Fig. 4.9 shows that the

voltage path RF at 0.85 provides low resolution when compared to Figs. 4.8 and 4.10.

The voltage path RF at 0.05 provides less frequency resolution and better precision. It

can be seen that each one of the voltage path values has its own attenuation value and the

same frequency values. However, the voltage path RF at 0.05 maintains high attenuation

in comparison with other values.
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4.4 Conclusion

In this chapter cascaded PLC-RF channels were investigated. The measurements of the

proposed model and the frequency response of the channel were presented. An overview

was given of both the PLC and the RF channels.

The three channels for the cascade system, together with the values of coefficient

a0, a1 and voltage 1st path Rf, were studied in an attempt to predict the behaviour

of the system. The imposed coefficient of a0, a1 and voltage 1st path RF for the PLC

channel model influence the system performance and are recorded on the cascaded PLC-

RF channel with t (see Figures. 4.3 to 4.10 above). The corresponding values of a0, =

0.01, 0, 0001, a1, = a1 20 × 10−10 and 10 × 10−10, and voltage 1st path Rf = 0.05, 0.25,

0.55 and 0.85, over frequencies of up to 3 GHz.
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5
Contactless PLC: Preliminary

Measurement

In this chapter important aspects of this research, viz. measurements to determine the

performance of a contactless PLC signal strength and its comparison with that of a

RF signal, are dealt with. The chapter is divided into two parts. The first part deals

with measurement in an industrial setting (typical South African laboratory standard).

Commercial WiFi modems are used for transferring data through a power line for 65m

(non-energised) and 20m in a typical industrial energised situation. The signal speed for

uploading files and downloading files through the PLC and RF channels in a cable were

recorded. The measurement was done using different distances and locations.

The second part of the chapter presents the radiation of WiFi signal at 2.45 GHz over

a distance. This is helpful in a situation where RF links LOS is obstructed by indoor

equipment, making WiFi penetration difficult. The link performance between a pure 2.45

GHz link and contactless PLC link, which aims to use a power line as traveling-wave

antenna to transmit 2.45 GHz radio signal, is discussed. Data throughput was measured

in physical settings typical of multiple-storey buildings and with a real power network.
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5.1 Introduction

There is a need to expand home Internet network services. The current internet network

(usually WiFi) is facing the problem of signal degradation, which recently developed into

an issue in communication technology. In addition to degradation, output signal strength

is weak. In order to expand a network so that it can accommodate recent home network

developments such as remote home sensors, PLC-RF is used. The combination of PLC

and RF to resolve the issue of signal degradation in the home network will be a matter

for the IoT in future. This will help to integrate services through a reliable and robust

system in an Open System Interconnection (OSI). The introduction of the IoT and its

comparison with computers and the Internet is one of the innovations in digital technology

of the Third Industrial Revolution.

It is envisaged that with the IoT [71, 139] and the Smart Grid [140] connectivity

between electrical products and systems will increase rapidly. Power-line communications

aim to utilise electrical power cables to supply power and at the same time use as an

electronic communication channel. This has several advantages when compared to the

situation where power and communication between products and systems are supplied

separately, a situation that leads to additional complexity and cost. Conventionally, PLC

is used between two fixed systems such as two computers connected via a grid or a sensor

connected to a controller [42]. This is in contrast with systems where a RF link supplies the

means for communication. With RF link systems (such as WiFi), freedom of movement

is ensured.

In this thesis a configuration that uses a power line as a traveling-wave antenna [130,

131,141] for communications at 2.45 GHz (IEEE 802.11g protocol) is described. For this

purpose, two commercial Wi-Fi modems were used to establish communication between

two personal computers. One modem was coupled to the power line (fixed), while the

other was used in RF mode (mobile) to connect to the line now acting as an antenna.

This configuration can be very useful in situations where line of sight is obscured, and

direct link RF communication is impaired, for example, inside buildings or between floors

of buildings.

The contactless PLC described in this study is similar to previous work by de Beer et

al. [87], but in this case, 2.45 GHz was used, which is a frequency far higher than 30 MHz.

Although 2.45 GHz has been investigated before for PLC usage and was conceptually
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Figure 5.1: Set up for the direct RF-link.

proven in [88, 130, 131], this study gives actual transfer rate performance measurements

in an industrial setting. In this study too, traveling-wave contactless PLC is compared

to direct link RF communications. It is shown that at long distances, direct RF links

perform better than contactless PLC, but at shorter distances (typically up to 40 m),

contactless PLC is comparable in performance to the direct RF link.

In this Chapter, two experimental setups are described. One involves a typical in-

dustrial setting inside a building, and the other is a best-case free-standing power- line

configuration. In both cases, experimental results are given for a direct RF link shown in

Fig. 5.1, as opposed to a traveling-wave contactless PLC setup depicted in Fig. 5.2. Since

the contactless PLC set-up needs a connection between the power line and RF modem, a

coupling circuit was used. Although not a focus of this paper, some detail of the coupling

circuit is given.

5.2 PART I: Setup of the laboratory experiment

Two configurations were used for the experiments conducted as part of this study, viz.

the RF-link and the traveling-wave contactless PLC. Both configurations were applied in

two different environmental settings; namely industrial building (offices in the industrial

building was also considered) and open area that has corridor of approximately 60 m long

(free-standing power-line configuration was also considered)

The 2.5 mm flat-twin earth cable used for the contactless PLC is the most common

type used for indoor power distribution in South Africa. The cable consists of three

conductors, viz. live, neutral and ground, but because the cable used in this experiment
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Figure 5.2: Set up for the traveling wave contactless PLC.

was not energised, the ground was not used.

5.2.1 The RF-Link

The RF-link consists of two identical systems, each comprising a personal computer and

a commercial Wi-Fi RF modem as shown in Fig. 5.1. The modems were equipped with

an antenna tuned at 2.45 GHz. A coupling circuit was used to couple the power-line

network to the modem by means of a long-wire antenna. Since the experiments focus on

RF transmission of the PLC contactless network, absolute measurements in the actual

settings will be considered in the next chapter. The transmitting device Tx consists of
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Figure 5.3: Detail of the coupling circuit for traveling wave contactless PLC.

a combination of one of the personal computers, LAN software installed on it and the

coupler connecting the PLC. The receiving device Rx comprises a personal computer,

LAN software installed on it and a RF modem with a dedicated antenna.

5.2.2 Traveling wave contactless PLC

The traveling-wave contactless PLC configuration is shown in Fig. 5.2. A free-standing

personal computer and a RF modem with a dedicated antenna constitute the first and

mobile part of the system. This is the same as one part of the RF-link configuration

shown in Fig. 5.1. Of importance here is the distance between the modem antenna and

the power line. For this study, a distance of 0.5 m was used between the power line and

the modem antenna.

The second part of the traveling-wave contactless PLC configuration shown in Fig. 5.2

is a personal computer, modem and coupling circuit. Instead of an antenna, the RF port
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Figure 5.4: Top view of a building plan depicting positions for measurements of contactless cable
and RF in an industrial setting

of the modem is connected via a coupling circuit to the power line. This part of the

system is fixed.

Details of the coupling circuit are given in Fig. 5.3. Instead of a conventional cou-

pling circuit that uses capacitors and transformers, a microwave configuration was used.

This was done because capacitors and transformers have parasitic components, rendering

them ineffective at 2.45 GHz. Capacitors, for example, have equivalent series inductance

(ESL) effectively blocking microwave frequencies. Transformers, on the other hand, have

interwinding capacitance, short-circuiting microwave frequencies, rendering the isolation

properties of transformers ineffective.

The coupling circuit used was a stripped piece of RG-58 co-axial cable. The stripped

section of the co-axial cable exposed a quarter of a wavelength of the inner conductor.

The length of the quarter section was calculated to be

λ

4
=

1

4

0.65 c

2.45 GHz
= 20 mm, (5.1)

where c the speed of light. The relative speed of propagation in an RG-58 coaxial cable

was taken at 65 m. The exposed coaxial cable acts as a resonating quarter-wave antenna

antenna radiating maximum power onto the power line. Although this configuration might
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Figure 5.5: Isometric view of a building plan and positions for the measurements contactless
cable and RF in an industrial setting

not be optimal, it yielded good results and can be investigated in future research.

5.2.3 Throughput measurement

In order to gauge the effectiveness of the communication link, the data transfer rate,

or throughput, was measured between the two personal computers. LAN software was

installed on each computer. The purpose of this software was to upload or download

a file to or from a personal computer and to measure the transfer time. The time it

took to transfer a file of random data was logged, and taking into account the file size, a

throughput rate in Mbps was calculated.
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Figure 5.6: Data transfer rates to different positions in the building of (Fig. 5.4) using contactless
PLC.

Figure 5.7: Data transfer rates to different positions in the building of (Fig. 5.4) using RF links.
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Figure 5.8: Data transfer rates to different positions along a free standing cable using contacles
PLC.

During the experiments, a file size of 20 MB was used. Data were transferred in two

directions: from a main personal computer to another (downloading) one, and from this

computer to the main or uploading computer. These directions will be clarified later.

Measurement of the transfer rate did not give consistent results. Because of this, each

transfer rate was measured several times and consequently, the results show a spread of

throughput rates.

5.3 Result of the experiments

As mentioned previously (see 5.2 above), in this study measurements were taken in two

physical settings. The first was a typical industrial building where the transfer rate of

an RF link as compared to a contactless PLC set-up on the live installed power grid was

measured. The second setting was performed in a three-storey building. In this setting,
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Figure 5.9: Data transfer rates to different positions along a clear line of sight - using direct RF
links.

an off-line control cable was used, which is known as contactless PLC. The contactless

PLC cable was connected to a non-energised free-standing cable in which the experiment

was carried out. The performance of contactless PLC was compared with an RF link.

5.4 The industrial setting

Fig. 5.4 shows the floor plan for B4 LAB Level 1, a building at the University of Johan-

nesburg that was used to measure contactless PLC which was then compared with an

RF link. A 10 m section is indicated for scale. For the contactless PLC measurements, a

personal computer was used to inject signal through a modem at 0 in Figs. 5.6 and 5.7.

This was done with the method shown in Fig. 5.10.

For direct link RF measurements, the personal computer at 0 was stationary and

communicated in normal wireless fashion (WiFi) to positions A to F. The computer at
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0 was deemed to be the main one and data were downloaded to a second computer at

positions A to F. Data were also uploaded from the secondary A to F positions to the

main computer at 0.

5.4.1 Contactless PLC

Figure. 5.6 shows data transfer rates to different positions in the building depicted in

Fig. 5.4, using contactless PLC across the live installed power-line wiring. At each position

the secondary computer, modem, and antenna were positioned roughly in the middle of

a room (except for E). Position E was in an open laboratory space (see Fig. 5.4.)

The first set of data points at 0 show transfer rates for the secondary computer in the

same room as the main one. A difference in the upload and download rates was observed.

It was thought that this might be due to direct interaction between the coupling circuit

and the modem antenna of the second computer in the same room. However, at this

stage, the power line was not yet active as an antenna.

At positions D and F, the signal was too low to initiate communication. Fig. 5.6

should be compared with Fig. 5.7, which applies to the same building but with RF links.

5.4.2 RF links

Figure. 5.7 shows data transfer rates to different positions in the building in Fig. 5.4 using

RF links. At position 0 the results in Fig. 5.7 are comparable to that of Fig. 5.6. Position

F was out of range, but communication was established for positions A to E. The data

transfer rates for positions A to E were generally higher for the RF link than for the

contactless PLC.

The setting above, represents an idealised situation with only soft board partitioning

as obstacle. It should be kept in mind that that many buildings have concrete or brick

and mortar walls. In fact, it is well known [88] that WiFi frequencies have difficulty

penetrating walls or between different floors in multistorey buildings and that PLC can

offer a solution to this problem. (Also see Chapter 2 above.)
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5.5 Free standing cable

From the previous section it is clear that 2.45 GHz WiFi can be conducted on power

lines inside a building. To further study this effect, a best-case control was set-up and

measured. This comprised a free-standing (non-energised) power cable with a signal

directly injected from the RF modem and a free-standing RF modem with an antenna,

positioned 0.5 m from the cable. Again, this was compared to a line of sight direct link

RF configuration (see Fig. 5.1). In this case, the power lines in the building was depicted

as suspected. This is because, in Fig. 5.4, The signal was transmitted through power

line that run-in metal conduits of the building, which are closely bundled and do not

necessarily connect directly between all the points. Furthermore, it is also unclear how

different phases of the three-phase supply are distributed. Screening effects and capacitive

loading can, therefore, attenuate the signal. The maximum transfer capability of a power

line can therefore only be gauged by testing a free-standing uninterrupted length of cable.

5.5.1 Contactless PLC

In Fig. 5.8 data transfer rate results are given for a 2.45 GHz WiFi communication via a

contactless PLC set-up (a free-standing, uninterrupted and non-energised cable). Up to

40 m, the results compare well with that of the direct RF link, as described in the next

section and shown in Fig. 5.9. After 40 m, the transfer rate drops when compared to the

direct RF link. A transfer rate of around 5 Mbps is obtained with 65 m of cable.

5.5.2 The RF Link

In Fig. 5.9 measurements of the data transfer rate are shown for different positions along

a clear line of sight using direct RF links. Up to 40 m, data rates are similar to the

contactless PLC configuration, but increase after 40 m. At 55 m the direct RF link does

not show a decline in data transfer rates.
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5.6 PART II: Setup of the residential experiments

The experiments in the residential environment were performed at 2.45 GHz, using a

controlled contactless power-line cable as a twisted pair link (TP-Link) router that was

connected to a laptop computer. The cables were attached to a male BNC connector in

which the earth was soldered to a conductor of a Bayonet Neill-Concelman (BNC) sleeve

and a second conductor to the centre terminal of the BNC. The cable was then connected

to the second TP-Link BNC output port, from the BNC output port to the universal serial

bus (USB) connector, then from the USB output to the laptop, as shown in Fig. 5.10.

The transmitting power-line cable was placed on a wooden chair on the ground floor at

a height of 0.5 m above the floor, and it remained in the same position for each set of

measurements. This height was chosen in order to avoid interference from the floor when

the cable came into contact with it. On the receiver side, the transmitting power-line cable

was laid from the ground floor to the 3rd floor of the apartment building. The experiment

was repeated on every floor. The position of the receiver was not fixed because it was

moved from one floor to another. The data were captured and recorded in the receiving

laptop, using LAN speed software, which facilitated easy practical application (Fig. 6.1).

This is a normal set up for such an experiment, i.e. the position on the ground floor is

established, and various measurements are calculated at different points and in different

positions, taking two samples at each position. The experiments were performed in a

standard two-bedroomed apartment in a residential area in South Africa. They were

performed in an open area of a physical layout within an estate complex. Obstruction

was posed by the walls and the furniture. One of the reasons for using this area for

the experiments was to study the behaviour of the LOS and NLOS condition as regards

distance.

In this study, the experimental and measured results were correlated and used to

describe the accuracy of the power-line cable and the antenna.

The measurements given in the Figs. 5.13 and 5.14 are estimated from the measured

results by using a graphical approach. Figures 5.13 and 5.14 shows the data transfer

speed in Mbps versus the floor levels.
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Figure 5.10: Measurement set up for antenna and power line cable. Fig. 5.10 a represent the
typical RF setting for the experiment and Fig. 5.10 b, represent the contactless PLC connection
setup.

5.6.1 Data collection

As mentioned above (see section 5.2.1 above), LAN speed software was installed on the

two laptop computers. The transfer rate in Mbps values (which depends on distance)

was measured using the procedure described in the software guide. In a few cases, the

result from the LAN speed fluctuated at some distance. The results were exported to
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Microsoft Excel, where the data transfer rate was plotted in relation to the floor levels,

using matrix laboratory (MATLab) software as shown in Figs. 5.13 and 5.14. TP-Link

Wi-Fi was used to measure the speed of the data transfer rate in Mbps. A file with the

capacity of 50 Mbps was transferred between the two laptops and the rate of the data

transfer was measured for both the power-line cable and the wireless. The transmitter

and the receiver were placed in a residential building and the measurements were taken

at different positions on the ground floor which has low performance in the RF side. This

differed from measurements taken on the 3rd which has low performance in the RF side.

All the measurements were captured and plotted in a graph using MATLab software for

purposes of comparison.

5.6.2 The laboratory layout

Fig. 5.11 shows a building layout in a residential area to scale. The positions for the

measurements were taken on each floor as shown in Fig 5.11. During the measuring

process, all the connecting doors between the rooms were opened for easy radiation from

the cable. The cable was dropped from the 3rd floor to the ground floor. At the starting

point, the transmitter and the receiver were in contact with each other, but no signal was

received because of non-line of sight issues from the wireless. Five meters separated the

receiver laptop with a modem and the transmitting laptop. The first measurement was

taken in the ground floor and signals were received from both wireless and contactless

cables. In the 5 m area, the transmitter was placed at line of sight with the receiving

antenna for the wireless. This 5 m space was also placed on the contactless cable so that

results could be compared.

5.6.3 Results of the power-line cable and wireless data upload

As shown in Fig. 5.13, indoor measurements were taken three times in different positions

in the same room, which meant that data of three positions were collected for the up-

loading at 50 Mbps data transfer on each floor. However, the best data transfer rate was

selected to plot the graph in Fig. 5.13. On the ground floor the speed of the data transfer

rate increased at the same rate for both the PLC and the wireless as shown in Fig. 5.13,

although the measurement for the wireless was higher than for the PLC. This is under-

standable because of LOS between the Tx and Rx of the wireless. There was a drop in
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Figure 5.11: Overview of building plan.

the data transfer at c1, c2 and c3. This is because of position of the second bedroom which

is directly behind the first bedroom. It was observed the walls in between the rooms are

blocking the signal. Moreover, the Tx was transmitting from a0 and c0, thus indicating

that there was a blockage between the rooms. At a2, the PLC speed of data rate transfer

outperformed that of the wireless, but this was expected because of the variance between

the floors. The same result applied between b2 and c2. In general, as was expected, the

received transfer speed decreased from a0 to c3 for both the PLC and wireless. Again, as

would normally be expected, the variance of the received transfer speed would be more

varying at a far distance, since the receivers at a3, b3 and c3 have greater variance than

the receivers at a0, b0 and a0 (see Fig. 5.13).
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Figure 5.12: Overview of building plan.

Figure 5.13: Antenna upload 50 Mbps.
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5.6.4 Results of the power-line cable and wireless data

download

The download experiment was performed alongside the upload experiment, but the results

were slightly different. The transfer rate samples were collected when the receiver antenna

was moved from one floor level to another. On each floor level, which consisted of a

living room and two bedrooms, a0, b0 and a0 represent the living room, bedroom 1 and

bedroom 2 respectively. Samples were collected in each room at three different positions.

Fig. 5.14 gives an indoor radiation measurement for the power-line cable and wireless

when the receiver antenna was moved from one floor level to another. The results of data

downloading at a 50 Mbps transfer rate were plotted. The samples were collected on each

floor for the data downloading. In Fig. 5.14 the results show that the speed of the transfer

rate decreased as it moved from one level to a higher one. This was to be expected. The

receiver antenna, together with the laptop, were positioned at different heights during the

testing. There was a gradual increase at a0, b0 and c0 for both measurements. The results

of the transfer rate for the wireless were better than those for the PLC from a0 to c1 (the

ground floor and first floor) shown in Fig. 5.14. It can also be seen that the results of

the PLC start increasing as the process moved from a2 to c3. This meant that, as was

expected, the received transfer speed decreased between the floors from a2 to a0 as shown

in Fig. 5.14

5.7 Discussion

All the results of data transfer speed in Mbps obtained for the power-line cable and

wireless at floor-level positions are shown in Figs. 5.13 and 5.14. The results of the

power-line cable upload at 50 MB were compared to the wireless results. It was observed

that at a0, b0 and c0, the wireless speed of transfer was slightly higher in comparison with

that of the power-line cable with a high initial LOS, although, as indicated in Fig. 5.13,

for the downloading, a decrease was observed after a1, b1 and c1, but the difference in

the data transfer rate was limited. Figs. 5.13 and 5.14 indicate the transfer rate for the

power-line cable and wireless, respectively. For the power-line cable, the transfer rate at

a1, b1 and c1 was slightly higher than that of the wireless transfer rate for upload. This

was a result of severe obstruction within the buildings. For the wireless measurement, the

speed increased during the transfer rate up to the first level where the direct signal was
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Figure 5.14: Antenna download 50 Mbps.

received by the receiver at LOS. The signal drop shown in Figs. 5.13 and 5.14 indicate

the rapid signal drop. When the data transfer rate was plotted against different positions

on different floor levels, it was shown that for the wireless measurement, the transfer rate

decreased as a result of severe obstruction and the resultant lack of wireless penetration in

multiple-storey buildings. Thus, as the floor level increased, the transfer rate decreased,

confirming the expected good results.

5.8 Conclusion

In this Chapter preliminary measurements for a contactless PLC and RF link were anal-

ysed in two sections. In Section I, the link performance between a pure direct RF link

and a contactless PLC link in 2.45 GHz were compared. The aim was to use a power line

as a traveling-wave antenna to transmit 2.45 GHz radio signals. This means that one of

the two connected modems was coupled to the power line, while the other received data

in normal RF mode. Data throughput was measured for two setups using power cables,

one in an office environment with a real power network and in an open area laboratory

environment, allowing free movement of people, with a free-standing power cable.
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The idea of using a ubiquitous power line as a traveling-wave antenna to bridge indoor

distances where pure radio links may be compromised, is very interesting. The clear

description of the measurement and the results make this study unique. However, the

two examples do not cover the situation where contact-less PLC is supposed to outperform

a pure wireless link. This is because more of a LOS situation was considered, and the

overall performance of WiFi will definitely be better than that of the contactless PLC as

seen in the figures Figs. 5.13 and 5.14.

In Section II, a practical approach to hybrid PLC-RF systems at 2.45 GHz was pre-

sented. The influence of a long-wire antenna in a building was considered for both a PLC

and a RF channel. It was shown that the long-wire acted as an antenna in the hybrid

system. The measurement campaign of a hybrid PLC-RF was also presented. The mea-

surements were performed in a three-storey building in South Africa and the results were

then discussed.
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6
PLC-RF Diversity: Channel

Outage Analysis

As discussed in Chapter 2, when signals from indoor access points of a RF network system

are deployed in a multi-storey building, they suffer from high attenuation as a result of

the thick walls and metal structures of the building. This is caused by scattering of the

retransmitted signals by the walls and structures. PLC technology is considered to be

a method of overcoming this challenge. In this study, a combination of RF and PLC

technologies for achieving signal transmission in indoor environments is proposed, taking

into account the characteristics of multi-storey buildings. Diversity combining techniques,

viz. SC and MRC are used to recover the retransmitted message. The outage probability

for both SC and MRC are also proposed.
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Figure 6.1: A model of a PLC-RF system for a multiple-storey

6.1 Introduction

As discussed in Chapter 2, when signals from indoor access points of a RF network system

are deployed in a multi-storey building, they suffer from high attenuation as a result of

the thick walls and metal structures of the building. This is caused by scattering of the

retransmitted signals by the walls and structures. PLC technology is considered to be

a method of overcoming this challenge. In this study, a combination of RF and PLC

technologies for achieving signal transmission in indoor environments is proposed, taking

into account the characteristics of multi-storey buildings. Diversity combining techniques,

viz. SC and MRC are used to recover the retransmitted message. The outage probability

for both SC and MRC are also proposed. [142].

This Chapter aims to analyse the outage probability of PLC-RF diversity combining.

Two techniques are exploited to analyse this probability of failure, viz. selection combining

and maximum ratio combining. In each case, the behaviour of system SNR in the PLC-RF

is proposed. The outage probability of the system is analysed using PDF and CDF from

the SNR. In particular, the effect of a coupling circuit in the PLC analysis is considered.

6.2 Description of a model for a PLC-RF system

Notation: For better legibility, the parameters related to the PLC channel are indexed

with ”1” while those related to the WiFi channel are indexed with ”2”.

A model of a diverse PLC-RF system is proposed in Fig. 6.1. The incoming data

is coded and modulated using PSK, APSK, or QAM. The principle of OFDM scheme
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was used to obtained modulated signal which is coded into the channel, and then it is

sent to both the PLC and RF links for cyclic prefix indexation. Two different signals

are obtained, s1(t) and s2(t). These signals are transmitted using to the PLC and RF

channel.

As far as the PLC is concerned, a CC is exploited to couple the message signal to

the channel. The channel consists of multiple types of noise. A current amplifier helps

boost the current that is transmitted over a long distance. On its receiver side, the PLC

detected signal, s̄1(t) is transmitted to the combining module after the cyclic prefix index

has been removed.

The RF signal, s2(t), from the OFDM module is treated by adding its own prefix

which differs from that of the PLC. The obtained signal is amplified and applied to an

omnidirectional antenna. This constitutes the coupling of the RF signal to the RF channel.

Another antenna at the receiver side is exploited to collect the message signal from the

channel. The cyclic prefix is removed from the last signal, and it is then transmitted to

the combining module.

The combining module is comprised of SC and MRC sub-modules. In MRC, all the

branches are used as the receiving within same time intervals. Each branch signal is

multiplied by a weighted gain factor that is proportional to its own SNR. The received

signals constitute the summed signal which is then transmitted to the demodulator. The

digital signal is decoded and sent to the data recipient. In SC only one branch is used

at an interval. The combination works by selecting the signal with the highest SNR at a

particular time interval.

6.3 Channel analysis of PLC and RF systems

6.3.1 Effect of the coupling circuit on the PLC channel

The PLC channel is a low-pass filter [6] which, when combined to the input CC and

output CC, becomes a totally different channel. This was previously analysed and the

details are presented in [9]. The structure of the channel including both input and output

CCs is depicted in Fig. 6.8. It shows the two coupling circuits connected to the PLC

channel. It is assumed that the CCs (input and output) are identical with a gain g0, and
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Figure 6.2: Substrate of microstrip coupling circuit front view

Figure 6.3: Substrate of microstrip coupling circuit side view

that they do not create any signal distortion. Consequently, the transfer function of this

part of the system is given by g2
0h1.

6.3.2 Analysis of the coupling circuit simulation

The design of the CC as depicted in Figs. 6.2 and 6.3, shows that the CC has three major

components, viz. a parallel couple line, perfect conductor and substrate with dielectric

material. FECO software was used for this experiment. It is user-friendly for an analysis
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Figure 6.4: Power versus frequency CC analysis at 2.45 GHz

Figure 6.5: Impedance versus frequency CC analysis at 2.45 GHz

of a cable since it uses microwave circuit components for high specification performance.

The CC was designed by clicking on the menu bar of the FECO software and then

select the appropriate command from the window table in the menu bar, which consists of

6-5



6. PLC-RF Diversity: Channel Outage Analysis

Figure 6.6: Current versus frequency CC analysis at 2.45 GHz

Figure 6.7: Reflection coefficient versus frequency CC analysis at 2.45 GHz

desired positions and shapes from the menu bar. The purpose of selecting the appropriate

window table is to create a symmetrical coaxial CC. However, this will produce geometric

components that give the option of specific dimensions with characteristics such as width,
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Figure 6.8: The PLC channel highlighting the two coupling circuits

height, and radius. Ongoing editing of the specific dimension as regards its characteristics

should enhance the performance of the experiment.

The design was based on the coupled lines, using two microstrip parallel-end lines for

a λ
4

wavelength, as shown in Figs. 6.2 and 6.3. At this point, the coupled line of the

CC is considered to be a perfect conductor. Figs. 6.4, 6.5, 6.6, and 6.7 summarise the

frequency response characteristics of the simulated microstrip CC by FECO at 2.45 GHz

Co-ax CC coil pickup 1 = 10 mm Ref00F. The performance of the coupling circuit can

be presented in terms of reflection coefficient (S11), voltage source, current magnitude,

impedance magnitude, and transmission power as a function of frequency. The reflection

coefficient (S11) is used to calculate the return loss. The ideal design for a microstrip

is expected to have a high degree of return loss; good matching electrical connecting

impedance; lower insertion loss; broad bandwidth, and highly selective frequency, all of

which are considered in the microstrip CC design described here. The microstrip CC is

designed to operate at 2.5 GHz operation frequency in the frequency range of 1 GHz to

6 GHz.

The performance of the reflection coefficient as shown in Fig. 6.7, shows that the

return loss is greater than 0.99 dB at 2.5 GHz, with approximately zero insertion loss.

The optimised coupling circuit has an operating frequency of 2.5 GHz with transmission

frequencies between 1 GHz and 6 GHz. The back reflection from the feeding power at

the port of antenna is referred to as return loss and is due to the mismatches effect

that occurs with the transmission line and the feeding point. Fig. 6.7 indicates that the

coupling circuit radiates with an operating frequency selected at 2.45 GHz, and the return

loss is equal to 0.99 dB.

Figure. 6.5 shows the magnitude of impedance matching, and as can be seen from

Fig. 6.5 the resonance occurs at the frequency of 2.5 GHz for an impedance match of 240
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Figure 6.9: Pout = f(γth), MRC. Variation of the outage probability for various values of γth, 3
dB, 9 dB, 15 dB, 19 dB and 25 dB, for Fig. 6.9 MRC and Fig. 6.10 SC, γ1 = γ2.

ohms. Fig. 6.6 shows the current and resonance occurring at the frequency of 2.5 GHz

for a current of 145 mA. Fig. 6.4 shows that the power and the resonance occur at the

frequency of 2.5 GHz for a power of 82 mA. The bandwidth can be analysed from Fig. 6.4

referring to the return loss versus frequency at 0.9 dB. The value of the bandwidth can

be captured from the return loss at 0.9 dB as 2.6 dB.

6.3.3 Introduction to receiver combining

6.3.3.1 Section combining

In SC, the combiner SNR, γsc, is the maximum of the branch SNRs [143–145].

γsc = max[γa, γb, . . . , γN ], (6.1)

where a, b, . . . , N are the different branches.
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Figure 6.10: Pout = f(γth), SC. Variation of the outage probability for various values of γth, 3
dB, 9 dB, 15 dB, 19 dB and 25 dB, for Fig. 6.9 MRC and Fig 6.10 SC, γ1 = γ2.

6.3.3.2 Maximum ratio combining

The final SNR, γmrc is the sum of the branch SNRs [143–145].

γmrc =
N∑
i=a

γi, (6.2)

where a, b, . . . , N are the different branches.

6.3.4 PLC and RF signal-to-noise ratios

The characteristics of the channels depend on the environment (PLC, RF). PLC and RF

may have the same fading characteristics. They are not dependent on each other. This

implies that the SNR of the PLC channel, γ1 is totally independent of that of the RF
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Figure 6.11: Variation of the outage probability (MRC) for various values of g0, 0.2, 0.4, 0.6,
0.8 and 1, for γth = 9 dB and , γ1 = γ2.

link, γ2. They are both defined by

γ′1 = g2
0

Eb
N0(1)

|h1|2

= g2
0γ1

(6.3)

and

γ2 =
Eb
N0(2)

|h2|2, (6.4)

respectively. In Eqs. (6.3) and (6.4), the channel fading factor is defined by |h1| and |h2|
for the PLC and the RF channels respectively. The power spectral density of the noise

over the channels are N0(1) and N0(2), and Eb is the common bit energy as the same signal

is applied to both channels.It should be noted that the average SNRs over both channels

are based on Eqs. (6.3) and (6.4) and are given by γ̄′1 = g2
0
Eb

2σ2
1

and γ̄2 = Eb

2σ2
2
. Eb, been

the common transmitted signal energy and σ2
1 and σ2

2 are the noise variance over PLC

and RF channels respectively. Furthermore, it should also be noted that σ2
1 involves both

Gaussian variance σ2
g and impulsive noise variance σ2

I . h1 and h2 are given in terms of
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Figure 6.12: Pout = f(γth), γ1 = 3 dB. Variation of the outage probability (MRC) for various
values of g0, 0.2, 0.4, 0.6, 0.8 and 1, for γth = 9 dB and variable γ2.

the transmission frequency, f , by [6, 47]

h1(f) = A
N∑
i=1

gi(f)exp{−(a0 + a1f
k)di}exp

{
− j2πf di

v

}
, (6.5)

for the PLC channel, where the number of paths N and a constant coefficient A are

exploited to adjust attenuation. The PLC cable characteristic are k, a0, and a1 which are

for the path gain gi(f) in the ith path then v, f and di are the propagation speed of light

in the cable structure, the transmission frequency and the length of the ith path.

h2(f) =
M∑
n=1

αnexp{−j2πfτn}. (6.6)

Eq. (6.6) relates to the RF channel, where αn and τn are the complex amplitude and

the delay of the nth wave, and, M and f are the number of waves and the transmitting

frequency respectively.

6-11



6. PLC-RF Diversity: Channel Outage Analysis

5 10 15 20 25 30

γ2 , (dB)

100

101

O
ut

ag
e 

P
ro

ba
bi

lit
y,

 M
R

C

P
outMRC

, g
0
 = 0.2

P
outMRC

, g
0
 = 0.4

P
outMRC

, g
0
 = 0.6

P
outMRC

, g
0
 = 0.8

P
outMRC

, g
0
 = 1

γ
th

 = 9 dB;

γ
1
 = 15 dB

Figure 6.13: Pout = f(γth), γ1 = 15 dB. Variation of the outage probability (MRC) for various
values of g0, 0.2, 0.4, 0.6, 0.8 and 1, for γth = 9 dB and variable γ2.

6.3.5 Joint PLC-RF

Let ρ1, ρ2, ρ12 and ρ21 be the channel gains corresponding to the joint PLC-RF system

proposed in Fig. 6.1. ρ1 and ρ2 are front-end PLC and RF sub-channels and ρ12 and ρ21

are cross-talk gain RF-PLC and PLC-RF respectively. The overall channel frequencies

response is given by

H =

 ρ1 ρ12

ρ21 ρ2

 . (6.7)

The general transmission system with a filtered channel and additive noise is governed

by [6, 43]

yi = Hxi + ni, (6.8)

where yi and xi are the received and transmitted vectors, H the channel frequency re-

sponse and ni the additive noise vector. Based on (6.8), the transmission in the proposed
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Figure 6.14: Pout = f(γth), γ2 = 3 dB. Variation of the outage probability (MRC) for various
values of g0, 0.2, 0.4, 0.6, 0.8 and 1, for γth = 9 dB and variable γ1.

joint PLC-RF is given by y1

y2

 =
[
x
] ρ1 ρ12

ρ21 ρ2

+

n1

n2

 , (6.9)

where y1 and y2 are the signal at PLC and RF receiving antenna respectively, x is

the transmitted signal and, n1 and n2 are noise at the receiving PLC and RF ports,

respectively. n1 and n2 are giving byn1 =
∑

PLC noises,

n2 =
∑

RF noises.
(6.10)

Note that, various additive noise sources are present over both channel, the total noise

in each channel is the sum of all these noise together.The channel is Rayleigh fading

corresponding to the a chi-square distribution with two degrees of freedom.The Rayleigh

distribution fits well in both PLC and RF channels here because there is no line of sight

link between transmitter and receiver when the message is sent through channels. The
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Figure 6.15: Pout = f(γth), γ2 = 15 dB. Variation of the outage probability (MRC) for various
values of g0, 0.2, 0.4, 0.6, 0.8 and 1, for γth = 9 dB and variable γ1.

PDF of the SNR over the ith channel is given by

fγi(γi) =
1

γ̄i
exp
{
− γi
γ̄i

}
. (6.11)

The corresponding cumulative distributed function (CDF), F (γi), is expressed as

Fγi(γi) = 1− exp
{
− γi
γ̄i

}
, (6.12)

where γ̄i is the link average SNR.
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Figure 6.16: Variation of the outage probability (SC) for various values of g0, 0.2, 0.4, 0.6, 0.8
and 1, for γth = 9 dB and , γ1 = γ2.
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Figure 6.17: Pout = f(γth), γ2 = 3 dB. Variation of the outage probability (SC) for various
values of g0, 0.2, 0.4, 0.6, 0.8 and 1, for γth = 9 dB and variable γ2.
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Figure 6.18: Pout = f(γth), γ2 = 15 dB. Variation of the outage probability (SC) for various
values of g0, 0.2, 0.4, 0.6, 0.8 and 1, for γth = 9 dB and variable γ2.

6.3.6 Selection combining

The outage probability is the probability that the SNR, γ, falls under a threshold value,

γth [114]. At the output port of an SC combiner, it is given by

Po =

∫ γth

0

fγ1γ1 [max(g2
0γ1, γ2)]dγ1dγ2 , (6.13)

where f(·) denotes PDF of the received signal’s SNRs.The instantaneous SNR in SC

scenario is given by

γsc = max[g2
0γ1, γ2]

=

g2
0γ1, g

2
0γ1 > γ2,

γ2, γ2 > g2
0γ1.

(6.14)
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Figure 6.19: Pout = f(γth), γ2 = 3 dB. Variation of the outage probability (SC) for various
values of g0, 0.2, 0.4, 0.6, 0.8 and 1, for γth = 9 dB and variable γ1.

The corresponding CDF can be expressed as

F (γsc) = pr[max(g2
0γ1, γ2) ≤ γth]

= pr

[
(g2

0γ1 ≤ γth, g
2
0γ1 > γ2) ∪ (γ2 ≤ γth, g

2
0γ1 < γ2)

]
= pr(g

2
0γ1 ≤ γth, g

2
0γ1 > γ2) + pr(γ2 ≤ γth, g

2
0γ1 < γ2),

(6.15)

where pr[·] denotes the probability operator. The above CDF can result to

Fγsc(γsc) = pr(g
2
0γ1 ≤ γth, γ2 ≤ γth)

= Fγth(g2
0γ1, γ2).

(6.16)

Due to the independence of γ1 and γ2, this probability can be written as

Fγsc(γsc) = Fγ1(γ1)Fγ2(γ2), (6.17)

where

Fγ1(γth) = 1− exp
{
− γth

¯g2
0γ1

}
(6.18)
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Figure 6.20: Pout = f(γth), γ2 = 15 dB. Variation of the outage probability (SC) for various
values of g0, 0.2, 0.4, 0.6, 0.8 and 1, for γth = 9 dB and variable γ1.

and

Fγ2(γth) = 1− exp
{
− γth
γ̄2

}
. (6.19)

By substituting equation (15), (16) into (14), then equation (17) can be written as

Fγsc(γsc) =
(

1− exp
{
− γth
g2

0 γ̄1

})(
1− exp

{
− γth
γ̄2

})
= 1− exp

{
− γth
γ̄2

}
− exp

{
− γth
g2

0 γ̄1

}
+ exp

{
−
( γth
g2

0 γ̄1

+
γth
γ̄2

)}
.

(6.20)

6.3.7 Maximum ratio combining

In MRC, the output SNR is the sum of SNRs per branch. In the PLC-RF combining, it

is given by

γmrc = g2
0γ1 + γ2, (6.21)

and the corresponding outage probability is defined by

Po = pr(g
2
0γ1 + γ2 ≤ γth). (6.22)
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In terms of integrals, this can be written as

pr(g
2
0γ1 + γ2 ≤ γth) =

∫ γth

0

∫ γth−γ1

0

fγ1γ2(γ1, γ2)dγ1dγ2 , (6.23)

where the quantity
∫ γth−γ1

0
fγ1γ2(γ1, γ2)dγ1dγ2 is the joint PDF related to γ1 and γ2. This

quantity represents the PDF of the combiner SNR, fγmrc(γmrc). The SNRs g2
0γ1 and γ2

been independent, the joint PDF, fγmrc(γmrc), is the product of single PDFs, fγ1(γ1) and

fγ2(γth − g2
0γ1), and given by

fγmrc(γmrc) = fγ1(γ1)fγ2(γth − g2
0γ1)

=

[
1

g2
0 γ̄1

exp
{−g2

0γ1

g2
0 γ̄1

}][ 1

γ̄2

exp
{−(γth − g2

0γ1)

γ̄2

}]
=

1

g2
0 γ̄1γ̄2

exp
{
− g2

0γ1γ̄2 + ¯g2
0γ1(γth − g2

0γ1)

g2
0 γ̄1γ̄2

}
.

(6.24)

Finally, the outage probability is calculated as

Po =

∫ γth

0

f(γmrc)dγmrc

=

∫ γth

0

f(γ1)f(γth − g2
0γ1)dγ1

=

∫ γth

0

1

g2
0 γ̄1γ̄2

exp
{
− g2

0γ1γ̄2 + g2
0 γ̄1(γth − g2

0γ1)

g2
0 γ̄1γ̄2

}
dγ1.

(6.25)

After integration, the final MRC outage probability is expressed as

Po =
1

g2
0 γ̄1

[
exp
{γth
γ̄2

−
(γth
γ̄2

+ 1
)}
− exp

{
−
(γth
γ̄2

+ 1
)}]

. (6.26)

6.4 Results of the analysis

The numerical results of this analysis are depicted in Figs. 6.9 to 6.20. They show the

plots of Eqs. (6.20) and (6.26) for a few values of the threshold SNR, γth, for g0 = {0.2,

0.4, 0.6, 0.8, 1} and several combinations between γ1 and γ2. The total noise that was

exploited includes cross-talk and other types of additive noise in the environment as,

shown in Eq. (6.10).
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The outage probability of both MRC and SC are given in Figs. 6.9 and 6.10. The

values used for the analyses are such as: γth = {3, 9, 15, 19, 25} dB, a coupling circuit

gain, g0 = 0.8 and γ1 = γ2. The results show that γth does not play a major role in the

probability of outage for an MRC situation in the system. This is shown in Fig. 6.9. On

the contrary, the chosen value of γth plays an important role in the probability of error

in the SC situation. In Fig. 6.10, several values of threshold were selected at γth = 3 dB.

For MRC, shown in Fig. 6.9, changes in the graph are not noticeable. In Fig. 6.10 the

best results of the SNR for SC were obtained at γth = 3 dB. This means that there is less

noise in the channel and at that point the probability that the system will fail is 0.3. On

the other hand, when γth = 25 dB, the outage probability is 0.6, which is higher and thus

resulting in more noise in the channel. Noise in the channel is poorest when the SNR is

lower than the threshold.

Results of the MRC situation for g0 = {0.2, 0.4, 0.6, 0.8 1}, for a fixed value of γth =

9 dB and γ1 = γ2, are depicted in Fig. 6.11. They show that the value of the coupling

circuit gain clearly affects the probability of error in the MRC situation. Fig. 6.11 shows

an error in the system because from 0 to 9 dB, the values of the SNR are below γth = 9

dB. This confirms that at high SNR, the system performs better. At g0 = 1, the poorest

noise occurs in the channel, and the best noise happens at g0 = 0.2. This implies that for

MRC, the higher the g0, the higher the noise in the channel. The opposite is also true.

The reason for this concerns the filtering capacities of the coupling circuit. The same

situation applies in Figs. 6.12, 6.13, 6.14 and 6.15.

The results of the MRC situation for g0 = {0.2, 0.4, 0.6, 0.8 1}, γth = 9 dB and γ1 =

3 dB in Fig. 6.12 and γ1 = 15 dB in Fig. 6.13. Both sub-figures confirm that the results

of an MRC situation vary with g0. However, the performance at γ1 = 3 dB will be better

than in the case of γ1 = 15 dB.

Figures 6.14 and 6.15 shows the variation of the outage probability in an MRC

situation. Fig. 6.14 shows the various values of g0, when γth = 9 dB and γ2 = 3 dB, while

Fig. 6.15 shows the various values of g0, when γth = 9 dB and γ2 = 15 dB. In addition to

the confirmation of the effects of the coupling circuits on the probability of outage and

errors, it is also clear that at γ2 = 15 dB, the system performance will be deficient when

compared to the case where γ2 = 3 dB.

To show the probability of error in the proposed hybrid system in an SC situation,

the results depicted in Fig. 6.16 are proposed. They show the variation of the outage
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probability of the system for g0 = {0.2, 0.4, 0.6, 0.8, 1}, γth = 9 dB and γ1 = γ2. It is

clear that, as shown in Fig. 6.16, for g0 = 1, the system performs better than in any other

case and when g0 = 0.2, the worse performance occurs. However, it can be stated that

at g0 = 0.2 there is more noise in the channel, and at g0 = 1, there is less noise in the

channel. It implies that the lower the g0, the higher the noise, and the higher the g0, the

lower the noise in the channel. In the outage probability of SC depicted in Figs. 6.17,

when the threshold (γth) is set at 9 dB, an error occurs in the SNR from 0 to 9 dB, which

is below the threshold. However, from 10 to 30 dB, the noise situation is better. The

same situation applies in Figs. 6.17, 6.18, 6.19 and 6.20.

The results of the SC situation for g0 = {0.2, 0.4, 0.6, 0.8, 1}, γth = 9 dB, γ1= 3 dB in

Fig. 6.17 and γ1 = 15 dB in Fig. 6.18. Fig. 6.17 shows that g0 does not play an important

role in the error probability when γ1 = 3 dB, this is not the case when γ1 = 15 dB as

depicted in Fig. 6.18.

Finally, a variation of the outage probability is shown for a selection combining sit-

uation of variable values of g0, γth = 9 dB and fixed values of γ2. For γ2 = 3 dB dB in

Fig. 6.19 and γ2 = 15 dB in Fig. 6.20. Both figures show that the system performance is

better when γ2 = 3 dB when compared to the case where γ2 = 15 dB.

Information in Figs. 6.11 and 6.16 is compared for MRC and SC. Figs. 6.11 gives the

results of PLC-RF combining where the maximum ratio combining technique was used,

while Figs. 6.16 provides the results for the same system based on selection combining. It

should be borne in mind that the analysis of SC and MRC is given under the consideration

that PLC and RF are asymmetric channels that operate with Rayleigh distributed. This

explains the non-existence of the line of sight between the transmitter and the receiver.

Both the SNRs, γth at MRC and SC are equal to 9 dB, where γ1 = γ2 at this point both

are equal. The outage probability of the proposed system in this case, is analysed for five

randomly selected values of coupling circuit gain g0 = {0.2, 0.4, 0.6, 0.8 1}. Fig. 6.11

shows that as the value of the selected g0 increases, the value γ1 = γ2 should increase

to the same outage probability. For example, to obtain an outage error of 1.0, about 4

dB of γ1 = γ2 is required when the needed quality of service (QoS) requires g0 = 0.8.

This confirms that the results of a MRC situation vary with g0, and furthermore, that the

system performs better as g0 increases as expected, with the best results being obtained

when g0 = 1. Fig. 6.16 shows that, as in the case in Fig. 6.11, high values of γ1 = γ2 are

required to ensure the same outage probability when g0 increases.
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Table 6.1: Hybrid technology estimated implementation cost.

Circuitry Cost

PLC Circuitry Power Supply $15.6
Modern Chip Set $18.20
Level Converter $15.00
Coupling Circuit $7.40
Miscellaneous $38.00
Total $94.20

RF Circuitry Power Supply $2.64
Chip Set $11.15
Sensor $5.67
Antenna $0.66
Crystal-Passive-Miscellaneous $8.98
Total $29.10

Hybrid PLC/RF Circuitry Power Supply $15.60
Modern Chip Set $29.35
Level Converter/Sensor $20.67
Coupling Circuit/Antenna $8.06
Crystal-Passive-Miscellaneous $46.98
Total $120.66

6.5 Hybrid technology estimated implementation

cost

To analyse the costs of implementing hybrid technology, it is important to consider the

cost of the electronic component for the PLC and RF in general since this has a significant

influence on the price of the modem. In Table 6.1, the estimated cost of the RF compo-

nents is $ 29.10, which is cheaper than the estimated cost of the PLC components, viz.

$ 94.20. This can be linked to the fact the RF technology is more mature in comparison

with the PLC technology, while PLC also requires a coupling circuit which may include

a transformer. Both the PLC and RF will be controlled by a microcontroller, which will

synchronise the communication modules of the two technologies. The combination of the

PLC and RF components into a single module using a microcontroller will help to reduce

the cost of the components. The estimated cost of a hybrid PLC/RF is $ 120.66, which

is high, but considering the quality of the signal achieved with a hybrid system, which

shows better performance than a single RF and PLC, the additional cost can be justified.
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6.6 Conclusion

This chapter aimed to analyse the outage probability of PLC-RF diversity combining.

Two different techniques were exploited to analyse the probability of failure, namely

selection combining and maximum ratio combining. In each cases, the expression of the

system SNR was proposed, and the channel system was analyse using outage probability

in terms of its PDF and its CDF, it should be noted that high values of Eb/N0 are required

in SC to achieve the same outage probability as is the case with MRC for a selected γth

which corresponds to a specific QoS. However, in both cases, it is clear that since the

quality of service requires high values of g0, the values of γ1 and γ2 should be increased

because the system performs better as g0 gradually increases from 0.2 to 1.
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7 Conclusion

7.1 Employment of broadband communication

technology in indoor environments:problems,

procedures, and proposals for their solution

WiFi technology enjoys widespread popularity as a means of providing broadband connec-

tivity to users in indoor environments. However, its application is not without difficulties,

one of which is signal degradation in such settings. Furthermore and more generally, the

restrained coverage provided by existing wireless hotspots indicates that there is a need

to implement a new system by using a new approach, one that will facilitate develop-

ment of the continuous-connectivity technology that the future will demand. In response

to this and other problems, this thesis discusses hybrid power-line and radio frequency

communication systems as alternative solutions to problems associated with PLC or RF.

An approach has been developed to address the problem of low data rate performance in

response to the need to meet future challenges that the Internet of Things will impose.

Such solutions will also contribute to improving the efficiency and cost effectiveness of

recent developments in broadband technological communication systems.

In addition to the foregoing, this thesis investigated various technologies and their

enhancement, and described a variety of tools and methods in an effort to address the

problems mentioned above. These include the following:

• A hybrid PLC-RF system was designed, and its performance investigated at a

frequency of 2.45 GHz. This was undertaken with a view to its potential usefulness in
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overcoming obstructions in indoor environments that RF penetrates with difficulty

due to LOS issues.

• The effect of a coupling circuit in PLC-RF diversity at 2.45 GHz. was investigated.

The resulting diversity of a PLC-RF modem when a coupling circuit was added

at the PLC side, contributed to the achievement of a high data rate performance.

Thus, a coupling circuit greatly influences system performance.

• PLC and RF for a parallel transmission at 2.45 GHz was analysed. The study

showed that there is improved performance in data transmission in the indoor en-

vironment of multi-storey buildings.

• The outage probability of PLC-RF diversity combining was analysed. Two different

techniques were exploited to analyse this probability of outage, viz. selection com-

bining and maximum ratio combining. In each case, the expression of the system

SNR was proposed, as well as its probability density function and its cumulative

distribution function which lead to the probability of system outage. For both tech-

niques, the expression of the system SNR was proposed. From this analysis, it could

be determined that high values of Eb/N0 are required for SC to achieve the same

outage probability as is the case with MRC for a selected γth which corresponds to

a specific QoS. In both cases, it was clear that because quality service requires high

values of γth, the values of γ1 and γ2 should be increased.

• A channel model for PLC-RF diversity that operates at 2.45 GHz was proposed,

and its transmission system was analysed with due regard for the effects of the

couplers used in the PLC link. The proposed system and the incoming data were

coded and modulated. The same signal was sent to both PLC and RF links but with

different cyclic prefixes. On the PLC side, a coupling circuit was exploited to couple

the message signal to the channel. The input and output CCs were connected to

the PLC channel. In this study, it was assumed that the CCs (input and output)

have the same gain. Various values of the gain achieved by the CC were selected

for the simulation analysis.

• Initially, a basic introduction (see Chapters 1 and 2) to both power-line and

radio frequency communication technologies was presented. The channel model for

both PLC and RF that has been described in the literature was reviewed. The

cascaded PLC-RF channels were investigated. The proposed model measurements
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and frequency responses of the channels were presented. An outline was given of

both PLC and RF channels. The three channels of the cascade system, together

with the values of coefficient a0, a1 and voltage 1st path RF were studied to predict

the behaviour of the system. The imposed coefficient values of a0, a1 and voltage

1st path RF for the PLC channel model influenced the simulation results and were

recorded for the cascaded PLC-RF channel, with t. The corresponding values of

a0, = 0.01, 0, 0001, a1, = 20 × 10−10 and 10 × 10−10, and voltage 1st path RF =

0.05, 0.25, 0.55 and 0.85, over frequencies of up to 3 GHz were also given. Finally,

the costing impact of a PLC-RF diversity system that operates at 2.45 GHz was

discussed.

• This research was also undertaken to prove that the power-line conductively carries

and re-radiates 2.45 GHz WiFi signals over a distance. Commercial WiFi modems

(IEEE 802.11g protocol) were used to transfer data on a power line for up to 65

m (non-energised), and for up to 20 m in a typical industrial energised situation.

One modem was coupled to a power line which was used as a traveling-wave an-

tenna. The second modem was used in normal RF mode. This was compared to

a direct RF link were both modems are used in RF mode. The industrial indoor

measurements (energised power line) show that the RF link has higher data transfer

rates than the contactless PLC. This might differ in situations where there are more

severe obstructions, a matter for further investigation because of the difficulty ex-

perienced by WiFi in penetrating obstructing items in multi-storey buildings. Such

an investigation should also be conducted because this study showed that in an

ideal situation, power-line communications at 2.45 GHz are not only possible, but

comparable with direct-link RF communications.

• To introduce the experimental exercise, the speed of the data transfer rate using

a control contactless cable power line for transmission and reception at 2.45 GHz

in a residential building was discussed. The actual exercise was based on a simple

transfer rate in an Mbps vs. floor relationship. The experiment has been shown

to be more accurate when the different floors and dissimilar areas within a resi-

dential building are considered separately. The results indicated that a change in

the speed of the data transfer rate depends on the position of the receiver. It was

also demonstrated that the nearer the transmitter to the received, the faster the

transfer speed, and vice versa, which implies that a power-line cable can be used

as a long-wire antenna. From the results it was possible to prove that a power-line

cable can radiate in the high levels of radio frequency energy at 2.45 GHz.
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7.2 Contributions and applications of the study to

developments in broadband communication

technology

A PLC-RF system in which the end-user is mobile because of the contactless aspect of the

system at 2.45 GHz, was proposed. The system was subsequently analysed, and a channel

model together with its frequency response were thereafter proposed. The transmission

medium was analysed on the PLC side and the transmission capability defined with regard

to the types of wire used. The system was implemented practically and the radiated signal

strength and feasible data rates for both RF and PLC were measured separately. It was

possible to prove that a power line can be used to conductively carry and re-radiate

2.45 GHz WiFi signals over a distance. This led to the conclusion that in an indoor

environment where PLC or RF are used, the effect of signal degradation occurs at any

point in time because the signals are unable to penetrate the walls for RF and the effect of

noise for PLC. This is likely to be useful in projects where a conventional RF line of sight

operation at 2.45 GHz is obscured, for example in multi-storey buildings where WiFi has

difficulty penetrating various obstacles.

This study showed that the quality of a communication service in an indoor envi-

ronment was improved with the application of a diversity system. This was achieved

by using two different technologies (PLC and RF) for end-to-end communication. This

configuration is likely to be very useful in situations where line of sight is obscured, and

direct-link RF communication is impaired, as well as in situations of PLC obstruction

resulting from noise, for example inside buildings with thick walls or between floors, in

Internet broadcasting, and from noise associated with mobile connectivity.

It should be noted that the work proposed in this thesis is part of a pilot project

consisting of a number of steps. The first step is the proposition of the system and its

analysis. The second step concerns validation of the results with practical implementation,

and the third step will consist of prototyping. The prototypes can then be introduced to

manufacturing companies to consider the possibility of large-scale commercial production.
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7.3 Suggestions for future research

One of the aims of this study was to determine realistic outage probability and to im-

plement an adaptive modulation scheme for PLC and RF systems, using MRC and SC

diversity systems. A matter for future research would be to use the same procedure

for MIMO systems, using MIMO PLC and RF systems because this will increase signal

options, and thus improve signal performance. Based on the findings of this thesis, it

is likely to be easier to perform a simulation of a multiple-input system. The channel

frequency response results given in Chapters 4 suggest that there is also a need to in-

vestigate the channel capacity of both PLC and RF systems using the same terminology.

Such an investigation might help to provide greater insight into channel performance. A

statistical model such as that used in this study could form the motivation for developing

a special hybrid PLC-RF which will contribute to an analysis of channel bandwidth and

its operating frequency.

In Chapter 5, measurements of PLC and RF were taken in a laboratory setting and in

a residential building. In future research, extensive measuring using the same approach

as in the aforementioned settings could be conducted in similar areas, such as other types

of residential buildings, different offices, and in workshop areas. This might constitute a

feasible topic for investigation.

The outage probability of the PLC-RF system proposed in this study was verified in

Chapter 6. However, the measurements described in Chapter 6 have not been practically

verified, and there is therefore a need to perform practical measurements which will help to

predict the outage probability of both the PLC/RF and the SC/MRC diversity systems.

This matter too could receive attention in future.

In addition, the analytical curves are presented in the work from the derived expres-

sions. However, in future Monte Carlo simulations will be carry out and the result will

be compare against the analytical ones in order to verify the accuracy of the proposed

mathematical framework.

More experiments should be conducted to investigate the limitation in radiation at

2.45 GHz frequency for both the LOS and NLOS environments. There is also a need

to investigate the exiting transmitting power and to check the radiation distance for a

power-line cable at 2.45 GHz.
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[41] A. M. Tonello, F. Versolatto, B. Béjar, and S. Zazo, “A fitting algorithm for random
modeling the PLC channel,” IEEE Trans. Power Delivery, vol. 27, no. 3, pp. 1477–
1484, 2012.

[42] H. C. Ferreira, L. Lampe, J. Newbury, and T. G. Swart, Power line communications:
theory and applications for narrowband and broadband communications over power
lines. John Wiley & Sons, 2011.

[43] M. Ardakani, G. Colavolpe, K. Dostert, H. Ferreira, D. Fertonani, T. Swart,
A. Tonello, D. Umehara, and A. Vinck, “Digital transmission techniques,” Power
Line Communications: Theory and Applications for Narrowband and Broadband
Commun. over Power Lines, pp. 195–310, 2010.

[44] M. Koch, “Power line communications and hybrid systems for home networks,” in
Ecological Design of Smart Home Networks. Elsevier, 2015, pp. 17–28.

[45] J. Anatory, N. Theethayi, R. Thottappillil, M. M. Kissaka, and N. H. Mvungi,
“Broadband power-line communications: The channel capacity analysis,” IEEE
Trans. power delivery, vol. 23, no. 1, pp. 164–170, 2008.

[46] P. Meier, M. Bittner, H. Widmer, J. Bermudez, A. Vukicevic, M. Rubinstein,
F. Rachidi, M. Babic, and J. S. Miravalles, “Pathloss as a function of frequency, dis-
tance and network topology for various LV and MV european powerline networks,”
The OPERA Consortium, Project Deliverable, EC/IST FP6 Project, no. 507667, p.
D5v0, 2005.

[47] MIMO power line communications:narrow and broadband standards, EMC, and ad-
vanced processing.

[48] A. R. Ndjiongue, T. Shongwe, H. C. Ferreira, T. N. Ngatched, and A. H. Vinck,
“Cascaded PLC-VLC channel using OFDM and CSK techniques,” in Proc. IEEE
GLOBECOM Conf., San Diego, CA, USA, Dec. 6–10 2015, pp. 1–6.

[49] E. Biglieri, “Coding and modulation for a horrible channel,” IEEE Commun. Mag,
vol. 41, no. 5, pp. 92–98, 2003.

[50] A. M. Tonello and T. Zheng, “Bottom-up transfer function generator for broadband
PLC statistical channel modeling,” in Proc. 13th IEEE ISPLC Conf., Dresden,
Germany, Mar. 29 - Apr. 1 2009, pp. 7–12.

Rf-4



References

[51] M. Zimmermann and K. Dostert, “An analysis of the broadband noise scenario in
powerline networks,” in Proc. 17th IEEE ISPLC Conf., Johannesburg, South Africa,
Mar. 24–27 2013, pp. 131–138.

[52] H. C. Ferreira, L. Lampe, J. Newbury, and T. G. Swart, Power Line Communi-
cations: Theory and Applications for Narrowband and Broadband Communications
over Power Lines. John Wiley & Sons, Ltd, 2010.

[53] J. Cortes, L. Diez, F. Canete, and J. Sanchez-Martinez, “Analysis of the indoor
broadband power-line noise scenario,” IEEE Trans. Electromagn. Compat., vol. 52,
no. 4, pp. 849–858, Nov. 2010.

[54] T. Shongwe, A. Vinck, and H. C. Ferreira, “On impulse noise and its models,” in
Proc. 18th IEEE ISPLC Conf., Glasgow, Scotland, UK, Mar. 30-Apr. 2, 2014, pp.
12–17.

[55] ——, “A study on impulse noise and its models,” SAIEE Research J., vol. 106,
no. 3, pp. 119–131, Sep. 2015.

[56] P. Meier, M. Bittner, H. Widmer, J. Bermudez, A. Vukicevic, M. Rubinstein,
F. Rachidi, M. Babic, and J. S. Miravalles, “Pathloss as a function of frequency, dis-
tance and network topology for various LV and MV european powerline networks,”
The OPERA Consortium, Project Deliverable, EC/IST FP6 Project, no. 507667, p.
D5v0, 2005.

[57] T. Esmailian, F. Kschischang, and P. Glenn, “In-building power lines as high-speed
communication channels: Channel characterization and a test channel ensemble,”
Int. J. Commun. Syst., vol. 16, no. 5, pp. 381–400, May 2003.

[58] L. Di Bert, P. Caldera, D. Schwingshackl, and A. Tonello, “On noise modeling for
power line communications,” in Proc. 15th IEEE ISPLC Conf., Udine, Italy, Apr.
3-6, 2011, pp. 283–288.

[59] A. Kawaguchi, H. Okada, T. Yamazato, and M. Katayama, “Correlations of noise
waveforms at different outlets in a power-line network,” in Proc. 10th IEEE ISPLC
Conf., Orlando, FL., USA, Mar. 26-29, 2006, pp. 92–97.

[60] L. de MBA Dib, V. Fernandes, and M. V. Ribeiro, “A discussion about hybrid
PLC-wireless communication for smart grids,” Proc. XXXIV Simpósio Brasileiro
de Telecomun.ções, pp. 848–852, 2016.

[61] M. Heggo, X. Zhu, S. Sumei, and Y. Huang, “White broadband power line com-
munication: Exploiting theTVWS for indoor multimedia smart grid applications,”
Int. J. Commun. Syst., vol. 30, no. 16, p. e3330, May.

[62] M. Sayed, T. A. Tsiftsis, and N. Al-Dhahir, “On the diversity of hybrid narrowband-
PLC/wireless communications for smart grids,” IEEE Trans. Wireless Commun.,
vol. 16, no. 7, pp. 4344–4360, Apr. 2017.

Rf-5



References

[63] M. Hoch, “Comparison of PLC G3 and prime,” in Proc. 15th IEEE ISPLC Conf.,
Udine, Italy, Apr. 3–6 2011, pp. 165–169.
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