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Abstract

Smart homes, smart cities, smart mines, wearables and connected cars are just

but a few areas where the internet of things (IoT) has developed and will continue

to grow. This growth, demands increasingly wide coverage areas, high capac-

ities and data rates to maintain reliable and ubiquitous connectivity of several

smart devices and machines, regardless of their environment and geographical lo-

cations. These connectivity demands present a challenge on the current commonly

used standalone radio frequency (RF) networks. This challenge on the RF net-

works presents an opportunity for hybrid networks where various communication

technologies complement each other to achieve the device-to-device and device-

to-infrastructure connectivity. A hybrid of powerline communication (PLC) and

visible light communication (VLC) technologies, is one of the cost-effective schemes

recently proposed to achieve high-speed communication in both indoor and out-

door environments, since both constituent technologies seem ubiquitous. However,

being an emerging and developing integrated scheme, various areas of the hybrid

PLC and VLC (HPV) system still require optimisation. As such, this work in-

vestigates indoor coded multiple access (MA) and multiple-input multiple-output

(MIMO) techniques for hybrid power-line and visible light communication (HPV)

systems, with practical channel considerations. A specific focus is placed on the

system error rate performance enhancement and complexity reduction.

First, an MA optical wireless communication system using permutation codes

(PCs), is investigated. It is proposed and shown that a soft-decision (SD) decoder

based on the Hungarian and Murty’s algorithms for solving linear programming

problems, precisely referred to as the HM decoder, can simultaneously decode

multiple permutation codewords (PCWs). Additionally, the work shows that the

SD HM decoder enhances the reliability of the MA optical wireless communication

system and reduces the system complexity when compared to the hard-decision

decoders based on exhaustive search methods. Furthermore, the properties of the

different combinations of (PCWs) and their decodability by the HM decoder are

studied. Then, a generalised space-time coded MIMO (GSTC-MIMO) scheme,

whose encoder is adapted to the HM decoder for reliability enhancement of the

system, is proposed. These results provide the motivation to apply and extend the

encoder adaptation principle to the design of MA permutation codebooks, where

the assignment of user disjoint codebooks is based on the judicial criteria of the

combination properties of the PCWs from the different user codebooks.



Abstract iv

The power-line communication (PLC) channel is inherently susceptible to impulse

noise because of electrical devices randomly connecting to the power grid. This

adversely affects the error performance of the HPV system. To mitigate the effect

of the impulse noise, two schemes are proposed. The first scheme is a combination

of orthogonal frequency division multiplex (OFDM) and M -ary frequency shift

keying (MFSK), aided with permutation codes (PC OFDM-MFSK). This scheme

well mitigates the impulse noise in PLC systems, however, with a reduced data rate

when compared to a system employing classical OFDM. Hence, a generalisation of

the permutation coded scheme is introduced to enhance the data-rate of the HPV

system. The second, is a novel scheme based on a time-diversity concept that uses

the Hermitian symmetry structure to introduce data repetition to produce some

redundancy of the transmitted data. This strengthens the resistance to occasional

high-peak impulse noise in the PLC channel. It is shown in this work that by

using the time-diversity Hermitian symmetry (TDHS) scheme, the probability of

the effect of impulse noise on data symbols through a PLC channel, is drastically

reduced by 75%. As a result, the overall system’s bit error rate (BER) and goodput

performance, is enhanced.
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CHAPTER 1

Introduction

1.1 Introduction

Outdoor and indoor environments such as play parks, roads, homes,

industrial areas, offices and conference rooms normally have multi-

ple smart devices that require simultaneous connections to the net-

work and to one another via the internet communication network

[136, 160]. This has recently been crowned as the internet of things

(IoT), where smart devices connect to share and exchange informa-

tion, regardless of their environment and geographical locations. The

challenge posed on the network is the ability to provide simultaneous

ubiquitous and reliable connection for all these smart devices with-

out or with minimum interference or collisions. Conventionally, this

is achieved by wireless fidelity (WiFi) networks. However, WiFi is

based on the radio frequency (RF) technology whose spectrum re-

source is scare and already congested. Hence, the inevitability of the

research hype into alternative communication technologies like pow-

erline communication (PLC) and visible light communication (VLC).

These alternative communication technologies need to also be able to

achieve the multiple and simultaneous connectivity trend demands.

1
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The simultaneous connectivity of multiple users to a network is

achieved by the use of multiple access (MA) techniques which al-

low multiple users to share the network resources. The orthogonal-

ity characteristic in different domains such as time, space, frequency

as well as codes is widely used to distinguish users or information

transmitted from different users. This avoids potential multiple ac-

cess interference (MAI) among users. While VLC is able to serve

multiple users as an access point, it, however, requires an informa-

tion back-haul network to provide data to its optical transmitters,

thus forming a hybrid communication system. The commonly used

VLC back-haul networks are based on RF, optical fiber or PLC tech-

nologies [59, 83, 95, 120].

VLC is a type of optical wireless communication technology that

transmits information signals by visible light electromagnetic waves.

It is thus capable of providing illumination and data communication

simultaneously. The concept of VLC stems from the introduction

of power efficient solid state lighting [127, 150] in conjunction with

the concept of electronic wireless communication using visible light

established by Alexander Graham Bell in 1880 [21]. Solid state light-

ing was introduced with advantages of efficient power consumption,

brighter and long-life [150]. Thus, since the first demonstration of

VLC [84, 139], light emitting diodes (LEDs) became the source of

light widely used as transmitters. This is due to their advantages

of low cost yet with an increased energy efficiency (EE), durability

and their ability to be modulated at high speed. Apart from the
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much desired wide unlicensed spectrum in the order of several hun-

dred terahertz (THz), some notable advantages attributed to VLC

technology are its non-subjection to interference by electromagnetic

sources and congestion as well as high level of security as it does

not penetrate through walls. Some of the potential application areas

of VLC are hospitals where WiFi could be undesirable due to elec-

tromagnetic interference, smart transport systems, smart lighting of

smart buildings and underwater communication [20, 63, 94].

Meanwhile, the powerline provides power to the VLC transmitters

and is capable of transmitting information [23, 32, 63, 84, 88, 139],

commonly referred to as powerline communication (PLC). Like VLC,

PLC has an advantage of having ubiquitous presence in indoor en-

vironments which is a desirable communication network feature for

coverage enhancement. Some of the applications of PLC include pro-

viding remote meter reading services, voice communication and data

acquisition, intra-vehicle communication, [23, 32, 63, 88]. Taking

advantage of the fact that powerlines provide power to the lighting

infrastructure used for VLC, authors in [83] established a cost ef-

fective hybrid communication system consisting of PLC and VLC.

It is commonly referred to as the hybrid powerline and visible light

communication (HPV) system.

The fact that both powerline and solid state lighting upon which

VLC is built, were not initially designed for communication applica-

tions, the HPV system is usually prone to performance issues due to
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the effects that each channel suffers when the communication appli-

cation is exploited. However, because of the potential that the HPV

system has demonstrated, especially in terms of the application to

smart cities, aircraft networking, vehicle technology, hospitals and

other electromagnetic radiation restricted areas, open research areas

aimed at improving this hybrid system are still numerous.

In view of the above, this work investigates multiple techniques in-

cluding MA, multiple-input-multiple-output (MIMO), time-diversity,

permutation coding, and soft decision decoding (SD) of permutation

code (PC) over a VLC channel, PLC channel and an HPV system.

Specific research objectives and contributions are provided in the

next section.

1.2 Research Objective and Contributions

The objective of this work is to enhance the error performance and

reduce the complexity of the HPV system. This is achieved by the

following contributions:

1. Bit error rate performance improvement by the use of

space-time coding and imaging receiver

In multiple-in multiple-output (MIMO) systems, it is desirable

to have spatially uncorrelated channels in order to avoid inter-

channel interference. However, optical MIMO (O-MIMO) sys-

tems, especially those employed for indoor applications, are

highly correlated, which could enable only minor diversity gains.
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Thus, to improve the performance of an HPV system having a

MIMO configuration at the VLC section, In this work the use of

Alamouti space-time coded (STC) optical relays with an imag-

ing receiver (ImR), is proposed. The Alamouti STC MIMO

technique improves the BER performance of the system by the

transmit diversity feature, while the ImR further improves the

error performance by its ability to de-correlate optical MIMO

links. A signal-to-noise ratio (SNR) gain exceeding 7 dB at a

BER performance of 10−4, is achieved when the system employ-

ing an ImR is compared to that using a non-imaging receiver

(NImR). Additionally, the performance of ImRs with varying

number of pixels, is also compared, where it is established that

the system’s BER is proportional to the number of pixels of the

ImR. The details of this contribution are provided in Chapter 3

of this thesis.

2. Decoding complexity reduction in a permutation coded

optical MA system by a soft-decision (SD) decoder

based on optimization algorithms

An MA soft-decision (SD) decoder based on the cost rankings

of the channel output matrix, is proposed, demonstrted and

applied in an optical wireless communication system, in which

permutation-based optical codes (POCs) are used. The pro-

posed decoder determines the possible transmitted MA code-

words by implementing the optimization Hungarian and Murty’s
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algorithms to solve and rank the costs of all the possible code-

words of the received signal. The performance of the proposed

Hungarian-Murty (HM) decoder is evaluated in comparison with

two decoders based on the exhaustive search (ES) technique, in

terms of computational complexity and block error rate (BLER).

It is found that when POCs are employed, the proposed HM

decoder achieves better BER performance with a low decoding

complexity in comparison to the exhaustive search (ES) based

decoders. The proposed HM decoder is found to have a tremen-

dously low computational complexity of O(M 4) compared to

O(M ! ·M 2) of the two ES-based decoders, where M denotes the

length of the PC. Thus, This contribution is detailed in Chap-

ter 4 of this thesis. The SD HM decoder is then applied to

systems in subsequent chapters of this work.

3. Optimisation of the SD decoder performance

A study on the optimisation of the SD HM decoder investigated

in Chapter 4, is conducted. Firstly, a generalised STC-MIMO

(GSTC-MIMO) system based on PCs, is proposed and designed.

It is shown in this study that when permutation codes (PCs) are

used in conjunction with the SD HM decoder in a generalised

STC-MIMO (GSTC-MIMO) system, the decoder performance

can be optimised by judiciously selecting the codewords to be

used at each transmit period. Precisely, based on the weight

properties of the simultaneously selected codewords, a theorem

defining the capability of the HM decoder, is provided. As such,
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an adaptation of the space-time (ST) encoder to improve the

HM decoder capability, is proposed. It is shown that the GSTC-

MIMO system using the decoder-adapted ST encoder outper-

forms the GSTC-MIMO system using the conventional ST en-

coder by an SNR exceeding 5 dB. This is detailed in Chapter 5

of this thesis.

4. PLC impulse noise mitigation and data-rate enhance-

ment for the HPV system.

Orthogonal frequency division multiplexing (OFDM) with M -

ary frequency shift keying (MFSK), referred to as the OFDM-

MFSK scheme, and its permutation coded variant, have in

literature been shown to well mitigate impulse noise in PLC

channels. It is conceived in this work that the gains from

these schemes would positively impact the error performance of

the HPV system. Furthermore, based on the results obtained

from Chapters 4 and 5 regarding the performance and optimi-

sation of the SD HM decoder, an HPV system employing PC

OFDM-MFSK, is proposed. Additionally, the data-rate of the

PC OFDM-MFSK is enhanced by the proposed generalisation

scheme based on permutation codes. It is shown in this study

that the use of OFDM-MFSK improves the performance of an

HPV system compared to that using only the classical OFDM

modulation scheme by an SNR gain of 6 dB at a BER of 10−4. A

further SNR gain of approximately 3 dB is achieved for the PC

OFDM-MFSK HPV system using SD HM decoder. Moreover,
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the generalisation of the PC OFDM-MFSK HPV system, does

not increase the decoding complexity when the SD HM decoder

is used. This contribution is detailed in Chapter 6 of this thesis.

5. Impulse noise mitigation for HPV systems by the Time-

Diversity Hermitian Symmetry (TDHS) scheme. The

PLC channel is inherently susceptible to impulse noise due to

electrical appliances randomly connected to the powerline. This,

as established in Chapter 6, adversely affects the HPV system

BER performance. To address this issue, a time-diversity Her-

mitian symmetry (TDHS) scheme, which mitigates the effects

of impulse noise in a PLC channel, is proposed. The scheme em-

ploys the Hermitian symmetry structure to recover information

symbols likely to have been affected by the impulse noise. By

using the TDHS scheme, the probability of the effect of impulse

noise on data symbols through a PLC channel, is drastically re-

duced by 75%. As a result, the overall BER and goodput perfor-

mance, is enhanced. This contribution is detailed in Chapter 7

of this thesis document.

1.3 Thesis Outline

The thesis has been presented as an eight-chapter document, cover-

ing the motivation and contributions in the study of the HPV system.

Various subjects relating to channel characteristics, MIMO, MA and
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decoding techniques applied to the different sections of the HPV sys-

tem, have also been covered. The rest of the document is structured

as follows:

Chapter 2, provides the background knowledge and some preliminary

information on the channel models and techniques that are studied in

the different chapters of this document. Techniques such as MIMO,

MA, OFDM, MFSK, including some hard and soft-decision decoding

algorithms, are discussed.

In Chapter 3, a practical indoor HPV system is investigated. The

powerline is assumed to be the information back-haul structure and

also coordinate the VLC relays installed in the ceiling. Precisely,

the performance of a VLC system, with relay nodes equipped with

a MIMO technique called space-time block coding (STBC), is in-

vestigated. The BER performance of the Alamouti coding scheme,

which is a type of STBC, is specifically considered. In order to en-

hance the overall system reliability, an ImR, in conjunction with the

relay-MIMO setup, is proposed. Since, an MA HPV system is subse-

quently investigated in the seventh chapter, a study on the decoding

complexity of an MA system using PCs is undertaken and presented

in Chapter 4. An investigation on the performance of an SD de-

coder based on optimisation algorithms, is conducted. Simulations

are carried out and its performance in terms of the computational

decoding complexity and BER, is compared to those of hard-decision

decoders based on ES methods. Furthermore, a study on the opti-

misation of the SD decoder employed in Chapter 4, is carried out in



Introduction 10

Chapter 5, from which an encoder adapted to the SD HM decoder is

proposed based on a theorem developed from the weight properties

of the codeword combinations.

In Chapter 6, the performance of the OFDM-MFSK scheme and

its permutation coded variant is investigated for impulse noise mit-

igation in an HPV system. In addition, a generalisation of the PC

OFDM-MFSK system to enhance the data-rate, is proposed. A

novel TDHS scheme for impulse noise mitigation is proposed and its

performance is investigated in Chapter 7. PCs are then applied to

the TDHS HPV system in order to exploit the low decoding compu-

tational complexity of the SD HM decoder studied in Chapters 4 and

5. Furthermore, an MA system employing the proposed novel TDHS

scheme is investigated, where multiple users access the HPV system

distinguished by PCs. Finally, in Chapter 8, conclusions are drawn

and pointers of probable future work, is summarised and presented.



CHAPTER 2

Background and Preliminaries

2.1 Introduction

Indoor tele-traffic accounts for approximately 80 percent of the total

tele-traffic [28]. This trend of indoor tele-traffic growth is expected

to continue due to more smart devices being introduced requiring

simultaneous connectivity, as well as device-to-device connectivity

for entertainment and e-commerce. As the need for more channel

capacity at higher bit rates increases, the RF carrier frequencies and

spectrum band equally need to be increased. However, higher radio

frequencies are severely attenuated and wider spectrum bands may

not be feasible due to current scarcity of the RF spectrum resource.

Hence the introduction of visible light communication, which uses

the visible electromagnetic spectrum section, presents an opportu-

nity to use a range of unlicensed spectrum in the order of several

hundred THz. As earlier mentioned, VLC transmitters would re-

quire a backbone network structure as they are normally deployed

as network access points (APs), with PLC identified as one of the

potential cost-effective networks for a backbone system. As emerg-

ing communication technologies are meant to complement, and in

11
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some cases replace, the mature RF technology, it is necessary that

some basic application features achieved by RF systems, equally be

achieved by these alternative communication technologies.

PLC and VLC technologies have each attracted a lot of research at-

tention [12, 14, 48, 54, 57, 59, 70, 72, 96, 113, 115, 117, 126, 143, 147,

148, 159, 162, 163], due to their common advantage of their ability to

leverage on existing infrastructure. Furthermore, the integration of

the two communication technologies has also been broadly studied.

For instance, after the first proposal of an HPV system in [83], more

research work focusing on areas ranging from channel modelling, in-

tegration of the two technology, to complex modulation techniques.

For example, [78, 83, 92, 104] address the issue of integration of the

two technologies, while in [5, 34, 38, 93], the channel modeling aspect

is addressed. Further, modulation and multi-carrier aspects of the

hybrid system are addressed in [34, 38, 82, 104].

The purpose of this chapter is to present some fundamental compo-

nents building up to the integrated system of PLC and VLC. Back-

ground and basic channel details of the PLC, VLC and their inte-

grated system, relevant to the focus of this thesis are given. Others

include discussions on the OFDM and MFSK modulation, MIMO

techniques in VLC, as this is one of the state-of-the-art schemes ap-

plied to the APs that directly interacts with the end users. Further,

coded MA techniques, are presented.
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2.2 Hybrid Powerline and Visible Light Communication

A simple schematic diagram of the HPV system showing the sections

that the work in this thesis focuses on, is shown in Figure 2.1. In

the following sections, we will discuss the channel models of the

constituent technologies, i.e, PLC and VLC.

Figure 2.1: Hybrid PLC and VLC schematic diagram

2.2.1 Powerline Communication (PLC)

PLC, a communication technology that uses the power grid to trans-

mit data signals has been in existence for several decades now [29,

113, 142]. Due to its ubiquitous nature, PLC finds applications in

a wide range of areas such as home automation, control and mon-

itoring [29, 34, 92, 121, 142, 145]. Other application areas include

MA, sensors and vehicular communication [41, 118, 144]. In the early

years when PLC systems were introduced, their use was restricted to

narrow-band systems because powerlines highly suffer severe band-

width constraints, power limits and high levels of noise, hence was

not favourable for reliable data transmission. This was expected

because powerlines were not initially designed to carry information

signals. Furthermore, the PLC channel is a bus system where several
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electrical equipment are randomly plugged in, causing varying levels

of impedance and attenuation due to switching of electrical equip-

ment. Additionally, PLC is also affected by various noise types,

namely, coloured background, narrow-band, periodic and aperiodic

impulse noise [33, 113, 132, 164]. Hence, channel modelling plays a

critical role in developing noise mitigation schemes for PLC channels.

2.2.1.1 PLC Channel Model

The PLC channel modeling has been the basis of some of the pro-

posed modulation and coding techniques to mitigate the most com-

mon noise types in the PLC channel. Several models proposed in

literature [14, 143, 148, 165] can be widely classified into two ap-

proaches, namely the the top-down approach and the bottom-up ap-

proach [163], depending on whether the model development is based

on measurements or just transmission line theory. As such, by means

of data fitting, a top-down approach attempts to find the most fitted

model from either impulse response or frequency response measure-

ments, while in a bottom-up approach the channel model is derived

from transmission line theory without relying on any measurement

[163].

The model in [165] that describes the PLC channel based on the

multipath phenomenon has widely been applied in data transmis-

sion investigation studies. In this model, the signal propagation in a

PLC channel does not only take place along a direct path between

the transmitter and receiver, but additional paths, also referred to
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as echoes, are present. Furthermore, the signal has a frequency and

length-dependent attenuation. As such, the channel transfer func-

tion where the weighting factor of the reflection and transmission

factors of the multipaths along a propagation path are assumed to

be almost equal, is expressed as [165]:

Hp(f) =

Lp∑
i=1

gie
−(α0+α1f

k)τive−j2πfτi, (2.1)

where Lp is the number of effective echoes or dominant paths in the

PLC channel, gi is a weighting factor of the ith path and presents both

the effect of transmission and reflection coefficients. The frequency-

dependent attenuation coefficients, denoted by α0 and α1 are the

attenuation parameters of the cable and k is the exponent of the

attenuation factor (usual values are between 0.2 and 1) [34], v and

τi are the group velocity and delay of the ith path, respectively.

In addition to being characterised by multipath propagation, the

PLC channel is prone to noise disturbances due to devices plugged

into the powerline or voltage variations from switching transients.

In literature, two main noise types, namely background noise and

impulse noise, have been considered. Background noise experiences

small deviations with time, thus is usually modelled by the Gaus-

sian distribution, whereas impulse noise is characterised by rapidly

modified amplitudes. Several impulse noise models with and with-

out memory, have been proposed [33, 58, 100, 101, 132]. Some of the

impulse noise memoryless models include the Middleton Class A,
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Bernoulli-Gaussian and Symmetric alpha-stable, while those with

memory include Markov-Middleton and Markov-Gaussian [132].

In this thesis, the widely used Middleton Class A based on the

Poisson-Gaussian model is adopted as it has been demonstrated to

accurately model the impulse noise in indoor environments for data

transmission applications. Using the analysis in [6, 132], the proba-

bility density function of a noise sample, is given by:

Pd(np) =
∞∑

m=0

PmN (np; 0, σ2
m), (2.2)

where np is the noise sample whose Gaussian probability density

function has zero-mean and variance σ2
m and the parameter m =

0, 1, 2, . . . ,∞ represents the random noise state that describes each

sample. It has a Poisson-distribution given by:

Pm =
Ame−A

m!
, (2.3)

and

σ2
m = σ2

I

m

A
+ σ2

G = σ2
G

( m

AΓ
+ 1
)
. (2.4)

In (2.3), A is the Impulsive index which represents the frequency of

occurrence of the zero-mean Gaussian sequence, in an observation

period. The variance of the background noise modelled as additive

white Gaussian noise (AWGN) is denoted by σ2
G, while σ2

I denotes

the variance of the impulse noise and their ratio (σ2
G/σ

2
I) is denoted
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by Γ. Impulse noise occurs in bursts and follows a Poisson distribu-

tion, contributes to the overall noise sample according to a Poisson-

distributed random sequence [101], therefore, in an HPV system, it

is necessary to account for such occurrences in the channel.

2.2.2 Visible Light Communication (VLC)

VLC emerged from the quest to find a solution to power efficient

lighting. It is one of the emerging communication technologies that

has been identified for easy integration with the smart powerline,

especially on the last mile of the indoor communication network

environments. VLC non-subject to interference by electromagnetic

sources and congestion. Other notable advantages attributed to VLC

technology are its license-free spectrum, high level of security as it

does not penetrate through walls, as well as potential high data rate

[72, 84, 117]. As mentioned before, some of the potential application

areas of VLC are hospitals where WiFi could be undesirable, smart

transport systems and smart lighting of smart buildings [34].

In VLC systems, LEDs are commonly used in illumination sources

and simultaneously as transmit elements. This is as a result of low-

cost, yet, increased energy efficiency, durability and ability to be

modulated at high speed. However, LEDs suffer from modulation

bandwidth limitation [44, 59, 159], therefore, hindering the full util-

isation of the inherent wide frequency spectrum resource of VLC,

resulting in limited achievable data rate and capacity. In light of

this, several solutions, including multiple parallel communication,



Chapter 2. Background and Preliminaries 18

Figure 2.2: Physical link configurations [53]

.

advanced modulation schemes and alternative light sources, have

been proposed to mitigate this drawback by LEDs [44, 59, 159].

Link configurations in VLC can be widely classified according to the

degree of directionality between the transmitter and receiver. The

four general physical optical wireless communication link configu-

rations shown in Figure. 2.2 are directed line of sight (LOS), non-

directed LOS (NLOS), diffuse and tracked [52, 66, 85, 89, 91, 108].

A table of their characteristics as presented in [66], is provided in

Table 2.1.

1. Directed line of sight (LOS): The link configuration requires a
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direct alignment of the transmitter and receive providing clear

LOS, hence they can be used in both outdoor and indoor point-

to-point communications, where narrow beam applications may

be required. Because of the excellent alignment, the optical

beam is usually narrow and only requires low power levels and

the offer high data rates. It is however, highly prone to link

blockage, not allowing flexibility to receiver station mobility, nor

can it serve multiple receiver stations placed outside the LOS

coverage. Hence, in applications where the transmitter needs to

serve multiple receiver stations, the narrow optical beam source

has to be replaced with a source of a wide optical footprint.

2. Non-directed LOS (NLOS): This is the most considered link con-

figuration for indoor applications. Unlike the direct LOS, this

configuration makes use of transmitters with wide beams and

receivers with a wide field of view (FOV) [108]. In NLOS, reflec-

tions from the surfaces such as walls and ceilings are also consid-

ered as part of the transmitted signal, hence the receiver detects

light from all directions. The major drawbacks of this configu-

ration are inter-symbol interference (ISI) induced by multipath

dispersion and the requirement for high power levels.

3. Diffuse: In the diffuse link configuration, the transmitter with

a wide beam is placed pointing direct at the ceiling and the

signal is reflected off to the receiver station. This configura-

tion supports user mobility as it can still function without LOS
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between the transmitter and the receiver. Severe multipath dis-

persion, pathloss and attenuation on the signal received by the

photodetector (PD) are the main drawbacks of this configura-

tion. Another way to combat these drawbacks and reduce the

amount of ambient light noise, the conventionally used NImR

can be replaced by an ImR having an array of photodetectors

(PDs).

4. Tracked: This configuration offers improved mobility because

its transceiver base stations are installed with beam steering

mechanisms in the ceiling of a indoor environment, whereas the

mobile stations would be placed at some location below the

transceiver base station. The main draw of this configuration is

the complexity of the tracking system. However, it has a lower

power requirement, less ambient light interference, and reduced

multipath-induced inter-symbol interference. The tracked link

configuration can also offer high data rate similar to the direct

LOS configuration [66].

At the receiver, highly sensitive PDs are usually employed to detect

the light intensity from the transmitter. The PD has a response

which is the integration of tens of thousands of very short wave-

lengths of the incident optical signal. Due to the fact that light

signals are real and positive, intensity modulation and direct detec-

tion (IM/DD), is preferred for VLC.
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The VLC technology has many potential applications areas. As such,

a lot of research is being done to improve the technology further and

demonstrate many applications. To achieve this, many techniques

and schemes that have been applied to RF, like OFDM, MIMO and

MA have been introduced in VLC with appropriate modifications

[4, 34, 37, 138].

2.2.2.1 VLC Channel Model

The optical signal received from the PLC/VLC integration module

can be expressed as [34]

y(t) = x(t) ∗ hv(t) + n(t), (2.5)

where y(t), x(t), hv(t) and n(t) denote the received signal, the trans-

mitted intensity signal, the VLC channel impulse response, and the

channel noise which is signal-independent and Gaussian, respectively.

If only the LOS component is considered, then the VLC transfer

function can be written as [34]:

Hv(f) = Hlos = Sηlose
(−j2πfτlos), (2.6)

where Hv(f) is the discrete Fourier transform of the hv(t), S is the

photo sensitivity, ηlos and τlos are the gain and the delay of the LOS

signal, respectively.
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Considering that LEDs are the transmitting devices, a Lambertian

propagation model is considered, with an assumption that the LOS

components are dominant over all multipath components from the

wall and ceiling reflections [105]. The channel gains considering LOS

propagation for a receiver located at a distance of dv and angle of

irradiance θ, see Figure 2.3, with respect to the transmitter, can be

approximated as [68],

hlos =


Ar(`+1)

2πd2v
cos`(θ)cos(ψ), 0 ≤ ψ ≤ Ψc,

0 elsewhere,

(2.7)

where Ar the effective collection area of the detector, ψ is the angle

of incidence with respect to the receiver axis and ` is the Lambertian

emission order given by ` = − ln2
lncos(Φ1/2) , Φ1/2 is the transmitter semi-

angle at half power.

Further, when the indoor reflections are considered, the resulting

channel gain between the transmitters and the receiver is defined

by the distance d1 between the transmitter and the reflection point,

and the distance between the reflection point and the receiver, d2.

As shown in Figure 2.3, respective angles of irradiance and incidence,

θref, α, β and ψref also have an influence on the resulting channel gain

values.

The channel gain due to first order reflections is given by

href1 =
Ar(`+ 1)

2(πd1d2)2
cos`(θref)cos(α)cos(β)cos(ψref)dA1ρ1, (2.8)
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Figure 2.3: VLC propagation model for LOS and reflections

where dA1 and ρ1 denote the area of the reflection element and the

reflection coefficient of the reflector respectively. Similarly for the

second order reflections, the resulting channel gain is given by

href2 =
Ar(`+ 1)

2(πd1d2d3)2
cos`(θref)cos(α)cos(β)cos(γ)

cos(δ)cos(ψref)dA1ρ1dA2ρ2,

(2.9)

where d3 is the distance between the second reflection point and the

receiver, γ and δ denote the angles of irradiance and incidence with

respect to the normal of the first reflection element and normal to the

second reflection element, respectively. Similarly, dA2 and ρ2 denote

the area of the reflection element and the reflection coefficient of the

second reflector. Assuming that the background noise affecting the

optical receiver has the shot noise caused by background radiation

as the dominant noise relative to thermal noise, and that the optical

channel does not introduce any non-linearity, then the overall noise

components are modelled as AWGN [108].
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Thus considering both LOS and NLOS contributions to the received

signal, equation (2.6) has an additional component accounting for

the NLOS propagation.

Hv(f) = Hlos +Hnlos, (2.10)

where Hnlos comprises all reflection orders considered.

2.3 Multiple-Input Multiple-Output (MIMO) Techniques

for Optical Wireless Communication

MIMO, a transmission scheme that exploits spatial multiplexing and

diversity to offer reliable communication and high data rate, has been

widely studied and practically implemented in RF based networks

[61, 103]. A MIMO channel model having Nt transmitting elements

(TEs) and Nr receiving elements (REs), is represented by the di-

agram in Figure 2.4. A data symbol, xt, where t = 1, 2, . . . , Nt,

transmitted by the tth transmitter experiences different channel co-

efficients to each of the Nr receiving elements. As such, the received

signal Y from all the transmitting elements can be expressed as:

Y = HX + NG, (2.11)

where H ∈ RNt×Nr denotes the channel matrix of the channel coeffi-

cients between each transmitting and receiving elements. The signal
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Figure 2.4: A channel model representation of an Nt × Nr antenna MIMO
system

matrix comprising all transmitted data symbols from all transmit-

ters is denoted by X and NG is the noise affecting each data symbol

independently.

Motivated by the successful implementation of RF MIMO [103], var-

ious research works aimed at achieving high capacity with enhanced

reliability and spectral efficiencies, have been undertaken for optical

systems [4, 7, 10, 44, 111, 133, 135, 154]. In MIMO systems, it is

desirable to have spatially uncorrelated channels in order to avoid

inter-channel interference. However, optical MIMO (O-MIMO) sys-

tems, especially those employed for indoor applications, are highly

correlated, thus enabling only minor diversity gains [44]. Several

MIMO techniques have been studied and proposed to reduce the

correlation effect of O-MIMO systems. Some of these techniques

include power imbalance between transmitters [43], as well as link

blockage between some transmitter-receiver pairs [44]. Others are

Repetition Coding (RC) to mitigate the correlation nature of in-

door O-MIMO by increasing the transmit diversity gains where all
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transmitters emit the same signal simultaneously, spatial modula-

tion (SM) [44], [10], which was shown to be robust to high channel

correlation since it completely avoids inter-channel interference (ICI)

by activating only one transmitter at any transmit interval and the

spatial multiplexing technique demonstrated to achieve higher data

rates. Other techniques such as space-time coding techniques can be

viewed as a combination of SM and space-time shift keying (STSK)

schemes.

Another MIMO technique of interest is STBC where multiple copies

of the message symbols are transmitted across a number of antennas

to exploit the various received versions of the transmitted message

and consequently improve the reliability of the communication sys-

tem. Particularly, Alamouti coding is one of the types of STBC that

is considered in the analysis of the work in Chapter 3 . However,

because Alamouti coding was originally proposed for RF systems

[2], it requires the use of complex signals and therefore, cannot be

directly applied without modification to optical systems that deal

with real and non-negative signals. Consequently, the authors in

[133], describe a brilliant way of combining Alamouti coding with

on-off keying (OOK) and adopted it for free-space optical (FSO)

communication with direct detection (DD). They describe the mod-

ification of the Alamouti code and the associated decision metric

such as to maintain all of the desirable properties of the original

Alamouti scheme. Based on the modification of Alamouti coding by

[133] and the general STBC techniques, some studies on the BER
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performance analysis of Alamouti coding for optical wireless sys-

tems have been conducted with system performance improvements

demonstrated [3, 4, 128, 135].

In [3], a performance comparison analysis of the STBC and RC tech-

niques for VLC systems was conducted and it was shown that the

performance of RC is better than the STBC when a single receiver

is used, however, for the VLC O-MIMO, STBC outperforms the

RC. Further, the performance of Alamouti coding in indoor opti-

cal wireless systems, using asymmetrically clipped optical OFDM

(ACO-OFDM), was compared with a RC system [7]. These studies

show that STBC is attractive for indoor VLC. Hence, space-time

coded (STC-MIMO) techniques are studied for the VLC section, in

this work. The STC-MIMO system based on the optical Alamouti

coding is first investigated in Chapter 3 and then another based on

permutation codes (PCs) is investigated and presented in Chapter 5.

2.4 Orthogonal Frequency Division Multiplex (OFDM) and

M-ary Frequency Shift Keying (M-FSK)

In this section, an overview of OFDM in optical wireless communi-

cation, is presented. Additionally, an overview of M -FSK scheme, is

also presented in the final part of the section.
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2.4.1 Orthogonal Frequency Division Multiplex (OFDM)

in Optical Wireless Communication

OFDM is a type of multi-carrier modulation that was first proposed

in [25] to maximize the data rate and minimize the ICI and ISI,

due to frequency-selective channels. In OFDM, information sym-

bols are transmitted over multiple orthogonal sub-carriers within

a single channel. A combination of fast Fourier transform (FFT)

and its inverse, the inverse fast Fourier transform (IFFT) digital

signal processing can be used to achieve the implementation of dig-

ital OFDM systems. In digital OFDM, input bits are grouped and

mapped into N source symbols according to constellation points of

a selected modulation scheme, such as phase shift keying (PSK) or

quadrature amplitude modulation (QAM). Each of the N complex

source information symbols which are mapped to N sub-carriers are

input to the IFFT block. The N source symbols each have a symbol

period of To seconds hence the output of the IFFT is N orthogonal

sinusoids, representating the digital OFDM symbol in the time do-

main. The OFDM symbol is expressed as a summation of all the N

orthogonal sinusoids as:

x(t) =
N−1∑
k=0

X(k)e(j2πfkt), (2.12)

where X(k) denotes the kth orthogonal frequency component and

fk = k
To
∀k = 0, 1, . . . , N − 1. Consequently, the nth complex
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Figure 2.5: Optical OFDM system diagram

sample of x(t) sampled at To
N is expressed as:

x(n) =
N−1∑
k=0

X(k)e(j2π knN )),(2.13)

At the receiver side, FFT is used to demodulate the received OFDM

signal y(n), thus expressed as:

Y (k) =
N−1∑
k=0

y(n)e(−j2πfkt), (2.14)

In IM/DD optical systems, real and positive signals are required to

modulate the light sources. To obtain the IM/DD compatible sig-

nals, the Hermitian symmetry (HS) property to generate real OFDM

signals has widely been used [15, 93, 95]. As shown in Figure 2.5,

before the N frequency symbols are sent to the IFFT block, they are

made to satisfy the HS constraint. In an HS structure, a message

symbol Xn is duplicated in the form of its complex conjugate X∗n, for

n = 1, 2, . . . , N2 − 1. For N sub-carriers, the general expression relat-

ing the message symbols, their complex conjugate and their positions
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due to the HS constraint is given as:

X(ξ+2) = X∗(N−ξ), ξ = 0, 1, 2, . . . ,
N

2
− 2. (2.15)

Thus, the HS structure is formed by concatenating the original vector

of the message symbols with the vector of their complex conjugate

symbols as,

[0, X2, X3, . . . , X(N/2), 0, X
∗
(N/2), . . . , X

∗
3 , X

∗
2 ]. The ∗ superscript de-

notes the complex conjugate. The first and (N2 + 1)th components

in the HS structure are set to zero (X(0) = X(N/2+1) = 0), to avoid

any DC shift or any residual complex component in the time domain

signal.

To obtain positive unipolar signals, a technique referred to as hard

clipping, where the negative amplitudes after the IFFT output are

set to zero, can be used. However, this results in information loss

hence affects the system reliability. As such, intensity-modulated

optical OFDM schemes such as direct curect (DC) biased optical

OFDM (DCO-OFDM) and asymmetrically clipped optical OFDM

(ACO-OFDM) have been proposed [8]. In DCO-OFDM, a fixed

bias is added to the time domain signal and the negative peaks are

clipped, while in ACO-OFDM all the even indexed sub-carriers are

set to zero. The HS is imposed on the data-carrying odd indexed

sub-carriers as in DCO-OFDM. All the negative peaks are removed

by clipping the resultant signal at zero. Because of its simplicity,

DCO-OFDM is elected to be used in this work.
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In this work, two simple methods of DC biasing, respectively referred

to as DC1 and DC2, are considered. In the DC1 biasing method,

the DC bias added to all the components at the output of the IFFT

block is equal to the absolute value of the lowest negative amplitude

of the real bipolar signal at the output of the IFFT block. On the

other hand, DC2 biasing refers to a bias of 10 log10(ζ
2 + 1) [8], where

ζ, refers to the clipping factor.

2.4.2 M-ary Frequency Shift Keying (MFSK)

In an MFSK modulation scheme, symbols are modulated as one of

the M available frequencies, such that the modulated symbol xi(t)

is expressed by [151],

xi(t) =

√
2Es

Ts
cos(2πfit) 0 ≤ t ≤ Ts (2.16)

where Es is the signal energy per modulated symbol and i = 1, 2, . . . ,M

and Ts the symbol period. Each of the M available frequencies are

specified as

fi = f0 +
i− 1

Ts
cos(2πfit) 1 ≤ i ≤M. (2.17)

With M available frequencies, log2M bits are transmitted at each

sampling time, translating into a bandwidth efficiency of:

η =
log2M

M
, (2.18)
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When an AWGN channel is considered, the error probability, Ps of

a symbol with energy Es can be approximated as [151],

Ps =
1

2
e−

Es
2N0 , (2.19)

where Es = Eb log2(M) and Eb is the energy per information bit. The

AWGN noise power spectral density is denoted by N0. Equation

(2.18) demonstrates one of the drawbacks of MFSK schemes, low

spectral efficiency, especially for large values of M . However, this

modulation scheme has been shown to be robust against permanent

frequency disturbances and impulse noise in PLC channels.

2.5 Multiple Access and Multiple Access Decoding

In this section, some MA techniques applied for to PLC, VLC and

HPV systems are presented. The latter part of the section then

focuses on decoding methods applied in MA techniques.

2.5.1 Multiple Access

MA techniques and their variations have been a major research focus

in studies of supporting massive ubiquitous connectivity, low latency

and highly efficient utilization of spectrum resources [19, 149]. Basi-

cally, MA techniques allow multiple users to use and share the chan-

nel resources like frequency, time-slots and code sequences. MA can

be classified as orthogonal or non-orthogonal depending on whether

users interfere with each other or not, as they share the channel
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medium. In orthogonal MA, users theoretically do not interfere with

each other as they share the communication channel [149]. In lit-

erature, various MA techniques have been applied to different com-

munication technologies, of course, most were initially applied to RF

communication systems, and then modified versions applied to other

technologies according to the nature of the respective channels.

Various orthogonal MA techniques are shown in Figure 2.6 as illus-

trated in [149]. In time division multiple access (TDMA), a user is

allowed to use the full bandwidth spectrum of the communication

channel. However, each user is allocated a unique time-slot in a

cyclical fashion on the channel. This allows separating a number of

users in time on a single channel [116]. Availing the full bandwidth

spectrum enhances the spectral efficiency per user, however, trans-

mission delays are of concern as users have to wait for the availability

of their allotted time-slot to be able to transmit.

On the other hand, frequency division multiple access (FDMA) sub-

divides the available channel bandwidth into a number of frequency

non-overlapping sub-channels [116, 149]. A sub-channel is then as-

signed to each user upon request. The sub-channels are separated

by a guard band to avoid ISI. However, these guard bands reduce

the system bandwidth, hence the data rate is affected.

Orthogonal FDMA (OFDMA) is an enhancement of FDMA where

users are assigned to groups of sub-carriers at different time slots.
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Figure 2.6: Illustration of orthogonal multiple access schemes [149]

In OFDMA, varying resource requirements is possible because sub-

carrier spacing and time-slot duration are flexible as illustrated in

Figure 2.6. As such OFMDA is said to enable better data rates and

offer superior bandwidth efficiency.

In code division multiple access (CDMA), simultaneous access to the

communication channel is basically achieved by assigning a unique

code to every user [149]. Hence multiple users are able to access the

channel at the same time while using the entire available frequency

spectrum. The user’s unique code is commonly referred to as a

chipping sequence or signature sequence. Every message ’bit’ to be

transmitted is encoded by the user’s respective chipping sequences.

Various encoded messages from different channel users combine and

the receiver must correctly identify the transmitting users and their

corresponding messages. The receiver will also have a copy of the
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transmitter’s unique code to be used to decode the sent message.

In CDMA, the signal transmissions among the multiple users com-

pletely overlap both in time and in frequency. However, because each

signal is spread in frequency by a code sequence, the demodulation

and separation of these signals at the receiver, is possible. Therefore,

CDMA is highly spectral efficient and readily available for any user

all the time. Due to simultaneous transmission of several users, there

is a probability of decoding errors due to interference by other users.

This is widely referred to as multiple access interference (MAI), the

major cause of system degradation in CDMA enabled networks.

2.5.2 Multiple Access Techniques in PLC Systems

In literature, it is notable that, until recently when non-orthogonal

multiple access (NOMA) was proposed to be used in PLC [118], the

MA techniques employed in PLC have been TDMA, FDMA and

CDMA, where the channel resource sharing is enabled by either

assigning different time slots, frequency bands or unique code se-

quences to each user, respectively [13, 144, 146, 151]. However, the

CDMA technique is more power and spectrum efficient compared

to TDMA and FDMA. Moreover, because of the coded transmitted

messages, it also offers security from unintended recipients. Thus,

the work in this thesis focuses on the coded MA technique.
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2.5.3 Multiple Access Techniques in VLC

In most VLC systems, IM/DD is used, as such, the system re-

quires real and non-negative information signals to be transmit-

ted. Therefore, applied modulation or MA techniques must take

into account the modification to accommodate this major constraint

in VLC systems. Various MA techniques that were originally ap-

plied in RF such as TDMA, spatial division multiple access (SDMA),

FDMA, CDMA and NOMA, have been proposed for use in VLC

[42, 56, 73, 98, 156, 158]. For example, in [73] TDMA was used

to achieve beam forming to accommodate multiple target devices.

In this scheme, it was proposed to focus the source light on differ-

ent target device at each time slot, thus demonstrating an optical

beam-forming ranging between 5 and 10 dB to each target device.

However, the challenge of non-continuous transmission is undesir-

able. Furthermore, [156] used OFDMA to realize visible light posi-

tioning and communication simultaneously in the same band using

OFDMA. They proposed a system where the whole bandwidth is

divided to subcarrier blocks and the particular subcarrier blocks are

exclusively assigned to the corresponding LEDs. The LEDs transmit

different data sequences to the PD for VLC. The VLC’s receiver mea-

sures the power of particular data sequences to estimate the channel

gains and consequently the transmission distances. Based on the

estimated transmission distances and the LEDs’ locations, the po-

sitioning feature is realised without degrading the communication’s

throughput.
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Figure 2.7: Indoor environment scenario of multiple access HPV system

CDMA is another MA technique that has been employed in VLC

[42, 56]. However, it is equally observed that there is still a lot of

work required to optimise the implementation of CDMA, in terms

of the design of the optical code sequences to be used as well as the

need for less complex decoding techniques that will complement its

advantages of network security, power and spectral efficiency.

2.5.4 Multiple Access Techniques in HPV Systems

An indoor scenario of an MA system having several users access-

ing the network via a PLC channel is depicted in Figure 2.7. The

powerline is the information backbone feeding the VLC transmitters

which serve as access points (APs) for all users in the room. Signifi-

cant research concerning MA techniques in different communication
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technologies such as RF, PLC, fiber networks and VLC has been

conducted. However, there has not been much work in the area of

MA techniques for the HPV system. Meanwhile, the high demand

for simultaneous connectivity to networks necessitates the investiga-

tion of MA techniques in HPV systems. The work in [93] is one of

the few that considered multiuser scenario on the VLC section of an

HPV system.

In [93], authors considered a multi-user integrated PLC and VLC

system and mainly focused on the use of TDMA and FDMA jointly

used with spatial optical OFDM (SO-OFDM), where, joint subcar-

rier allocation (SA) among multiple spatially distributed LED lu-

minaries is considered. This implies that in a multi-user scenario,

only some LEDs can serve specific users and user mobility could be

restricted. Further, a subcarrier pairing (SP) scheme was introduced

between the incoming signal from the PLC to the multiple LEDs lu-

minaries. It was highlighted in [93] that the hybrid system employing

OFDMA outperformed that using OFDM-TDMA in multi-user situ-

ations, however, at the expense of computational complexity. Thus,

this gives an opportunity for further research in finding solutions that

would reduce the computational complexity at different sections of

the MA HPV systems.

2.5.5 Codes for the MA HPV System

The work in this thesis focuses on coded MA techniques because of

their flexibility, in that, either time, frequency or both resources, can
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be simultaneously shared by users. As mentioned earlier, MAI is a

major drawback in CDMA systems, hence MA code selection is of

the essence. In a coded MA HPV system, it would be efficient to

use codes applicable to both the constituent channels of the system.

In order to mitigate MAI and enhance decoding at the receiver, the

chipping sequences (codewords) of the MA codebook have to satisfy

the following two conditions [27, 124]:

1. Each chipping sequence should be distinguishable from a shifted

version of itself.

2. Each chipping sequence should be distinguishable from every

other sequence in the codebook, including their respective shifted

versions.

From the above required conditions, it is clear that the magnitude

of the auto-correlation for all non-zero shifts of any code sequence

should be small. On the other hand, the cross-corrrelation of any

two codewords should have a maximum value of zero. These condi-

tions are easily achievable for channels transparent to signal polarity.

However, optical channels require the use of real and positive codes

mainly having a sequence of {0,1}, thus the minimum possible cross-

correlation when a sequence of {0,1} is used, is 1. Codes based on

these optical system requirements have been commonly known as op-

tical orthogonal codes (OOCs) or unipolar orthogonal codes (UOCs).

Optical-based codes are of interest to this study because of the VLC

section in the investigated hybrid system.
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2.5.5.1 Optical Orthogonal Codes (OOCs)

An optical orthogonal code (OOC), C is generally defined by its

code length L, weight w and auto and cross correlation parameters,

λa and λc, respectively. The code weight refers to the number of ones

in each codeword, thus (L − w) number of zeros in each codeword.

Thus, a one dimensional OOC is expressed as C(L,w, λa, λc). The

properties of the auto-correlation and cross correlation are given as

(2.20) and (2.21), respectively [27, 124]

L−1∑
t=0

xtxt+τ ≤ λa, (2.20)

where τ , 0 < τ < n denotes any integer shift and each codeword

x = {x0, x1, . . . , xL−1} ∈ C. Similarly, the cross-correlation bound

is:
L−1∑
t=0

xtyt+τ ≤ λc, (2.21)

for any x 6= y ∈ C and any integer shift τs. The cardinality |C| is the

number of codewords in the OOC codebook. For any MA system, it

is desirable to have a large cardinality so as to accommodate a large

number of users, thus an OOC having the maximum size is said to

be optimal. The largest possible |C| is denoted by Φ(L,w, λa, λc).

Using the positions of the non-zero elements, an OOC with 0, 1, . . . , (L−

1) positions can be represented in set notation. For example, the

set notation of x = 1000100001000000100, a codeword with L =

19 and w = 4, can be represented as {0, 4, 9, 16}. Each of the
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L circular shifted versions of x represent the same codeword [47].

Hence, the first four set notation representations of x can be given

as {3, 8, 15, 18}, {2, 7, 14, 17}, {1, 6, 13, 16}, {0, 5, 12, 15}.

The determination of the exact values of Φ(L,w, λa, λc) and the spe-

cific construction of optimal codes are of great interest as seen in

literature, where the lower and upper bounds of the code’s maxi-

mum cardinality and construction methods have been proposed [27,

47, 99, 124, 137]. The ideal OOC generating scheme would be one

with maximum cardinality for given L, w, λa and λc. According to

[27], an upper bound on the maximum code size of an ideal OOC,

Φ(L, w, 1) where λa = λc = 1 is derived and given by

Φ(L,w, 1) ≤ L− 1

w(w − 1)
(2.22)

when L is even, the bound is said to be slightly stronger [27] and

given as:

Φ(L,w, 1) ≤ L− 2

w(w − 1)
(2.23)

2.5.5.2 OOC Encoding and Decoding

In the coded MA system using OOCs, each user is assigned one of

the codewords of length L such that, the user’s information bit ‘1′

is mapped to the assigned codeword, while their information bit ‘0′,

is equivalent to a sequence of zeros of the same length. All user

encoded data is superposed and transmitted via a common channel.

Let bu ∈ {0, 1} be the uth user’s information bit and xu its assigned
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codeword. Hence, the received signal r(t), the superposition of all

the sequences from U active users is expressed as

r(t) =
U∑
u=1

buxu(t− τu) (2.24)

where τu is the time delay for user u.

Although maximum likelihood (ML) detection can be used, the cor-

relation decoding method has widely been used for optical systems.

However, if the optical MA code used in the system is such that

the combination of different codewords results in unique sequences,

another exhaustive search decoding scheme based on the minimum

distance of the received sequence and codewords in the look up table

(LUT) at the receiver can be used.

To enhance the spectral efficiency, users are not only assigned single

codewords but disjoint subsets having |Cu| codewords each, where

Cu ⊆ C. As such, the user’s code rate Ru is generally described as

the ratio of bu to L.

Ru =
bu
L

=
log2 |Cu|

L
. (2.25)

However, the assignment of disjoint codes to each user in the MA

system requires large code sizes which translate to very long code

lengths, hence very low spectral efficiency gains are made.

Decoding by Correlation: At the receiver, the decoding process

is aided by a correlator, which first compares rt with a stored copy

of the xu. If u = 1 signifying that the user of interest is user 1, then
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the correlator output signal y1, assuming the transmission of bit ‘1′

and ignoring the channel noise, can be expressed as [27, 125]

y1 =

∫ T

0

r(t)xu(t)dt (2.26)

If the interference effect of any uth user on first user is denoted as

I
(1)
u , then the magnitude of (2.26) is expressed as

y1 = bu · w + I1 (2.27)

where the total interference on the first user is represented by the

second term in (2.27) given as I1 =
∑U

u=2 I
(1)
u . If the incoming super-

position signal contains the receiver’s unique codewords, a peak is

observed in the correlated signal. The key feature to ensure accurate

data recovery is orthogonality of the codewords used.

2.5.6 Binary Superimposed Codes

Long code lengths for OOCs are one of the major parameters result-

ing in poor spectral efficiency. Hence, sub-optimal types of codes

that may result in λa > 1 and λc > 1, can be applied in optical

systems and consequently to the MA HPV systems, on condition of

unique decodability. One such codes are binary superimposed codes

[71] which consists of a set of codewords whose digit-by-digit Boolean

sums result in uniquely distinguishable sequences. They have gener-

ally been constructed from different known code structures of linear
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and non-linear block codes as demonstrated in [71]. Correlation de-

coding methods can be used as well as exhaustive decoding methods

based on minimum distance. Superimposed codes are disjunctive

meaning they satisfy the following properties:

1. For a given positive integer m also known as the order of the

code, every Boolean sum of up to m different codewords is dis-

tinct from every other Boolean sum of m or fewer codewords.

2. The Boolean sum of m or fewer code words must logically not

include a code word other than those used to form the sum.

To attain the above properties, four basic parameters are defined

for superimposed codes; the codelength, L, the cardinality |C|, the

minimum Hamming distance dmin and the order of the code, m.

In the coded MA systems investigated in this thesis, sub-optimal

binary codes mainly constructed from PCs, have been used. Their

construction will be presented in Chapter 4.

2.6 Summary

In this chapter, background details upon which the work in sub-

sequent chapters is based, has been presented. Notably, channel

models of the PLC and VLC have been presented. Others are MA

and MIMO techniques, as will be applied in this work.





CHAPTER 3

Space-Time Coding for VLC System Employing

Imaging Receivers

This chapter is based on the following publication: Mu-

lundumina Shimaponda-Nawa, Shamin Achari, Dushantha Nalin K

Jayakody, and Ling Cheng, “Visible Light Communication System

Employing Space Time Coded Relay Nodes and Imaging Receivers”.

SAIEE Africa Research Journal, 111(2):56–64, 2020.

The author of this thesis conceptualized the work, performed the

simulations, analyzed the results and wrote the paper.

3.1 Introduction

In this chapter, we specifically focus on the gains from STC-MIMO

systems. A VLC system, whose source of information is assumed to

be a powerline, and employs a combination of relaying and MIMO

techniques, is proposed. Precisely, the performance of a VLC sys-

tem, with relay nodes equipped with an STC-MIMO technique, is

investigated. The BER performance of the Alamouti coding scheme,

which is a type of space (STBC), is specifically considered. In or-

der to enhance the overall system reliability, we propose to use an

47
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imaging receiver (ImR), in conjunction with the relay-MIMO setup.

In comparison to when a non-imaging receiver (NImR) is employed,

an improved signal-to-noise ratio (SNR) of 7 dB is observed when

an ImR with a specific number of pixels, is used, hence, improving

the BER. We also investigate and show that the selected number of

pixels and receiver location have an effect on the system BER. SNR

values of 9 dB, 11 dB and 15 dB were required to maintain a BER

of 10−4 for imaging receivers with 70, 50 and 20 pixels, respectively.

3.2 Alamouti Space-Time Coded MIMO

The Alamouti space-time coded (ASTC) scheme, initially proposed

by [2] has been one of the basic STBC studied over the years. It is a

simple MIMO technique that achieves spatial diversity by using two

transmit antennas Tx1 and Tx2 as represented in Figure 3.1. In an

ASTC scheme, the sequence of information symbols {x1, x2, x3, . . . , xI}

is segmented into groups of two. The transmission of symbols is such

that, in the first time slot, the first symbol x1 in the group of two

is transmitted from Tx1, while the second symbol x2 is transmitted

from Tx2. In the second time slot, the complex conjugate compo-

nents −x∗2 and x∗1 are transmitted from Tx1 and Tx2, respectively.

The process is repeated for the rest of the symbols. Since two time

slots are required to transmit two symbols, the spectral efficiency

is equivalent to that of a single-input single-output (SISO) system.

However, the ASTC scheme enhances the system reliability com-

pared to a SISO system as seen in Figure 3.2.
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Figure 3.1: Representation of the Alamouti space-time coded scheme

With regards to the

Figure 3.2: SISO and ASTC (Nt ×Nr = 2× 1) BER plots.

3.3 System Model

We consider a room scenario of dimensions 5 m × 5 m × 3 m (width

× length× height) and focus on three main communication elements,

i.e. the upright transmitter (UTx), the relay nodes and ImR, as

depicted in Figure 3.3. Both the transmitter and ImR are located

at a particular height above the floor, while the relay nodes are
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installed in the ceiling of the room. The information source of the

UTx is the power line connected via a power plug, in the considered

room. The UTx transmits the information to the ImR only via the

relay nodes and it is assumed that there is no direct communication

between the UTx and the ImR. We further assume an interference

free scenario between the lights of the transmitter and that of the

relay nodes. The two primary roles of the relays installed in the

ceiling are illumination and information transfer between the UTx

the ImR.

Figure 3.3: VLC system room setup: upright transmitter, relays and imaging
receiver

The information flow of the system is presented by a block diagram

of Figure 3.4. The UTx, receives the information to be sent, from the

powerline. We adopted a PLC-VLC conversion structure proposed

by [95], where the modulation schemes and carrier spectrum of PLC

and VLC are the same. The UTx, then sends an amplified version

of the received signal to the relay nodes via a VLC channel. The
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relays are interconnected and controlled via a common controller

that equally ensures synchronisation of the relays. The controller also

coordinates all the relay operations to ensure the STBC configuration

is achieved.

The Alamouti encoded data are transmitted to the destination, the

ImR, via the VLC channel. At the receiver, the photo-currents re-

ceived in each pixel of the ImR are amplified and decoded separately

using the maximum likelihood decision metric. After the individ-

ual pixel decoding and estimation, the reconstruction processes of

the message are done based on a majority voting decision technique

using the estimated messages by individual pixels. Although the as-

pect of the control feedback from the ImR to the relay unit has not

been discussed in this study, we suggest the use of a low data rate

infra-red (IR) link to achieve this.

Figure 3.4: System block diagram of an upright VLC transmitter connected
to a PLC channel with Alamouti coded relay nodes and imaging receiver.
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3.3.1 Two-Hop Transmission Process

As represented in Figures 3.3 and 3.4, the VLC information source,

the UTx, located on the communication plane, transmits the infor-

mation to all the relays which are interconnected and cooperate in

operation. The transmitter-relay scenario is a single-input multiple-

output (SIMO). The received signals at the relay nodes are processed

by maximum ratio combining (MRC) at the controller, after which

they are re-encoded for re-transmission to the destination.

We consider relay nodes operated in an ASTC scheme. According to

the conventional ASTC scheme of [2], that considers two transmitters

and one receiver, the symbols to be transmitted, x1 and x2, coded in

space (rows) and time (columns) are represented as

x =

x1 −x∗2
x2 x∗1

 , (3.1)

where x∗1 and x∗2 are complex conjugate components. If the channel

parameters between transmit elements (TEs) 1 and 2 and the re-

ceiver, are denoted by h1 and h2 as depicted in Figure 3.1, then the

received signals r1 and r2, at the two time intervals can be written

as {
r1 = h1x1 + h2x2 + n1

r2 = −h1x
∗
2 + h2x

∗
1 + n2

}
, (3.2)

where n1 and n2, are random variables representing receiver noise

modelled as AWGN.
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In VLC however, there exists a signal constraint, that requires the

transmitted signals to be real and positive, since light signals are

neither complex nor negative. Therefore, we adopt the modified

Alamouti coding scheme in [133], which considers this constraint.

According to [133], the coded symbols to be transmitted at the first

and second time intervals are represented as

x =

x1 x̄2

x2 x1

 , (3.3)

where, a complement symbol x̄i can be represented as x̄i = −xi + I

and I is a positive constant related to the intensity of the light source.

The Alamouti coded symbols are then transmitted over an optical

wireless channel with channel gains between any transmitter-receiver

pair denoted as hij, i and j denote the receiver and transmit indices.

Accordingly, adopting the mathematical model of [133], the received

electrical signals for each transmit interval are denoted as y1 and y2

and given as {
y1 = h11x1 + h12x2 + n1

y2 = h11x̄2 + h12x1 + n2

}
, (3.4)

where n1 and n2 are noise components modelled as independent zero-

mean Gaussian real random variables with variance σ2. With the

assumption that the receiver has perfect knowledge of the channel,

the receiver can use y1 and y2 of (3.4) to statistically construct the
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symbols transmitted at each interval [133] as 3.5:

{
x̃1 = h11y1 + h12y2 − h11h12

x̃2 = h12y1 + h11y2 − h2
11

}
. (3.5)

From the derivation of [133] and considering that the transmitted

information symbols, x1 and x2, are independently chosen from the

input symbol stream, a maximum likelihood decision is made sepa-

rately on each of them by using,

m(x̃i, xi) = (x̃i − xi)2 + (h2
11 + h2

12 − 1)x2
i , i = 1, 2, (3.6)

and finally a decision rule is made that xi = x̂i , if

(x̃i, x̂i)
2 + (h2

11 + h2
12 − 1) x̂2

i ≤ (x̃i, xi)
2 + (h2

11 + h2
12 − 1)x2

i , for xi 6= x̂i.

(3.7)

This is the decision metric that will be used in the simulations to

demonstrate the enhanced performance of the system under consid-

eration.

3.3.2 Imaging Receiver

In [59], two main receiver types for VLC systems were investigated,

i.e. non-imaging angle diversity receivers (ADRs) and ImR. In their

investigation and analysis, they demonstrated that the ImR outper-

forms the systems using ADR in terms of robustness against shadow-

ing and the ability to maintain LOS even in the harsh environment
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of shadowing. Therefore, in this chapter, we propose to use an ImR

in order to use it’s merit that enhances ISI avoidance. The avoidance

of ISI is achieved by the fact that the ImR consists and uses a num-

ber of pixels that only detects a limited number of signals that could

reach the receiver at different times due to different path lengths.

Having a combination of Alamouti coded relays with the ImR, com-

bines the advantages that the individual techniques possess. Thus,

the proposed system is robust against shadowing and allows mobility

due to a number of installed relays. The adopted structure of the

Figure 3.5: Imaging receiver structure [59]

ImR is shown in Figure 3.5 [59, 68]. Given the wide spread develop-

ment of electro-optical system for telecommunication, the demand of

customised opto-electronics devices has increased, thus, availability

of the ImR for practical systems is no longer an issue. When the

transmitted signal is received at each pixel, the metric specified in

(3.6) is individually applied at each pixel and then a majority voting

techniques is applied to finally construct the received message.
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3.4 Simulation Results and Discussion

Firstly, the performance comparison of a non-imaging receiver and

ImR, considering both the LOS and NLOS, are presented. Further,

we considered ImRs with different number of pixels and varied the

receiver location in the room. Referring to Figure 3.3 for the room

setup and using the simulation parameters in Table 3.1, the obtained

results are presented in subsequent subsections. It should be noted

Table 3.1: Simulation Parameters Used

Room Parameters
Parameter value

Room size (W × L × H) 5 m × 5 m × 3 m
Wall reflectivity (ρ) 0.8

Area of reflection elements, dA 5 m × 5 m
Number of reflection elements 2500

Transmitter and Relay Parameters
Parameter Value

Number of Transmitters (UTx) 1
UTx height from floor 1 m

Locations (x,y,z) (1,1,1)
Number of Relays 4 (2 for each ASTC configuration)

Relay Locations (x,y,z) (1.25,1.25,3), (1.25,3.75,3)
(3.75,1.25,3), (3.75,3.75,3)

Transmitted Optical Power 2 W
Receiver Parameters

Parameter Value
Receiver plane height from floor 1 m

Number of Receiver Pixels 20, 50, 70
Receiver locations (x,y,z) (1.25,1.5,1), (2.5,1.5,1)

(1.25,4.5,1), (2.5,4.5,1)
Single detector FOV 70

that due to the symmetry of the room under consideration, when

relay position combinations, A and B or C and D are assumed, the
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results of each relay pair are equal. A, B, C and D are ceiling posi-

tions with the following respective x and y coordinates: A(x = 1.25

m, y = 1.25 m), B(x = 3.75 m, y = 1.25 m), C(x = 1.25 m, y = 3.75

m) and D(x = 3.75 m, y = 3.75 m). Thus, we only considered one

relay pair for our analysis.

3.4.1 BER Performance Comparison for Non-Imaging (NImR)

and ImRs

The BER performance comparison was carried out for non-imaging

and imaging receivers with relay nodes positioned at x = 1.25 m, y =

1.25 m and x = 3.75 m, y = 1.25 m, while the receiver location was x

= 1.25 m, y = 1.5 m. We specifically considered two scenarios; firstly,

for the LOS propagation and secondly, NLOS up to the second order

reflections.

Figure 3.6 shows that the ASTC system using an ImR outperforms

the Alamouti system using a NImR, by about 7 dB, when LOS is

considered. This is due to the fact that the array of the receiver pix-

els is seen as multiple receivers, hence, the benefit of a high receive

diversity. Additionally, the majority voting technique for imaging

receivers increases the decoding accuracy. When compared to the

performance of the NImR, the logarithmic decrease of the BER for

the ImR at lower SNR, is very clear from Figure 3.6, demonstrating

the combinational benefit of the ASTC MIMO technique with the

ImR, in that both techniques have a capability of de-correlating the
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Figure 3.6: Performance comparison for non-imaging and imaging receivers

inherent highly correlated indoor MIMO links. Thus, this demon-

strates the potential of the proposed scheme in achieving high link re-

liability. Furthermore, the combination of relays and ImR, enhances

the robustness against shadowing as evidenced by the performance

of the NLOS links in comparison to both LOS and NLOS links, when

the NImR scheme is used. We observe an enhanced performance of

over 5 dB and 10 dB respectively, at a BER of 10−3 .

3.4.2 Performance Evaluation for Different Number of Re-

ceiver Pixels

In Figure 3.7, we observe that the system BER performance is pro-

portional to the number of pixels used for a particular receiver. When

the number of pixels is reduced from 50 to 20, an additional 4 dB
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SNR is required to achieve a BER of 10−4, while an increment to 70

pixels improves the system SNR by approximately 2 dB. This en-

hancement is attributed to individual pixel decoding metric and the

high probability accurate decoding by majority voting when a large

sample size is considered. With increased number of pixels, one of

the advantages of MIMO, which is, enhanced link diversity, result-

ing in system performance improvement, is evident. Thus, imaging

receivers with hundreds of pixels would definitely enhance system

performance. However, a very high number of pixels would require

more processing resources. Therefore, a trade off between the system

performance and the processing speed, needs to be well analysed.

Figure 3.7: Performance comparison: Imaging receivers with different number
of pixels
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3.4.3 Performance Impact due to Receiver Location

Two x-coordinates, x = 1.25 m and x = 2.5 m, with varying y-

coordinates were used to investigate the receiver location impact

on system performance. From Figure 3.8, though the performance

Figure 3.8: Performance variation due to receiver location

difference is not huge, it was observed that when the ImR was place

along x = 1.25 m, the BER performance was better than when it was

placed along x = 2.5 m. The difference in performance at different

receiver locations, with better performance being at (x,y) = (1.25

m, 1.5 m), is due to the expected difference in channel gains, where

higher gains are expected at locations closer to the relays. On the

other hand, the minimal performance differences along the y-axis is

a demonstration of the robustness of the combination of the ASTC

relays and the ImR, where MIMO links are well de-correlated by the
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ASTC scheme and LOS establishment due to multiple relays and

multiple pixels. Further, when the LOS links were blocked and only

NLOS propagation was available, the performance degradation in

terms of BER of was evident, proving the high dependence of LOS

propagation in VLC links.

3.5 Summary

In this chapter, we have proposed and investigated a combination

operation of relays, applying the Alamouti MIMO coding technique

and imaging receivers, of a VLC system. The system performance

enhancement in terms of BER was demonstrated by comparing the

results of our proposed scheme to that of an ASTC system using

non-imaging receivers. The improved performance is attributed to

the robustness of the relay and ImRs against shadowing, as well as

the ability of the ASTC to de-correlate MIMO links. Further, the

impact of the number of pixels on the imaging receiver was inves-

tigated and it is shown that the BER performance is proportional

to the number of receiver pixels. This is attributed the probabilistic

decision based on the majority voting technique that was applied in

the scheme using an ImR. It has also been shown that the distance

and orientation of the source-destination link has a great influence

on link performance. The farther and out of the transmitters view

the receiver is, the more the performance of the system degrades.





CHAPTER 4

Soft-Decision Decoding of Permutation-based

Optical Codes for a Multiple Access System

This chapter is based on the following publication: Mulundu-

mina Shimaponda-Nawa, Oluwafemi Kolade, Wenbo Ding, Dushan-

tha Nalin K Jayakody, and Ling Cheng, “Soft-Decision Decoding of

Permutation-based Optical Codes for a Multiple Access System”.

IEEE Communications Letters, 25(9):2824–2828, 2021.

The author of this thesis conceptualized the work, performed the

simulations, analyzed the results and wrote the paper.

4.1 Introduction

In this chapter, an MA SD decoder based on the cost rankings of

the channel output matrix, is proposed and applied in an optical

wireless communication system in which permutation-based optical

codes (POCs), are used. The proposed decoder determines the possi-

ble transmitted MA codewords by implementing the Hungarian and

Murty’s algorithms to solve and rank the costs of all the possible

codewords of the received signal. The performance of the proposed

Hungarian and Murty (HM) decoder is evaluated in comparison with

63
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two decoders based on the ES technique, in terms of computational

complexity and block error rate (BLER). It is found that when POCs

are employed, the proposed HM decoder achieves better BLER per-

formance with a low decoding complexity in comparison to the ES

based decoders.

PCs proposed in [134] and investigated for use in PLC MA systems

[11, 13, 131], can be used in wireless optical MA (WOMA) systems

with an increased data rate and number of users, depending on the

selected minimum Hamming distance. The use of PCs in WOMA

can be ascertained by the work in [35], where a class of OOCs based

on mutually orthogonal Latin squares (MOLSs) and mutually or-

thogonal Latin rectangles (MOLRs) (which use permutations) were

employed for optical code-division multiple access (OCDMA). PCs

have an advantage of allowing all users to send constant energy sig-

nals over the channel. Thus, no power of a single user overwhelms

the others. Another advantage is the guaranteed decodability for a

given number of active users even in the presence of channel noise

[11, 13, 131].

In [131], the authors investigated the effect of the Hamming dis-

tance d, on PCs for multiuser communication in the powerline chan-

nel. They showed that a set of permutation sequences of certain

cardinality |P | with minimum Hamming distance dmin, can be parti-

tioned to form uniquely decodable PCs with varying performances.

In [11, 13, 131] and most of the work in WOMA systems, focus on the

use of ES decoding techniques based on dmin and correlation [27, 35].
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However, the decoding complexity of ES-based decoders increases

by an exponential order. As such, studies to investigate alternative,

less complex decoding methods are necessary. In [79], optimization

algorithms for improving the performance of the permutation trellis

code, were proposed. It was established that due to the structure of

the encoder, the channel output could be interpreted as an assign-

ment problem, hence, soft-decision detection based on the Hungarian

algorithm, was proposed.

The decoding capabilities proposed in [79] are exploited for imple-

mentation of a low-complexity MA decoder based on the cost rank-

ings of the channel output matrix, by the Hungarian [86] and Murty

[106] algorithms. It is shown that based on the cost rankings of the

best solutions to the assignment problem, multiple transmitted per-

mutation codewords (PCWs) can be deduced. Therefore, we refer to

the proposed decoder as the HM decoder. When the AWGN effect

is considered, the HM decoder is applied as a soft-decision decoder.

Consequently, the advantage over hard-decision decoders is expected

in the BLER performance.

4.2 Multiple Access Encoding

We consider a WOMA communication system with multiple channel

inputs and a single summed output channel, as shown in Figure 4.1.

The data bits from each user are encoded by their respective MA

codes before transmission over the MA channel. At the receiver, the
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decoder maps the received signal to the respective user codewords,

from which the likely transmitted data bits are estimated. For sim-

plicity, we consider OOK modulation, denoting the presence and

absence of light pulses during transmission. We also assume a bit

and block synchronised system. T users can access the channel but

only up to m users can be uniquely identified at each transmit inter-

val and their transmitted messages correctly recovered. To achieve

this, POCs are used.

Figure 4.1: Multiple access communication system model

To ensure the unique decipherability of the transmitted codewords, a

disjunctive restriction on the generated POCs is imposed. A disjunc-

tive code is defined as a binary code, D(L,m, |B|) of code length,

L and cardinality, |B|, if the Boolean sum of at most one codeword

belonging to each m disjoint subsets of the code is uniquely decipher-

able [71]. As such, any Boolean sum of m or less codewords, results

into a unique sequence and all participating users can be identified,
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thus eliminating MAI [31, 71]. We employ disjunctive POCs of con-

stant weight w, generated from PCs. This means all the generated

codewords in the binary codebook have the same weight, w, which

refers to the sum of binary bits ‘1’ in each codeword.

To generate a POC codeword, a PCW vp ∈ P , which is a permuta-

tion of integers 1, 2, . . . ,M , is used. All the codewords in P can be

arranged into a matrix such that each codeword vp belongs to row

p, in P . We use the notation PC(M,dmin) to describe a codebook

with minimum Hamming distance dmin, with each codeword having

a length of M . Then, vp is converted to an equivalent [0, 1]M×M

codeword matrix Cp such that in each column of Cp, a ‘1’ fills the

position which corresponds to the codeword’s integer, while other

M − 1 values in the column are set to ‘0’. A binary codeword,

bp = vec(Cp), of length N = M 2, is then derived by performing a

vectorial stacking operation vec(·). A codeword mapping example

from non-binary permutation codes to POCs, using the method just

described, is shown in Table 4.1.

Table 4.1: Permutation-based optical code (POC) generated from PC (M =
3, dmin = 2)

Permutation code vp Code Index POC (bp)

3 2 1 1 0 0 1 0 1 0 1 0 0

3 1 2 2 0 0 1 1 0 0 0 1 0

2 3 1 3 0 1 0 0 0 1 1 0 0

2 1 3 4 0 1 0 1 0 0 0 0 1

1 3 2 5 1 0 0 0 0 1 0 1 0

1 2 3 6 1 0 0 0 1 0 0 0 1
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In a T -user WOMA system, each user is assigned a unique binary

codeword bp ∈ B. Hence, up to m of T , (m ≤ T ), users can be

uniquely identified at each transmit interval. The codeword bp is

transmitted when the user transmits a ‘1’, while an all-zero sequence

of the same length, is transmitted when any user transmits a ‘0’. In

this work, we consider a scenario proposed in [131], where a codebook

P can be partitioned into sub-codebooks. Each sub-codebook P u is

assigned to a user and contains |P u| codewords. As such, we have

vulp 7→ Cul
p and vec(Cul

p ) 7→ bulp , where the matrix Cul
p = [cij] ∈ {0, 1},

u = 1, 2, . . . ,m, l = (1, 2, . . . , |P u|). Consequently, the Boolean sum

of the active users is expressed as, y =
m∨
u=1

bulp and can be represented

by an equivalent M ×M matrix Y = [yij] ∈ {0, 1}.

4.2.1 Channel Model

An optical communication channel can be considered as an asym-

metrical channel where the ratio between the probability of error in

the data bits of type 1 → 0, e1 or 0 → 1, e0 can be large. Thus,

one type can be assumed. In this work, we assume that a binary bit

‘1’ is transmitted and received without error, whereas the binary bit

‘0’ may be received as a ‘0’ or ‘1’. This can be illustrated like the

Z-channel shown in Figure 4.2.

Optical wireless systems often operate in the presence of ambient

background lights which are a source of the shot noise component in

the receiver. Coupled with the thermal noise which is always present

due to the receiver electronics, the noise, n, is modelled as AWGN
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Figure 4.2: Asymmetric error probability representation

[159], with a zero-mean normal distribution and variance N0

2 denoted

by N
(
0, N0

2

)
. Thus, each received sample is given as

rij = yij + n. (4.1)

4.3 Decoding POCs

Three decoding methods are discussed in this section namely: min-

imum distance (MD) decoding, exhaustive search-correlation (ES-

C) decoding and HM decoding. The MD and ES-C methods are

based on the hard-decision exhaustive search technique while the

HM method is a soft-decision decoding technique.

4.3.1 Decoding by Exhaustive Search (ES) Methods

The channel output is represented by an M ×M matrix R = [rij] ∈

R. For ES-based decoders, R is first demodulated to Rth = [rth
ij] ∈

{0, 1}.
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4.3.1.1 Minimum Distance (MD) Decoder

In this method, the receiver has a look up table (LUT) of size

L, consisting of all possible Boolean summations of user codeword

combinations. Each summation is denoted by an M ×M matrix,

Y = [yij] ∈ {0, 1}. L =
∑

µ

(|B|
µ

)
, where µ = (1, 2, . . . ,m), |B| =

M ! / (d min − 1) !. Thus, LUT ∝ M !. The MD decoder performs

the following:

Algorithm 1 MD decoding of POCs

Input: Channel output matrix R

Output: Array of decoded PCWs, D
1: Convert R to Rth

2: for all Y do

d =
∑M

i=1

∑M
j=1(r

th
ij 6= yij) {Complexity: O(M2)}

3: end for {Complexity: O(M !)}

4: R̂ = Y corresponding to min(d)

5: map R̂ to the respective array of PCWs

{Overall decoder complexity order is O(M ! ·M2)}

4.3.1.2 Exhaustive Search-Correlation (ES-C) Decoder

A matrix Cul
p is said to be included in the receive matrix R if and only

if corr(R,Cul
p ) = w, where corr(.) denotes the correlation function.

Decoding in ES-C decoder is achieved by the following:
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Algorithm 2 ES-C decoding of POCs

Input: Channel output matrix R

Output: Array of decoded PCWs, D
1: Convert R to Rth

2: for all Cul
p ∈ B do

corr(Rth,C
ul
p ) =

∑M
i=1

∑M
j=1 r

th
ij cij {Complexity: O(M2)}

3: end for {Complexity: O(M !)}

4: if corr(Rth,C
ul
p ) = M then

5: Cul
p is one of the likely transmitted PCW

6: end if

{Overall decoder complexity order is O(M ! ·M2)}

4.3.2 Soft-Decision Hungarian-Murty (HM) Decoding

The proposed low-complexity MA decoder is based on the Hungarian

and Murty’s algorithms. The Hungarian algorithm solves an assign-

ment problem, where the objective is to assign a number of resources

to an equal number of activities [86]. Thus, minimising the total cost

or maximising the total profit by such an allocation. The Hungarian

algorithm assigns a job to each worker such that a worker can only

be assigned one task [76, 86]. Thus, when the Hungarian algorithm

is applied in the MA system using the POC, the aim will be to find

the optimal solution that combines the costs of all the likely trans-

mitted PCWs. The mathematical model of an assignment problem

[80, 86], can be expressed as:

K =
M∑
i=1

M∑
j=1

kijqij, (4.2)
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subject to the constraints

M∑
i=1

qij =
M∑
j=1

qij = 1, (i, j = 1, 2, . . . ,M), (4.3)

where K in (4.2) is the cost of the assignment, kij the cost of assign-

ment of a resource to an activity. The Hungarian algorithm finds

the M ×M matrix, H = [kij] ∈ {0, 1} that yields the highest cost

K, for a given square cost matrix. Each row-column pair represents

a cell in the cost matrix and the sum of the cell values of all the

row-column pairs in H produces the cost K [86].

For a communication system using PCs, rij
∆
= kij in (4.2) and R′ is

the minimised matrix that yields the optimal cost K. However, in

the MA system, rij contains a combination of costs corresponding to

all the likely transmitted codewords. Thus, (4.2) can be modified as

K =
M∑
i=1

M∑
j=1

rijcij, (4.4)

subject to the constraints

M∑
i=1

cij =
M∑
j=1

cij = 1, (i, j = 1, 2, . . . ,M). (4.5)

The Hungarian algorithm of the HM decoder finds the matrix R′

that produces the maximum cost K1 corresponding to a permutation

sequence vulp , belonging to one of the m users. Then from R′, using

Murty’s algorithm, the decoder finds the next highest K costs and

ranks them in order of decreasing costs. From Murty’s ranking, the
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decoder then selects m− 1 highest costs corresponding to the other

m − 1 users, to form an array of decoded PCWs, D. This can be

presented as follows:

Algorithm 3 HM decoding of POCs

Input: Channel output matrix R

Output: Array of decoded PCWs, D
1: By Hungarian method, find matrix R′ = [r′ij] ∈ R {Complexity order ofO(M3)

[90]}

2: By Murty’s algorithm, find the best K PCWs and ranks them in order of

decreasing cost. {Complexity order of O(M4) [30]}

3: Select the m codewords corresponding to m highest costs to form D

{Overall decoder complexity order is O(M4)}

An example of HM decoding is as follows: Suppose PC(M = 3, dmin =

2) as shown in Table 4.1. Assume T = 6 and that for each user,

|P u| = 1. Further, suppose that m = 2 users, u1 and u2, are allowed

to transmit at any interval and that both users transmitted binary

bits 1 at the same interval. Precisely, suppose that 213 and 132 of

Table 4.1, have been assigned to u1 and u2, respectively. The signal

R was received as:

R =


0.8598 0.9495 0.1101

1.0132 −0.0076 0.9998

−0.1179 1.0889 0.9837

 (4.6)

Using Algorithm 3, the Hungarian method finds R′ and K1 = 2.9485,

corresponding to row-column values of {(1,1), (3,2), (2,3)}. Using

the row values to form the corresponding codeword yields v2
p = 132.
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By Murty’s algorithm, the costs from the second-highest cost to the

Kth highest are found and ranked. In this example, K = 3. Con-

sequently, a list comprising {2.9485, 2.9464, 2.2122,−0.0154} corre-

sponding to {132, 213, 231, 321}, respectively, is obtained. Therefore,

m = 2 codewords corresponding to the 2 highest costs are selected

as the likely transmitted, resulting in D = {v1
p = 213,v2

p = 132}.

4.4 Simulation Results and Analysis

A comparison of the computational complexity of the three discussed

decoding methods is considered. Additionally, the BLER comparison

of the systems employing the three decoding methods in the presence

of binary asymmetric errors and a combination of binary asymmetric

errors and AWGN.

4.4.1 Decoding Computational Complexity Analysis

For all the three decoders used in this study, the circuitry required

for the decoding process, has not been considered. As presented in

Section 4.3.1, MD and ES-C decoders exhaustively search for the

most likely transmitted codewords from the lookup tables that are

functions of the code cardinality which grows as M !. The length of

the received sequence and vectors in the respective LUTs is L = M 2.

As such the computational complexity of decoders based on the ES

technique can be approximated to O(M ! ·M 2). On the other hand,

the computational complexity of the HM decoder is based on the
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size of the decoder input M ×M matrix. The order of complexity

combines the complexities of the Hungarian and Murty’s algorithms

of O(M 3) [90] and O(M 4) [30], respectively. Thus, considering the

worst case order, the HM decoder has a computational complexity

of O(M 4). This is a much reduced complexity for the proposed MA

decoder when compared to the MD and ES-C decoders.

Unlike in [80] which considers a single user scenario where the de-

coder can stop at the Hungarian algorithm with a complexity of

O(M 3), when it finds vp ∈ P , the current work which considers an

MA system always requires the use of the Murty’s algorithm in order

to find all the transmitted codewords. As such, the complexity of

the MA system in this work is O(M 4).

4.4.2 BLER Performance in the Presence of Asymmetric

Errors

Permutation codes of M = 3, M = 5 and M = 7 were used and for

the sake of manageable computational processes for the simulations,

we used subsets instead of full codebook size of M ! codewords. We

further considered different distance properties of the code subsets.

4.4.2.1 Comparison based on Code Length

POCs generated from PCs of dmin = M and lengths, M = 3, 5 and

7, translating to POCs of lengths L = 9, 25 and 49, are simulated.

The three codes are of cardinality |P | ≤M !/(dmin − 1)! [151]. From
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Figure 4.3, the POC with N = 49 outperforms the shorter codes of

L = 9 and 25. This can be attributed to the fact that longer POCs

have more binary bit zeros, hence are more robust to asymmetric

errors. The performance of the proposed HM decoder matches that

of the ES-C decoder and both outperform the MD decoder. Thus,

the proposed HM decoder becomes attractive and a more preferred

candidate for use in WOMA systems. For applications where more

users need to access the channel, dmin can be relaxed to values dmin <

M , but with a BLER degradation. Despite the degradation in BLER,

the computational complexity for the HM decoder, remains the same

for the same M , while complexities of ES-based decoders would have

hugely increased as established in Section 4.4.1.

Figure 4.3: BLER performance of POC of varying lengths in the presence of
asymmetric errors
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4.4.2.2 Code Distance Properties and Decoder Capability

To analyse the effect that the variation of dmin has on the perfor-

mance of the system, we consider two permutation codes, Code 1

and Code 2, both of cardinality |P |, having dmin = 5 and dmin = 4,

respectively. M = 5 for both codes. From Figure 4.4, Code 1 out-

performs Code 2, in terms of BLER. This can be attributed to the

dmin of Code 1 being maximum, that is, dmin = M . Additionally, a

degradation is noticed in all the three decoders when Code 2, with a

lower dmin, is used. However, for both codes, the BLER performance

of the MD decoder is the worst. The poor performance of the MD

decoder could be because, an increase in e0 causes the identification

of many likely transmitted codewords, where a wrong codeword is

most likely to be selected as one that was transmitted. As such, this

decoder requires decoding enhancement to enable correct selection

among all the likely transmitted codeword. Unfortunately, this will

add to the already high decoding complexity associated with the MD

decoder. Again we observe that the performance of the HM decoder

matches the performance of the ES-C decoder, but with a reduced

decoding complexity.

Furthermore, despite the degraded BLER performance generally ob-

served when Code 2 is used, its higher cardinality enables higher

information rate than Code 1. This is because more than one code-

word is assigned to each user. If |P u| codewords are assigned to each

user, then up to m log2(|P u|) bits of information can be transmitted
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for m users. Hence, there is a trade-off between the system BLER

performance and the data rate, when a code of lower dmin is used.

Moreover, as seen from Figure 4.3, codes with larger M resulting in

larger codebooks and longer codewords can be used for performance

enhancement. Larger codebooks enable an increase in both the si-

multaneously supported users and |P u| codewords assigned to users.

While the MA systems based on the ES technique will suffer high

decoding complexity when codes with larger M are employed, the

system using the proposed HM decoder will not only have a higher

data rate but will have a lower decoding complexity as well.

Figure 4.4: Code and decoder capability performance for PCs with varying
distance properties, M = 5,m = 4.
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4.4.3 Probability of Error Analysis in the Presence of Bi-

nary Asymmetric Errors and AWGN

The effect of both binary asymmetric errors and AWGN on the trans-

mitted signal, is considered. As such the system probability of error,

P s
e must be calculated accordingly in terms of the probability of er-

ror due to binary asymmetric errors, Pa and the probability of error

due to AWGN on an OOK modulated signal, Pe. The two error

probabilities are respectively expressed as:

Pa = e0, (4.7)

while

Pe =
1

2
erfc

(√
Eb

4N0

)
, (4.8)

where erfc(x) is the complementary error function of x, Eb and N0

denote the signal and noise power, respectively. Note that despite the

assumption that binary bit ‘1’ is not affected by asymmetric errors,

it will nevertheless, be affected by AWGN in the receiver. Thus, we

consider a simplified derivation of P s
e as:

P s
e =

1

2
Pe +

1

2
(1− Pa)Pe +

1

2
Pa(1− Pe). (4.9)

In (4.9), the first and second terms denote the error probabilities

on ‘1’ (ones) and ‘0’ (zeros) that are not affected by asymmetric

errors, respectively. The third term denotes the probability of ‘0’

bits that are affected by both binary asymmetric errors and AWGN.
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Consequently, (4.9) can be simplified as:

P s
e = Pe − Pa · Pe +

1

2
Pa, (4.10)

and plotted as the analytical plot in Figure 4.5.

Figure 4.5 shows the BLER performance of the MD, ES-C and HM

decoders when only AWGN is considered and when the effects of

both the binary asymmetric errors and AWGN are considered. Pre-

cisely, e0 = 0.02 has been assumed for the asymmetric effects. Any

two users can transmit at each interval using POCs generated from

PC(M = 4, dmin = 3).

Figure 4.5: BLER performance when binary asymmetric errors and AWGN
are considered. e0 = 0.02, M = 4,m = 2.

In the presence of AWGN, the HM decoder is considered as a soft-

decision (SD) decoder, avoiding errors that could be introduced by
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the threshold detector before decoding, thus enhancing its perfor-

mance. Furthermore, the cost ranking of all the possible solutions

of the channel output matrix and the selection of the m highest

costs corresponding to PCWs, enhances the performance of the HM

decoder.

The effect of the binary asymmetric errors on the WOMA system is

observed by comparing the performance graphs of the system with

and without them. A performance degradation is noticed on graphs

with asymmetric errors. Consequently, the effects of asymmetric

errors cannot be neglected when designing different components of

the system, such as the decoder.

The properties of the MA codes, such as the dmin within the sub-

codebooks assigned to each user and the dmin between the sub-

codebooks, influence the performance of the decoder. In Figure 4.5,

the optimal performance is obtained when the dmin of the sub-codebooks

is higher than that between user sub-codebooks. This reduced erro-

neous decoding events, where the HM decoder outputs invalid code-

words.

4.5 Summary

We proposed an MA decoder with a reduced computational com-

plexity in reference to the two ES-based decoders, MD and ES-C.

The proposed decoder combines the Hungarian and Murty algo-

rithms to determine the codewords of the participating transmitters,
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from which the transmitted information is recovered. The Hungar-

ian algorithm is used to determine the optimal maximum assign-

ment of the M ×M channel output matrix, while Murty’s algorithm

finds all the best assignments and ranks them in order of decreasing

cost. The m highest costs corresponding to m PCWs are selected as

the likely transmitted codewords identifying the respective transmit-

ters. The computational complexity of the two ES-based decoders

is O(M ! ·M 2), while that of the proposed HM decoder is O(M 4).

Thus, the proposed HM decoder has a tremendously reduced decod-

ing complexity.

A system model where information is transmitted in the presence of

binary asymmetric errors and the AWGN was considered. The pro-

posed HM decoder matches the BLER performance of the ES-C in

the absence of AWGN. However, when AWGN is considered, the SD

decoding advantage over hard-decision decoding is evident, where

the proposed decoder outperforms the ES based decoders in terms

of BLER. Additionally, the complexity of the HM decoder increases

in the order of a polynomial function, as opposed to an exponen-

tial order increase like in ES-based decoders. Ultimately, instead of

employing ES-based decoders in WOMA systems using POCs, the

proposed HM decoder can be used to attain better performance at

lower computational complexity. Although, we specifically apply the

HM decoder to a WOMA communication system, this decoder can

be applied to other communication channels, since it can take both

hard and soft information as input.



CHAPTER 5

Encoder Adaptation for Generalised Space-Time

Coded MIMO Systems using a Hungarian-Murty

Soft-Decision Decoder

5.1 Introduction

In this chapter, we propose a generalised space-time coded multiple-

input and multiple-output (GSTC-MIMO) scheme for a VLC sys-

tem. Precisely, we propose the use PCs resulting in variable weight

(VW) matrices, hence enhancing the system data rate when com-

pared to a system using equal weight (EW) permutation matrices.

In the proposed GSTC-MIMO system, we use a low-complexity SD

decoder based on the Hungarian and Murty’s algorithms, referred to

as the HM decoder. We show that apart from reducing the decoding

complexity of the space-time coded (STC) system, a signal-to-noise

(SNR) gain of over 6 dB, is achieved, when the HM decoder is used.

Furthermore, based on the weight properties of the combined PCs,

we provide a theorem defining the capability of the HM decoder.

Additionally, an adaptation of the space-time (ST) encoder to im-

prove the HM decoder capability, is proposed based on the codebook

partitioning scheme. We show that the GSTC-MIMO system using

83
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the decoder-adapted ST encoder outperforms the GSTC-MIMO sys-

tem using the conventional ST encoder, by an SNR exceeding 5 dB.

Finally, based on the HM adapted encoder, we extended the sub-

codebooks from the partitioning scheme to a multiple access (MA)

system. For practical consideration in an indoor environment, we in-

vestigate the impact of transmit element (TE) separation distances

from 0.1 m to 1 m, on the MA system’s bit error performance.

The ever growing demand of reliable wireless services at high trans-

mission speeds, especially in indoor environments, has been one of

the technology evolution drivers, seeking to efficiently use the avail-

able communication resources. MIMO, a technique that uses multi-

ple transmit and receive elements, has been widely used in wireless

communication systems to achieve these demands [44, 62, 87, 103,

111, 128, 135]. In recent years, optical MIMO has been extended to

vehicular technology, where it is applied in inter vehicular or vehicle-

to-infrastructure communication, for safety, security and to facilitate

the smooth flow of traffic in big, busy cities [69, 97]. An increase of

MIMO application areas in vehicular communications, aeronautics,

smart cities and hospitals, is expected with the emergence of 5G

communication networks.

A significant number of MIMO schemes in literature can basically be

classified into three categories namely: precoding by beamforming,

spatial multiplexing and spatial diversity. The precoding class aims

at mitigating the effects of the continuous changing environment.

Effects such as multipath fading on the received signal is reduced by
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ensuring that signals emitted from different TEs add up construc-

tively at the receiver. This also increases the gain of the received

signal, hence the system reliability is improved. On the other hand,

in spatial multiplexing, each TE is assigned independent data sym-

bols, thus the data rate is enhanced, while spatial diversity mainly

reduces the bit error rate (BER) by transmitting copies of data sym-

bols simultaneously.

In this work, we focus on the STC- MIMO scheme, a type of the

spatial diversity class, where the bit error performance is enhanced

by transmitting data symbols over multiple TEs in a particular time

period. Several designs achieving the STC-MIMO schemes have been

reported [2, 9, 51, 76, 133, 140]. We particularly focus on the per-

mutation aided STC-MIMO scheme and apply it to a VLC system.

Binary matrices mapped from permutation sequences can be used

to coordinate the transmission pattern of TEs in a MIMO system.

In [76], a MIMO system using permutation-aided space-time shift

keying (STSK) modulation in an indoor VLC channel was proposed.

The indices of the transmitters were coordinated by antenna matrices

using permutations, such that, each transmitter index was selected

only once at each transmit time and transmit block. In this way,

similar to SM, the inherent high channel correlation of VLC systems

[44], was avoided. To increase the data rate of the MIMO scheme

in reported in [76], in [81, Chap. 8], more than one LED at each

transmit time was activated by using a type of concatenated PCs

which generates EW space-time (ST) matrices. In an EW matrix,
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the number of the non-zero elements in all rows is equal to that of

non-zero elements in all columns. However, the use of concatenated

PCs which generate EW ST matrices places a restriction on the al-

lowed codeword combinations. Also the cardinality of the codebook

is equal to the length, M , of the PCW and hence limiting the system

data rate.

In this work, we extend the idea in [81, Chap. 8] and propose the

inclusion and use of concatenated PCs which result in VW matrices,

in a generalised ST coded MIMO system. In a VW matrix, the

number of non-zero elements in the rows may not equal that of non-

zero elements in the columns.

Due to its low decoding complexity, we elect to use the SD decoder

in [130], based on the Hungarian [86] and Murty [106] optimization

algorithms. The HM decoder considers the receiver output matrix as

an assignment problem and the Hungarian method finds the optimal

cost matrix on which the Murty’s algorithm is applied to rank the

cost of all possible costs. The authors in [130] showed that based on

the cost rankings of the K best solutions to the assignment problem,

multiple PCWs that make up the transmitted combination, can be

deduced.

However, the capability of the HM decoder in a GSTC-MIMO sys-

tem may be compromised in that VW matrices from specific code-

word pairs result into erroneous decoding. Consequently, properties

of permutation codeword combinations are investigated in order to
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adapt the GSTC-MIMO codebook to the HM decoder, in a way that

avoids the use of the codeword combinations whose decoding has a

higher probability of error.

Additionally, in order to use the full capacity of a given codebook,

including codeword combinations whose decoding has a higher prob-

ability of error, we propose an encoding scheme that partitions the

main codebook into sub-codebooks based on the combination prop-

erties. The sub-codebooks from the partitioning scheme are further

applied to an MA system that we use for the investigation of TE

separation distance effect on the system performance.

Precisely, the main contributions of this chapter can be summarised

as follows:

1. Implementation of a GSTC-MIMO system in which we propose

the inclusion and use of concatenated PCs which result in VW

matrices. The use of VW matrices increases the cardinality of

the PC codebook, ultimately enhancing the system’s data rate.

2. For the proposed GSTC-MIMO, we implement a low-complexity

system by the use of an SD decoder based on the Hungarian and

Murty’s optimisation algorithms, which also further enhances

the system’s reliability.

3. Based on the combination properties of the PCWs, we define a

theorem on the capability of SD HM decoder and propose an

adaptation of the ST encoder to the HM decoder. This enhances

the reliability of the permutation codded GSTC-MIMO system.
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4. The ST encoder adaptation results in partitioned codebooks

which we then apply in an MA system to enhance distinction

of different user information at the receiver. Furthermore, we

use the MA system to investigate the impact of TE separation

distances, in an indoor environment.

The remainder of the chapter is organised as follows: In Section 5.2,

the GSTC-MIMO system models is presented. Section 5.3 is ded-

icated to the analysis of the pattern combination properties of the

PCs from which we present a GSTC-MIMO encoder adapted for the

SD HM decoder. In Section 5.4, the simulation results showing the

BER performance of the GSTC-MIMO system based on the different

codeword combinations, are presented and analysed. Additionally,

the energy efficiency (EE) for the STC-MIMO and GSTC-MIMO

systems, is evaluated. BER performance results for an MA system

where users’ information is transmitted in an STC-MIMO scheme,

are also presented, for varying TE separation distances. Finally, the

chapter summary, is presented in Section 5.5.

5.2 GSTC-MIMO System Model

In GSTC-MIMO Na out of Nt TEs are activated at a time, where

1 ≤ Na ≤ Nt. Before presenting the GSTC-MIMO system, a brief

presentation of the considered VLC channel model is given and then

details on the basic STC-MIMO system based on PCs are presented.
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5.2.1 MIMO Channel Model for VLC

In the considered VLC channel, only the LOS propagation paths

of the Lambertian model, are assumed. The channel gain of the

LOS component for a receiver located at a distance, dv and angle

of irradiance, θ, with respect to the transmitter, is approximated as

(2.7) [53]. For an Nr ×Nt system, where Nr denotes the number of

receive elements (REs) at the receiver and Nt denotes the number of

TEs, the channel gain matrix is represented as

H =


h11 h12 . . . h1Nt

...
... . . . ...

hNt1 hNt2 . . . hNrNt

 . (5.1)

In (5.1), each hnr,nt representing the individual channel gain between

a specific TE, nt and RE, nr of the wireless VLC link is defined in

(2.7). The optical received signal is affected by AWGN with zero-

mean and a variance, σ2
G = σ2

shot + σ2
thermal. Where σ2

shot and σ2
thermal

represents the shot noise variance and the thermal noise variance,

respectively. Since every element of the received element is inde-

pendently affected by noise, nG can be represented as an M ×M

matrix, NG. Considering the transmitted matrix X and H , the

received matrix can be represented by (2.11).
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5.2.2 Space-Time Coded MIMO (STC-MIMO)

5.2.2.1 Permutation Codewords for STC-MIMO

As presented in Section 4.2, a permutation codeword vp, of length

M , is a sequence of integers 1, 2, . . . ,M , belonging to a permutation

codebook P of cardinality |P |. All the codewords in P can be

arranged into a matrix such that each codeword vp belongs to row p,

in P . We use the notation PC(M,dmin) to describe P with minimum

Hamming distance dmin, with each codeword having a length of M .

The codeword vp can be represented as an M ×M codeword matrix,

Cp = [cij] ∈ {0, 1}, (i, j = 1, 2, . . . ,M). Each column j in Cp only

has one non-zero element which fills the position corresponding to

the permutation codeword’s integer, while other M − 1 elements in

j are set to ‘0’.

5.2.2.2 STC-MIMO System

In Figure 5.1, the incoming message bits are divided in two groups.

The first group has B bits which are directed to the ST encoder and

are mapped to their respective predefined vp corresponding to Cp.

The second group of B′ bits is mapped to a modulation constellation

symbol q, according to the selected M -ary modulation scheme. If a

codebook containing any 2B pre-selected codewords belonging to P

is available at the ST encoder, then

B = log2(|P |). (5.2)
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Thus, the total number of bits, referred to as D1, transmitted per

block period when other message bits are mapped to a constellation

symbol, is

D1 = B′ + B, (5.3)

where B′ = log2(M) and M is the modulation order. Suppose

|P | = 4 consisting of codewords {1234; 1342; 2431; 1432}, respec-

tively mapped to {00; 01; 10; 11}, consequently Nt = 4. Now, as-

suming that the message bits 01 are to be transmitted, then the

vp = 1342 is selected for transmission, whose corresponding Cp and

consequently X follow as:

X = Cp =


1 0 0 0

0 0 0 1

0 1 0 0

0 0 1 0

 .

Thus, only one TE is active at each interval, avoiding ICI.

The transmit matrix X is the ST pattern that coordinates the ac-

tivation of the TEs at each transmit interval in a transmit period,

expressed as X = q · Cp. In STC-MIMO where only one TE is

activated at a time, the non-zero element indicates the TE to be

activated at a particular interval in each transmit block period; a

transmit block period has M time slots. The i and j of xij ∈ X

specifies the TE and time slot, respectively. If Es is the symbol
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Figure 5.1: System model of the permutation-based STC-MIMO communica-
tion system

energy of the modulated bits, then

xij =


√
Es, if cij = 1

0, otherwise.

(5.4)

At the receiver, the transmitted message bits are estimated and re-

covered after demodulation and estimation of the spatial symbols.

5.2.3 Generalized STC-MIMO System

To increase the data rate of the STC-MIMO system, a generalised

system where more than one TE can transmit at any interval, is

considered. In GSTC-MIMO, Na number of PCWs are transmitted

per block, thus, Na ≥ 1 TEs can be active at each interval. Therefore,

the ST pattern is now expressed as

X = q ·
Na∨
u=1

Cu
p u = 1, 2, . . . , Na, (5.5)
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where
∨

denotes an element-by-element Boolean sum. It should be

noted that in the symbol Cu
p , the superscript u denotes the uth TE

and not a power of Cp.

Unlike the work in [81], where PCWs which generate EW ST matri-

ces are used, in this study we consider a combination of any code-

words that qualify to be in a particular permutation codebook based

on the selected minimum Hamming distance dmin, thus resulting in

VW matrices.

The codeword combination criterion in the GSTC-MIMO in this

work is that, any number of codeword matrices added must result in

a unique binary matrix, this aids in the decoding process. For EW

ST matrices, a minimum Hamming distance dmin = M is required.

However, this constraint is eliminated by the use of permutation

codebooks with dmin < M . We define the weight, w of a matrix as

the total number of non-zero elements in that matrix. Examples of

EW and VW ST patterns are:

EW =


1 0 0 1

1 1 0 0

0 1 1 0

0 0 1 1

 , V W =


1 0 0 1

1 1 0 0

0 0 1 0

0 1 0 1

 .

Since at any transmit period, Na PCWs are combined to form X,

then unlike in STC-MIMO where information bits are mapped to a

single codeword, in GSTC-MIMO they are mapped to a combination

of Na PCWs. Since all possible combinations of the codewords in P
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taken Na at a time is
(|P |
Na

)
, then, the set to which information bits are

mapped increases from |P | to
(|P |
Na

)
. Consequently, if an assumption

that M -ary modulation technique is applied, then the total number

of bits transmitted per block period, referred to as D2, is given by

D2 = B′ + log2

(
|P |
Na

)
. (5.6)

In (5.6), B′ is as defined in (5.3). Compared toD1 in (5.3), it is shown

that the second term in (5.6), has increased, translating in increased

data rate. This demonstrates the increased spectral efficiency of the

GSTC-MIMO scheme over the STC-MIMO scheme.

5.3 Adapting the GSTC-MIMO Encoder to the HM De-

coder Capability

5.3.1 Soft-Decision Hungarian-Murty (HM) Decoder

The SD decoder discussed in this section uses two linear program-

ming (LP) algorithms, Hungarian [86] and Murty [106], to solve and

iteratively rank the cost assignments of the received signal matrix

until the assignment produces the most likely transmitted codeword

vp ∈ P [79, 80]. Depending on whether a maximisation or minimi-

sation problem is being solved, the Hungarian algorithm first deter-

mines the highest or lowest cost K1, of the received signal matrix

corresponding to the first assignment, A1. Thereafter, Murty’s al-

gorithm iteratively ranks the costs from the second-highest/lowest
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cost K2 to the Kth highest/lowest cost. Each K2, K3, . . . , KK pro-

duces an equivalent assignment A2, A3, . . . , AK mapped to a permu-

tation sequence. In a GSTC-MIMO system where Na codewords are

transmitted at each period, the HM decoder estimates the Na high-

est cost assignments mapped to the likely transmitted permutation

codewords.

Remark 5.1. For simplicity, unless otherwise stated, in the whole of

Section 5.3, we consider transmission to be only by spatial symbols.

We illustrate the decoding process by examples in which Na = 2

using PC(M = 4, dmin = 3) shown in Table 5.1. Four examples are

shown denoting transmit periods 1, 2, 3 and 4. Suppose message

bits are mapped to the following codeword combinations for each

transmit period: PCWs 1 and 3, 6 and 11, 1 and 12 and 6 and 9,

respectively.

Table 5.1: PC(M = 4, dmin = 3)

PCWs 1 - 3 PCWs 4 - 6 PCWs 7 - 9 PCWs 10 - 12

1 2 3 4 4 1 3 2 3 2 4 1 2 4 3 1
2 1 4 3 1 3 4 2 4 2 1 3 3 4 1 2
3 1 2 4 2 3 1 4 1 4 2 3 4 3 2 1

In the first two periods, A1 corresponding to K1, is one of the code-

words that was transmitted while A2 corresponding to K2, is the

other transmitted codeword. In the first and second transmit pe-

riods, K1 = K2, while the other likely codewords have lower costs,

thus, the HM decoder correctly decodes the transmitted codewords.

In the third and fourth periods, it is observed that K1 = K2 =

K3 = K4. However, from Table 4.1, the assignments A2, A3 /∈ P and
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Figure 5.2: Examples of codeword pairs in four periods

A1, A4 /∈ P , respectively for Periods 3 and 4. As such, the HM de-

coder is likely to pick one of the invalid codewords resulting in decod-

ing errors. An invalid codeword is a permutation sequence vo /∈ P ,

of length M . Similarly, the codeword vo can be represented as an

M ×M codeword matrix, Co = [(co)ij] ∈ {0, 1}, (i, j = 1, 2, . . . ,M).

Each column j in Co only has one non-zero element which fills the

position corresponding to the PCW’s integer, while other M − 1 el-

ements in j are set to ‘0’. To reduce decoding errors, a brute force

approach can be used to eliminate the invalid codewords. However,

this increases receiver’s decoding complexity.
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5.3.2 Permutation-Codeword Combination Properties

The relationship of any PCW with others PCWs of the same per-

mutation codebook can be described using a permutation cycle τ

. For example, suppose we considered a codeword pair consists of

PCWs v1
p = 1234 and v2

p = 3142 of length M = 4, presented as(
1234
3142

)
. The mapping from v1

p to v2
p is read as “one maps to three,

three maps to four, four maps to two and two maps back to one”.

The mappings can also be presented as: 1 7→ 3 7→ 4 7→ 2 7→ 1. Since

the elements in v1
p and v2

p map to each other in a cyclic fashion, this

τ , is called a cyclic permutation with a length l = 4. Note that τ

can be written in any cyclic order, for instance (1 3 4 2), (3 4 2 1),

(4 2 1 3) or (2 1 3 4). On the other hand, if the considered code-

word pair consisting of v1
p = 1234 and v2

p = 1423 presented as
(

1234
1423

)
,

then we have 1 7→ 1 where “one maps to itself” and “two maps to

four, four maps to three and three maps back to two”, expressed as

2 7→ 4 7→ 3 7→ 2. The combination of the two permutation cycles,

τ1 = (1) and τ2 = (2 4 3) can be written as (1)(2 4 3), referred to

as a product of two disjoint permutation cycles of lengths l = 1 and

l = 3.

From the two combination scenarios between v1
p and v2

p, we deduce

that any mapping between a pair of permutation sequences consisting

of v1
p and v2

p ∈ P , can be expressed by either a cyclic permutation

of length l = M or as a product of disjoint permutation cycles of

length 1 ≤ l < M and logically, τ ⊆ vp.
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Theorem 5.2. A pair of permutation sequences consisting of v1
p and

v2
p ∈ P , is transmitted as an ST pattern X obtained by logi-

cally adding their corresponding binary matrices, C1
p and C2

p, by the

Boolean OR operator. The pattern X, is guaranteed an error-free

decoding by the HM decoder, if the mapping between v1
p and v2

p, does

not result in a product of two disjoint τ having equal lengths of

l =


M
2 , ifM is even

M−1
2 , otherwise.

(5.7)

Proof. Consider a permutation codebook with PCWs of length M .

Referring to (5.7), if a mapping between two PCWs, v1
p and v2

p,

results in a product of two disjoint τ having equal lengths, then

the Boolean product (AND) of X and Cu
o corresponding to some

vuo 6= P , will result in a binary matrix of weight w = M ; where

X = C1
p

∨
C2
p. This means there is a probability that this particular

vuo 6= v1
p or v2

p can be decoded. Thus, a decoding error may occur

when the HM decoder is used.

On the other hand, if the mapping between v1
p and v2

p results in τ of

different lengths, then the resultant matrix from the AND operation

between X and Cu
o of any other vuo 6= v1

p or v2
p, will have at-most

w = 2. Two (2) is the dmin of any permutation codebook with

cardinality M !. Thus, an error-free decoding by the HM decoder is

guaranteed because any corresponding binary matrix has w = M .
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For instance, the transmitted ST pattern of Period 4 in Figure 5.2,

is mapped from a pair consisting of v1
p = 2314 and v2

p = 1423, which

decomposes into two disjoint τ of (12)(34) and their resultant ST

pattern is:

X =


0 0 1 0

1 0 0 0

0 1 0 0

0 0 0 1


∨


1 0 0 0

0 0 1 0

0 0 0 1

0 1 0 0

 =


1 0 1 0

1 0 1 0

0 1 0 1

0 1 0 1

 . (5.8)

The Boolean product of X and the Cu
o matrix corresponding to

vuo = 1324 or vuo = 2413, will result in Cu
o matrices with w = M = 4

as:

X =


1 0 1 0

1 0 1 0

0 1 0 1

0 1 0 1


∧


1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 1

 =


1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 1

 , (5.9)

and

X =


1 0 1 0

1 0 1 0

0 1 0 1

0 1 0 1


∧


0 0 1 0

1 0 0 0

0 0 0 1

0 1 0 0

 =


0 0 1 0

1 0 0 0

0 0 0 1

0 1 0 0

 , (5.10)

where ∧ denotes the Boolean product. The results in (5.9) and (5.10)

show that the cost ranking of vuo = 1324 and vuo = 2413 is equivalent

to that of v1
p and v2

p, erroneously indicating their presence in X,
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hence, increasing the probability of error at the HM decoder.

Conversely, the transmitted codeword pair in Period 1 consisting of

v1
p = 1234 and v2

p = 3124, decomposes into a product of two disjoint

τ of different lengths, (132)(4) and their resultant ST pattern is

X =


1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1


∨


0 1 0 0

0 0 1 0

1 0 0 0

0 0 0 1

 =


1 1 0 0

0 1 1 0

1 0 1 0

0 0 0 1

 . (5.11)

Because, the Boolean product of any other Co or Cp with the resul-

tant ST pattern X, results in a binary matrix with w ≤ 2, then an

error-free decoding is guaranteed.

In light of the above, one mitigation measure taken to enhance the

performance in a GSTC-MIMO system is to completely avoid the use

of the codeword combinations that result in erroneous decoding, in

the ST encoder. If P ⊆ P is the codebook containing only codeword

pairs that do not result in decoding errors, and B′ as previously

defined in Section 5.2.2.2, then the data rate of the GSTC-MIMO

system, which we refer to as D3, is given by

D3 = B′ + log2

(
|P |
Na

)
. (5.12)

Hence, it is highly likely that D3 < D2 because some codeword com-

binations are completely avoided, which may reduce the codebook
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cardinality. However, it is still certain that D3 > D1, because in-

formation bits are mapped to codeword combinations and not single

codewords as the case in STC-MIMO.

5.3.3 GSTC-MIMO Encoder based on Partitioned Code-

books

Based on Theorem 5.2 and its proof presented in Section 5.3.2, we

propose a simple encoding scheme where the ST MIMO codebook

is partitioned into Nρ disjoint sub-codebooks Pρ ⊆ P , enabling the

use of all codewords in P , where ρ = 1, 2, . . . , Nρ. The codebook

partition is done in such a way that codeword pairs resulting in

erroneous decoding at the HM decoder, form a sub-codebook. The

message bits to be mapped to PWCs are divided into a group of

B bits, which are further segmented into Na bit blocks denoted as

b1, b2, . . . , bNa. In Figure 5.3, a representation of the adapted GSTC-

MIMO encoder for Nρ = Na = 2 and PC(M = 4, dmin = 3) is shown.

As depicted in Figure 5.3, the message bits are mapped to the indices

of the PCWs in each Pρ to determine the constituent codewords

for the combination. The first block b1 = 011 is mapped to 2431

of P1, while the second block b2 = 11 is mapped to 4321 from

P2. The HM decoding capability is enhanced since the codebook

partition avoids the formation of codeword combinations that result

in erroneous decoding. For distinction, we refer to the system using

the adapted encoder as AE-GSTC-MIMO system. The data rate for
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the AE-GSTC-MIMO system, referred to as D4 is expressed by

D4 = B′ +
Nρ∑
ρ=1

log2(|Pρ|). (5.13)

Note that Nρ does not necessarily have to be equal to Na. However,

Na PCWs are combined every transmit period.

Figure 5.3: Adapted GSTC-MIMO Encoder

5.4 Simulation Results and Analysis

An indoor environment is considered with room dimensions of 4.0 m×

4.0 m×3.0 m, where the TEs are placed in a downward orientation at

3.0 m above the floor. A spacing of 0.2 m is assumed between the TE

array. A normalized transmitted optical power is assumed at every

transmit interval and to ensure a constant mean optical power irre-

spective of the number of active TEs, the intensity at each transmit

interval is divided by Na, the number of active TEs. The receiver,

placed in the center of the room at a height above the floor, in an

upward orientation, is composed of an array of four PDs separated
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by a distance of 0.05 m in both the x and y directions. Simulation

parameters are listed in Table 5.2.

Table 5.2: Simulation Parameters

Parameter Value

Room size (W × L × H) 4 m × 4 m × 3 m

Number of TEs 4

TE height from RE plane 2.15 m

Half-power angle, Φ1/2 15◦

TE Locations (x,y,z) (1.9, 1.9, 3), (2.1, 1.9, 3)

(1.9, 2.1, 3), (2.1, 2.1, 3)

Transmitted Optical Power 2 W

Receiver plane height from floor 0.85 m

Detector receiver area, Ar 1cm2

Receiver locations (m) (x,y,z) (2.0, 2.0, 0.85)

Single detector, FOV 15◦

5.4.1 Bit Error Rate (BER) Performance in MIMO Sys-

tems

Performance results of the GSTC-MIMO systems in the presence of

AWGN, are presented. Message bits are mapped to predefined PCs

whose equivalent permutation matrices are transmitted, hence an

OOK modulation is assumed. The attenuation effect of each hnrnt in

(5.1), has to be accounted for in the calculation of the probability of

error, Pe [44]. Thus,

Pe =
1

2
erfc

(√
Eb

4N0
‖H ‖2

F

)
, (5.14)
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where erfc(.), Eb and ‖ . ‖F denote the complementary error function,

the received electrical bit energy and Frobenius norm, respectively.

Considering the room parameters and the positions and locations of

the TEs and RE according to Table 5.2, the resulting LOS channel

gain is of the order of 10−4, which leads to electrical path loss at the

receiver side [44, 87]. Hence, an offset of 70 dB with respect to the

received signal-to-noise ratio (SNR), is noticed in the BER perfor-

mance. In Figure 5.4, we compare the BER performance results of

a systems using the HM adapted encoder to those of GSTC-MIMO

system using the conventional codebook, for both types of code-

word combinations, i.e those that result in error-free decoding and

those with a high decoding error probability. We denote the code-

word combinations that result in error-free decoding and those with

a high decoding error probability by C1 and C2, respectively. To

ascertain the SD HM decoder’s superior performance over the HD

minimum distance (MD) decoder as presented in [130], we first com-

pare the performance comparison of the STC-MIMO system. There

after, in all subsequent performance analysis, we focus only on the

performance of the HM SD decoder.

In Figure 5.4, the robustness of SD HM decoder against AWGN, over

the HD decoder, is seen from the BER performance of the STC-

MIMO based systems using these decoders. It is noticed that the

HM decoder’s BER performance improves with the increasing signal

to noise ratio (SNR) faster than that of the MD decoder, hence the

HM decoder outperforms the MD decoder. Hence the HM decoder
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Figure 5.4: BER performance, STC and GSTC-MIMO systems.

outperforms the MD decoder, such that an SNR gain of over 5 dB

is noticed at a BER of 10−3. Additionally, as presented in [130], the

HM decoder has a much lower decoding complexity compared to the

MD decoder, as such a twofold gain of reliability and low decoding

complexity is achieved with the HM decoder.

From the same Figure 5.4, the reliability performance of the STC-

MIMO and GSTC-MIMO schemes with the HM decoder, is com-

pared. The difference in performance between them, where the STC-

MIMO scheme performs better than the GSTC-MIMO schemes, demon-

strates the advantage of allowing only one active TE at a time, con-

sequently, avoiding the inherent channel correlation effects of VLC

systems. At BER of 10−3, approximately 5 dB SNR degradation is

noticed in the performance of the GSTC-MIMO system using the

HM decoder, in comparison to the STC-MIMO system, using the
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same decoder. However, despite the BER degradation, a data rate

improvement from log2(|P |) to log2

(|P |
Na

)
bits per period, is achieved

for a non partitioned codebook. Whereas a data rate improvement

from log2(|P |) to
∑Na

ρ=1 log2(|Pρ|) bits per period, is achieved for a

partitioned codebook, P .

For codebook P of Table 5.1, we simulated the GSTC-MIMO system

using the following:

• All error-free combinations with only one combination resulting

in erroneous decoding, expressed as: C1 & one (1) C2.

• Use of all possible
(|P |

2

)
combinations, i.e all C1 and C2.

• Codebooks P1 and P2 partitioned from P .

• Only C1 combinations from P .

The robustness of the system with a partitioned codebook is seen

from the performance results in Figure 5.4, where the BER results

match those of the un-partitioned codebook using only error-free

combinations, C1. For data rate enhancement, longer codes yielding

larger codebooks that are partitioned into higher number of sub-

codebooks can be used. The effects of the codeword combination

properties presented in Section 5.3.2, are observed in the BER per-

formance in the presence of AWGN. It is observed from the BER

performance improvement when only C1 combinations are used, that

the mitigation strategy of avoiding the use of C2 combinations in a

GSTC-MIMO system yields good results. As such, the codeword
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combination investigation presented in this chapter aids in adapting

ST codes to decoders, such as the HM decoder.

5.4.2 Energy Efficiency Evaluation and Comparison

Every modulated message bit requires an energy Eb = Es /B′ to be

transmitted. Hence, the EE can be determined by the ratio of the

message bits conveyed by indices of the PWCs to the total number

of bits transmitted [67]. As such, the EE for STC-MIMO system can

be expressed as

EESTC =
B

B + B′
× 100 (5.15)

Further, if $ = D4−D1, then D4 = B+$+B′. Consequently, the

EE for the AE-GSTC-MIMO system can be expressed as

EEAE-GSTC =
B +$

B +$ + B′
× 100. (5.16)

From the respective EE expressions of the STC and AE-GSTC schemes,

in (5.15) and (5.16), the AE-GSTC-MIMO system saves about

Energy saving =
(B +$)(B + B′)
B(B +$ + B′)

, (5.17)

more energy compared to the STC-GSTC MIMO system. This shows

that the technique of mapping some message bits to indices of per-

mutation codewords helps reduce the system’s total required energy

for transmission. Therefore, two evident gains of the GSTC-MIMO
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over STC-MIMO are the enhancement in the efficiency of both en-

ergy and spectrum.

5.4.3 Multiple Access STC-MIMO (MA STC-MIMO) Sys-

tem

Based on the results presented in Section 5.4.1 of adapting the GSTC-

MIMO encoder to the HM decoder, a reliable multiple access STC-

MIMO system can be achieved. We simulated a two user MA STC-

MIMO system and assigned codebooks P1 and P2 partitioned from

P , to users 1 and 2, respectively. This way, C1 combinations are

strategically assigned to one of the two users. As such all possible

codeword pairs belonging to P are used in the MA system.

Figure 5.5: Bit error rate (BER) performance of the MA STC-MIMO system
with varying user TE separation
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(a)

(b)

Figure 5.6: Representation of power distribution from the TEs for varying
∆d. (a) ∆d = 0.1 m (b) ∆d = 0.2 m .
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(a)

(b)

Figure 5.7: Representation of power distribution from the TEs for varying
∆d. (a) ∆d = 0.4 m. (b) ∆d = 1 m.
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In indoor environments like air crafts where the light of a commu-

nication/illumination device from one passenger is not suppose to

dazzle the next passenger, illumination devices are designed to be

highly directional having narrow Φ1/2. In such environments, optical

TE and RE positioning is of the essence. We use the MA STC-MIMO

system to investigate the performance effect of the separation dis-

tance, ∆d, between TEs. The value of ∆d is varied as ∆d = 0.1 m,

0.2 m, 0.4 m and 1 m, while the RE position is fixed. In Figure 5.5,

we notice that in this scenario where only the LOS is considered with

LEDs having narrow Φ1/2 and the RE is stationary, it is desirable

to maintain a reasonable short distance between the TEs. These

shorter distances between TEs result in lower path loss and the op-

tical energy is concentrated within the receiver’s field of view. As

such, the system performance degrades with the increase in ∆d.

The fact that not all TEs are activated at the same time, then the

conditions that will avoid correlation between the MIMO links still

reasonably hold. This can be likened to the link blockage scheme in

[44]. Thus, the reason the system performs better for shorter ∆d, in

Figure 5.5, is mainly attributed to the received power.

A representation of the received power, Pr = Pt · H , for varying

∆d, is shown in Figure 5.6 and Figure 5.7; where H is the channel

gain matrix in (5.1) and Pt the optical power from each TE. For the

illustration in Figure 5.6 and Figure 5.6, Pt = 2W is assumed. The

profile of the Pr distribution can explain the reason the system having

∆d = 0.1 m, performs better. Noting that the receiver position
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was kept constant at the centre, we see that as ∆d increases, the

power at the centre of the room where the RE is placed, reduces.

In Figure 5.7(b), which shows the power distribution of the largest

∆d, the highest power from the LEDs is concentrated away from the

centre, thus the RE receives low energy which results in decoding

errors.

5.5 Summary

A VLC GSTC-MIMO system using a low-complexity SD decoder

based on the Hungarian and Murty’s algorithm, referred to as the

HM decoder, was studied. The inclusion and use of PCs resulting

in VW matrices was proposed for data rate enhancement. Based

on the properties of the PCW combinations, a theorem defining the

capability of HM decoder was provided and an adaptation of the ST

encoder to the HM decoder capability, based on the codebook parti-

tioning scheme, was proposed. The performance of the system using

all codewords of the codebook as a result of the adapted ST encoder

based on the codebook partitioning scheme, performed as well as

the GSTC-MIMO system using only codewords resulting in combi-

nations with lower probability of error. The adapted ST encoder

scheme was extended to an MA system where the sub-codebooks

were assigned to separate users, thus avoiding the codeword combi-

nations that would cause decoding errors at the HM decoder. An

investigation on the impact of TE distance separation, on the per-

formance of the system was conducted. It was shown that for LEDs
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with narrow half-power angles, the system’s BER worsens as the

TE separation distances, ∆d increases. It was also shown that the

GSTC based system is robust against the correlation effects that

MIMO links are prone to. This is due to the fact that not all TEs

are activated at every transmit interval.





CHAPTER 6

Generalised Permutation Coded OFDM-MFSK

in Hybrid Powerline and Visible Light

Communication

This chapter is based on the following publication: Mulundu-

mina Shimaponda-Nawa, Oluwafemi Kolade, and Ling Cheng, “Gen-

eralised Permutation Coded OFDM-MFSK in Hybrid Powerline and

Visible Light Communication”. IEEE Access Journal, 10:20783-

20792, 2022.

The author of this thesis conceptualized the work, performed the

simulations, analyzed the results and wrote the paper.

6.1 Introduction

The use of OFDM in various communication technologies [65, 75,

105, 138], including HPV [82, 93], has been welcomed because it

enhances the spectral efficiency and is a reliable mitigation scheme

against ISI. In classical OFDM, each OFDM sub-carrier symbol car-

ries a message symbol modulated using a single-carrier modulation

technique, such as M -QAM or M -PSK. Furthermore, to enhance

115
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the data rate and the spectral efficiency of OFDM-based systems,

several modulation options for OFDM-based systems such as index-

based, sub-carrier number-based and shape-based OFDM schemes,

have been exploited [16, 17, 40, 49, 64, 65]. Variants of index-based

OFDM include OFDM with index modulation (OFDM-IM) and spa-

tial modulation OFDM (SM-OFDM) [16, 17, 49]. In OFDM-IM, the

indices of the sub-carriers in an OFDM symbol are used to send

additional information. Whereas in SM-OFDM, some information

bits are mapped to and sent by the indices of antennas, while other

information bits are conventionally modulated and conveyed via the

activated antenna.

On the other hand, in sub-carrier number modulation OFDM (OFDM-

SNM), some sub-carriers are exploited to convey additional infor-

mation [64], whereas, in shape-based OFDM, the shape of pulses is

exploited to convey additional information. Examples of the shaped-

based OFDM modulation schemes are reported in [24, 46].

It is worth noting that the work mentioned above focused only on

wireless communication systems and some noise effects inherent in

other fast varying channels such as the PLC, were not considered.

Examples of such noise types are narrow-band interference and im-

pulse noise which affect multiple frequencies in the narrow-band re-

gion [58, 100, 101, 132]. In [58], where extensive measurements were

carried out for a residential power line channel, impulse noise was

observed to occur in bursts and lasting for a maximum period of
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about 0.1 ms. In such channels, a series of signal bits may be af-

fected in time domain or a frequency may be affected over a period

of time. Therefore, in the application of index modulation (IM) of

OFDM or its variants, to channels prone to narrow-band interfer-

ence and impulse noise noise effects, a special consideration in the

implementation, is required.

Since impulse noise affects a range of frequencies in a short period [1,

6, 33, 58, 132], then schemes that activate only some frequencies for

data transmission at each transmit period would well mitigate this

noise. This is because there is a probability that frequencies affected

by the impulse noise may not be carrying information at a particular

transmit period. Hence, schemes such as MFSK where information

symbols are mapped to one of the M available frequencies are good

candidates for impulse noise mitigation because only one of the M

sub-carrier frequencies carries information at each sampling period.

A combination of OFDM and MFSK (OFDM-MFSK) proposed in

[114, 155, 157], was exploited for impulse noise mitigation in a PLC

system [75]. When OFDM-MFSK, which is a variant of OFDM-IM

is used, frequency sub-carriers in the OFDM symbol are segmented

in groups of M , where M denotes the order of the frequency shift

keying (FSK) modulation. As such, at any transmit interval, only

one sub-carrier is activated in each group of M . Thus, the effects of

impulse noise are mitigated. In light of this, we extend the OFDM-

MFSK scheme to an HPV system to exploit the benefits of impulse

noise mitigation, which can result in enhanced system reliability.
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In [74, 75], a coded OFDM-MFSK in a PLC system was achieved

with the use of PCs, whose codeword length is equal to M , the FSK

modulation order. The length of a non-binary permutation codeword

(PCW) is the number of integers in the codeword. In the scheme

proposed in [75], a one-to-one mapping of data symbols and PCWs,

was used. The non-binary PCWs’ integers then determine which

sub-carriers would be activated in each OFDM-MFSK sub-carrier

sub-block. Each activated subcarrier conveys a set of modulated

message bits and those mapped to the PCW. In this scheme, only

one codeword is selected for each OFDM symbol. Therefore, all the

activated sub-carriers convey the same data symbols. Therefore, if

a subcarrier is affected by noise, subcarrier decoding can assist with

recovering the information of the affected subcarrier.

To improve the data rate of the permutation aided OFDM-MFSK

scheme applied in the HPV system, we propose to select more than

one codeword for each OFDM-MFSK symbol. Thus, a generalised

permutation coded (GPC) OFDM-MFSK HPV system is achieved

and is denoted as GPC OFDM-MFSK. Since the GPC OFDM-

MFSK activates a few sub-carriers, it can be considered as a type

of the recently reported sparse index modulation (SIM) [60, 123].

However, unlike SIM, where a certain number of sub-carriers are se-

lected irrespective of the order of selection, the pattern of sub-carrier

activation in GPC matters and is influenced by the positions of the

integers in each selected PCW. Furthermore, since multiple PCWs

are used for each OFDM symbol, the SD low-complexity HM decoder



Chapter 6. Generalised Permutation Coded OFDM-MFSK in Hybrid Powerline
and Visible Light Communication 119

proposed in [130] to simultaneously detect multiple PCWs, is used.

Precisely, the contributions in this chapter can be summarised as:

• To the best of our knowledge, we, for the first time propose

and present the use of the OFDM-MFSK scheme in an HPV

system to enhance the system’s performance by impulse noise

mitigation.

• Increasing the OFDM-MFSK data rate by implementing a GPC

scheme where k message symbols are mapped to k PCWs to be

simultaneously transmitted per OFDM-MFSK symbol.

• Application of an SD HM decoder for a reduced decoding com-

plexity and for further enhancement of the error rate perfor-

mance of the HPV system.

The rest of the chapter is organised as follows: In the following sec-

tion, an overview of the OFDM-MFSK based system is presented,

including the system and channel models. In Section 6.3, the GPC

OFDM-MFSK based HPV system is presented and a brief descrip-

tion of the SD decoding method based on the HM decoder, is also

included. Then the simulation results and analysis of the different

schemes considered in this work are presented in Section 6.4, after

which a summary of this chapter, is presented in Section 6.5.
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6.2 OFDM-MFSK based HPV System

This section first provides an overview of the basic principles of the

OFDM-MFSK scheme applied to the HPV system. Later, a down-

link transmission system in which the receiver is placed in a room

served by a VLC transmitter installed in the ceiling, which also pro-

vides illumination, is considered. The VLC transmitter receives the

information from the PLC channel and then re-transmits the infor-

mation to the VLC receiver located at some position in the room of

consideration.

6.2.1 An Overview of the OFDM-MFSK

In M -FSK modulation, information symbols are mapped to one of

the M available frequencies, such that at each sampling time, one of

the M frequencies is transmitted. This results in B1 = log2M bits

being transmitted at each sampling time. Thus, the the bandwidth

utilisation, η1, for MFSK is given as [121],

η1 =
B1

M
. (6.1)

On the other hand, in OFDM modulation, information symbols are

mapped to N orthogonal sub-carriers in an OFDM array and simul-

taneously transmitted in the PLC channel. If a signal constellation

symbol has Q information bits, then B2 = QN bits are transmitted

per OFDM symbol. The OFDM bandwidth utilisation, η2, can be
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expressed as:

η2 =
N

N +Ncp
, (6.2)

where Ncp is the number of sub-carriers used for the cyclic prefix

(CP) of the OFDM symbol. A CP is inserted at the beginning of the

OFDM signal to maintain orthogonality among sub-carriers. The

CP consists of a cyclic extension from the end of the OFDM signal,

whose length is mainly influenced by the delay spread of the channel.

Thus, to eliminate ISI, inter-carrier interference (ICI) and maintain

orthogonality between sub-carriers, the length of the CP is chosen to

be longer than the delay spread of the channel as this ensures that

all the samples from the previous OFDM symbols fall within the CP

duration.

In the OFDM-MFSK scheme, N sub-carriers are divided into groups

of M sub-carriers. Only one sub-carrier from each group is activated

for transmission, hence no energy is transmitted on the other M − 1

sub-carriers in each group. Let g = 1, 2, . . . , G denote the different

groups of M sub-carriers and ς = 1, 2, . . . ,M denote the indices of

one of the M frequencies in group g. Then, each of the symbols at

any activated sub-carrier can be represented as xgς . Then, a vector

representation of the whole OFDM-MFSK symbol to be transmitted

per channel use via the PLC channel is

x = 0 . . . x1ς︸︷︷︸
Group 1

. . . 0, 0 . . . x2ς︸︷︷︸
Group 2

. . . 0, . . . , 0 . . . xGς︸︷︷︸
Group G

. . . 0. (6.3)
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Thus, the total number of bits per OFDM-MFSK symbol is

B3 = G log2M = G · B1. (6.4)

Considering (6.1) and (6.2), the bandwidth utilisation, η3, of the

OFDM-MFSK scheme can therefore be expressed as:

η3 =
B1

M

N

N +Ncp
. (6.5)

Thus, the bandwidth utilisation for the MFSK, OFDM and OFDM-

MFSK schemes can be compared as, η1 ≤ η3 < η2, indicating that

the OFDM-MFSK scheme enhances the spectral efficiency of the

MFSK scheme, however, it is lower than that of the classical OFDM

scheme.

6.2.2 System Model

In Figure 6.1, a system block diagram highlighting the major sec-

tions, such as the transmitter, receiver, PLC/VLC integration mod-

ule and the channels, of the OFDM-MFSK HPV system, is shown.

Figure 6.1: System block diagram of OFDM-MFSK based HPV system
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6.2.2.1 PLC Section and the Integration Unit

The incoming modulated symbols are segmented into G = N
M groups

and each information symbol in a particular group determines the

sub-carrier index to be activated for transmission. The frequency

domain signals are converted to time domain via the IFFT block

and transmitted via the PLC channel. At the PLC-VLC integration

module, the output signal from the PLC channel is given by

yp = s · ejφ + np. (6.6)

In (6.6), s is the complex transmitted signal, np = nG + nI

√
z, is

the noise component in the PLC channel comprising the background

noise nG modelled as AWGN (a complex component with zero-mean

and variance of σ2
G = 2N0, where N0 is the noise power spectral den-

sity) and the impulse noise, nI, which follows a Poisson distribution

and has a variance σ2
G/A. A is the impulsive index determining the

frequency of occurrence of nI and z is a variable imposing the Pois-

son distribution on nI. If the AF relaying protocol is applied, the

received PLC signal yp is demodulated, scaled and re-modulated

[93]. The resulting signal is re-transmitted by VLC transmitters.

On the other hand, the DF relaying protocol will also decode the re-

ceived PLC signal before re-modulation for transmission by the VLC

transmitters. In this work, the AF relaying protocol is assumed for

its simplicity.
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6.2.2.2 VLC Section

The signal yp at the FFT output, in the integration unit, is complex.

Since the VLC section of the HPV system employs IM/DD, then yp

is not suitable to modulate the intensity of the VLC transmitters due

to the constraint that light intensity cannot be negative. To obtain

optical IM/DD compatible signals, the HS property to generate real

OFDM signals has widely been used [15, 93, 95].

In an HS structure, a message symbol is duplicated in the form of its

complex conjugate. For the N frequency domain symbols obtained

from the FFT operation on PLC output signal, the general expres-

sion relating the message symbols X, their complex conjugate X∗

components and their positions due to the HS constraint is given as:

X(ξ+2) = X∗(2N−ξ), ξ = 0, 1, 2, . . . , N − 2. (6.7)

Thus, the HS structure is formed by concatenating the original vec-

tor of message symbols with the vector of their complex conjugate

symbols. From (6.7), it can be seen that in VLC, 2N sub-carriers

are required due to the HS constraint. If the same number of sub-

carriers is maintained between the PLC and VLC channels, then the

symbols from the PLC would be transmitted in two transmit peri-

ods. Another way would be to apply the HS constraint at the PLC

section. Then, the same number of sub-carriers would be maintained

between the two channels. In the HS structure, the first and (N+1)th
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components are set to zero, to avoid any DC shift or any residual

complex component in the time domain signal, (X(0) = X(N+1) = 0).

After the HS block, the signal is again converted to a time domain

signal xv by the IFFT after which a CP is inserted at the begin-

ning of the OFDM signal to maintain orthogonality among sub-

carriers. The signal xv is real-valued and bipolar with a random-

like variation often characterized by a high peak-to-average power

ratio (PAPR) [36, 93]. The high PAPR leads to signal distortions

due to the non-negativity constraint for the optical time-domain sig-

nal and a reduced energy efficiency for practical LED drivers with

limited dynamic ranges [93]. As such, a DC bias is then added to

xv in order to make the signal compatible with IM/DD channel and

avoid the PAPR problem. Additionally, before modulating the LED,

peaks of time domain OFDM signals may be clipped at the voltage

which corresponds to permissible pulsed currents recommended by

the manufacturer [36]. However, this may introduce clipping noise,

as will be shown in Section 6.4. After the digital-to-analog (D/A)

operation, xv modulates the LEDs transmitters for transmission via

the VLC wireless channel. The transmitters are assumed to have a

Lambertian propagation model.

In this chapter, only the LOS component is assumed as it accounts

for a greater portion of the transmitted optical signal [59, 105]. The

channel gain, considering LOS propagation between a transmitter

and a receiver located at a distance of dv and angle of irradiance θ,

with respect to the transmitter, can be approximated as (2.7) [68].
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The received optical signal at any receiver element is expressed as

[34]

yv = xv · hlos + nGv (6.8)

where nGv denotes the noise which is modelled as AWGN with zero-

mean and variance σ2
Gv. At the VLC receiver, the CP is first removed

and the signal is passed through a serial-to-parallel (S/P) converter

before the FFT is performed on the signal.

The estimation of the likely transmitted symbols can be achieved

by maximum likelihood (ML) detection. In [116] envelope detection

was used for estimating MFSK in AWGN, while the analysis in [114]

suggests that the decision for estimating the transmitted signal is

made in favour of the maximum absolute value of the components

of yv. As these are similar, the analysis and expression in [114] is

adopted and the vector ŷv consisting of the estimated transmitted

symbols is given as:

ŷv = arg max
xv∈F

|yvxv|2. (6.9)

Note that xv is a vector consisting of different xvgς , elements from one

of the activated sub-carriers in the OFDM array F , where variables

g and ς denote the group and sub-carrier index in that group.

The bit error probability, Pe of OFDM-MFSK, for the energy per

bit, Eb, is said to be the same as that of MFSK [75] and is defined:

P (e) =
M−1∑
ς=1

(−1)ς+1

ς + 1

(
M − 1

ς

)
e

(
− ς log2MM+1

Eb
N0

)
. (6.10)
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Larger M values would enhance the error performance of the system,

however, they degrade the spectral efficiency. Hence, a trade-off

between error performance and spectral efficiency is inevitable.

6.3 Generalised Permutation-Coded OFDM-MFSK based

HPV System

In this section, we present a method to improve the data rate of the

OFDM-MFSK HPV system by employing PCs. Precisely, the use

of PCs is considered in order to also aid the use of a soft-decision

method of identifying the activated sub-carriers of the OFDM-MFSK

scheme. First, the model of a permutation-coded OFDM-MFSK

(PC OFDM-MFSK) system is presented and then the generalisa-

tion method is presented.

6.3.1 Permutation-Coded OFDM-MFSK based HPV Sys-

tem

In [74, 75], a subcarrier coding of the OFDM-MFSK scheme was

proposed for impulse noise mitigation in PLC channels. In this sec-

tion, the idea of sub-carrier coding is extended to the HPV system

introduced in Section 6.2. The BER performance of the PC OFDM-

MFSK HPV system is compared to that of the uncoded OFDM-

MFSK presented in Section 6.2. A permutation code P consists of

|P | codewords of length M [153]. All |P | codewords in P are row

vectors denoted in this work by vp and contain M different integers



Chapter 6. Generalised Permutation Coded OFDM-MFSK in Hybrid Powerline
and Visible Light Communication 128

1, 2, . . . ,M , as symbols, while p = 1, 2, . . . , |P |. Hence,

b1 = blog2 |P |c, (6.11)

bits are mapped per each codeword vp, where b.c denotes the floor

function. Each vp ∈ P can be converted to an equivalent [0, 1]M×M

codeword matrix Cp = [cij] such that in each column of Cp, a ‘1’

fills the position which corresponds to the codeword’s integer, while

other M − 1 values in the column are set to ‘0’.

6.3.1.1 System Model for the Permutation-Coded OFDM-MFSK based

HPV System

In PC OFDM-MFSK, b1 information bits are mapped to a prede-

fined permutation codeword, vp. Note that in this work, the length

of PCWs and the MFSK order are assumed equal, that is they both

have the same value of M . Therefore, even in PC OFDM-MFSK,

G groups of sub-carriers are formed by N
M and each integer symbol

in vp indicates the index of the active subcarrier in each of the G

groups [75]. The sequence of b1 bits is repeated over each active

sub-carrier. Therefore, in addition to information bits mapped to

modulation constellation symbols, the PC OFDM-MFSK data rate

is enhanced by b1 bits mapped to each index of the activated sub-

carrier. As such, the total number of transmitted bits B4 in a PC

OFDM-MFSK, per channel use is,

B4 = b1 + B3 = b1 +G · B1, (6.12)
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6.3.1.2 Soft-Decision Decoding for PC OFDM-MFSK HPV System

If the transmitted information symbols are mapped to both conven-

tional modulation constellations and the index of the permutation

codeword, then the receiver’s task is to be able to estimate the dig-

itally modulated information symbols and those mapped to permu-

tation codewords. The digitally modulated symbols are convention-

ally demodulated and estimated according to the appropriate scheme

matching the modulation technique that was used at the transmit-

ter, while those mapped to permutation codewords are recovered

after the detection of the corresponding codewords. An iterative SD

decoder based on the Hungarian and Murty’s algorithms described

in [130], is employed to enhance decoding reliability as well as reduce

the decoding complexity of the PC OFDM-MFSK HPV system.

The SD decoders in [79, 130] considers the signal input as an assign-

ment problem, such that a linear programming algorithm based on

the Hungarian method [86], is employed for decoding. The mathe-

matical model of an assignment problem [86], can be expressed as:

K =
M∑
i=1

M∑
j=1

cij(yv)ij, (6.13)

subject to the constraints

M∑
i=1

cij =
M∑
j=1

cij = 1, (i, j = 1, 2, . . . ,M), (6.14)
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where K in (6.13) is the cost of the assignment, (yv)ij the cost of

assigning a resource to an activity.

From the model in (6.13), the Hungarian algorithm of the HM de-

coder iteratively finds an M ×M matrix R = [rij] ∈ R that produces

the maximum cost K corresponding to vp. If the produced codeword

vp ∈ P , then the decoder stops and the produced codeword is as-

sumed to be the transmitted codeword. However, if the produced

codeword does not belong to P , then from R, using the Murty’s al-

gorithm, the decoder finds the next highest K costs and ranks them

in order of decreasing cost. The highest ranking cost corresponding

to one of vp ∈ P , is then selected to be the transmitted codeword.

Let yv = vec(Y v) denote the HM decoder input. The HM decoding

algorithm can be summarised and presented as follows:
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Algorithm 4 HM decoding in PC OFDM-MFSK HPV system

Input: Channel output matrix Y v = [(yv)ij] ∈ CM×M in

Output: Permutation codeword vp out
1: By Hungarian method, find matrix R = [rij] ∈ R

2: if vp ∈ P then

3: vp is the transmitted permutation codeword

4: Stop decoder process

{Complexity order of O(M3) [90]}

5: else

6: By Murty’s algorithm, find the best K permutation codewords and rank

them in order of increasing cost.

7: Select vp corresponding to the highest ranking cost as the transmitted code-

word

{Complexity order of O(M4)[30]}

8: end if

{Overall worst case decoder complexity order is O(M4)}

6.3.2 Generalisation of the PC OFDM-MFSK based HPV

System

In generalising the PC OFDM-MFSK scheme, N sub-carriers are

divided into G = N
M groups of M sub-carriers each, similar to the PC

OFDM-MFSK scheme. However, the G groups are further divided

into k = G
M groups. Each k group is mapped to a sequence of b1 bits.

As such a set of k > 1 codeword indices are transmitted at a time.

Consequently, the number of bits mapped to PCWs is improved by

a factor of k. Hence

b2 = kblog2 |P |c = k · b1. (6.15)
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Therefore, the total number of transmitted bits B5 in a GPC OFDM-

MFSK, per channel use is,

B5 = b2 + B3 = k · b1 +G · B1. (6.16)

Figure 6.2: Representation of encoded bits mapped to PCs in a GPC OFDM-
MFSK. N = 32, k = 2, M = 4. The encoded bits 0100 and 0110 are mapped

to 2143 and 2431, respectively.

When decoding by HD, minimum distance decoding is used, where

the sequence of the received vector is compared to all possible com-

bination sequences. However, this method exponentially increases in

complexity with the increase in code length M and k. In this work,

because multiple codewords are transmitted for each OFDM-MFSK

symbol, we elect to use the SD HM decoder applied in a multiple

access system in [130]. At the receiver, elements from each k group

are represented as M ×M matrices, after which all the matrices are

added together to form Y v = [(yv)ij], the decoder input. Then Al-

gorithm 4 is applied as in the case of the PC OFDM-MFSK system.

However, unlike, the decoding in Section 6.3.1.2, where the decoder

can stop at the Hungarian stage, when the HM decoder is applied to

the GPC-OFDM-MFSK, the Murty’s algorithm is mandatory, be-

cause the decoder selects the k highest cost corresponding to the k
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codewords mapped to the message symbols. Nevertheless, the de-

coding complexity in the GPC system is still O(M 4).

6.4 Simulation and Results Analysis

A series of performance simulations for the classical OFDM, OFDM-

MFSK, PC OFDM-MFSK and GPC-OFDM-MFSK systems, are

carried out and their results compared. A VLC transmitter con-

trolled and receiving information from the powerline is installed at a

height of 3 m above the floor. The transmitter has a half-power

angle of (Φ1/2) = 15◦. The receiver placed at 0.85m above the

floor is a photo-detector with an angle of incidence ψ = 70◦ while

Ar = 1 × 10−4 m. For all coded systems, we apply a permutation

codebook defined by PC(M = 4, dmin = 3).

6.4.1 BER Performance Comparison of OFDM HPV and

OFDM-MFSK HPV Systems

In Figure 6.3, the BER performance the OFDM-MFSK HPV system

is presented and compared to that of the classical OFDM HPV sys-

tem. The simulation was carried out for N = 32 and 512, using two

simple DC biasing methods referred to as DC1 and DC2. In the DC1

biasing method, the DC bias added to all the components at the out-

put of the IFFT block is equal to the minimum absolute value of the

real bipolar signal at the output of the IFFT block, DC1= min(|xv|).

On the other hand, DC2 biasing refers to a bias of 10 log10(ζ
2+1) [8],
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Figure 6.3: BER performance comparison of OFDM and OFDM-MFSK for
varying sub-carrier window sizes, N

where ζ, refers to the clipping factor. The robustness against impulse

noise offered by MFSK in the OFDM-MFSK based HPV system is

evident as all the performance graphs show its superior performance

over that of classical OFDM-based HPV system. For instance, at

a BER of 10−3 over 5 dB and 3 dB differences are recorded for the

DC1 graphs using N = 32 and 512, respectively. A trade-off between

higher data rates and system reliability is inevitable, evidenced by

the better performance obtained when smaller values of N are used,

for signal-to-noise ratio (SNR) values below 20 dB. The performance

difference at 10−3 between the OFDM-MFSK systems of N = 32 to

that of N = 512 is over 1 dB. However, at higher SNR, the perfor-

mance of systems with larger values of N shows a better reliability,

especially for the classical system.
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6.4.2 DC Biasing and Clipping Effects on BER Perfor-

mance of the OFDM HPV and OFDM-MFSK HPV

Systems

The impact of the two DC biasing methods mentioned in Section 6.4.1

and clipping, on the BER performance, are analysed. In Figure 6.3,

the DC1 method achieves better results than the DC2 method. This

could be attributed to the fact that when DC2 is used, there are

some signal components with negative picks that are clipped to zero,

resulting in information loss. For the OFDM-MFSK that only ac-

tivates only a subset of sub-carriers, the ratio of information loss

would higher. In light of the performance results of the two DC

biasing methods, the subsequent simulations are based on the DC1

method since it achieves better results.

6.4.3 Coded and Uncoded OFDM-MFSK based HPV Sys-

tem

Figure 6.4 shows the BER performance of the permutation coded and

uncoded systems, labelled OFDM-MFSK and PC OFDM-MFSK.

Both systems use the HD decoder. The performance of the two sys-

tems are comparable, which can be attributted to the fact that both

systems, allow the activation of only one sub-carrier in each group

of M , hence the effect on the impulse noise mitigation is similar.
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Figure 6.4: Hard-decision versus soft-decision decoding. A = 0.1

Furthermore, an SD decoder was employed and its performance com-

pared to that of the HD based decoders. Because of the iterative fea-

ture of the Hungarian based SD decoder, its reliability is enhanced

compared to that using the HD decoder. Additionally, as presented

in [130], the complexity of the HD decoder is exponential with re-

spect to the length of the permutation code, while that of the SD

decoder based on the Hungarian and Murty’s algorithms is polyno-

mial. Hence the use of the SD decoder enhances the system reliability

and offers a lower decoding complexity.
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Figure 6.5: Effect of varying A values on BER performance for the OFDM,
coded and uncoded OFDM-MFSK based HPV systems, including the GPC

based system

6.4.4 Impulse Noise Effects

In Figure 6.5, the system reliability of the investigated schemes for

different values of the parameter A, is presented. The results in Fig-

ure 6.5 can be seen to depict the system reliability at different times

of the day for indoor environments. Values of A = 0.01 and 0.1 were

simulated. At lower SNR values, systems simulated with A = 0.01

show a lower probability of error. However, as the SNR increases,

the independence on A in multi-carrier modulations mentioned in

[132] is evident, where the performance of the systems modelled with

A = 0.1 show an improvement.
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6.4.5 GPC OFDM-MFSK HPV System Performance

6.4.5.1 Bit Error Rate Performance

The performance of the GPC OFDM-MFSK based HPV system is

included in Figure 6.5. The BER performance is simulated only for

information symbols mapped to the PCWs, without including those

from a modulation constellation. We notice that for both HD and SD

decoders, the GPC graphs simulated with A = 0.1 and 0.01, almost

match those of the PC OFDM-MFSK based systems. This could

be attributed to the fact that there is no increase in the number of

sub-carriers activated in each group of M . Hence, the impulse noise

mitigation feature of MFSK is preserved, howbeit with increased

system data rate.

6.4.5.2 Data Rate Comparison

A data rate comparison for OFDM-MFSK, PC OFDM-MFSK and

GPC OFDM-MFSK schemes, for PC(M = 4, dmin = 3) and vary-

ing N is shown in Figure 6.6. Due to the fact that bits mapped

to PCWs are repeated for all activated sub-carriers, the data rate

enhancement of the PC OFDM-MFSK scheme does not show a sig-

nificant difference over the OFDM-MFSK scheme. However, it is

noticed that with increasing N values for the same M , generalising

the PC OFDM-MFSK scheme enhances the system data rate. For

instance, for N = 2048, the data rate ratio increase for B5 to B4, is

approximately 0.4. Thus, with the BER performance matching that
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Figure 6.6: Data rate comparison for OFDM-MFSK, PC OFDM-MFSK and
GPC OFDM-MFSK scheme for PC(M = 4, dmin = 3) and varying N .

of the PC OFDM-MFSK as shown in Figure 6.5, using the GPC

OFDM-MFSK scheme for the HPV system would enhance both the

reliability and data rate.

6.5 Summary

The use of OFDM-MFSK enhances the BER performance of the

HPV communication system. In the OFDM-MFSK, only a selected

set of sub-carriers are activated to transmit information bits for each

OFDM symbol, hence the ratio of sub-carriers that can be affected

in each g group, is reduced to 1
M . The robustness of the OFDM-

MFSK scheme against impulse noise enhances the system reliability

in comparison to that using the classical OFDM scheme. An SNR

gain of 5 dB was achieved at a BER of 10−3. Further, in order to
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use the soft-decision low-complexity decoder based on the Hungarian

and Murty’s algorithms, PCs were used to determine the sub-carriers

to be activated for each transmitted OFDM symbol. In addition,

the issue of the reduced data rate in the HPV system employing

the OFDM-MFSK scheme is addressed by the implementation of a

GPC scheme. In the GPC scheme, the data rate is enhanced by a

factor k which denotes the number of permutation codewords that

can simultaneously be transmitted per OFDM-MFSK symbol and

can uniquely be decoded. Since the GPC scheme also activates only

one sub-carrier per group of M as in the PC OFDM-MFSK scheme,

the OFDM-MFSK feature is maintained, hence impulse noise is still

well mitigated. Moreover, the system complexity is maintained when

the HM SD decoder is used.



CHAPTER 7

Impulse Noise Mitigation by Time-Diversity

Hermitian Symmetry scheme in HPV Systems

This chapter is based on the following publication: Mulun-

dumina Shimaponda-Nawa, Oluwafemi Kolade, Jianhua He , Wenbo

Ding and Ling Cheng, “Impulse Noise Mitigation by Time-Diversity

Hermitian Symmetry scheme in HPV Systems”. Under review with

The IEEE Internet of Things Journal.

The author of this thesis conceptualized the work, performed the

simulations, analyzed the results and wrote the paper.

7.1 Introduction

smart mines, wearables and connected cars are just but a few areas

where the IoT has developed and will continue to grow [77, 136, 160].

This growth demands increasingly wide coverage areas, high capaci-

ties and data rates to maintain reliable and ubiquitous connectivity

of several smart devices and machines, regardless of their environ-

ment and geographical locations. Thereby presenting a challenge

on the current commonly used standalone RF networks. Therefore,

141
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hybrid networks where various communication technologies com-

plement each other to achieve the device-to-device and device-to-

infrastructure connectivity, have been proposed [18, 32, 63, 77, 112,

122]. Some of the common communication technologies studied for

hybrid networks include RF, VLC and PLC. VLC is a type of opti-

cal wireless communication technology that uses the electromagnetic

wavelengths within the visible spectrum. Thus, VLC is capable of

providing illumination and data communication simultaneously. On

the other hand, the powerline provides power to the VLC transmit-

ters and also works as an information backbone [84, 88, 139, 162].

Figure 7.1 depicts some areas where hybrid networks consisting of

either a pair of or all of the three technologies previously mentioned,

have been applied with potential for optimisation. For example, hos-

pitals have areas where an RF solution could be undesirable, thus

VLC can be used as an access point solution, whose information

is provided via the PLC channel. Figure 7.1 also shows a smart

transport system, where the RF and VLC technologies complement

each other to achieve the vehicle-to-vehicle (V2V) and vehicle-to-

infrastructure (V2X) communication involving traffic lights and se-

curity/speed cameras installed on the road. Furthermore, a hybrid of

RF, PLC and VLC is assumed for achieving the smart home, shown

in Figure 7.1. Additionally, a hybrid configuration is shown for a

smart car whose powerline network is integrated to its VLC enabled

lights. All these scenarios show that hybrid networks are inevitable

in achieving several simultaneous smart device connectivity.



Chapter 7. Impulse Noise Mitigation by Time-Diversity Hermitian Symmetry
scheme in HPV Systems 143

Figure 7.1: A depiction of hybrid networks of RF, PLC and VLC technologies
for infrastructure and device interconnection.

The presence of the powerline in most locations of Figure 7.1, makes

PLC a strong candidate for championing the IoT campaign, for smart

cities and homes[23, 32, 63, 77]. Additionally, because high power

efficient solid state lighting is being rolled out for both outdoor and

indoor illumination, it is possible to have VLC wherever the instal-

lation of solid state lighting is available. Hence, VLC has also been

proposed to be one of the main technologies that enable the full re-

alisation of IoT [20, 63, 94]. Motivated by the relevance of both PLC

and VLC in the IoT domain and the drive towards hybrid networks,

in this work, we investigate the hybrid configuration of PLC and

VLC, we refer to as the HPV system in this thesis.

Since the first demonstration of VLC [84, 139], LEDs became the

highly considered VLC transmitters due to their advantages of low

cost, energy efficient, durability and their ability to be modulated at

high speed. Apart from the much desired wide unlicensed spectrum
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in order of several hundred terahertz (THz), some notable advan-

tages attributed to VLC technology are its non-subjection to inter-

ference by electromagnetic sources, congestion, as well as high level

of security since it does not penetrate through walls. Potential ap-

plication areas for VLC include, but not limited to hospitals where

RF could be undesirable, smart transport systems, smart lighting of

smart buildings and underwater communication.

Like VLC, PLC has an advantage of having ubiquitous presence in

indoor environments which is a desirable communication network

feature for coverage enhancement. Some of the applications of PLC

include providing remote meter reading services, voice communica-

tion, data acquisition and intra-vehicle communication [23, 32, 88].

In light of the above, the integration of PLC and VLC is naturally

achievable based on the fact that lighting devices always need power

supply and that powerlines are ubiquitously available in environ-

ments such as houses, hospitals, office spaces, server rooms and high

busy trading areas such as shopping malls [34, 83, 95]; resulting in a

cost-effective implementation of the HPV system.

Being an emerging and developing integrated scheme, various areas

of the HPV system still require optimisation. Hence, since the first

demonstration of an HPV system [83], a significant number of studies

with regards to integration schemes between PLC and VLC, hybrid

channel models, coverage optimisation, modulation, multiplexing,

MA, as well as spectrum and power efficiency schemes, have been
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reported. For instance, simulated HPV channel models based on

PLC and VLC practical measurements are presented in [109, 110],

while authors in [38, 78] derived the HPV channel models using a

semi-hidden Markov model (SHMM) with the aid of a Fritchman

channel state representation model. Measurements obtained from

different positions were used in an indoor VLC environment, aided by

software-defined radios. Integration techniques of the two channels

is also an area that has received a lot of attention, with the two

main protocols identified as AF and DF [22, 78, 92, 104]. For the

AF protocol, the signal received from the PLC channel is scaled and

amplified, before modulating the VLC transmitters. On the other

hand, in the DF protocol, the signal is decoded and subjected to the

AF processes before being re-transmitted by the VLC transmitters.

In [87, 128], the BER performance of an HPV system with MIMO

configurations at the VLC sections, is presented with practical in-

door considerations. It was established that channel effects from

both PLC and VLC have an influence on the BER performance

of the HPV system. Moreover, the location and positions of the

transmitters and receivers at the VLC section also have an influ-

ence on the BER performance of the system. Furthermore, single

carrier M -ary modulation schemes such as phase shift-keying, multi-

carrier modulation such as orthogonal frequency division multiplex-

ing (OFDM) and multiplexing schemes such as color shift-keying

(CSK) and bit division multiplexing (BDM) have been investigated

for HPV systems [22, 50, 82, 107]. Additionally, both orthogonal
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and non-orthogonal MA techniques have also been considered for

the HPV system [45, 93, 141], demonstrating the hybrid scheme’s

potential to be used in high speed networks and ultimately, for IoT.

With such significant ongoing research work, HPV systems are not

only projected to complement, but in some application areas, pro-

jected to substitute the existing RF solutions.

7.2 Problem statement and Motivation

Despite their merits, HPV systems are prone to channel noise. Pre-

cisely, in an indoor environment where electrical appliances are ran-

domly plugged in the powerline, noise impulses are injected affecting

the communication signals that are transmitted over the PLC chan-

nel. In literature, impulse noise has been shown to occur in random

bursts [26, 33, 39, 48, 102, 121, 132, 147], affecting either a group of

frequencies over a period of time or data symbols in a sequence of

time-slots.

Several methods to combat the effects of the impulse noise and

narrow-band interference in the fast time-varying PLC channel have

been proposed. For instance, the simple method of suppressing the

impulse noise effects by preceding the OFDM receiver with clipping

or blanking [161] has been successfully applied in PLC systems to en-

hance the performance of the OFDM receiver [100, 119]. The work in

[161] demonstrated that simultaneously exploiting the advantages of

the clipping and blanking schemes by combining them yields better
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results, compared to using the two schemes independently. While,

in [119], pre-processing the signal at the transmitter was proposed

and shown to enhance the performance of the blanking/clipping-

based techniques for impulse noise mitigation in powerline channels.

In [55], simple iterative impulsive noise suppression algorithms that

exploit the noise structure in the time and frequency domain, were

shown to improve the performance of the OFDM receiver. Further, in

[100], the performance of the PLC system was enhanced by preceding

the iterative algorithms discussed in [55] with a clipping and nulling

technique. In addition to clipping, blanking, nulling and iterative

algorithm techniques mentioned above, coding techniques have been

exploited for impulse noise mitigation [151]. For instance, PCs com-

bined with a non-coherent detection scheme such as MFSK, makes

the communication system robust against permanent frequency dis-

turbances and impulse noise [151]. Whereas in [152], the use of

MFSK was shown to mitigate the narrow-band interference and im-

pulse noise in fast time-varying channels. In addition, a combination

of PCs and MFSK was proposed and shown to also mitigate the ef-

fects of the burst noise in PLC channels [74, 75, 129].

Time-diversity (TD) schemes have also been applied in different

communication technologies for performance reliability enhancement

[26, 128]. In TD schemes, information bits or symbols are repeat-

edly transmitted such that the receiver has multiple copies of the

transmitted signal, from which different decoding schemes such as
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maximum ratio combining (MRC), majority rule scheme or any com-

parison based technique, can be applied. In [26], a TD permutation

coding scheme for narrow-band interference powerline channels was

proposed. In the proposed TD scheme of [26], the same informa-

tion symbol is repeatedly sent over the channel at different times to

mitigate the effects of impulse noise. Because the time between re-

peated information symbols is adjusted to be longer than the length

of a typical error burst, then the probability of the repeated infor-

mation symbol to be affected by the same burst error is reduced.

Hence, the unaffected information symbol can be used to recover the

transmitted signal.

In this work, a novel TD scheme based on the HS structure is pro-

posed and implemented at the PLC section of the HPV system. The

TD scheme aims at improving the overall BER performance of an

HPV system by mitigating the effects of impulse noise in the PLC

channel. Unlike the schemes discussed above that exploit the noise

structure in the channel or the effects of the employed modulation

techniques to mitigate the impulse noise, in this work, we exploit the

HS, a fundamental signal property, that has commonly been used to

generate real OFDM signals in optical systems. In a cascaded system

like HPV, the achieved data rate is proportional to the data rate of

the constituent technology with the lower data rate capability. Thus,

the use of the HS window at the PLC section, which is twice that

of the conventional system does not in any way affect the system

data-rate. Moreover, in this work where optical OFDM is applied
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at the VLC section, the HS structure is required to ensure that the

signals to modulate the VLC transmitters are intensity-modulation

direct-detection (IM/DD) compatible. Therefore, the TDHS scheme

with an enhanced reliability, offers the same data rate capability as

the conventional system because of the HS constraint at the inte-

gration unit. By conventional HPV system, we refer to the system

where the information symbols are transmitted without being sub-

jected to the HS structure, at the PLC section. Furthermore, the

proposed TDHS scheme uses the AF relaying protocol. Therefore,

the implementation is simplified and less complex in comparison to

an integration unit using the DF relaying protocol.

Since impulse noise occurs in short bursts and can affect data sym-

bols in sequence of time-slots, then a scheme that only activates a

selected and spaced number of time-slots to carry information would

further enhance the system’s BER performance. As such, PCs are

used to attain a systematic pattern of time-slot activation. We note

from literature that PCs can be used in an MA system to identify

different users [130, 151], hence the TDHS scheme with PCs is ex-

tended to an MA HPV system. We also note that the MA schemes

in literature are mostly applied to the VLC section of the HPV sys-

tem only. However, in this work, by using PCs, we apply the MA

scheme at the PLC section and show that the message can be cor-

rectly decoded at the VLC receiver, while the need for decoding at

the PLC/VLC unit is eliminated. While most of the impulse noise
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mitigation schemes mentioned above focus on application of the im-

pulse noise mitigation schemes to multi-carrier modulated signal in

the PLC channel, the TDHS scheme can be applied to both single

and multi-carrier modulated signals.

Precisely, the contributions in this chapter can be summarised as

follows:

• Design and investigation of a novel time diversity scheme based

on the Hermitian symmetry to effectively mitigate the inherent

impulse noise in PLC channels.

• We then propose a permutation coded TDHS system and use

a soft-decision decoder based on the Hungarian and Murty’s

optimisation algorithms, for further performance enhancement.

• Unlike most literature on HPV systems where the MA scheme is

implemented at the VLC transmitter section, we extend the per-

mutation coded TDHS scheme to an MA system implemented

from the PLC transmitter section.

• We provide an analysis of the performance of the proposed

TDHS scheme, in terms of BER and goodput, and further com-

pare the results of the HPV system using the TDHS scheme to

the results of the conventional HPV systems using both AF and

DF protocols.
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The rest of the chapter is organised as follows: Section 7.3 gives the

details of the TDHS-based HPV system model as well as the per-

mutation coded TDHS (PC TDHS) system. Under the PC TDHS

subsection, the decoding process of the applied SD HM decoder is

also presented. Additionally, the principle of the impulse noise de-

tector used at the PLC/VLC integration unit is described. The final

part of Section 7.3 introduces an MA scheme implemented as an

extension of the permutation coded TDHS system. In Section 7.4,

the details of the conducted simulations and results analysis of the

considered systems are presented, after which the chapter summary

is provided in Section 7.5.

7.3 Time Diversity Hermitian Symmetry based HPV Sys-

tem Models

An HPV system where a single carrier modulation (SCM) scheme

is implemented in the PLC section while a multi-carrier modulation

scheme, precisely OFDM, is implemented at the VLC section, is con-

sidered. The use of an SCM in the PLC section avoids the complexity

of the use of the fast Fourier transform (FFT) and its inverse at the

PLC/VLC integration unit and PLC input, respectively. To reduce

the system complexity due to the decoding process at the integration

unit, the AF relaying protocol, is employed.
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7.3.1 TDHS based HPV System

7.3.1.1 System Model Overview

In the investigated TDHS based HPV system, the structure of the

HS is exploited as a TD mitigation method against impulse noise in

the PLC channel. N
2 − 1 information symbols are transmitted from

the PLC side in each transmit period; N is the length of the HS

window. The N
2 − 1 symbols are arranged in an HS structure before

they are transmitted over the PLC channel, such that, a message

symbol xn is duplicated in the form of its complex conjugate x∗n, for

n = 2, 3, . . . , N2 , where the superscript ∗ denotes the complex conju-

gate. For N time-slots, the general expression relating the message

symbols, their complex conjugate and their positions due to the HS

constraint is given as:

x(ξ+2) = x∗(N−ξ), ξ = 0, 1, 2, . . . ,
N

2
− 2. (7.1)

Thus, the HS structure is formed by concatenating the original vector

of message symbols with the vector of their complex conjugate sym-

bols as, [0, x2, x3, . . . , x(N/2), 0, x
∗
(N/2), . . . , x

∗
3, x
∗
2]. Equivalent sym-

bols, xn and x∗n, are therefore separated enough to avoid the effect of

impulse noise which occurs in short bursts. The first and (N2 + 1)th

components in the HS structure are set to zero, to avoid any DC

shift or any residual complex component in the time domain signal.

As shown in Figure 7.2, the transmitted signal is affected by PLC
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noise. Hence, the output signal vector, yp, from the PLC channel is

Figure 7.2: Block diagram for TDHS based HPV system

given as

yp = xejφ + np, (7.2)

where p is used to denote the signals in the PLC section. In (7.2),

x = [0, x2, x3, . . . , x(N/2), 0, x
∗
(N/2), . . . , x

∗
3, x
∗
2] denotes the complex in-

put message symbols in the HS window, transmitted via the PLC

channel. The output signal vector,

yp = [yp1, yp2, yp3, ,̇yp(N2 ), yp(N2 +1), y
†
p(N2 )

, . . . , y†p3, y
†
p2]. Due to the ef-

fect of the PLC noise, the complex conjugate feature does not hold.

However, the position of the elements in the received vector are

still assumed. Thus, to differentiate the elements from the com-

plex conjugate notation, the superscript, † is used. In addition,

np = nG + nI

√
D denotes the noise component in the PLC chan-

nel comprising the background noise nG and the impulse noise, nI.

The background noise is modelled as additive white Gaussian noise

(AWGN) (a complex component with zero-mean and variance of

σ2
G = 2N0, where N0 is the noise power spectral density) and im-

pulse noise is assumed to have a Poisson distribution with a variance
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σ2
G/A. A is the impulsive index determining the frequency of occur-

rence of nI and D is a variable imposing the Poisson distribution on

nI.

The signal received from the PLC channel is passed to the impulse

noise threshold detector (see Section 7.3.1.2) where, if a transmitted

symbol, yp(n), was affected by impulse noise, then the appropriate

symbol amplitude is recovered from the element, y†p(n). It should

be noted that elements in the first and (N2 + 1)th positions of yp

are basically noise components since zeros were transmitted in these

positions. Thus, there are N
2 −1 recovered complex symbols on which

OFDM will be applied. We denote the vector of these recovered

symbols as yr. Precisely, if the zero that was transmitted in the

first position is included and occupies the first position again, then

yr = [0, yr2, yr3, . . . , yr(N2 )].

In this work, IM/DD is employed, as such, the OFDM signal mod-

ulates the current of the VLC transmitter and a photo-detector is

used for detection, at the receiver. To ensure IM/DD compatibil-

ity and obtain real OFDM signals, frequency symbols to which yr

is mapped, are forced to satisfy the Hermitian symmetry constraint

(7.1), before the inverse fast Fourier transform (IFFT) is performed,

as depicted in Figure 7.2. An expansion of the S/P, OFDM map-

ping & Hermitian symmetry alignment block of Figure 7.2, is shown

in Figure 7.3, with details of the processed signal from each stage.

The frequency domain signal Y r, at the input of the IFFT block
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Figure 7.3: Block diagram showing the signal output from the S/P, OFDM
mapping & Hermitian symmetry alignment and the IFFT blocks of Figure 7.2.

is expressed as [0, Yr2, Yr3, . . . , Yr(N2 ), 0, Y
∗

p(N2 )
, . . . , Y ∗r3, Y

∗
r2]

T; where the

function [.]T denotes vector transposition.

The bipolar real-valued, time domain symbols obtained after the

IFFT block are serially aligned and can be expressed as

xr = [xr1, xr2, xr3, . . . , xrN ]. The cyclic prefix (CP) is then added

to xr for inter-carrier and inter-symbol interference mitigation, after

which, DC biasing is applied to achieve the uni-polar signals required

to modulate the current of the VLC transmitters. We denote the sig-

nal from the VLC transmitters as xv, where v is specifically used to

denote the signals in the VLC section. Thus, xv is transmitted by the

VLC transmitters having a Lambertian radiation pattern influenced

by the channel gain element h between the transmitting LED and

the corresponding receiving photo-diode. Consequently, the received

signal at the VLC receiver can be expressed as:

yv = hxv + nv, (7.3)
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where the AWGN affecting the received optical signal is denoted by

nv and h expressed as (2.7) denotes the channel gain.

At the VLC receiver, the analogue signal is converted to digital sig-

nal, the CP is removed and the serial sequence is converted to par-

allel sub-carriers, after which the fast Fourier transform (FFT) is

performed on the received signal. Demodulation and decoding then

follow, to recover the transmitted signal. We assume that the receiver

has perfect knowledge of the channel and maximum likelihood de-

tection is used to estimate the likely transmitted message symbols.

Therefore, the x̂v which minimises the Euclidean distance between

the actual received signal vector yv and all potential received signals

is accepted as the transmitted vector and is expressed as,

x̂v = arg min
xv

||yv − hxv||2F, (7.4)

where ||.||F denotes the Frobenius norm.

7.3.1.2 Impulse Noise Detection

At the PLC channel output, a simple impulse noise threshold de-

tector which compares the magnitudes of yp(n) and y†p(n), is used to

determine whether an information symbol was affected by impulse

noise. In this work the threshold, θ, is assumed to be five times the

average transmitted power. The component between yp(n) and y†p(n),

with a lower magnitude with respect to (wrt) θ, is assumed to be

the symbol that was not affected by impulse noise and is selected for
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re-transmission by the VLC transmitter. Thus, for n = 2, 3, . . . N2 ,

the symbol to be transmitted must satisfy

yr(n) = min(yp(n), y
†
p(n)) < θ. (7.5)

At any transmit interval, the following are probable:

1. None of yp(n) and y†p(n) are affected by impulse noise,

2. Both yp(n) and y†p(n) are affected by impulse noise,

3. Either yp(n) or y†p(n) is affected by impulse noise.

If ‘1’ is used to indicate that a symbol was affected by impulse noise,

while ‘0’ indicates otherwise, then an impulse noise error table can

be represented as a logic AND truth table shown in Table 7.1. From

Table 7.1: Impulse Noise Error Probabilities on the received signal
components from PLC

ypn y†p(n) Output Symbol recovery (Yes/No)

0 0 0 Yes
0 1 0 Yes
1 0 0 Yes
1 1 1 No

Table 7.1, we observe that transmitting a copy of the information

symbol in the form of its complex conjugate contributes to the 3
4

outcomes when the output is ‘0’. Since, either yp(n) or y†p(n) can

be selected for re-transmission at the VLC section, the probability

of transmitting impulse noise affected data symbols, is drastically

reduced by 75%. In instances when both yp(n) and y†p(n) are affected

by impulse noise, then yp(n) is clipped to zero, to avoid transmitting



Chapter 7. Impulse Noise Mitigation by Time-Diversity Hermitian Symmetry
scheme in HPV Systems 158

signals with higher peaks which could increase the peak-to-average

power ratio (PAPR).

7.3.2 Permutation Coded Time-Diversity Hermitian Sym-

metry (PC-TDHS) based HPV System

Since impulse noise occurs in short random bursts, then spacing the

information carrying time-slots can be another method to enhance

the robustness of the system against impulse noise. In light of this,

a PC-TDHS scheme is introduced to enhance the reliability of the

HPV system. A further reduction in the complexity of the system

is implemented by the use of SD decoder instead of using HD de-

coders whose computational complexity increases exponentially with

an increase in code-length and cardinality, as shown in [130]. It is

noted that the implementation of the PC-TDHS scheme reduces the

spectral efficiency of the system. However, for applications where a

trade-off between reliability and data-rate is tolerated, the PC-TDHS

based system is a potential candidate.

As presented in previous chapters, a permutation code P consists of

|P | codewords of length M . All |P | codewords in P are row vectors

consisting M different integers 1, 2, . . . ,M , as symbols and denoted

in this work by vp, where p = 1, 2, . . . , |P |. We use the notation

PC(M,dmin) to describe P with minimum Hamming distance dmin,

with each codeword having a length of M . Hence, b = blog2 |P |c bits

are mapped per vp, where b.c denotes the floor function. In the PC-

TDHS scheme, a sequence of N time-slots are divided into G groups
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of M time-slots and only one of the M time-slots in each group,

is selected to carry information symbols. This has the potential

to mitigate impulse noise which occurs in short bursts, in that the

probability of impulse noise affecting an information symbol in a

group of M time-slots, is 1
M .

Information symbols consisting of b message bits have a one-to-one

mapping with one of |P | codewords. Each information symbol with

b bits is repeated over all the selected time-slots in the G
2 groups.

Further, G
2 ·Q bits can be modulated and Q bits assigned to each se-

lected time-slot in each of the N
2 groups. Therefore, the total number

of bits Bt per transmission period is

Bt = log2 |P |+
G

2
· Q, (7.6)

Let g = 1, 2, . . . , G2 denote the different groups consisting of M time-

slots, and let l = 1, 2, . . . ,M denote the different time-slots in group

g. It is worth noting that M = G
2 , therefore, g = 1, 2, . . . ,M . Thus,

the vector xp denoting the symbols to be transmitted via the PLC

channel in the PC-TDHS scheme is

xp = 0 . . . xp1l
. . . 0︸ ︷︷ ︸

Group 1

, 0 . . . xp2l
. . . 0︸ ︷︷ ︸

Group 2

, . . . , 0 . . . xp(G/2)l
. . . 0︸ ︷︷ ︸

Group G/2

(7.7)

In the TDHS scheme, the complex conjugate elements, x∗pgl, of vector

in (7.7) are generated to occupy the other N
2 time-slots, forming a HS

structure. The transmission process till the VLC receiver is similar

to that described in Section 7.3.1.
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Considering (7.3)and the structure of (7.7), we can express the re-

ceived signal at the VLC receiver of the PC-TDHS HPV system after

the FFT operation, as a matrix Y v = [(yv)gl] ∈ CM×M , where g and

l will denote the rows and columns in the matrix. As in the uncoded

TDHS system, maximum likelihood detection is used to estimate the

constellation vector x̂v. If hard-decision (HD) by a threshold detec-

tor is used, then a threshold value τ to which the received signal is

subjected to, is set. Consequently,

(ŷv)gl =


1, if |(yv)gl| ≥ τ,

0, otherwise.

(7.8)

where (ŷv)gl = 0 and (ŷv)gl = 1 is an indication of inactive and

active time-slots in each group. Each vp ∈ P can be converted to

an equivalent [0, 1]M×M codeword matrix Cp = [cgl] such that in

each column of Cp, a ‘1’ fills the position which corresponds to the

codeword’s integer, while other M − 1 values in the column are set

to ‘0’. Therefore, the estimated matrix, Ŷ v = [(ŷv)gl]
M×M ∈ {0, 1},

is compared with all likely Cp matrices at the receiver and then a

decision is made based on the minimum distance.

7.3.2.1 Permutation Codes and Soft-Decision Decoding

When PCs are used, the low-complexity SD HM decoder [76, 80, 130],

can be used. In this type of decoder, the Hungarian algorithm solves

an assignment problem, where the objective is to assign a number of

resources to an equal number of activities [86]. Thus, minimising the
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total cost or maximising the total profit by such an allocation. The

Hungarian algorithm assigns a job to each worker such that a worker

can only be assigned one task. Thus, when the Hungarian algorithm

is applied to a permutation coded communication system, the aim

will be to find the optimal solution of the cost of the likely trans-

mitted PCW. The mathematical model of an assignment problem

[80, 86, 130], can be expressed as:

K =
M∑
g=1

M∑
l=1

cgl|(yv)gl|, (7.9)

subject to the constraints
∑M

g=1 cgl =
∑M

l=1 cgl = 1, (g, l = 1, 2, . . . , L),

where K in (7.9) is the cost of the assignment and (yv)gl| denotes

the cost of assigning a resource to an activity.

From the model in (7.9), the Hungarian algorithm of the HM decoder

iteratively finds an M ×M matrix R = [rgl] ∈ R that produces the

maximum cost K corresponding to vp. If the produced codeword

is vp ∈ P , then the decoder stops and the produced codeword is

assumed to be the transmitted codeword. However, if the produced

codeword does not belong to P , then from R, using the Murty’s

algorithm, the decoder finds the next highest K costs and ranks them

in order of decreasing cost. The highest ranking cost corresponding

to one of vp ∈ P , is then selected to be the transmitted codeword.

The HM decoding algorithm can be summarised and presented as

follows:
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Algorithm 5 HM decoding in PC-TDHS based HPV system

Input: Channel output matrix Y v in

Output: PCW vp out

1: By Hungarian method, find matrix R = [rgl] ∈ R

2: if vp ∈ P then

3: vp is the transmitted PCW

4: Stop decoder process

{Complexity order of O(M3) [90]}

5: else

6: By Murty’s algorithm, find the best K PCWs and rank them in order of

increasing cost.

7: Select vp corresponding to the highest ranking cost as the transmitted code-

word

{Complexity order of O(M4)[30]}

8: end if

{Overall worst case decoder complexity order is O(M4)}

7.3.3 Multiple Access for PC-TDHS based HPV System

The PC-TDHS based HPV is a basis for the consideration of a MA

scheme for TDHS HPV system shown in Figure 7.4. Simultaneous

transmission from multiple users may compromise the gains of the

single user PC-TDHS based system, however the spectral efficiency

of the MA is enhanced as multiple users are able to access the chan-

nel. In the MA scheme, disjoint codebooks are assigned to multiple

users, whereby information bits from users are mapped to specific

codewords of their respective codebooks. The codewords in-turn de-

termine the specific time-slot to carry the modulated symbols, similar

to the PC-TDHS scheme.
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In an MA scheme, the computational complexity at the receiver in-

creases exponentially, when HD decoders are used. Hence, for re-

duced decoding complexity at the VLC receiver, we employ the SD

decoder based on the Hungarian and Murty’s algorithms as presented

in [130], whose decoding process differs only slightly compared to the

description in Section 7.3.2.1. The difference is that when applied to

an MA system, the decoder not only selects one best optimal solution

from Murty’s ranking, but the highest ranked m solutions, where m

denotes the number of allowed active users.

The system block diagram of the PC-TDHS based MA HPV system

is shown in Figure 7.4. Each user is assigned a set of codewords

forming the user codebook, P u, where u = 1, 2, . . . , T and T is the

number of users in the network. The bu = log2(|P u|) bits from

a user’s sequence of message bits, are mapped to each codeword

vp(u) ∈ P u, where p = 1, 2, . . . , (|P u|). Each integer symbol of

the user’s codeword indicates which time-slot is activated for data

transmission.

Figure 7.4: Block diagram for TDHS MA HPV Communication System
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Assuming block synchronisation of the participating users, the users’

input signals are added together forming what is referred to as a

composite signal, which is then passed to the TDHS encoder. An

example of the time-slot activation pattern due to m = 2 is demon-

strated in Figure 7.5. For simplicity, in Figure 7.5, the subscripts

denote the user number and integer positions of the respective user

codewords. For instance, in vul, u is the user number while l the

integer position. Additionally, vul, vul indicates that both users used

the same time-slot number for transmission. The TDHS encoder ar-

ranges the composite signal in an HS structure before transmission to

the PLC/VLC integrator module, via the PLC channel. For unique

decodability by the HM SD decoder at the receiver, the minimum

Hamming distance between codeword of different users and the cyclic

properties of the combined PCWs, are cardinal as demonstrated in

[131] and Chapter 5.

Figure 7.5: Time-slot activation representation in a multiple access PC-TDHS
HPV system. User information symbols for two users mapped to user PCWs

2134 and 3142 for the two users.

The output signal vector, yp, from the PLC channel affected by the

channel noise is given as:

yp =
m∑
u=1

xupe
jφ + np, u = 1, 2, . . . ,m, (7.10)
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where xup is a vector consisting of the complex input information sym-

bols from user u in the composite transmitted signal. As in (7.2),

np = nG + nI

√
D is the noise component in the PLC channel com-

prising the background noise nG modelled as AWGN with zero-mean

and variance of σ2
G = 2N0 and the impulse noise nI which follows

a Poisson distribution and has a variance σ2
G/A. At the PLC/VLC

integration module, the process described in Section 7.3.1, regarding

impulse noise detection and making the signal IM/DD compatible,

is applied.

7.4 Simulation Results and Analysis

On the VLC section, an indoor environment is considered. The trans-

mitter is placed in a downward orientation at 3.0 m above the floor,

and the receiver is at 0.85 m above the floor, directly under the

transmitter, in an upward orientation. In all the simulations, OFDM

modulation is used at the VLC section and an array of N = 32 time-

slots and sub-carriers are assumed for the PLC and VLC sections

respectively. In addition, quadrature amplitude modulation (QAM),

precisely 4-QAM, is used. For all coded systems, we apply a per-

mutation codebook defined by PC(M = 4, dmin = 3). Simulations

for various system scenarios are conducted to obtain the BER and

goodput performances. Precisely, the following are simulated:

1. The HPV system where the TDHS scheme is not applied; this

is referred to as the non-TDHS HPV system.
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2. The TDHS-based HPV system.

3. The permutation coded non-TDHS and TDHS HPV systems de-

noted as PC non-TDHS and PC TDHS, respectively; employ-

ing HD and SD decoding techniques. While the AF protocol

is applied in all the above mentioned systems, we additionally

simulate a PC non-TDHS system employing the DF protocol.

4. A multiple-access PC-TDHS HPV system.

7.4.1 Impact of the A-Value on System Performance

The system performance in terms of BER as a function of the SNR, is

simulated for varying A-values. The simulated A-values of 0.1, 0.05

and 0.01 could depict different times of the day or different events

in a day inducing varying levels of impulse noise in terms of the

frequency of occurrence. An observation of superior performance for

low A-values at lower SNR values is noticed. This, as was pointed out

in [132], could be attributed to the use of SCM in the PLC channel,

where very few symbols are affected, hence the low probability of

error no matter the strength (or average variance) of the impulse

noise. For all the A-values, the performance of the TDHS scheme is

compared with the non-TDHS system.

From Figure 7.6, it is observed that the TDHS based systems, per-

form better than the conventional system at lower SNR values, which

is a desirable feature for a communication system. The robustness

of the TDHS based system at low SNR values can be attributed to
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Figure 7.6: BER performance for TDHS and non-TDHS system for varying
A-values.

the transmission time difference between the original data symbol

and its complex conjugate component, as well as the fact that each

copy of the information symbol has an independent probability of

being affected by a different impulse noise event. As demonstrated

in Section 7.3.1, the implementation of TDHS scheme offers a 75%

reduction in the probability of of data symbol being affected by im-

pulse noise. This performance shown in Figure 7.6 demonstrates

the effectiveness of the proposed TDHS scheme for impulse noise

mitigation in HPV systems. Only at high SNR values does the con-

ventional system begin to show slight better performance than the

TDHS based systems.

Furthermore, we notice the effect that the different A-values have on

the range of the SNR values beyond which the conventional system
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begins to performs better than the TDHS based system. In this

case, upto 20 dB, 25 dB and 40 dB, for A-values of 0.1, 0.05 and

0.01, respectively.

7.4.2 BER Performance Comparison Between Uncoded TDHS

and PC-TDHS Single User HPV Systems using HD

and SD Decoders

Figure 7.7: BER performance comparison between TDHS and Non-TDHS
based HPV systems for coded and uncoded schemes. A = 0.05, M = 4 for

coded systems.

A further comparison of the uncoded systems to the coded systems

using the HD decoder, is made. Despite the reduction in the spectral

efficiency, a superior BER performance of the PC-TDHS based sys-

tem over the uncoded TDHS system, is noticed. This performance

enhancement is due to the feature that the permutation code intro-

duces in the time slot activation pattern, where only some time-slots
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are activated to carry the modulated information bits, as a result

the probability of the impulse noise effect on the activated time-slot

is reduced.

The performance of the coded TDHS HPV system is further en-

hanced in terms of reliability and decoding computation reduction

by the use of the HM-based SD decoder. In Figure 7.7, it is inter-

esting to note the superior performance influenced by the HM SD

decoder. For instance, at SNR values greater than 10 dB, PC non-

TDHS employing the HM SD decoder performs better than the PC-

TDHS system using an HD decoder. Considering the positive effect

of the HM decoder on the coded non-TDHS system, it is conceived

that a combination of the TDHS scheme and the HM decoder on a

coded system will provide further performance enhancement. Suf-

fice to say, the BER performance of a PC-TDHS HPV system using

the HM SD decoder, is also shown in Figure 7.7, with an enhanced

performance. About 7 dB SNR gain is noticed at the BER of 10−4

when the PC-TDHS and PC non-TDHS system employs the HM

decoder, while over 17 dB gain is noticed at 10−4, when compared

to the TDHS system using the HD decoder.

7.4.3 Performance Comparison Between HPV Systems Em-

ploying Amplify-And-Forward (AF) and Decode-And-

Forward (DF) Relaying Protocols

All except one plot in Figure 7.7 are results from HPV systems sim-

ulated with the AF relaying protocol. The exception shows the BER
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performance of the PC non-TDHS system employing the DF pro-

tocol. A difference of about 4 dB SNR gain at 10−4 is noticed be-

tween the BER performance of the PC non-TDHS system employing

the DF relaying protocol and the PC TDHS system employing the

AF relaying protocol. The superior BER performance of the coded

non-TDHS system using the DF relaying protocol over that of the

coded TDHS system using the AF protocol, translates into a superior

goodput performance, as depicted in Figure 7.8. In this work, the

definition of the system goodput is given as the difference between

the total transmitted data blocks and the block error rate (BLER);

where BLER is a ratio of the number of erroneous blocks to the

total number of blocks transmitted. Thus, we express goodput as

1− BLER. The superior performance of the non-TDHS HPV sys-

Figure 7.8: Goodput performance comparison for coded TDHS and non-
TDHS systems employing AF and DF relaying protocols. SD decoding was

used for all the systems.
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Figure 7.9: Comparison of major signal processes between TDHS system using
the AF relaying protocol and non-TDHS system using the DF relaying protocol.
Grey portions depict common processes, while white portions indicate processes
not applicable to a particular system. Blue and orange portions depict processes

applicable only to either the TDHS or the non-TDHS system, respectively.

tem using the DF relaying protocol over the TDHS system, is due

to the fact that information received from the PLC channel is only

forwarded to the destination if the decoding is deemed successful by

the error detection code. However, the enhanced performance over

AF enabled schemes is achieved at higher computational complex-

ity. While the TDHS scheme using the AF relaying protocol only

detects if the transmitted data was affected by impulse noise with a

complexity of O(M 2), the DF scheme as seen in Figure 7.9 requires

several signal processes before re-transmission to the VLC receiver.

In addition to the computational complexities of the demodulation,

encoding and modulation of the considered coded system, the decod-

ing complexities are O(M 4) and O(M !·M 2) for SD and HD decoding,

respectively [130]. Hence, with a difference of less than 5 dB SNR

gain at a BER of 10−4, shown in Figure 7.7, the proposed TDHS

scheme would be a cost-effective option.
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7.4.4 BER Performance PC-TDHS based MA HPV Sys-

tems

The BER performance of the TDHS based multiple access HPV sys-

tem using the HM decoder, is shown in Figure 7.10. As expected,

from the trend in Figs. 7.6 and 7.7, the TDHS MA HPV system

outperforms that of the conventional MA HPV system. For exam-

ple, over 6 dB difference in SNR at 10−4 is noticed. Furthermore,

since multiple time-slots are activated in each G group, the num-

ber of time-slots prone to the impulse noise effect also increases.

Hence, it is noticed that the single user PC-TDHS system also using

the HM decoder, outperforms the system with MA scheme. How-

ever, MA implementation increases the channel utilisation, hence a

trade-off between the BER performance and the spectral efficiency

is inevitable.

7.5 Summary

In this chapter, an investigation on the reliability performance of

a hybrid technology system identified to be critical for continued

development of IoT, was conducted. Precisely, a novel scheme for

impulse noise mitigation in an HPV communication system has been

presented. The scheme is based on a time-diversity concept that uses

the Hermitian symmetry structure to introduce data repetition and

recover information symbols that are likely to have been affected by
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Figure 7.10: BER performance of the multiple access HPV system using the
permutation coded TDHS. A = 0.05, L = 4, m = 2.

impulse noise. Thus, referred to as time-diversity Hermitian sym-

metry (TDHS) scheme for impulse noise mitigation. The use of the

TDHS scheme results in a 75% chance to recover impulse noise af-

fected data symbols at the PLC/VLC integration unit. In compari-

son to the conventional system, the TDHS based HPV system has a

better BER performance that is attributed to the fact that informa-

tion symbols affected by impulse noise could be recovered using their

respective copies that are simultaneously transmitted with them, in

complex conjugate form.

Further, the TDHS scheme was implemented over a permutation

coded HPV system using soft decision decoding. Compared to the

uncoded TDHS HPV system, the PC TDHS based system demon-

strated enhanced reliability where an SNR gain of over 7 dB at a
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BER of 10−4 for both HD and SD decoders, was achieved. The use

of the an SD HM decoder with the TDHS scheme further improved

the BER when compared to the one employing the HD decoder. De-

spite the poorer performance when compared to a PC non-TDHS

system using the DF protocol, the proposed TDHS based HPV sys-

tem using the AF protocol has acceptable performance metrics in

terms of BER and goodput, yet with a lower computational com-

plexity. Furthermore, PCs provided a base for the implementation

of a permutation coded MA HPV system whose decoding complexity

is reduced by employing an SD HM decoder.



CHAPTER 8

Conclusion and Future Work

8.1 Conclusion

It is a fact that emerging alternative communication technologies like

VLC and the HPV systems may not only have to complement, but

in some applications areas, replace the use of the well established

RF technology. Hence, the need for communication systems based

on these alternative technologies to perform as well as or even better

than the RF-based solutions. In this work, an HPV system was in-

vestigated with an objective of enhancing its performance in terms of

error rate and computational complexity. Noise mitigation schemes,

MIMO, MA and decoding techniques applied to the various sections

of the HPV system were presented.

Indoor illumination using solid state lighting is normally achieved

with multiple LEDs, thus naturally providing an easy way of en-

abling MIMO techniques for VLC systems. However, indoor O-

MIMO links are usually correlated resulting in minor gains to in-

fluence the system performance positively. This work showed that

the use of STC-MIMO techniques such as the ASTC technique with

175
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ImRs forms a more robust system compared an ATSC system us-

ing NImRs. The STC-MIMO enhances the system performance as

it provides transmit diversity of the message signal, while the ImR

decorrelates MIMO links. It was also shown that the error perfor-

mance of the system improves as the number of pixels of the ImR

increases.

MA techniques provide one of the most desired features of a com-

munication system of allowing resource sharing among users. Thus,

effectively utilising some of the scarce channel resources like time-

slots ad frequency bandwidth. Coded MA techniques based on PCs

have been studied. However, the computational complexity of ex-

isting commonly used MA decoders based on HD exhaustive search

methods, increase exponentially. By interpreting the output of the

channel as an assignment problem, it was shown that the SD de-

coder based on the Hungarian and Murty’s optimization algorithms

can achieve an SD decoder. In this work, we proposed and showed

that based on the cost rankings from the HM decoder, multiple MA

codewords from multiple users can be decoded. Thus, achieving an

SD MA decoder that can be applied in PLC, VLC or HPV systems.

In this work, it was shown that the complexity of the SD HM decoder

is of a polynomial order, thus lower than that based on exhaustive

methods. The use of the SD HM decoder was also shown to en-

hance the reliability of the MA system compared to those using ES

methods, thus contributing to the achievement of the main study

objective.
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An encoder adapted for the SD HM decoder was proposed to further

enhance the performance of the system when PCs are used. The

investigation was aided by considering a generalised STM-MIMO

system where PCWs were used to determine the TE activation pat-

terns. Multiple PCWs, whose combination results in VW matrices

were simultaneously selected for transmission, thus increasing the

rate of data transmission. An adaptation of the encoder to the HM

decoder was achieved by a derived theorem that defined the capabil-

ity of the HM decoder based on the weight properties of the combined

PCWs. In the adapted encoder, the main codebook is partitioned

into sub-codebooks based on the codeword combination properties.

The advantage of using the adapted encoder was demonstrated by

the superior BER performance of the GSTC-MIMO system using

the adapted encoder compared to the one using the conventional

ST encoder. Furthermore, the adapted encoder was applied to an

MA system where each sub-codebook is assigned to a user. In this

way, codeword combinations that have a high error probability are

avoided. This results in enhanced reliability. Furthermore, the im-

pact on the BER performance of TE positioning with respect to their

separation distance was investigated, for an MA using STC-MIMO.

Mitigation of the channel effects is another way to enhance the per-

formance of the HPV system. To this effect, two schemes that miti-

gate the impulse noise that affect the signals in PLC channels were

proposed for the HPV system. The first scheme is a combination
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of OFDM and MFSK aided with PCs to enable the use of the low-

complexity HM decoder. This PC OFDM-MFSK scheme achieves

a better system reliability compared to a system where only OFDM

is used. To enhance the data rate of the PC OFDM-MFSK, a gen-

eralisation of the PC OFDM-MFSK scheme, that does not increase

the decoding complexity of the system, is introduced. As such, the

objective to enhance the reliability performance and reduce the com-

putational complexity of the HPV system is achieved.

The final section of this thesis presented the second impulse noise

mitigation scheme based on TD using the HS structure. The novel

TDHS scheme exploits the Hermitian symmetry structure to intro-

duce data repetition and recover information symbols that are likely

to have been affected by impulse noise. The TDHS scheme, therefore,

reduces the probability of re-transmitting data symbols affected by

impulse noise from the PLC section to the VLC section of the HPV

system. Based on the studied codeword combination properties in

Chapter 5 and the SD HM decoder, an MA scheme is the applied

to the TDHS HPV system. Compared to a conventional HPV MA

system, simulation results show that the TDHS-based MA system

has an enhanced BER performs.

8.2 Future Work

In Chapters 3 and 5, indoor environment setups in which VLC was

assumed, were considered for stationary TEs and REs. However,
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different room setups and scenarios that also consider user mobility

still need to be investigated in order to refine the implementation of

the VLC system for MA and MIMO techniques. This would espe-

cially be ideally investigated in a laboratory setting, where real and

practical indoor conditions would be accounted for. A combination

of MA and STC/GSTC-MIMO where separate TEs are considered

for each user, are specifically recommended for investigation. Addi-

tionally, given that part of the diversity gain of STBC is in the time

dimension, it is intuitive that if the channel is correlated in time over

longer periods, successive symbols could equally be correlated, lead-

ing to effective decoding and resulting in better performance. This

could especially be beneficial for VLC systems which are prone to

shadowing and deep fading when mobility is considered. As such,

investigation to ascertain the extent of the expected performance

enhancement in such scenarios, is important.

Since the use of PCs in conjunction with the SD HM decoder, im-

plemented over the impulse noise mitigation schemes in Chapters 6

and 7, enhance the reliability of system, howbeit with a data rate

penalty, it becomes necessary to investigate other novel schemes of

increasing the data rate. In Chapter 6, a simple approach of gen-

eralisation of the permutation coded system was exploited for data

rate enhancement. However, we suggest that other index modulation

schemes and dimensions must be exploited, in order to fully bene-

fit from that reliability gains of the two impulse noise mitigation
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schemes, presented in Chapters 6 and 7. In addition, other poten-

tially less complex detection methods based on the sparse nature of

the activated sub-carriers, can be considered for future work.



References

[1] Ghaith Al-Juboori, Evgeny Tsimbalo, Angela Doufexi, and An-

drew R Nix. A comparison of OFDM and GFDM-based MFSK

modulation schemes for robust IoT applications. In 2017 IEEE

85th Vehicular Technology Conference (VTC Spring), pages 1–

5. IEEE, 2017.

[2] Siavash M Alamouti. A simple transmit diversity technique

for wireless communications. IEEE Journal on selected areas

in communications, 16(8):1451–1458, 1998.

[3] Abdulmalik Alwarafy, Mohammed Alresheedi, Ahmad Fauzi

Abas, and Abdulhameed Alsanie. Performance evaluation of

space time coding techniques for indoor visible light commu-

nication systems. In 2018 International Conference on Optical

Network Design and Modeling (ONDM), pages 88–93. IEEE,

2018.

[4] Yuta Amano, Koji Kamakura, and Takaya Yamazato.

Alamouti-type coding for visible light communication based on

direct detection using image sensor. In 2013 IEEE Global Com-

munications Conference (GLOBECOM), pages 2430–2435.

IEEE, 2013.

181



References 182

[5] P Amirshahi and Mohsen Kavehrad. Broadband access over

medium and low voltage power-lines and use of white light

emitting diodes for indoor communications. In IEEE Consumer

Communications & Networking Conference, 2006.

[6] Nikoleta Andreadou and Fotini-Niovi Pavlidou. PLC chan-

nel: Impulsive noise modelling and its performance evaluation

under different array coding schemes. IEEE Transactions on

Power Delivery, 24(2):585–595, 2009.

[7] Jean Armstrong. Alamouti coding for indoor optical wire-

less communications using ACO-OFDM. In 2009 Conference

Record of the Forty-Third Asilomar Conference on Signals,

Systems and Computers, pages 1650–1654. IEEE, 2009.

[8] Jean Armstrong and Brendon JC Schmidt. Comparison of

asymmetrically clipped optical OFDM and DC-biased optical

OFDM in AWGN. IEEE Communications Letters, 12(5):343–

345, 2008.

[9] MK Arti. A novel downlink interference alignment method

for multi-user MIMO system with no CSIT: A space-time cod-

ing approach. IEEE Transactions on Vehicular Technology,

69(10):10937–10948, 2020.

[10] Ruowen Bai, Rui Jang, Jiandong Tan, and Jinguo Quan. Per-

formance comparison of VLC MIMO techniques considering



References 183

indoor illuminance with inclined LEDs. In 2016 IEEE Inter-

national Conference on Wireless for Space and Extreme Envi-

ronments (WiSEE), pages 105–110. IEEE, 2016.

[11] Vladimir B Balakirsky and AJ Han Vinck. Constructions of

specific permutation codes for multi-user communication. In

Proceedings 2001 IEEE Information Theory Workshop (Cat.

No. 01EX494), pages 79–81. IEEE, 2001.

[12] Vladimir B Balakirsky and AJ Han Vinck. Potential perfor-

mance of PLC systems composed of several communication

links. In International Symposium on Power Line Communi-

cations and Its Applications, 2005., pages 12–16. IEEE, 2005.

[13] Vladimir B Balakirsky and H Vinck. On the performance of

permutation codes for multi-user communication. Problems of

Information Transmission, 39(3):239–254, 2003.

[14] Sami Barmada, Antonino Musolino, and Marco Raugi. Innova-

tive model for time-varying power line communication channel

response evaluation. IEEE journal on selected areas in com-

munications, 24(7):1317–1326, 2006.

[15] Fatima Barrami, Yannis Le Guennec, Emil Novakov, Jean-

Marc Duchamp, and Pierre Busson. A novel FFT/IFFT size

efficient technique to generate real time optical OFDM signals

compatible with IM/DD systems. In 2013 European microwave

conference, pages 1247–1250. IEEE, 2013.



References 184

[16] Ertugrul Basar. Index modulation techniques for 5G wireless

networks. IEEE Communications Magazine, 54(7):168–175,

2016.
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