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Abstract 

With the exponential data traffic growth associated with unprecedented emerging 

bandwidth-hungry network applications and services, the  fifth generation (5G) of mobile 

networks is currently being adopted worldwide, which is targeted to provide significant 

increased signal transmission capacities, massive machine-type communications (MTC), 

and ultra-reliable low-latency (URLL) real-time services. The 5G network architecture that 

aims to support these targets adopts the cloud radio access network (C-RAN) where mobile 

fronthaul connects remote units (RUs) and virtual baseband units (vBBUs), whilst mobile 

backhaul connects a pool of vBBUs and data centre. To further increase the signal 

transmission bandwidth of mobile fronthaul/backhaul links in a cost-effective manner, 

passive optical networks (PONs) are considered as one of the most important candidates. 

Moreover, intensity-modulation and direct-detection (IMDD) is preferred in these 

networks to improve its cost-effectiveness and lower the transceiver architecture 

complexity. From the signal transmission technique point-of-view, the initial stage of 5G 

should have sufficient transparency to 4G. Since orthogonal frequency division 

multiplexing (OFDM) is widely used in 4G, thus OFDM is still a promising signal 

modulation technique for 5G. As such, this dissertation research aims to explore the 

feasibility of utilising digital signal processing (DSP)-enabled multiple information-

carrying dimensions to improve the performance of optical OFDM (OOFDM) IMDD PON 

systems in terms of signal transmission capacity, system power budget, transceiver design 

flexibility and system performance adaptability. 

 

A subcarrier index-power (SIP) information-bearing dimension is introduced into 

conventional OOFDM by setting the subcarrier power level at either low or high according 

to an incoming data sequence in order to convey an extra information bit per subcarrier. As 

a result, a novel signal transmission technique termed subcarrier index-power modulated 

optical OFDM (SIPM-OOFDM) is proposed for the first time. Compared with 

conventional OOFDM adopting similar signal modulation formats, this technique offers an 

increase of 17% in signal bit rate without compromising the minimum required optical 

signal-to-noise ratio (OSNR) for achieving a specific bit error rate (BER). Moreover, such 

improvement does not degrade the performance tolerance to both chromatic dispersion and 

fiber nonlinearity. As the usage efficiency of high power level subcarriers is not fully 
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maximised in SIPM-OOFDM, a technique termed SIPM-OOFDM with superposition 

multiplexing (SIPM-OOFDM-SPM) is proposed by applying the superposition 

multiplexing (SPM) operation for high power subcarriers. SPM passively adds different 

signal modulation format-encoded complex numbers and assigns the sum to a high power 

subcarrier. As a direct result, compared to SIPM-OOFDM, SIPM-OOFDM-SPM increases 

the signal bit rate by 28.6% without increasing the signal modulation formats. To further 

enhance the power usage efficiency of both high and low power subcarriers, an improved 

version of SIPM-OOFDM-SPM, termed SIPM-OOFDM with dual superposition 

multiplexing (SIPM-OOFDM-DSPM) is proposed. Compared to SIPM-OOFDM-SPM, 

SIPM-OOFDM-DSPM increases the signal bit rate by approximately 11% while using 

lower signal modulation formats. It should be noted that both SIPM-OOFDM-SPM and 

SIPM-OOFDM-DSPM are capable of improving the system power budget and 

performance tolerance to both chromatic dispersion and fiber nonlinearity compared to the 

SIPM-OOFDM technique operating at the same signal bit rate. To further increase the 

number of information bits conveyed per subcarrier in the above-mentioned techniques, 

multi-level SIPM-OOFDM (ML-SIPM-OOFDM) is proposed and investigated, in which 

the number of subcarrier power levels can be increased to a predefined multilevel (ML). 

As a direct result, compared to SIPM-OOFDM, ML-SIPM-OOFDM improves the signal 

bit rate by approximately 30%. Moreover, in terms of transceiver design, ML could be 

applied easily in SIPM-OOFDM, SIPM-OOFDM-SPM and SIPM-OOFDM-DSPM as the 

ML-associated operating principles, their DSP implementation procedures and 

corresponding performance advantages are very similar for these transmission techniques. 

 

In all the above outlined signal transmission techniques, each individual subcarrier is 

regarded as a separate unit to carry extra information bits. To enable a group of subcarriers 

of various power levels to carry extra information bits, SIPM-OOFDM with subcarrier 

grouping (SIPM-SG-OOFDM) is proposed, where each symbol is divided into multiple 

subcarrier groups to bear extra user information bits in the subcarrier group (SG) 

information-bearing dimension. In addition, SIPM-SG-OOFDM is equipped with an 

additional capability of automatically detecting and subsequently correcting errors at the 

receiver without consuming any valuable transmission bandwidth. As a direct result, 

compared to SIPM-OOFDM, SIPM-SG-OOFDM not only increases the signal bit rate by 

11%, but also improves the system power budget by 1.0dB. This implies SIPM-SG-

OOFDM can improve performance capacity, adaptability and flexibility. Moreover, the 
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performances can also be further enhanced by combining the ML and SG operating 

principles in each of the above-mentioned signal transmission techniques which 

considerably increases the information-carrying dimension. 

 

The above descriptions indicates that, compared to conventional OOFDM employing 

similar signal modulation formats, the proposed techniques are capable of providing cost-

sensitive IMDD PON systems with improved signal transmission capacities and system 

power budgets. In terms of the transceiver architecture, the proposed techniques still 

maintain the exact same transceiver design as conventional OOFDM, except that slight 

modifications in the encoding/decoding DSP elements occur in each of these techniques. 

These different DSP elements can be implemented in the digital domain in parallel in the 

transceivers, thus depending upon the traffic requirements and network status, a suitable 

technique and/or their combination can be selected to improve both the transceiver 

performance flexibility and adaptability. 



 
 

                   VII 

Acknowledgements 

First of all, I would like to thank my supervisor, Prof. Jianming Tang, for his guidance 

during my research and study at Bangor University and also Dr. Roger Giddings for 

sharing his valuable time whenever I needed some additional assistance. I am also deeply 

grateful to Prof. Ali Hamié for introducing me to Bangor University and his 

recommendations while applying for a PhD course in the School of Electronic 

Engineering.  

I also wish to extend my warmest thanks to all my colleagues in the optical 

communications research group. Together we shared many unforgettable and enjoyable 

memories and I wish them a bright future full of success and happiness.  

 

Huge appreciation goes to my family for all their everlasting help, support and love. 

Together we shared an eventful journey. 

 

This thesis is dedicated to the memory of my beloved uncle, Nazem Kafrouni.  

Always in our hearts.  

 

 



 
 

 
 

Abbreviations 

ABL   Adaptive Bit Loading 

ALA   Adaptive Loading Algorithms 

APL   Adaptive Power Loading 

ADC    Analogue to Digital Converter 

AMOOFDM  Adaptively Modulated Optical OFDM  

AWGN    Additive White Gaussian Noise 

 

BER   Bit Error Rate 

BPSK   Binary Phase Shift Keying 

BPF   Bandpass Filter 

 

CD    Chromatic Dispersion 

CDF   Cumulative Distribution Function 

CDM   Code Division Multiplexing 

CP    Cyclic Prefix 

CoMP   Coordinated Multi-Point 

C-RAN   Cloud-Radio Access Network 

 

DAC    Digital to Analogue Converter 

DSP    Digital Signal Processing 

DWDM   Dense Wavelength Division Multiplexing 

 

EO   Electrical-to-Optical 

 

FDM    Frequency Division Multiplexing  

FEC    Forward Error Correction 

FFT    Fast Fourier Transform  

FPGA   Field Programmable Gate Array 

FWM    Four-Wave Mixing  

 

ICI    Inter-Channel-Interference  



 
 

 
 

IFFT    Inverse Fast Fourier Transform  

IMDD    Intensity-Modulation and Direct-Detection 

IoT   Internet of Things 

ISI    Inter-Symbol-Interference  

 

LAN    Local Area Network  

LED    Light-Emitting Diode 

LPF    Low-pass Filter 

LTE    Long-Term Evolution 

 

MAN    Metropolitan Area Network  

MCM   Multi-Carrier Modulation  

MIMO    Multiple Input, Multiple Output 

MMF    Multi-Mode Fiber  

 

OE   Optical-to-Electrical  

OFDM    Orthogonal Frequency Division Multiplexing 

ONU   Optical Network Unit 

OOFDM    Optical Orthogonal Frequency Division Multiplexing  

OSNR    Optical Signal-to-Noise Ratio 

  

PAPR    Peak-to-Average Power Ratio  

PD   Photodiode 

        PDM   Polarization Division Multiplexing 

        PON   Passive Optical Network 

P/S    Parallel-to-Serial 

PSD   Power Spectral Density 

PSK   Phase Shift Keying 

 

QAM    Quadrature Amplitude Modulation 

QPSK   Quadrature Phase Shift Keying 

QoE   Quality of Experience 

 

RAN   Radio Access Networks 



 
 

 
 

RF   Radio Frequency  

RU   Remote Unit 

 

SDM   Space Division Multiplexing 

SCN   Small-Cell Network 

SSMF    Standard Single-Mode Fiber  

SNR    Signal-to-Noise Ratio  

S/P    Serial-to-Parallel 

SRS    Stimulated Raman Scattering 

 

TDM   Time Division Multiplexing 

 

vBBU   virtual Baseband Unit 

VoIP    Voice over IP 

 

WDM    Wavelength Division Multiplexing 

 

XPM    Cross-Phase Modulation 









https://en.wikipedia.org/wiki/List_of_virtual_communities_with_more_than_100_million_active_users




CHAPTER 1. INTRODUCTION 

3 
 

(C-RAN) where mobile fronthaul connects remote units (RUs) and virtual baseband units 

(vBBUs), whilst mobile backhaul connects a pool of vBBUs and data centre. The RUs 

perform radio functions such as power amplification, digital processing, analogue-to-digital 

conversion (ADC), digital-to-analogue conversion (DAC) etc. Whereas, the pool of vBBUs, 

located at a protected centralized site such as cloud or data centers, comprises of multiple 

vBBU nodes that have high computational and storage capabilities and are responsible for 

processing resources and dynamically allocating them to the corresponding RUs based on the 

current network requirements [13]. In typical existing mobile fronthaul/backhaul links, 

copper cables and millimetre wave (mmWave) [14] are often utilized.  

  

To further increase the signal transmission bandwidth of mobile fronthaul/backhaul links in a 

cost-effective manner, passive optical networks (PONs) are considered as one of the most 

important candidates [15]. Not only do PONs provide low power consumption where the 

links between RUs and vBBUs avoid the need to install and maintain any additional power-

driven devices, PONs also offer high reliability where a malfunction of one link does not 

affect the rest. Moreover, intensity-modulation and direct-detection (IMDD) transmission 

systems can be adopted in these networks as such systems have improved cost-effectiveness 

and offer a lower transceiver architecture complexity compared to other transmission systems 

e.g., coherent transmission systems [16]. In addition, it is also highly desirable to realize the 

fronthaul/backhaul links using wavelength division multiplexing PONs (WDM-PONs), 

which also provide more versatility and flexibility since each wavelength in a WDM-PON is 

effectively a point-to-point link, thus allowing each link to run at a different speed and with a 

different protocol [15].  

 

Firstly, from the signal transmission technique point-of-view, the initial stage of 5G should 

have sufficient transparency to 4G. Since orthogonal frequency division multiplexing 

(OFDM) is widely used in 4G because of its unique features including high signal bit rate and 

spectral efficiency and excellent performance adaptability [17-20], thus OFDM is still a 

promising signal modulation technique for 5G. To further enhance the signal bit rates of 

OFDM transmission systems, a large number of technical approaches have been proposed by 

exploiting numerous signal multiplexing schemes, high-order signal modulation formats, and 

an appropriate combination of both. Sophisticated signal multiplexing schemes such as 

polarization division multiplexing (PDM) [21], code division multiplexing (CDM) [22, 23] 

and space division multiplexing (SDM) [24, 25] often require expensive optical components 
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where each symbol is divided into multiple subcarrier groups to bear extra user 

information bits in the subcarrier group (SG) information-bearing dimension. In 

addition, subcarrier grouping provides SIPM-SG-OOFDM with an additional 

capability of automatically detecting and subsequently correcting errors at the receiver 

without consuming any valuable transmission bandwidth. As a direct result, compared 

with SIPM-OOFDM, an increase in signal bit rate is obtainable together with an 

enhanced system power budget. This implies that subcarrier grouping can improve the 

SIPM-SG-OOFDM performance capacity, adaptability and flexibility. Moreover, the 

performances can also be further enhanced by combining the ML and SG operating 

principles in each SIPM-based OOFDM signal transmission technique, this 

considerably increases the information-carrying dimension.  

 
As a first author, the above-mentioned work has resulted in the publication of four journal 

papers, two of them have been published in Journal of Lightwave Technology [34, 40], while 

the remaining two have been published in Optics Communication [38] and Photonics Journal 

[39]. In addition, one conference paper has also been presented at the Optical Fiber 

Conference in 2016 [34]. As a second author, two journal papers have been published in 

Journal of Lightwave Technology [36] and Photonics Journal [37]. 

 

 

1.3 Thesis Structure  
 

This thesis consists of seven chapters. This chapter presents the targets and challenges facing 

future 5G networks to show the motivation behind the dissertation research. To provide an 

understanding of the work presented in this thesis, Chapter 2 presents the basic principles of 

OOFDM by describing each DSP block in detail. Chapter 2 explores the basic concepts 

involved in optical transceivers, which includes SSMF and IMDD OOFDM transmission 

systems. Chapter 2 also describes the fundamental concepts behind PONs and presents 

examples of current and advanced PON technologies. 

 

Chapter 3: This chapter covers the SIPM-OOFDM technique where, by introducing the 

additional SIP dimension into OFDM, the high and low power subcarriers that convey an 

extra information bit are encoded with 8-phase shift keying (8-PSK) and quadrature-phase 

shift keying (QPSK) respectively according to an incoming data sequence. Full details of the 
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SIPM-OOFDM signal encoding/decoding procedure are presented. In addition, the 

transceiver architecture is also provided, based on which, numerical simulations are 

undertaken to identify the optimum transceiver parameters affecting the maximum achievable 

performance. Over cost-sensitive IMDD PON systems, the results show that compared with 

conventional OOFDM using the same modulation formats, SIPM-OOFDM offers a 17% 

increase in signal bit rate without increasing the OSNR and the transceiver DSP/architecture 

complexity as well as while preserving transmission performance tolerances to channel 

characteristics including chromatic dispersion and fiber nonlinearity.  

 

Chapter 4: This chapter is divided into two parts; the first part addresses SIPM-OOFDM-

SPM, an improved variant of the SIPM-OOFDM technique described in Chapter 3, whilst the 

second part addresses SIPM-OOFDM-DSPM, an improved variant of SIPM-OOFDM-SPM. 

In the first part, the SPM-based mapping and demapping procedures are discussed in detail. 

Following the optimization of key transceiver parameters affecting the SIPM-OOFDM-SPM 

performance over SSMF IMDD PON systems, numerical simulations shows a significant 

increase of 28.6% in signal bit rate compared with SIPM-OOFDM. Moreover, compared with 

the 32-PSK/QPSK-encoded SIPM-OOFDM technique capable of achieving the same signal 

bit rate as SIPM-OOFDM-SPM, the latter technique improves the system power budget and 

performance tolerance to both chromatic dispersion and fiber nonlinearity. In the second part, 

the SIPM-OOFDM-DSPM technique uses the SPM operation on both high and low power 

subcarriers. Based on the identified optimum transceiver parameters, the SIPM-OOFDM-

DSPM performance characteristics are explored. Over SSMF IMDD PON systems, it is 

shown that compared to SIPM-OOFDM-SPM, SIPM-OOFDM-DSPM enables an 11% 

increase in signal bit rate compared with SIPM-OOFDM-SPM with the transceiver 

DSP/hardware complexity still preserved. Similar to SIPM-OOFDM-SPM, the improvements 

in system power budget and fiber performance tolerances are also achievable in SIPM-

OOFDM-DSPM when compared with 32-PSK/8-PSK-encoded SIPM-OOFDM technique 

operating at the same signal bit rate. 

 

Chapter 5: This chapter introduces ML-SIPM-OOFDM where four predefined subcarrier 

power levels are employed to enable each subcarrier to carry two extra information bits in the 

SIP information-carrying dimension. According to an incoming data sequence, the 

corresponding subcarrier is encoded using one of the following four signal modulation 

formats: binary phase shift keying (BPSK), QPSK, 8-PSK and 16-phase shift keying (16-
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PSK). Extensive explorations of ML-SIPM-OOFDM transmission performance 

characteristics are undertaken, based on which, optimum key transceiver parameters are 

identified. Over SSMF IMDD PON systems, the results show that this technique enables a 

significant increase of 30% in signal bit rate compared with SIPM-OOFDM. Moreover, 

further 9% and 10% ML-SIPM-OOFDM signal bit rate enhancements are also feasible when 

use is made of adaptive bit loading and subcarrier count doubling, respectively. 

 

Chapter 6: This chapter exploits the subcarrier-grouping scheme in order to introduce a 

technique termed SIPM-SG-OOFDM where a group of subcarriers convey the extra bits in 

the SG information-bearing dimension, i.e., each subcarrier group is specifically assigned 

with a predefined subcarrier power pattern according to an incoming data sequence. Full 

details of the grouping mapping/de-mapping procedures are discussed and theoretical 

analysis is provided to highlight the impact of subcarrier grouping on the overall system 

performance. In addition, extensive numerical simulations are computed to identify key 

grouping parameters affecting the maximum achievable signal bit rate. This chapter also 

proposes and explores an effective SG-associated automatic error detection and correction 

technique with zero-overhead and low DSP complexity at the receiver. As a direct result, an 

optimum trade-off among system performance characteristics such as signal bit rate and 

system power budget is achieved by simply varying the grouping parameters. In fact, 

numerical simulations show that SIPM-SG-OOFDM, offers an OSNR gain of approximately 

1.0dB while simultaneously enabling an 11% improvement in signal bit rate compared to 

SIPM-OOFDM. 

 

Finally, Chapter 7 summarizes the thesis and suggests future research work. 
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2. Fundamental Concept 

2.1   Introduction 

This chapter covers the fundamentals of OFDM and its applications in optical transmission 

systems. The chapter starts with a brief history of OFDM, and then major DSP components 

that form an OFDM transceiver are described in detail. After that, the principles of adaptively 

modulated OFDM techniques are provided. Moreover, the subcarrier index modulated 

OFDM principle is extensively covered in this chapter as it is the basis of the dissertation 

research. 

 

In addition, to provide an in-depth understanding of the work undertaken in this thesis, 

optical transceivers, fiber channel characteristics (including both linear and nonlinear effects) 

and the OOFDM IMDD transmission systems are also described in detail. Finally, the last 

section of this chapter covers the fundamental concepts associated with passive optical 

networks (PONs). 

 

 

2.2   History of OFDM 

 

OFDM was firstly proposed by R.W. Chang in the mid-60s [1] in order to achieve a highly 

efficient usage of the transmission bandwidth by partially overlapping individual subcarriers, 

but without causing inter-channel interference (ICI) and inter-symbol interference (ISI), 

under the condition they are all mutually orthogonal, i.e., a precise mathematical relationship 

between the subcarrier frequencies has to be satisfied as detailed in the following section. To 

maintain the orthogonality, not only set of mixers and filters were needed but also each 

subcarrier required an individual stable oscillator that was constantly maintained in an 

extreme stable manner. As a result, the early OFDM transceivers were highly complex and 

therefore not feasible from a technical or economic perspective for wide deployment and so 

initially OFDM was limited to military applications for many years.  
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Following the significant success of OFDM in wireless systems, the emergence of OFDM in 

optical communication system started in 2005 [8]. Since then, optical OFDM (OOFDM) has 

been widely used in the optical communication community leading to extensive simulation 

and experimental demonstrations of OOFDM transmission systems for a wide range of 

application scenarios. Furthermore, as discussed in Chapter 1, OFDM is considered as a 

promising signal modulation technique for future 5G networks seamlessly converging legacy 

optical and wireless networks. 

 

 

2.3   OFDM Fundamentals  

 

2.3.1 OFDM Basic Concepts 

As OFDM is a special type of the frequency division multiplexing (FDM) technique, 

descriptions of FDM are thus first provided. The basic idea of FDM is to transmit multiple 

signals simultaneously over a wideband channel by modulating each signal onto a dedicated 

subcarrier and multiplexing the modulated subcarriers, as shown in Fig. 2.1. More 

 
(a) 

 

 
(b) 

 

Fig. 2.2. Spectrum of (a) FDM and (b) OFDM 
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2.3.2 OFDM Transceivers 

This section explores the architecture behind a representative OFDM transceiver, which is 

illustrated in Fig.2.4. In the transmitter, the major DSP functions consists of training 

sequence insertion, encoder, IFFT, CP insertion, parallel-to-serial (P/S) converter and a 

digital-to-analogue converter (DAC). After the analogue signal is transmitted through the 

transmission channel, the signal is converted back to the digital domain through an analogue-

to-digital converter (ADC) in the receiver, where the digital signal is processed by the 

following DSP functions such as, serial-to-parallel (S/P) converter, CP removal, FFT, 

channel estimation equalization and finally the data is recovered by the decoder.  

 

 

 

 

 

 
 

 
Fig. 2.4. Block diagram of an OFDM transmission system 
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Based on the above description, depending on the transmission system requirements, these 

ALAs are utilized to maximize the signal bit rate for a given BER and a fixed power 

constraint, or to minimize the BER for a given signal bit rate in order to increase the system 

power budget. Specifically speaking, it is easy to understand that, for power budget-limited 

transmission systems, APL are preferred whilst for bandwidth-hungry transmission systems 

with sufficiently large power budgets, ABL are preferred. 
 

It is worth mentioning that these two techniques can be combined together resulting in 

adaptive bit and power loading (BPL) where both the electrical power and signal modulation 

format taken on each individual subcarrier are adjusted independently [11]. Although this 

ALA enhances the system flexibility and transmission performance, such enhancement is at 

the expense of increasing the system complexity [12, 13].  

 

In this thesis, APL and ABL are utilized in Chapter 3 and Chapter 5 respectively, where it is 

shown that these ALAs improve not only the flexibility and performance robustness of  

OFDM transmission systems but also overall transmission performance. 

 
2.5 Subcarrier Index Modulation 
 

This section provides an insight into some variants of the OFDM transmission technique 

based on subcarrier index modulation (SIM). Three fundamental SIM techniques are 

described including SIM-OFDM, enhanced SIM-OFDM (ESIM-OFDM) and OFDM with 

                      
      Fig. 2.10. Adaptive bit loading technique 
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Based on the above analysis, it can be understood that in SIM-OFDM the subcarrier index is 

utilized as an extra dimension to carry user information i.e., a specific subcarrier is activated 

or deactivated according to an incoming data sequence, thus the resulting on and off 

subcarrier pattern within an OFDM symbol also bears user information. Compared to 

conventional OFDM, SIM-OFDM improves the system BER performance due to the 

subcarrier power reallocation, i.e., the power originally allocated to inactive subcarriers is 

equally redistributed among the active ones. Therefore, when the total signal power is fixed, 

the power allocated to each active subcarrier is increased, thus resulting in a better BER 

performance. 

 

At the receiver, to reconstruct the sub-block BOOK, use is made of an on-off keying (OOK) 

detector to determine the power status of each individual subcarrier. In this process, when a 

subcarrier power is above (below) a certain threshold, the subcarrier is marked as active 

(inactive), based on this pattern the sub-block BOOK is reconstructed and subsequently the 

active subcarriers are demodulated according to the respective M-QAM modulation format 

adopted, and finally, this leads to the recovery of the BQAM  sub-block.  

 

 
 

Fig. 2.12. ESIM-OFDM Encoding Procedure [15] 
 


























































































































































































