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Abstract 

Intensity Modulation and Direct Detection (IMDD) Optical Orthogonal Frequency 

Division Multiplexing (OOFDM) is considered as one of the most competitive candidates 

for high-speed, cost-effective and flexible Next Generation Passive Optical Networks (NG- 

PONs). For practical implementation of the technique, five technical challenges originating 

from inherent OFDM properties and/or IMDD system characteristics have to be solved 

successfully. The challenges include: i) insufficient utilization of Multi-Mode Fibre (MMF) 

frequency response; ii) improvement in IMDD OOFDM transmission capacity in Single- 

Mode Fibre (SMF)-based systems; iii) simplification of OOFDM transceiver 

configurations; iv) the employment of low-cost transceiver components to achieve the 

desired system performance; v) effective compensation of directly modulated DFB laser 

(DML)-induced positive frequency chirp. The present PhD dissertation research is 

dedicated to addressing the aforementioned challenges. 

For fully utilizing the system frequency response of a MMF transmission link, an 
Adaptively Modulated OOFDM (AMOOFDM) modem using Subcarrier Modulation 

(SCM) (AMOOFDM-SCM) is proposed, which consists of two AMOOFDM modems in 

parallel with one operating at the baseband and the other being modulated onto an 
intermediate Radio Frequency (RF) carrier. Extensive investigations show that, compared 

with AMOOFDM, AMOOFDM-SCM not only enhances the transmission capacity versus 

reach performance by a factor of approximately 2, but also considerably improves the 

system flexibility and performance robustness. 

When use is made of the AMOOFDM-SCM technique in SMF-based transmission links, 

the intermixing effect induced by direct detection in the receiver is identified to be a 
dominant factor limiting the maximum achievable AMOOFDM-SCM performance. To 

maximize the link performance through mitigating the intermixing effect, three 

AMOOFDM-SCM modem designs of different complexity levels are proposed by 

applying Single Sideband (SSB) modulation and/or spectral gapping in AMOOFDM-SCM. 

It is shown that these AMOOFDM-SCM designs can support >60Gb/s signal transmission 

over at least 20km, which is >1.5 times higher than that supported by the AMOOFDM 

modems. 
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In the above-mentioned three AMOOFDM-SCM modems, two Inverse Fast Fourier 

Transform (IFFT)/ Fast Fourier Transform (FFT) operations are required in the 

transmitter/receiver. To reduce the transceiver complexity and system cost, three simplified 

AMOOFDM-SCM modems are proposed, each of which requires a single IFFT/FFT 

operation. These designs not only significantly simplify the AMOOFDM-SCM modem 

configurations but also offer extra network features such as input/output reconfigurability 

without compromising the transmission performance. 

To relax the requirements on parameters of key transceiver components such as Digital-to- 

Analogue Converters (DACs) and Analogue-to-Digital Converters (ADCs), a reduction in 

Peak-to-Average Power Ratio (PAPR) associated with an OFDM signal is necessary. To 

achieve such an objective, AMOOFDM using Phase Modulation (PM) (AMOOFDM-PM) 

is proposed and explored in IMDD SMF systems. AMOOFDM-PM utilises an electrical 
OFDM signal to modulate the phase of a RF carrier prior to performing optical intensity 

modulation. Compared to AMOOFDM, AMOOFDM-PM can considerably reduce the 
PAPRs of OFDM signals and simultaneously lower the minimum requirements on 
quantization bits and sampling rates of DACs/ADCs. 

To effectively compensate the DML frequency chirp effects, detailed investigations of 
dynamic negative power penalty characteristics of OOFDM signal transmission are 

undertaken in DML-based IMDD systems incorporating MetroCor fibres with negative 
dispersion parameters. Excellent agreement between numerical simulations and real-time 

experimental measurements is obtained over a wide diversity of system conditions. The 

physical mechanism underpinning the occurrence of negative power penalties is the 

reduction in subcarrier intermixing impairments due to the compensation between DML 

positive frequency chirp and MetroCor negative chromatic dispersion. It is also shown that 
the negative power penalty is independent of both cyclic prefix and signal modulation 
format, and, more importantly, controllable when adaptive modulation and/or appropriate 

adjustments of DML operating conditions are applied. 

Finally, for reducing the DML frequency chirp, a simple and effective chirp compensation 
technique is also proposed, which utilizes an electrical analogue circuit and an optical 

phase modulator. The electrical analogue circuit produces a phase signal mimicking the 

original phase of the DML-modulated optical signal, and the optical phase modulator 
driven by the generated phase signal compensates the DML frequency chirp. In DML- 
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based IMDD AMOOFDM PON systems, the technique can almost completely alleviate the 

DML frequency chirp effect and simultaneously improve the transmission capacity by 

approximately 25% for transmission distances in a range of 30-80km. In addition, the 

technique is also robust to variations in DML operating conditions. 

The results presented in the thesis can provide valuable technical solutions for further 

improving the OOFDM transmission capacity, performance robustness and system 

flexibility, as well as simultaneously reducing the transceiver complexity and system cost 
for cost-sensitive NG-PONs. 
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ICI Inter-Carrier Interference 
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IPTV Internet Protocol Television 
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LAN Local Area Network 

LD Laser Diode 

LPF Low-Pass Filter 

MAC Media Access Control 

MAN Metropolitan Area Network 

MMF Multi-Mode Fibre 
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NG-PON Next Generation Passive Optical Network 

ODN Optical Distribution Network 
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ONU Optical Network Unit 

OFDM Orthogonal Frequency Division Multiplexing 
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PAPR Peak-to-Average Power Ratio 
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PM Phase Modulation 
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PSK Phase Shift Keying 

QAM Quadrature Amplitude Modulation 
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RF Radio Frequency 
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SBS Stimulated Brillouin Scattering 
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SOA Semiconductor Optical Amplifier 
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CHAPTER 1. INTRODUCTION 

1 Introduction 
Over the past several decades, telecommunication technologies and networks have 

experienced tremendous advances in terms of transmission capacity and network 

functionality. Today, core networks can provide enormous transmission bandwidth of 

approximately 100 Pb/s-km [1], existing access networks, however, only support data rates 

of <60 Mb/s per user over limited transmission distance [2]. Driven by exponentially 

growing highly bandwidth-hungry services such as high-quality Internet Protocol 

Television (IPTV) and peer-to-peer multimedia services, access networks are major 

obstacles to satisfy end-users' needs in the near future. Therefore, exploring advanced 

technologies capable of addressing the challenges associated with present access networks 
is one of the hottest research and development topics of today [3-5]. 

To access various Internet services, the majority of broadband users world-wide currently 

rely on copper cable-based techniques and/or wireless access techniques. The major 
disadvantage associated with these available techniques is their limited bandwidth [2]. As 

optical fibres have almost infinite bandwidth, optical access networks such as Fiber- 

To-The-Home/Building/Curb (FTTH/B/C) have been considered to be one of the most 

promising technical strategies for satisfying the ever increasing end-users' bandwidth 

demands [6,7]. To massively deploy FTTH/B/C in practice, Passive Optical Networks 

(PONs) have become one of the most attractive solutions, as PONs provide, using cheap 

components, not only high transmission capacities but also required flexible and scalable 

operation functions such as dynamic bandwidth allocation [7,8]. The existing PONs can 

support signal line rates of 2.488Gb/s for downstream and 1.244Gb/s for upstream (ITU-T 

G. 984 Gigabit PON (GPON)) or 1.244Gb/s bidirectional transmission (IEEE 802.3ah 

Ethernet PON(EPON)) [9,10], which are, however, expected to reach their specified 

capacity limits within the next three years [3]. Therefore, the IEEE and ITU-T are actively 
developing Next Generation PONs (NG-PONs) targeting transmission speeds of 10 Gb/s 

or beyond [3]. In addition to transmission capacity, a number of other crucial issues should 

also be considered to enable the achievements of the aforementioned targets [3]. These 

issues include, for example, spectral efficiency, chromatic dispersion tolerance, optical 

power budget, network complexity and system cost, as well as compatibility with the 

current deployed PON infrastructures. 
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CHAPTER 1. INTRODUCTION 

In recent years, a large number of novel techniques have been proposed and investigated 

with an aim of achieving high-speed, cost-effective, flexible and "future-proof' NG-PONs 

[5,8,11-14]. These techniques include, for example, Wavelength Division Multiplexing 

(WDM), static WDM/Time Division Multiplexing (TDM) and dynamic WDM/TDM. In 

particular, Optical Orthogonal Frequency Division Multiplexing (OOFDM), first proposed 
in 2005 [15], has attracted extensive research and development interest world-wide and is 

considered as one of the most competitive candidates for practical implementation in NG- 

PONs. This is because of its inherent and salient advantages including significant cost- 

effectiveness due to the use of advanced Digital Signal Processing (DSP) technology, 

excellent resistance to linear system impairments, highly efficient utilization of channel 

spectral characteristics, relatively high transmission speed, great performance robustness 

and system flexibility, as well as the capability of supporting hybrid dynamic allocation of 
broadband services among various end-users in both the frequency and time domains [16- 

21]. 

In addition, for NG-PON applications, Intensity Modulation and Direct Detection (IMDD) 

OOFDM has demonstrated more competitiveness in comparison with other OOFDM 

techniques such as coherent OOFDM, as IMDD OOFDM can offer a further reduction in 

both the network complexity and installation and maintenance cost without strongly 

compromising the transmission performance [14,16,17]. Furthermore, IMDD OOFDM 

using adaptive Bit Loading (BL), referred to as Adaptively Modulated OOFDM 

(AMOOFDM) throughout this thesis, has demonstrated significant improvements in 

transmission performance, system flexibility and performance robustness compared to the 

IMDD OOFDM technique based on an identical signal modulation format across all 

subcarriers. In AMOOFDM, for a specific transmission system, through negotiations 
between the transmitters and the receivers, the maximum transmission performance is 

always achievable regardless of electrical/optical component imperfections, fibre types, 
launching conditions and transmission distances [16,17]. 

Recently, significant IMDD OOFDM research achievements have been made: in 2009, 

world-first real-time OOFDM transceivers were experimentally demonstrated, which 

support end-to-end transmission of 1.5Gb/s Differential Quadrature Phase Shift Keying 

(DQPSK)-encoded signals over 500m Multi-Mode Fibre (MMF)-based IMDD 

transmission systems incorporating Directly Modulated Distributed Feedback (DFB) 
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CHAPTER 1. INTRODUCTION 

Lasers (DMLs) [22]. In 2010, the highest ever end-to-end real-time OOFDM transmission 

of 11.25Gb/s over 25km Single-Mode Fibres (SMFs) was experimentally demonstrated in 

DML-based IMDD PON systems using low-cost, off-the-shelf electrical/optical 

components [14]. More recently, in similar systems, end-to-end real-time symbol 

synchronization of 128 Quadrature Amplitude Modulation (QAM)-encoded OOFDM 

signals has also been experimentally achieved [20]. These "proof-of-concept" experimental 

demonstrations have paved a solid path leading to practical implementations of IMDD 

OOFDM in NG-PON systems. 

However, for practical deployment, IMDD OOFDM NG-PONs still have five challenges 

originating from inherent OFDM properties and/or IMDD system characteristics. These 

challenges are summarised as follows: 

i) Insufficient utilization of frequency response beyond baseband. It is well known [23,24] 

that the frequency response- of an IMDD MMF link consists of two major spectral regions: 

a steadily decaying narrow baseband region in the vicinity of the optical carrier frequency, 

as well as a broad and flat passband region at frequencies beyond the baseband. The 

AMOOFDM technique is capable of utilizing the baseband frequency response property of 

a MMF-based transmission link; however it is not able to transmit signals over the broad 

passband frequency response region. This drawback considerably limits its maximum 

achievable transmission capacity in IMDD MMF systems. Therefore, to further improve 

the OOFDM transmission performance, innovative technical solutions should be explored 
by making full use of the link frequency response. 

ii) Significant improvement in SMF-based IMDD OOFDM system transmission capacity 
by Subcarrier Modulation (SCM). Unlike the above-mentioned MMF link, a SMF-based 

IMDD transmission link has a Gaussian-shaped frequency response with its peak occurring 

at the optical carrier frequency and the frequency response is much wider and flatter 

compared to those associated with the MMF links. To fully utilise such link frequency 

response, the SCM technique can be explored, in which an entire baseband signal is 

modulated onto an intermediate Radio Frequency (RF) carrier that drives directly an 

optical intensity modulator. By appropriately detuning the RF carrier frequency, use can be 

made of any region of the frequency response of an arbitrary transmission link. By 

introducing SCM into AMOOFDM, an AMOOFDM-SCM technique has been proposed in 

MMF/SMF-based IMDD links, as described in Section 1.1 [25,26]. However, the strong 
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CHAPTER 1. INTRODUCTION 

intermixing effect due to direct detection in the receiver is a crucial factor limiting the 

maximum achievable transmission performance of the AMOOFDM-SCM technique in 

SMF IMDD systems, as shown in Chapter 6 [26]. Therefore, it is important to investigate 

the feasibility of mitigating the intermixing effects in SMF links to maximize the 

transmission performance. 

iii) Simplification of AMOOFDM-SCM transceiver design: Each of the aforementioned 
AMOOFDM-SCM modems requires two separate Inverse Fast Fourier Transform (IFFT)/ 

Fast Fourier Transform (FFT) operations. As the IFFT and FFT are the most 

computationally intense functions in the AMOOFDM-SCM modems, the AMOOFDM- 

SCM modem designs may increase the transceiver complexity and cost. Therefore, 

simplified AMOOFDM-SCM modem design incorporating a single IFFT/FFT is of great 
importance. 

iv) Relaxed requirements on key transceiver components: To further reduce the transceiver 

cost with the desired transmission performance being maintained, opportunities should also 
be explored to utilise low-cost optical/electrical components. To achieve such an objective, 

the minimum requirements on key components such as Digital-to-Analogue Converters 

(DACs) and Analogue-to-Digital Converters (ADCs) should be relaxed. An OFDM signal 

waveform has high amplitude fluctuations that produce large Peak-to-Average Power 

Ratios (PAPRs) [27]. A high PAPR may cause nonlinear distortions associated with the 

DACs/ADCs, because occasional peaks having amplitudes of higher than the average 

value may exceed the dynamic range of the DACs/ADCs. This inevitably increases the 

minimum requirements on quantization bits and sampling rates of the DACs/ADCs. 

Therefore, it is very crucial to investigate an effective technique to reduce the PAPRs of 
OFDM signals. 

v) DML-induced positive frequency chirp: in cost-effective OOFDM NG-PON systems, 
the use of DMLs is preferable due to their major advantages namely low cost, compactness, 
low power consumption, relatively small driving voltage and high output power [28]. 
However, in DML-based IMDD OOFDM PONs utilizing Standard SMFs (SSMFs) with 
positive chromatic dispersion, positive frequency chirp associated with typical DMLs 

significantly limits the maximum achievable OOFDM transmission performance [16]. 
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CHAPTER 1. INTRODUCTION 

Clearly, the above-mentioned five challenges raise significant barriers for practically 

implementing high-speed and cost-effective OOFDM NG-PON systems. Addressing these 

challenges is vital for maximizing the achievable transmission performance, considerably 

simplifying the transceiver design and simultaneously reducing installation and 

maintenance cost. These activities can also provide valuable technical solutions to network 
designers for upgrading the existing PONs toward NG-PONs. 

1.1 Major Achievements of the Dissertation Research 

To address the aforementioned five challenges in IMDD OOFDM PON systems, in my 

PhD dissertation research work, several novel techniques have been proposed and 

investigated. The major achievements of the research work are summarized as follows: 

  AMOOFDM-SCM over worst-case MMF links 

For fully utilizing the frequency response beyond baseband of a MMF transmission link, 

an AMOOFDM-SCM modem is proposed, which consists of two AMOOFDM modems in 

parallel with one operating at the baseband and the other being modulated onto an 
intermediate RF carrier. For simplicity, throughout the thesis, the AMOOFDM signal 

produced by each of the above-mentioned AMOOFDM modems is referred to as a SCM 

subcarrier. Clearly, AMOOFDM-SCM offers major opportunities of not only manipulating 
the signal modulation format taken on each individual AMOOFDM subcarrier involved in 

a SCM subcarrier, but also positing each individual SCM subcarrier at an optimum link 

frequency response region. Detailed investigations of the transmission performance of the 
AMOOFDM-SCM modems are undertaken in single-channel, optical amplifier-free, 

worst-case IMDD MMF links. It is shown that, based on commercially available RF 

components, at least 64 Gb/s over 500 m and 37 Gb/s over 1000 m AMOOFDM-SCM 

signal transmission is feasible in the aforementioned MMF links having 3-dB bandwidths 

as small as 292.5 MHz-km. In comparison with AMOOFDM, the technique can not only 

almost double the capacity versus reach transmission performance but also reveal 

significantly relaxed requirements on key component parameters, improved flexibility and 

robustness and more efficient use of MMF link spectral properties. 
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  AMOOFDM-SCM using Single Sideband (SSB) modulation over IMDD SMF 

links 

For fully exploiting the frequency response of an IMDD SMF link, detailed explorations of 

the maximum achievable transmission performance of the AMOOFDM-SCM technique 

are undertaken in SMF-based IMDD transmission links without incorporating optical 

amplification and fibre chromatic dispersion compensation. The intermixing effect induced 

by beatings between subcarriers of various types upon direct detection in the receiver is 

identified to be a crucial factor limiting the maximum achievable AMOOFDM-SCM 

performance. To maximize the link performance through mitigating such an effect, three 

AMOOFDM-SCM designs of different complexity levels are proposed, by applying SSB 

modulation and/or spectral gapping to AMOOFDM-SCM. These designs are referred to 

as AMOOFDM-SCM scheme I, AMOOFDM-SCM scheme II and AMOOFDM-SCM 

scheme III. The configuration of AMOOFDM-SCM scheme I is identical to that presented 
in Chapter 5, whilst the configuration of AMOOFDM-SCM scheme II is similar to 

AMOOFDM-SCM scheme I, except that, in AMOOFDM-SCM scheme II, a spectral gap 
in the electrical domain is introduced between the optical carrier and the first SCM 

subcarrier. The only configuration difference between AMOOFDM-SCM scheme III and 
AMOOFDM-SCM scheme II is that the two SCM subcarriers in AMOOFDM-SCM 

scheme III are real-valued SSB electrical signals generated using the phase-shift method 
[29]. It is shown that the SSB modulation and/or spectral gapping can effectively reduce 
the impact of the intermixing effect. As a direct result, these AMOOFDM-SCM designs 

can support >60Gb/s signal transmission over 20km, 40km and 60km, which are >1.5 

times higher than those supported by AMOOFDM modems. 

  Simplified AMOOFDM-SCM with added input/output reconfigurability 

In the above-mentioned three AMOOFDM-SCM modem designs, two IFFT/FFT 

operations are required in each transmitter/receiver. For the purpose of simplifying the 

transceiver architectures, three novel designs of AMOOFDM-SCM modems 
configurations, referred to as Reconfigurable Scheme (RS) I, II and III, are proposed, each 
of which requires a single IFFT/FFT operation only. The general structures of the three 

proposed RS modems are similar to those corresponding to the AMOOFDM-SCM 

schemes. The considerable differences between these two sets of modems are the signal 
processing approaches used in distributing the encoded incoming data prior to the IFFT 
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operation in the transmitter and those adopted in recovering the received data after the FFT 

operation in the receiver, as presented in Chapter 7. These designs not only significantly 

simplify the AMOOFDM-SCM modem configurations but also offer extra unique features 

such as input/output reconfigurability without compromising the transmission performance. 

In addition to the above-mentioned advantages, these RS modems also have a number of 

major advantages including cost reduction, doubled number of end-users, system flexibility 

and performance robustness to variations in transmission link conditions and compatibility 

with the current deployed PON infrastructures due to the provision of a number of network 

functionalities such as dynamic bandwidth allocation, broadcasting and network 

monitoring functionalities. 

  Phase Modulation (PM)-enabled OOFDM transmission performance 

improvement in IMDD SMF systems incorporating parameter-relaxed 

DACs/ADCs. 

To lower the minimum requirements on key parameters of DACs/ADCs through reducing 
high PAPRs associated with OFDM signals, AMOOFDM using PM (AMOOFDM-PM) is 

proposed and theoretically explored in IMDD SMF systems. AMOOFDM-PM utilises an 

electrical OFDM signal to modulate the phase of a RF carrier prior to performing optical 
intensity modulation. Compared to AMOOFDM, AMOOFDM-PM can considerably 

reduce the PAPRs of OFDM signals and simultaneously relax the minimum requirements 

on both the quantization bits and sampling rates of DACs/ADCs. Simulations show that 

when small DAC/ADC quantization bits and/or low DAC/ADC sampling rates are adopted, 
AMOOFDM-PM can double the transmission capacity, compared to AMOOFDM. In 

addition, AMOOFDM-PM also shows excellent system flexibility and performance 

robustness to variations in transmission link characteristics. Furthermore, AMOOFDM-PM 

can be implemented directly using DSP without considerably increasing the transceiver 

complexity. 

  Negative power penalties of OOFDM signal transmissions in DML-based IMDD 

systems incorporating negative dispersion fibres 

The use of DMLs imposes positive frequency chirp onto modulated signals. To 

compensate for the DML frequency chirp effect, use can be made of negative dispersion 

SMFs such as MetroCor fibres and negative power penalties have been observed 
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experimentally at specific Bit Error Ratios (BERs) [30,31]. In the thesis, detailed 

investigations of dynamic negative power penalty characteristics of OOFDM signal 

transmissions are undertaken in DML-based IMDD systems incorporating MetroCor fibres. 

Excellent agreement between numerical simulations and real-time experimental 

measurements is obtained over a wide diversity of transmission conditions of the 

aforementioned systems. The physical mechanism underpinning the occurrence of negative 

power penalties is the reduction in subcarrier intermixing impairment due to the 

compensation between positive DML frequency chirp and MetroCor negative chromatic 
dispersions. It is also shown that the negative power penalty is independent of both cyclic 

prefix and signal modulation format, and, more importantly, controllable when adaptive 

modulation and/or appropriate adjustments of DML operating conditions are applied. This 

work verifies a promising approach for compensating the DML frequency chirp effects in 

the IMDD OOFDM transmission systems and the resulting negative power penalty can 

ultimately increase the system optical power budget. More importantly, it offers effective 

means for further maximizing the transmission performance of the systems considered here. 

  Compensation of DML frequency chirps in existing fibre infrastructures 

In addition to the employment of negative dispersion fibres, a simple and effective DML 

frequency chirp compensation technique is also proposed, which allows the reuse of 

existing PON architectures. This technique utilizes an electrical analogue circuit and an 

optical phase modulator. The electrical analogue circuit produces a phase signal mimicking 
the original phase of the DML-modulated optical signal, and the optical phase modulator 
driven by the phase signal compensates for the DML frequency chirp. The proposed 
technique can almost completely alleviate the DML frequency chirp effect. In particular, 

compared to uncompensated AMOOFDM IMDD PON systems incorporating DMLs, the 

proposed technique can not only significantly increase the transmission capacity by 

approximately 25% for transmission distances ranging from 30km to 80km, but also 

considerably improve the system performance tolerance to variation in DML operating 
condition, thus leading to enhanced performance robustness. In addition, optimum 

electrical analogue circuit design parameters have also been identified, which enable the 

present technique to offer the system operating condition-independent transmission 

performance. It is also worth pointing out that the electrical analogue circuit required can 
be easily integrated with other electrical components incorporated in the AMOOFDM 
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transceivers, and the integration between the DMLs and optical phase modulators is also 

practically feasible. 

The above-mentioned work has resulted in 3 papers published in world-leading 

professional journals, 6 papers presented in international/national conferences, and 3 full 

journal papers submitted to major international journals. These papers were completed by 

the author of the thesis and form the main content of the dissertation work presented here. 

1.2 Thesis Structure 

The thesis consists of eleven chapters. Overviews of OFDM and OOFDM techniques, 
PONs and IMDD OOFDM PON systems are presented in Chapters 2-4, and detailed 

research work are presented and discussed in Chapters 5-10. 

In Chapter 2, to enable a better understanding of the work presented in the thesis, 

fundamentals of OFDM are described in detail. Two categories of OOFDM including 

coherent OOFDM and IMDD OOFDM are outlined. In the IMDD OOFDM category, 
AMOOFDM is described in detail. Moreover, the major differences between coherent 
OOFDM and IMDD OOFDM are summarized to highlight the importance of IMDD 

OOFDM in PON application scenarios. 

In Chapter 3, the background of access networks is discussed briefly with special attention 
being focussed on different PON architectures. In addition, the advantages of utilizing 
IMDD OOFDM in NG-PONs are also discussed. 

Chapter 4 deals with cost-effective IMDD OOFDM systems. Following the detailed review 
of OFDM modems in Chapter 2, Chapter 4 discusses IMDD links in detail, with effort 
being given to describing key optical components. These optical components include 

optical fibres, photodetectors and intensity modulators. In addition, the five challenges 

associated with IMDD OOFDM systems are explained in detail. 

In Chapter 5, AMOOFDM-SCM is proposed and investigated in a single-channel, optical 
amplifier-free MMF link. When compared with AMOOFDM, AMOOFDM-SCM not only 
enhances the capacity versus reach performance by a factor of about 2, but also 
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considerably lowers the requirements on key transceiver components as well as improving 

the robustness of the MMF link performance. 

In Chapter 6, detailed investigations of the AMOOFDM-SCM transmission performance 

are undertaken in SMF-based transmission links without optical amplification and 

chromatic dispersion compensation. The intermixing effect is identified to be a crucial 

physical factor limiting the maximum achievable transmission performance of the 

AMOOFDM-SCM technique. For mitigating such an effect, three AMOOFDM-SCM 

designs of different complexity are proposed and explored theoretically. 

In Chapter 7, three simplified AMOOFM-SCM modem configurations are proposed and 
investigated, each of which requires a single IFFT/FFT only. Simulations show that these 

architectures can retain the transmission performance and simultaneously offer 
input/output reconfigurability. Moreover, the optimum RF frequencies of the SCM 

subcarriers are identified for each of these simplified modems. 

In Chapter 8, AMOOFDM-PM is proposed and investigated theoretically in SMF-based 

transmission links. Due to the use of AMOOFDM-PM, the PAPR of an OFDM signal can 
be significantly reduced and the minimum requirements on key transceiver components 

can also be relaxed. Moreover, AMOOFDM-PM-enabled improvements in transmission 

capacity for different link configurations are explored theoretically. 

In Chapter 9 and 10, detailed explorations of effective approaches are undertaken to reduce 
the frequency chirp effects induced by DMLs. In Chapter 9, use is made of negative 
dispersion fibre such as MetroCor fibres in IMDD OOFDM systems. Dynamic negative 
power penalty characteristics of OOFDM signal transmissions are obtained over DML- 
based IMDD MetroCor systems. Comparisons are also made between numerical 
simulations and our real-time experimental measurements, based on which the physical 
mechanism underpinning the negative power penalties is identified. In addition, for a given 
DML-based IMDD OOFDM MetroCor SMF system, discussions are made of the impacts 

of cyclic prefix, adaptive modulation, signal modulation format and DML operating 
conditions on the negative power penalty effect. In Chapter 10, a simple and effective 
DML frequency chirp compensation technique is presented and theoretically explored in 

similar OOFDM systems. The physical mechanism underpinning the effectiveness of the 

proposed technique is explored in detail. The optimum values of circuit design parameters 
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are identified for different transmission distances. In addition, detailed explorations are 

made of the sensitivity of the system performance to DML operating conditions. 

Finally, the thesis is summarized in Chapter 11. 

11 



CHAPTER 1. INTRODUCTION 

References 

[1] "Alcatel-Lucent Bell Labs announces new optical transmission record and breaks 100 

Petabit per second kilometer barrier, " available at http: //www. alcatel-lucent. com. 

[2] Leonid G. Kazovsky, Wei-Tao Shaw, D. Gutierrez, N. Cheng, and Shing-Wa Wong, 

"Next-generation optical access networks, " J. Lightw. Technol., vol. 25, no. 11, pp. 
3428-3442, Nov. 2007. 

[3] F. J. Effenberger, J-I Kani and Y. Maeda, "Standardization trends and prospective 

views on the next generation of broadband optical access systems, " IEEE J. Select. 

Area. Comm., vol. 28, no. 6, pp. 773-780, Aug. 2010. 

[4] H. Song, B-W Kim, and B. Mukherjee, "Long-reach optical access networks: a survey 

of research challenges, demonstrations, and bandwidth assignment mechanisms, " IEEE 

Comm. Surveys & Tutorials, vol. 12, no. 1, First Quarter 2010. 

[5] M. Cvijetic, "Advanced technologies for next-generation fiber networks, " Optical Fibre 

Communication/National Fibre Optic Engineers Conference (OFC/NFOEC), (OSA, 

2010), Paper OWY1. 

[6] H. Shinohara, "Broadband access in Japan: Rapidly growing FTTH market, " IEEE 

Comm. Magazine., vol. 43, no. 9, pp. 72-78, Sep. 2005. 

[7] P. W. Shumate, "Fiber-to-the-home: 1977-2007, " J. Lightw. Technol., vol. 26, no. 9, pp. 
1093-1103, May. 2008. 

[8] J-I Kani, "Enabling technologies for future scalable and flexible WDM-PON and 
WDM/TDM-PON systems, " IEEE J. Select. Top. Quantum. Electron. vol. 16, no. 5, pp. 
1290-1297, Sept. /Oct. 2010. 

[9] IEEE Standard 802.3ah, "Carrier sense multiple access with collision detection 

(CSMA/CD) access method and physical layer specifications amendment: media access 
control parameters, physical layers, and management parameters for subscriber access 
networks, " 2004. 

12 



CHAPTER 1. INTRODUCTION 

[10] ITU-T Recommendation G. 984.1, "Gigabit-capable passive optical networks (G- 

PON): general characteristics, " 2003. 

[11] IEEE Standard 802.3av, "Carrier sense multiple access with collision detection 

(CSMA/CD) access method and physical layer specifications-amendment: physical 

layers specifications and management parameters for 10 Gb/s passive optical 

networks, " 2009. 

[12] ITU-T Recommendation G. 987.1, "IOGigabit-capable passive optical networks (XG- 

PON): general requirements, " 2009. 

[13] N. Cvijetic, D. Y. Qian, J. Q. Hu, and T. Wang, "Orthogonal frequency division 

multiple access PON (OFDMA-PON) for colorless upstream transmission beyond 10 

Gb/s, " IEEE J. Select. Area. Comm., vol. 28, no. 6, pp. 781-790, Aug. 2010. 

[14] R. P. Giddings, X. Q. Jin, E. Hugues-Salas, E. Giacoumidis, J. L. Wei, and J. M. Tang, 

"Experimental demonstration of a record high 11.25Gb/s real-time optical OFDM 

transceiver supporting 25km SMF end-to-end transmission in simple IMDD systems, " 

Opt. Express., vol. 18, no. 6, pp. 5541-5555, Mar. 2010. 

[15] J. M. Tang, P. M. Lane and K. A. Shore, "High-speed transmission of adaptively 

modulated optical OFDM signals over multimode fibres using directly modulated 
DFBs, " J. Lightw. Technol., vol. 24, no. 1, pp. 429-441, Jan. 2006. 

[16] J. M. Tang and K. A. Shore, "30Gb/s signal transmission over 40-km directly 

modulated DFB-laser-based single-mode-fiber links without optical amplification and 
dispersion compensation, " J. Lightw. Technol., vol. 24, no. 6, pp. 2318-2327, June. 

2006. 

[17] T-N. Duong, N. Genay, M. Ouzzif, J. L. Masson, B. Charbonnier, P. Chanclou and J. 

C. Simon, "Adaptive loading algorithm implemented in AMOOFDM for NG-PON 

system integrating cost-effective and low bandwidth optical devices, " IEEE Photon. 

Technol. Lett., vol. 21, no. 12, pp. 790-792, Jun. 2009. 

[18] D. Qian, N. Cvijetic, J. Hu and T. Wang, "108 Gb/s OFDMA-PON with polarization 

multiplexing and direct detection, " J. Lightw. Technol., vol. 28, no. 4, pp. 484-493, Feb. 

2010. 

13 



CHAPTER 1. INTRODUCTION 

[19] J. L. Wei, C. Sanchez, R. P. Giddings, E. Hugues-Salas, and J. M. Tang, "Significant 

improvements in optical power budgets of real-time optical OFDM PON systems, " Opt. 

Express., vol. 18, no. 20, pp. 20732-20745, Sep. 2010. 

[20] X. Q. Jin, R. P. Giddings, E. Hugues-Salas and J. M. Tang, "Real-time experimental 
demonstration of optical OFDM symbol synchronization in directly modulated DFB 

laser-based 25km SMF IMDD systems, " Opt. Express., vol. 18, no. 20, pp. 21100- 

21110, Sep. 2010. 

[21] X. Zheng, X. Q. Jin, R. P. Giddings, J. L. Wei, E. Hugues-Salas, Y. H. Hong and J. M. 

Tang, "Negative power penalties of optical OFDM signal transmissions in directly 

modulated DFB laser-based IMDD systems incorporating negative dispersion fibres, " 

IEEE Photonics J., vol. 2, no. 4, pp. 532-542, Aug. 2010. 

[22] R. P. Giddings, X. Q. Jin, H. H. Kee, X. L. Yang, and J. M. Tang, "Real-time 

implementation of optical OFDM transmitters and receivers for practical end-to-end 

optical transmission systems, " Electron. Lett., vol. 45, no. 15, pp. 800-802, July. 2009. 

[23] E. J. Tyler, P. Kourtessis, M. Webster, E. Rochart, T. Quinlan, S. E. M. Dudley, S. D. 

Walker, R. V. Penty, and I. H. White, "Toward terabitper-second capacities over 

multimode fibre links using SCM/WDM techniques, " J. Lightw. Technol., vol. 21, no. 
12, pp. 3237-3243, Dec. 2003. 

[24] X. Q. Jin and J. M. Tang, "Effectiveness of the use of 3-dB bandwidths of multimode 
fibres for estimating the transmission performance of adaptively modulated optical 
OFDM Signals over IMDD links, " J. Lightw. Technol., vol. 27, no. 18, pp. 3992-3998, 

Sep. 2009. 

[25] X. Zheng, J. M. Tang and P. S. Spencer, "Transmission performance of adaptively 

modulated optical OFDM modems using subcarrier modulation over worst-case 

multimode fibre links, " IEEE Comm. Lett., vol. 12, no. 10, pp. 788-790, Oct. 2008. 

[26] X. Zheng, J. L. Wei and J. M. Tang, "Transmission performance of adaptively 

modulated optical OFDM modems using subcarrier modulation over SMF IMDD links 

for access and metropolitan area networks, " Opt. Express., vol. 16, no. 25, pp. 20427- 

20440, Dec. 2008. 

14 



CHAPTER 1. INTRODUCTION 

[27] S. C. Thompson, A. U. Ahemd, J. G. Proakis, J. R. Zeidler, M. J. Geile, "Constant 

envelope OFDM, " IEEE Trans. Comm., vol. 56, no. 8, pp. 1300-1312, Aug. 2008. 

[28] J. J. Yu, Z. S. Jia, M. F. Huang, M. Haris, P. N. Ji, T. Wang and G. K. Chang, 

"Applications of 40-Gb/s chirp managed laser in access and metro networks, " J. Lightw. 

Technol., vol. 27, no. 3, pp. 253-265, Feb. 2009. 

[29] A. B. Carlson, P. B. Crilly and J. C. Rutledge, Communication Systems: An 

Introduction to Signals and Noise in Electrical Communication, McGraw-Hill Higher 

Education, 2002. 

[30] X. Q . Jin, R. P. Giddings and J. M Tang, "Real-time transmission of 3Gb/s 16-QAM 

encoded optical OFDM signals over 75km SMFs with negative power penalties, " Opt. 

Express. vol. 17, no. 17, pp. 14574-14585, Aug. 2009. 

[31] X. Q. Jin, R. P. Giddings, E. Hugues-Salas and J. M. Tang, "Real-time demonstration 

of 128-QAM-encoded optical OFDM transmission with a 5.25bit/s/Hz spectral 

efficiency in simple IMDD systems utilizing directly modulated DFB lasers, " Opt. 

Express. vol. 17, no. 22, pp. 20484-20493, Oct. 2009. 

15 



2 OFDM Principles and OOFDM 

Contents 

2.1 Basic Concept of OFDM ............................................................................................... 
17 

2.2 Typical Configurations of OFDM Transceivers ............................................................ 
18 

2.2.1 IFFT/FFT ........................................................................................................... 20 

2.2.2 Cyclic Prefix ...................................................................................................... 22 

2.2.3 DAC/ADC ......................................................................................................... 24 

2.2.4 Channel Estimation and Equalization ................................................................ 26 

2.3 OOFDM 
......................................................................................................................... 28 

2.3.1 Coherent OOFDM and IMDD OOFDM ........................................................... 28 

2.3.1.1 Coherent OOFDM .................................................................................. 28 

2.3.1.2 IMDD OOFDM ...................................................................................... 31 

2.3.1.3 AMOOFDM ............................................................................................ 34 

2.3.1.4 IMDD OOFDM Applications ................................................................. 35 

2.4 Conclusion ..................................................................................................................... 36 

References ............................................................................................................................ 37 

16 



CHAPTER 2. OFDM PRINCIPLES AND OOFDM 

This chapter introduces the fundamentals of OFDM and OOFDM, which forms the 

foundation of the work presented in the thesis. 

2.1 Basic Concept of OFDM 

OFDM proposed by R. W. Chang in 1966 [1] is a technique capable of combating the 

multipath fading effect. It has widely been adopted in wireless communications. As OFDM 

is a special case of Frequency Division Multiplexing (FDM) [2,3], a typical FDM system is 

shown in Fig. 2.1, which transmits data by dividing a stream into several parallel bit 

streams with low bit rates and modulating each of these data streams onto different 

subcarriers with different RF frequencies. The RF frequency of each individual subcarrier 

is chosen appropriately to ensure a sufficiently wide frequency gap between the adjacent 

subcarriers' spectra, as shown in Fig. 2.2 (a). Moreover, the parallel data streams can be 

recovered by down-converting each of these subcarriers with an identical RF frequency 

and finally using low pass filtering. 

RFl I -RF1 

RF2 RF2 
Data sheam 

RFn -RF. 

Transmitter Recen vi 

Fig. 2.1 Schematic diagram of a typical FDM system. RF: radio frequency; LPF: 

low-pass filter. 

Compared with conventional FDM, OFDM precisely chooses the RF frequencies to ensure 

that all these subcarriers are orthogonal to each other. The orthogonality amongst all the 

subcarriers can be realized by separating the subcarriers by integer multiples of the inverse 

of the symbol duration of the parallel bit streams. This causes the spectrum of each 

subcarrier to overlap other subcarriers' spectra and the resulting spectral efficiency of the 

OFDM system is much higher than that of the conventional FDM system, as shown in Fig. 

2.2 [2]. 
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In practice, modulation/demodulation in an OFDM system can be realized simply by 

Inverse Discrete Fourier Transform (IDFT)/ Discrete Fourier Transform (DFT) [4] or more 

efficient IFFT/ FFT [5]. As IFFT/FFT can be practically implemented by modern DSP 

technology, the OFDM technique requires much lower system complexity and thus reduces 

the system cost compared to conventional FDM [5]. Apart from that, OFDM also has 

advantages including robustness against channel dispersion and ease of phase and channel 

estimation in a time-varying environment [5]. 

nnC)Lnn 
Fisqueno}' 

(a) 

(b) 

Fig. 2.2 Spectrum representations of a conventional FDM signal and an OFDM 

signal. (a) Conventional FDM; (b) OFDM. 

2.2 Typical Configurations of OFDM Transceivers 

A typical OFDM system consists of a transmitter, a receiver and a transmission link in 
between, as shown in Fig-2.3. In the transmitter, an incoming binary data sequence is 

encoded to serial complex numbers using different signal-modulation formats such as 
Phase Shift Keying (PSK) and QAM. A serial-to-parallel converter truncates the encoded 
complex data sequence into a large number of sets of closely and equally spaced 
narrowband data and each set contains the same number of subcarriers. An IFFT is then 

applied to each set of subcarriers to generate parallel OFDM symbols. To combat the 
dispersion effect, a cyclic prefix is added to the front of each OFDM symbol [3,6]. The 
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cyclic prefix is essentially a copy of the last fraction of each OFDM symbol and does not 

carry any useful information. After that, these OFDM symbols are serialized to form a long 

digital signal sequence, to which signal clipping is applied to limit the OFDM signal power 

within a pre-determined dynamic range. After passing through a DAC which converts the 

digital data sequence into an analogue signal waveform, the generated analogue OFDM 

signal is up-converted with a RF carrier and launched into a transmission link. 

----------------------------------------------------- 
Tl aiisinitter 
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Fig. 2.3 Typical structure of an OFDM transmission system. S/P: serial-to- 

parallel converter; +CP: cyclic prefix insertion; P/S: parallel-to-serial converter; 

DAC: digital-to-analogue converter; RF: radio frequency; ADC: analogue-to- 

digital converter; -CP: cyclic prefix removing. 

In the receiver, the received signal is processed in an inverse procedure of the transmitter 

including down-conversion utilising a RF carrier with a frequency identical to that of the 

transmitter, digitalization in an ADC, serial to parallel conversion, cyclic prefix removing, 

FFT, equalization and decoding. 

It should be mentioned that the above descriptions of the OFDM transceiver are based on 

the assumption that the OFDM transmission system is synchronized precisely. However, in 

practice, synchronization errors may occur due to sampling clock offsets induced by the 

clock mismatch between the transmitter and the receiver, symbol timing offsets induced by 

the time delay of a transmission link, and carrier frequency offsets induced by the 

frequency mismatch between oscillators involved in the transmitter and the receiver [3]. 
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In wireless OFDM systems, a conventional autocorrelation synchronization technique has 

been widely adopted, which is based on sophisticated autocorrelation of incoming signals 

at signal sampling or over-sampling speeds [7], i. e., a sequence of samples is multiplied by 

a time-shifted copy of the same sequence. By altering the time shift, the multiplication and 

sum operations are performed and repeated to produce a time dependent autocorrelation 

profile, which is then employed for synchronization. Clearly, such a technique is not 

suitable for end-to-end real-time high-speed OOFDM transmission systems, as the 

complexity of the required DSP algorithms scales significantly with increasing signal line 

rate. 

For practically realizing synchronization in IMDD OOFDM systems, an effective solution 
has been proposed and experimentally demonstrated [7], which utilizes simple operations 
including subtraction and Gaussian windowing. In this thesis, ideal synchronization is 

assumed. 

In the following subsections 2.2.1-2.2.4, detailed descriptions of the key procedures in a 
typical OFDM transceiver are presented, which include IFFT/FFT, cyclic prefix, 
DAC/ADC and channel equalization. 

2.2.1 IFFT/FFT 

In the transmitter, for the k-th subcarrier in the n-th OFDM symbol, the encoded complex 

number denoted as Xk n is used to modulate the k-th subcarrier waveform and the resulting 

waveform [3] can be written as 

xk n 
(t) = Xk,,, eJ2sfkt fl(t T T) 

(2.1) 

where 

ýt 
1, -T/2<_tST/2 (T) 
0, otherwise 

(2.2) 

T is the time period of the OFDM symbol, fk is the frequency of the k-th subcarrier. 
fk satisfies 
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fk = fc + k=O, 1,..., N-1 (2.3) 

with f being the central frequency and N being the number of the subcarriers, the 

frequency difference Af between adjacent subcarriers is then fixed at 
I. 

Therefore, the 

correlation between any two subcarriers in the n-th symbol is given by 

# tlj (2.4) I �T Xk. 
�Xl� 

�T 
j2n(1 f)' "", -f)T 

sin[7r(Jk -f 
)T] 

- 

ý1o, 

kk=1 8k, =TJ xk, �x,. �dt =TJe dt =Xk �X; �e ý' (�-1)T (�-1)T 
r{ 
\/k - JI` JT 

where all the subcarriers' amplitudes are normalized. Eq. (2.4) indicates that orthogonality 

is achieved among all the subcarriers when Eq. (2.3) is satisfied. This is illustrated in 

Fig. 2.4 (a), where the spectrum of each subcarrier is represented by the function of sinc(x) 

as [1(t) has a rectangular pulse shape. It should be noted that each subcarrier has a 
T 

spectrum with a zero value at the central frequencies of other subcarriers' spectra. 

Moreover, the corresponding time-domain subcarriers waveforms are plotted in Fig. 2.4 (b) 

with the colours identical to those in Fig. 2.4 (a). It is shown that each subcarrier has 

exactly an integer number of oscillating cycles in the time interval T, and the number of 

oscillating cycles between adjacent subcarriers differs exactly by one. Due to the 

orthogonality properties, the Inter-Carrier Interference (ICI) effect can be overcome even if 

the spectra of the subcarriers overlap. 

-1Vi. - 

3 

I 

Frequency 

(a) 

a 

.c 

Time 

(b) 

Fig. 2.4 OFDM signal spectrum and time-domain waveform. (a) OFDM signal 

spectrum; (b) time-domain waveforms for the first three normalized subcarriers 

shown in Fig. 2.4. (a). 
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When all the subcarrier waveforms are combined, the time-domain n-th OFDM symbol 

within a time duration of [(n-1)T, nT] can be expressed as : 

i N-1 
IZlfkt x�(t) =->Xk,,, e 

N k=o 
(2.5) 

Assuming x�(t) is sampled at an interval of TIN, then the m-th sample within [(n-1)T, nT] 

can be rewritten as: 

1 N-1 j2nftTm 1 N-1 2; rkm 

'Cn(m)= 
1: Xk, 

ne 
N= 

NýXk, ne 
N 

LaTY k=0 
(2.6) 

where m=0,1,... N-1. It is interesting to note that Eq. (2.6) has a form identical to IFFT and 
thus the OFDM signal can be directly produced by IFFT. Similarly, for an ideal OFDM 

system without suffering from any dispersive effects, in the receiver, the complex data for 

the k-th subcarrier Yk,, can be recovered from the received symbol y�(m) using FFT: 

1 N-1 i-2, rkm 
Yk, 

n -1 y� (m)e N 
N 

m=0 

(2.7) 

For practical transmission systems with dispersive effects, the insertion of cyclic prefix and 

the use of equalization are required for combating Inter-Symbol Interference (ISI) and 
frequency dependent loss induced by the channel [3]. 

2.2.2 Cyclic Prefix 

When OFDM symbols experience a dispersive channel with a delay spread of Td, ISI [5] 

occurs , as shown in Fig. 2.5. 
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FFr window 

Subcariier 

Subcailier I 

Fig. 2.5 ISI and ICI caused by a dispersive channel. 

For simplicity, each OFDM symbol has only two subcarriers represented by "Subcarrier 

A" and "Subcarrier B" and the fast and slow delay spread is Td. Within an OFDM symbol, 

Subcarrier B is delayed by Td against Subcarrier A. If a FFT window containing a complete 

OFDM symbol for Subcarrier A is selected, Subcarrier B crosses the symbol boundary, this 

leads to interference between neighboring OFDM symbols. Moreover, the OFDM 

waveform in the FFT window for Subcarrier B is incomplete, which destroys the 

orthogonality as mentioned in Eq. (2.4) and causes the ICI effect. To solve the ISI and ICI 

effects, a cyclic prefix can be used in front of each OFDM symbol, as shown in Fig. 2.6. In 

this figure, AG is the time duration of the cyclic prefix. 

Copy the last fraction of OFDI%l 

OG AG 

Total OFDM symbol v%ith cyclic prefix 

Fig. 2.6 Use of cyclic prefix 

The effectiveness of using a cyclic prefix in compensating for both the ISI and ICI effects 
is shown in Fig. 2.7, where AG is chosen to satisfy 

OG>Td (2.8) 
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It can be seen that, the ISI effect can be fully eliminated by removing the cyclic prefix after 

FFT in the receiver. The remaining part of the Subcarrier B during one symbol period is a 

complete waveform with a phase shift within the FFT window. As a result, the ICI effect 

can be completely resolved, and the additional phase shift can be effectively compensated 

by equalization after FFT. 

Subcarrier A 

Subcarrier B 

Fig. 2.7 Compensation for ISI and ICI by cyclic prefix. 

2.2.3 DAC/ADC 

To convert a digital OFDM signal into an analogue OFDM waveform, a DAC is utilised 

after parallel-to-serial conversion in the transmitter. Correspondingly, an ADC is required 

to recover the received signal in the receiver. As the DAC and ADC have the similar signal 

processing procedures, in this section, only the operating principle of an ADC is described. 

For an analogue OFDM signal A(t) in the receiver, clipping is first applied to limit its 

power within a predetermined range. For a given clipping level of 4, the clipped signal 

has the form [8] 

A(t)e 1 A(t)1 <_ A 
Acrp(t) = Aeiarg[ A(t)] 1 A(t) l> A (2.9) 

where A is defined as A=P. with P being the mean signal power. From Fig. 2.8, it can 

be seen that signal clipping also introduces waveform distortions, which become more 

24 

AG I FFT window I AG 

i . ýý wwý In 'an. Md1: 1 



CHAPTER 2. OFDM PRINCIPLES AND OOFDM 

severe with reducing ý. In practice, ý is appropriately chosen at an optimum value to 

mitigate the clipping distortions. 

a 

ä 

I 

Time 

(a) 

aý 

y 
ä 

Time 

(b) 

Fig. 2.8 Comparisons of the signal clipping effect on the OFDM signal between 

different clipping levels; (a) a 13dB clipping level; (b) a9 dB clipping level. 

After clipping, A,, 
P 
(I) is sampled and linearly quantized into a set of equally distributed 

quantization levels within a range of [-A, A]. The quantization process can be described as 

follows, 

L/2 A 
AQ_ I r+ 

4I 
g(A,, AA, Ai-I) (2.10) 

i= L/2+1 
2 

where A. is the quantized value, As is the sampled OFDM values, 4, A_, are the i-th 

and (i-1)-th quantization levels, L is the number of quantization levels and the value of L is 

26 with b being the quantization bits. g is the rectangular function defined as 
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g(x, xl, x2) =1, 
xi _x< x2 

0, otherwise 
(2.11) 

From Egs. (2.10-2.11), it can be understood that quantization noise is introduced by the 

quantization process, as the continuous amplitude waveform of A3 is mapped onto one set 

of discrete values within the dynamic range of [-A, A]. Therefore, the quantization bit b is 

required to be sufficiently high for considerably reducing the quantization noise. 

2.2.4 Channel Estimation and Equalization 

Due to the time delay between different subcarriers in a dispersive channel, as mentioned 
in subsection 2.2.2, the transmitted OFDM signal suffers from frequency dependent loss 

effects, which result in a rapid decay of the frequency response within the signal 
bandwidth region. Fortunately, such an effect can be effectively compensated by channel 

estimation and equalization, which is described in this subsection. 

After transmitting through a link, the received OFDM signal is given by 

ºSý(t)=Sf(t)0h(t)+n(t) 
(2.12) 

where S, (t) is the signal emerging from the transmitter OFDM modem, Sr (t) is the 

received OFDM signal, 0 denotes the convolution operation, n(t) is noise associated 

with the transmission link, and h(t) is the impulse response of the transmission link, 

which includes the dispersive effect induced by the channel. Equivalently, the time domain 

relationships between S, (t) and S, (t) in Eq. (2.12) can be transferred into the frequency 

domain by the Fourier transform, which is given by 

S, (. f) = S, (f) H(f) + N(f) (2.13) 

where SS (f) and S, (f) are the spectra of the OFDM signals in the transmitter and 

receiver front end, respectively; H(f) and N(f) are the frequency response and noise 

spectrum of the transmission link, respectively; it should be noted that the H(f) can be 

easily estimated by S, (f) / S, (f) 
. 
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In practical OFDM systems, pilot-based channel estimation and equalization are used [3]. 
To perform channel estimation, a number of sets of pilot signals that are known are 
interspersed with the user data and are transmitted. After FFT in the receiver, the pilot 

signals are extracted from the received signals. Then the frequency response can be 

estimated by dividing the extracted pilot signals with the transmitted pilot signals, which is 

expressed as 

Hk = Yk, P 
1 Xk, 

P (2.14) 

where Hk is the link frequency response of the k-th subcarrier; Xk 
p and Yk 

p are the 

transmitted and received pilot signals of the k-th subcarrier before IFFT in the transmitter 

and after FFT in the receiver, respectively. 

Following channel estimation, channel equalization can be undertaken. For the k-th 

subcarrier in the n-th OFDM symbol, the transmitted complex data Xk 
� can be recovered 

by multiplying the received data Yk 
� after FFT with the inverse of the estimated frequency 

response H;, as given below 

Xt, =Y k�, Hk' =Xk�+NkH; ' (2.15) 

where Xk'. is the recovered complex data and Yk,,, = Xk,,, Hk + Nk with Nk being the 

channel noise for the k-th subcarrier. 

It can be seen that, using a simple approach, the channel noise effect cannot be eliminated, 
this distorts the signal significantly when the received OFDM signal has a low power. To 

efficiently solve the problem, averaging the estimated link frequency response can be taken 

over a relatively long time duration, for say >_ 32 OFDM symbols [9]. 
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2.3 OOFDM 

OOFDM is a technique in which an electrical OFDM signal emerging from a transmitter 

OFDM modem is up-converted into an optical carrier frequency (-100THz) using an 

Electrical-to-Optical (E/O) converter; after transmitting through an optical fibre link, the 

optical signal is converted into an electrical signal using an Optical-to-Electrical (O/E) 

converter and the resulting electrical OFDM signal is processed in a receiver OFDM 

modem using an inverse process to that of the transmitter. In addition to the OFDM 

modem similar to that shown in Fig. 2.3, a number of other key optical components 
including E/O converters, optical fibres and O/E converters are also involved in typical 

OOFDM transmission systems. 

OOFDM has a number of inherent and unique advantages including [10], for example, 

great potential for providing cost-effective technical solutions through fully exploiting the 

rapid advances in modem DSP technology and considerable reduction in optical network 

complexity owing to its excellent resistance to dispersion impairments as well as adaptive 

and efficient utilization of channel spectral characteristics. Therefore, OOFDM has 

attracted extensive R&D interest in the recent years. 

2.3.1 Coherent OOFDM and IMDD OOFDM 

In this section, discussions are made of two types of widely investigated OOFDM 

techniques: coherent OOFDM [11] and IMDD OOFDM [10,12]. In coherent OOFDM, 

E/O (O/E) conversion is realized by coherent modulation (detection) using I/Q modulators 
(I/Q detectors); whilst in IMDD OOFDM, E/O (O/E) conversion is performed by intensity 

modulation (direct detection) using intensity modulators (photodetectors). Apart from 

coherent OOFDM and IMDD OOFDM, coherent modulation and direct detection has also 
been reported [5], which offers higher (lower) transmission capacity, increased (decreased) 

system complexity and cost when compared to IMDD OOFDM (coherent OOFDM) [5, 

13]. The corresponding transceiver architecture can be easily understood, based on the 

descriptions detailed below. 

2.3.1.1 Coherent OOFDM 

Coherent OOFDM was first proposed by [14], which, in theory, can offer unlimited 
dispersion tolerance and high spectral efficiency, but requires high complexity in 
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transceiver design. Therefore, coherent OOFDM is also a promising solution for long-haul 

transmission systems. Recently, 1 Tb/s single-channel coherent OOFDM transmission over 

600 km SMF links has been achieved using orthogonal band multiplexing [15]. In addition, 

13.5 Th/s no-guard-interval coherent OOFDM signal has been successfully demonstrated 

experimentally over 6248 km using the WDM technique [16] 

Data 

Data 

Transmitter 

----------------------- 
OFDAI modem 

EO 

rý1i 
ýý "I LDl DAC I 

c)Fll11 inodein 
....................................................... 

: ý: si 

TI 

'" Q MZý 90' 

-------- ----------- ---- ----------------------- 
I ý1 

LD' 

Q 
pD3 

90 

" 

I PD4 OE 

L ---------------------- Receiver 

Fig. 2.9 System diagram of coherent OOFDM. LD: laser diode; PD: 

photodetector; E/O: electrical-to-optical conversion; O/E: optical-to-electrical 

conversion, I: in-phase components of the OFDM signal; Q: quadrature 

components of the OFDM signal. 

In a typical coherent OOFDM transmission system shown in Fig. 2.9, an electrical OFDM 

signal emerging from the transmitter OFDM modem has complex values, whose in-phase 

and quadrature components are denote as IQ and Qa. To perform E/O conversion, an optical 
I/Q modulator is utilized, which consists of two Mach-Zehnder Modulators (MZMs) to up- 

convert the IQ and Qa from the electrical domain to the optical domain. Each MZM is 

respectively driven by IQ or QQ and the resulting OOFDM signal can be expressed as 

Sop, (1) = Iopt +I Qopt (2.16) 

where 'opt and Qopt are in-phase and quadrature components of the OOFDM signal. 
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It is worth mentioning that IQ and QQ can be linearly converted into Iopt and Qopt if MZMs 

are biased at a current corresponding to the half-wave switching current of the MZMs [11]. 

The resulting OOFDM signal Sol (t) thus can be expressed as 

Sop, (t) = SQ (t)e1'+11 (2.17) 

where Sa(t) = lo + jQa is the complex electrical OFDM signal and co,,,, and c51 are the 

frequency and phase components of the Continuous Waveform (CW) optical wave 

emitted from the Laser Diode (LD) in the transmitter, respectively. 

In the receiver, the transmitted OOFDM signal Sr (t) can be converted to an electrical 

signal by using an optical I/Q detector. The receiver uses two pairs of balanced receivers 

and an optical 90 ° hybrid to perform optical UQ detection [5]. Without considering the 

imbalance and loss of the optical hybrid, the four outputs of the optical 90 ° hybrid are 

given by 

Sl (t) = 2/ý [Sr ýt) + SL02 (t)1 
s 'S2 

(t) = 2r ISr (t) 
- 

SL02 (01 

-V 

S3 (t) ' (2 
[Sr (t) 

- 
. 
l'SL02 (01 

9 `ý4 
(t) = 

(2.18) 
[Sr (t) + 

.l 
SL02 (t)1 

where SL02 (t) is the CW optical wave emitted from LD2 with '°W2 and OLDZ being its 

frequency and phase components. For the purpose of recovering Ia in the transmitter, a pair 

of photodetectors is required to perform square-law photon detection of Sl (t) and S2 (t) 
, 

respectively. The resulting photocurrents Il (t) and 120) are written as 

Ii(t)=I Si(t)I2 = 
2{I 

Sr(t)I2+ISLQ2(t)I2+2Re[S, (t)S 2(t)]} (2.19). 

12 (t) = IS2 (t)12 =2 {I Sr (1)12 +1 SL02 (t)12 -2 Re[S, (t)S ,2 (t)] } (2.20) 

with " denoting the complex conjugate operation. 

The in-phase component of the OFDM symbol can be obtained using 
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I, 
, _r 

= I, (t) - I2 (t) =2 Re[SS (t)S 02 (t)] (2.21) 

Similarly, the quadrature component of the OFDM symbol can be recovered using a 

similar process, which can be expressed by 

QA 
r= 

I3 (t) -14 (1) =2 Im[Sr (t)S102 (t)] (2.22) 

where I3 (t) = IS3 (t)IZ and I4 (t) = IS4 (t)I2 are the photocurrents from another pair of 

photodetectors. Therefore, the complex electrical OFDM can be obtained by combining 

I,, 
-, 

and 90 ° phase shifted Qa_, and is given by 

Sa 
r= la_, +fQar = 2S, (t)SL02(t) (2.23) 

Based on Eq. (2.12,2.17) and Eq. (2.23), Sap can be expressed as 

Sa 
r= 

SQ (t)eJ"" ® h(t) + n(t) (2.24) 

with AC t) wj, -C0w2 and e0 _ OLD, - OW2 being the frequency and phase difference 

between the LD 1 and LD2 in the transmitter and receiver, respectively. Compared with 

Sa (t) in the transmitter, Sa , 
is linearly scaled and thus fibre dispersion effects can be 

fully compensated theoretically with frequency domain equalization after FFT as well as 

cyclic prefix. The frequency offset Ow shown in Eq. (2.24) should be estimated and 

compensated through synchronization [11], which can be realized by frequency acquisition 

and frequency tracking processes described in [5]. 

2.3.1.2 IMDD OOFDM 

Another major type of OOFDM is IMDD OOFDM which was proposed in 2005 [16]. In 

recent years, extensive investigations of IMDD OOFDM have been undertaken both 

theoretically and experimentally [10,17]. In particular, the highest ever transmission 

performance of 11.25 Gb/s OOFDM signals over 25km SMFs has been experimentally 
demonstrated in DML-based end-to-end real-time IMDD OOFDM transmission systems 
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[10] and more recently, in similar systems, end-to-end real-time symbol synchronization of 
OOFDM signals encoded using signal modulation format up to 128QAM has also been 

achieved experimentally [7]. 

__________________ Tianstnittei 
OFT>nI modern 

1 
Data 'I ý 
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ý 

OFDAI inodem 

---------------------- 

Receiver 

Fig. 2.10 System diagram of the IMDD OOFDM. A: encoded original data; 

A*: conjugate counterpart of A; IM: intensity modulator. 

The configuration of a typical IMDD OOFDM transmission system is shown in Fig. 2.10. 

In comparison with coherent OOFDM, the major differences are the utilization of low 

complexity and cost-effective intensity modulators and square-law photodetectors to 

perform E/O conversion in the transmitter and O/E conversion in the receiver, instead of 

the I/Q modulator in the transmitter and the I/Q detector in the receiver, as mentioned in 

subsection 2.3.1. In this section, this IMDD OOFDM system is outlined. Detailed 

descriptions of IMDD OOFDM systems will be given in Chapter 4, including the key 

optical components such as optical fibres, photodetectors and intensity modulators, and 

several challenging issues in such OOFDM systems. 

In the IMDD OOFDM transmitter, for the purpose of directly driving an intensity 

modulator, real-valued OFDM signals are necessary, which can be obtained by arranging 
the encoded original data (together with a zero-valued first subcarrier) and their conjugate 
counterparts to satisfy Hermitian symmetry at the input of the IFFT [161, as shown in 
Fig. 2.11. In this figure, Nsub is the total number of the subcarriers at the input of IFFT; n is 
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the index of the subcarrier carrying original data and n =1,2... NS�b/2-1; a and b represent 

the in-phase and quadrature components of A,,, which is the original complex data at the 

input of IFFT. 

No Power 
0 

. 4� =cr+ jl> 

C )112mal data 

"......... " IFFT Real-v-: Uuedsymbol 
No Power--- 0 

Fig. 2.11 Real-valued OFDM symbol generation 

After a DAC, an intensity modulator is driven directly by 

Se = S. + Irx' (2.25) 

where Sa is the real-valued electrical OFDM signal emerging from the DAC and I, x, 
is 

the DC bias current to ensure that Se is always positive. An optimum driving current is 

required to ensure that the current locates at a preferred linear amplification region shown 
in Fig. 4.2 of Chapter 4. 

If use is made of an ideal intensity modulator, the waveform of the generated OOFDM 

signal is given by 

S� = S, (2.26) 

For a practical intensity modulator such as a DML, direct modulation of a laser driving 

current introduces a nonlinear frequency chirp to the optical field, thus decreases the 
dispersion tolerance of the OOFDM technique [18]. Discussion of the DML frequency 

chirp and its compensation will be given in Chapter 4. 

In the receiver, the transmitted OOFDM signal is detected by a square-law photodetector. 
Such nonlinear detection introduces intermixing impairments and considerably lowers the 
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transmission performance. The discussions of the direct detection-induced intermixing 

effect will be given in Chapter 4. After photon detection, the electrical OFDM signal is 

processed by a receiver OFDM modem, which is the inverse of that of the transmitter. 

Finally, the received data can be recovered by decoding the complex numbers at the 

positive frequency bins of the FFT output. 

It is worth mentioning that, compared to coherent OOFDM, IMDD OOFDM not only 

lowers the system complexity and cost, but also omits the compensation of frequency 

offsets between LDs in the transmitter and receiver. 

2.3.1.3 AMOOFDM 

In IMDD AMOOFDM using BL [16], the modulation format taken on each individual 

subcarrier can be varied according to the frequency response of a given transmission link, 

i. e. a high (low) modulation format is used on a subcarrier experiencing a high (low) 

Signal-to-Noise Ratio (SNR), as shown in Fig. 2.12. Such an adaptive signal modulation 

capability provides a unique feature for utilizing effectively the frequency response 

characteristics within the entire transmitted signal spectral region. 
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Fig. 2.12 Operating principles of AMOOFDM. 

Apart from BL, there are other adaptive loading schemes including Power Loading (PL) 

and Bit-and-Power Loading (BPL) [19]. Statistical investigations [19] have shown that the 

BPL (PL) algorithm always offers the best (worst) transmission performance. Moreover, 

results presented in [10] indicate that the achievable transmission capacity difference 

between BPL and BL is very small for IMDD SMF links of up to 100km. For example, the 
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difference is less than about 3.5% at 25km. Also considering the fact that BPL significantly 
increases the transceiver complexity, only the BL algorithm is utilized in this thesis. 

In AMOOFDM, the maximum achievable signal line rate Rs can be expressed as: 

Mk 
Rs = k=1 (2.27) (Nsub+N )T 

cp s 

where Mk is the number of binary bits carried by the k-th subcarrier, Ns�b is the total 

number of subcarriers, Nep is the number of sampling periods occupied by the cyclic prefix. 
Mk, Nib and Np are taken to be the values for a single AMOOFDM symbol. Ts is the ADC 

sampling period. Rs is considered to be valid only when the total channel BER (represented 

by BERT) defined below, 

N,. /2-1 N,, b/2-1 

BERG. = Enk nk (2.28) 
k=1 k=1 

remains at 1.0 x 10"3 or better, where Enk and nk are the total number of the error bits and 

the total number of the transmitted binary bits corresponding to the k-th subcarrier 

respectively. Such a BERT leads to error-free operation when combined with Forward 

Error Correction (FEC). As a direct consequence of such modulation format manipulation, 
for an arbitrary transmission link, the maximized transmission performance of an 
AMOOFDM signal is always achievable through negotiations between the transmitter and 
receiver. 

2.3.1.4 IMDD OOFDM Applications 

Based on the discussions of both coherent OOFDM and IMDD OOFDM in subsection 
2.3.1.1-2.3.1.3, the major differences between coherent OOFDM systems and IMDD 
OOFDM systems are summarized in Table 2.1. 
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Table 2.1 

Coherent OOFDM IMDD OOFDM 

E/O converter I/Q modulator Intensity modulator 

O/E converter I/Q detector Square-law photodetector 

OFDM signal 
In-phase and quadrature Real value components 

Dispersion tolerance Unlimited (theoretically) Limited by DMLs and 
square-law photon detection* 

System complexity Complex and expensive Simple and low-cost 
and cost 

* Discussed in Chapter 4 and [20]. 

Table 2.1 indicates that, compared with coherent OOFDM which is applicable for long- 

haul transmission, IMDD OOFDM is a very promising solution in cost-sensitive 

application scenarios including, for example, Local Area Networks (LANs), access 

networks, and Metropolitan Area Networks (MANs). In the next chapter, the background 

of access networks especially PONs will be reviewed. 

2.4 Conclusion 

In this chapter, the basic concepts of OFDM have been discussed briefly. The 

orthogonality among all subcarriers in OFDM is the major difference compared to 

conventional FDM. A typical OFDM system has been described, with a number of key 

transceiver components being discussed including IFFT/FFT, cyclic prefix, DAC/ADC and 
equalization. Among them, cyclic prefix and equalization are two critical elements for 

combating the channel dispersive effects. Two categories of OOFDM including coherent 
OOFDM and IMDD OOFDM are presented and compared. In IMDD OOFDM, a 

promising BL scheme called AMOOFDM is also described, which can maximize the 
OOFDM system performance for an arbitrary transmission link. Coherent OOFDM is 

promising for long-haul transmission systems, while IMDD OOFDM is more competitive 
in cost sensitive application scenarios such as access networks. 
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As mentioned in Chapter 2, IMDD OOFDM is considered to be a strong candidate for 

practical implementation in NG-PONs. Since detailed discussions of the general 

background of PONs are essential for gaining an in-depth understanding of the key aspects 

related to practical applications of the OOFDM technique in NG-PONs, in this chapter, 

access networks especially PONs are described in detail. 

3.1 General Background of Access Networks 

In this section, a general telecommunication network architecture is first introduced, 

followed by discussions of different access networks including Digital Subscriber Lines 

(DSLs) and PONs. In particular, effort is given to describing PON systems ranging from 

first generation PONs to NG-PONs. 

3.1.1 General Telecommunication Network Architecture 

Fig. 3.1 The general structure of telecommunication networks. Metro: 

metro/regional sub-networks; AN: access networks. 

The general telecommunication network architecture is shown in Fig. 3.1, which consists of 
three sub-networks namely core networks, metro/regional networks and access networks. 
These sub-networks are classified depending on their geographical coverage and are 

connected with each other by robust physical links. 

The core networks are the central parts of the telecommunication networks, and 
interconnect big cities or major communication hubs and have mesh topologies. A typical 
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core network can commonly support bandwidth in a This scale over transmission distances 

of at least several hundred kilometres [1]. 

The metro/regional networks are those deployed within smaller geographical areas such as 

a city and support signal line rates of 10Gb/s over transmission distances of up to 320km 

[2]. These networks interconnect core networks and access networks, and pass traffic from 

the core networks to the access networks or backwards. 

Located at the edge of the telecommunication networks are the access networks, which 
deal with the individual end-users such as corporate business units, university departments, 

medical centres, or private residential users. Compared with the enormous bandwidth 

provided by the core networks, the existing access networks only support signal line rates 

of <60Mb/s per user over a transmission distance of up to 20km [3]. 

3.1.2 Techniques in Access Networks 

In the past several years, broadband access has rapidly grown in terms of the number of 

customers serviced, signal bit rates delivered, and the ability to support a larger set of 

services and applications. During 2010, an average of 9.2 million new broadband 

subscribers signed up for services each month over the world. Subscribers reached 763 

million worldwide in 2010 [4]. 

Currently, the majority of broadband customers rely on wired access networks, as such 

networks can provide relatively large bandwidth and stable channels over time when 

compared with wireless access networks. The wired access networks fall into two major 
categories including copper cable-based access networks and optical fibre-based access 
networks. At present, the most popular wired access networks are copper cable-based 
access networks using DSL. In 2009, DSL accounted for two-thirds of all broadband 
deployments [5]. However, optical access networks especially PONs show more 

competitiveness than DSL, as PONs can offer significantly increased bandwidth over 

extended transmission distances. Therefore, optical access networks have been considered 
to be a promising strategy for satisfying the ever increasing end-users' demands. The 

population of broadband customers relying on optical access networks has undergone a 
rapid increase in recent years [4-6]. In the following two subsections, both DSL and optical 
access networks are described with emphasis being given to PONs. 
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3.1.2.1 DSL 

Fig. 3.2 A typical structure of a DSL system. PC: personal computer. 

DSL was developed in the 1980s by the telephone industry and is a family of techniques 

for transmitting digital data over copper wires of local telephone networks. The typical 

structure of a DSL system is illustrated in Fig. 3.2, where a DSL modem is employed at the 

user end for connecting the customer devices to the Central Office (CO) and a DSL Access 

Multiplexer (DSLAM) located in the CO is utilized for sending (receiving) the voice signal 

and digital data to (from) the Internet. In DSL, data service is delivered simultaneously 

with the voice signal from a regular telephone on the same telephone line. This is achieved 

using FDM, in which the digital data and voice signals are transmitted in different 

frequency bands and these frequency bands are subsequently separated by filtering. As 

shown in Fig. 3.3, the frequency band of 0-4 kHz is used for the voice signal, and the 

frequency band of about 25 kHz-1 MHz is utilized for digital data traffic with 25 kHz-130 

kHz for upstream transmission and 140 kHz-1 MHz for downstream transmission. 

04 kHz 25.8-5 kHz 138 kHz 1104 kHz 

Fig. 3.3 Frequency bands of typical DSL systems. 

Most DSL is asymmetric in signal line rate, with a higher rate downstream toward a 
customer and a lower rate upstream backwards. The achievable signal line rates are 
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determined by many factors: the specific type of DSL employed, the length of the copper 

wire over which services are delivered, and the specific limitations imposed by a service 

provider for marketing and/or technical reasons [6]. Asymmetric DSL (ADSL) is the most 

commonly installed technical variety of the DSL technique and can support a maximum 
transmission capacity of 24.5 Mb/s for downstream and 1 Mb/s for upstream over 5.5 km 

as defined in G992.5 ADSL2plus [7]. The latest version of DSL is symmetric in signal line 

rate, which is namely Very-high-speed DSL 2nd generation (VDSL2) and defined by the 

international standard ITU-T G. 993.2 [8]. VDSL2 can attain 100 Mb/s symmetric 

transmission speed over about 500m and reduced rates over longer distances [6]. 

3.1.2.2 Optical Access Networks 

It is worth pointing out that DSL is reaching its bandwidth limit and causes the so-called 
last-mile bottleneck [9]. Fortunately, optical access networks [10] can easily meet and 

exceed the transmission capacity versus reach target support by DSL, on a per-customer 
basis, while still offering the capability to evolve in the future to far higher speeds without 

requiring fundamental changes to network infrastructures [6]. As a promising solution for 

realizing optical access networks, FTTH has surpassed thirty million users globally in 2009 

and is continuing to grow at a rapid rate [11]. This is mainly due to its positive influence 

on economy, society and environment as well as being a key sustainable utility driver 

[11,12]. 

For practical implementation of FTTH, PONs which are based on the point-to-multipoint 
topology, have been considered as the most competitive technology [6]. It should be noted 
that the point-to-point topology also has a part to play in terms of bandwidth per user and 

network complexity, and is quite popular in some parts of the world [13]. 

3.2 PONs 

3.2.1 Basic Concept of PON 

PONs are the optical networks which physically employ a point-to-multipoint topology to 
maximize the coverage, and no active power-consuming elements are deployed in the 
signal path from the source to the destination [3,10]. 
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A representative PON system is shown in Fig. 3.4, which consists of a CO node referred to 

as an Optical Line Termination (OLT), a number of user nodes referred to as Optical 

Network Units (ONUs), and the fibres and splitter/combiner between them. The section 

between OLT and ONUs is referred to as the Optical Distribution Network (ODN) [3]. It 

can be seen that a single fibre carries all traffic from OLT to an ODN which feeds the 

individual short branching fibres to ONUs. 

i 

Optical power ONLT 
Splitter combiner 

OLT 

ODN ONtT 

Fig. 3.4 Typical PON structure. 

The PON has a number of salient advantages including: 

(1) The elimination of active optoelectronic and electronic devices located in a cabinet in 

the harsh outside environment, leading to low maintenance cost and better system 

performance stability [6]. 

(2) Low power consumption (almost 50% reduction in lifetime emission) due to the 

exclusion of active power-consuming elements, which is highly beneficial for the ever- 
increasing global energy consumption [I I]. 

(3) Cost-effective (comparable to DSL) by sharing OLT devices, fibre installation and 

maintenance cost amongst a number of end-users [11]. 

For designing and developing a PON system, several crucial parameters have to be 

considered including signal line rate, transmission distance/reach, wavelengths for 

downstream and upstream, split ratio and optical power budget. The optical carriers at the 

wavelengths defined in a specific PON standard are used for carrying downstream and 

upstream traffic separately [11]. The split ratio is closely related with the number of 
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subscribers supported by a single OLT. In additicr., the signal line rate, reach and split ratio 

are also limited by the optical power budget. 

Due to its point-to-multipoint architecture, multiplexing techniques are required to provide 

the multiple-access capability in PONs [3]. According to different types of multiplexing 

techniques, a number of PON architectures have been investigated, including TDM-PONs, 

WDM-PONs and OOFDM-PONs. Existing PONs are overwhelmingly based on the TDM 

technology. The TDM-PONs has several variants [3,11] including ITU-T Asynchronous 

Transfer Mode (ATM) PON (APON), Broadband PON (BPON), GPON and IEEE EPON, 

as well as IEEE 10G-EPON and ITU-T XG-PON. WDM-PONS and OOFDM-PONs are 

currently being investigated and have been considered by ITU-T as long-term solutions 

after XG-PON [14]. 

3.2.2 PON Evolution History 

1995 2000 2005 2010 2015 
#5 1f Q 
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.1 

Fig. 3.5 Evolution of PON technologies. (from [15]) 

The evolution of PON technologies is shown in Fig. 3.5, together with reference to actual 
deployments in major global areas. It can be seen in Fig. 3.5 that APONs were the first 

PON standard proposed by ITU G983.1/2 in the middle of 1990s, followed by BPONs 

which were proposed by G983.3-5 around 2000. APON/BPON only support signal line 

rates of up to several hundred Mb/s in both downstream and upstream, and thus were 
deployed on a very small scale. 

Present PONs are based on the IEEE 802.3ah EPON and ITU-T G. 984 GPON standards, 

which were proposed around 2001. EPONs are deployed in many Asian countries. In Japan, 
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the number of EPON users overtook the number of DSL users in March 2008 and has 

exceeded fifteen million [11]. In the USA and Europe, some companies plan to introduce 

GPON, but few major carriers have done so yet and carriers are waiting for a market 

trigger to push them to deploy fibre more widely [11]. 

The next wave of PONs that will be deployed are those based on 10Gb/s transmission 

technology. These systems are referred to as NG-PON1 by ITU-T or called 10Gb/s NG- 

PONs in the open literature [11]. In the IEEE P802.3 family, the new architecture is called 

1OG-EPON, which was successfully standardized by the IEEE 802.3av task force in 

September 2009 [11,16]. In the ITU-T SG15 family, XG-PON is currently being 

standardized by question 2/15 of ITU [11,17,18]. 

The NG-PON which is beyond 10Gb/s NG-PONs is referred to as NG-PON2 by ITU-T 

[14]. To enable NG-PON2, new PON systems based on advanced WDM technologies are 

under investigation and include for example WDM-PONs and WDM/TDM-PONs. Also, 

novel modulation techniques such as OOFDM are also being discussed for NG-PON2 [14], 

and OOFDM-PON which has been investigated in recent years, continues to emerge as an 

attractive candidate for next-generation optical access [19]. However, the standardization 

for this wave of PON systems will not start in earnest soon, as considerable technical 

research must be completed to bring the required components to life [11]. The standards 

are anticipated to be available around 2015 [11,14]. 

3.3 Different PON Technologies 

In this Section, different PON technologies are reviewed in detail. The physical layer, also 

commonly referred to as the Physical Media Dependent (PMD) layer [20], of the PON 

systems is the major concern in this section, as the dissertation work presented in Chapter 

5-10 are closely related to the PMD layer. Other layers such as Media Access Control 

(MAC) layer are also of great importance, which are however beyond the scope of the 
thesis. 
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3.3.1 TDM-PONs 

Downatroam at 1490nm 

---- --- 
Splitter 

........................ 

Upstream at 1310nm 

Fig. 3.6 A typical structure of a TDM-PON system (from [3]) 

In Fig. 3.6, a typical TDM-PON system is illustrated. Separate wavelength bands with 

central wavelengths at 1490 nm and 1310 nm are used to carry downstream and upstream 

traffic, respectively. The downstream traffic is continuously broadcast to all ONUs, and 

each ONU selects the packets destined to it and discards the packets addressed to other 

ONUs. In upstream, each ONU transmits data during the time slots that are allocated by 

the OLT [3]. Different types of TDM-PONs are described in subsection 3.3.2-3.3.4. 

3.3.2 APON/BPON 

In both APONs and BPONs, their downstream and upstream frames are based on ATM 

cells. APONs can provide signal line rates of 155Mb/s in both downstream and upstream 

over 20km, and typical BPONs can support signal line rates of 622Mb/s in downstream 

and 155Mb/s in upstream over 20km. BPONs are the higher speed versions of APONs and 

thus only BPONs are reviewed below. 

In BPON standards, several power budgets are described and the most common power 
budget is 28dB which can support a split ratio of up to 1: 32. As a result, typical BPONs 

can only provide a bandwidth of - 20Mb/s per user [3]. Also specified in the standards, 
BPONs use 1260-1360mn for upstream and 1480-1500 nm for downstream, with 1550- 

1560 nm used for video overlay services. 

3.3.3 Present PONs 

GPON 

ITU-T G. 984 GPON is an evolution of the BPON standard [20], which can not only inherit 

many features of BPON standard such as wavelength plan and power budget, but also 
support higher signal line rates of 2.488 Gb/s for downstream and 1.244 Gb/s for 
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upstream [21], as shown in Fig. 3.7. Moreover, GPONs support transmission reach of at 

least 20 km, which can be extended to 60 km. In addition, the split ratio supported by 

GPONs is up to 1: 128. However, practical deployments would typically have a lower reach 

of 20 km and a split ratio of 1: 32 which are limited by the optical power budget, and thus 

can provide a bandwidth of - 40 Mb/s per user [3,21]. 

4 Upto60km 
pi ý- 20 

km 
ONU )' 

WDM 

p 
OLT ONU U to 

128 
split 

i eo n ONU 
Tx 

h 
ýý,. 

Downstream: 1490 nm, 28 db, 2.488 Gh/s 
IN- upstream: 1310 nm, 28 db, 1.244 Gb/s ONU 

Downstream video: 1550 nm 

Fig. 3.7 Typical structure of GPON system (from [19]) 

EPON 

An EPON is a PON combined with Ethernet protocol and provides bidirectional 1 Gb/s 

over a transmission distance of up to 20 km by using the entire O-band (1260-1360 nm) for 

upstream and 1480-1500nm for downstream and reserving 1550 nm for future extensions 

or additional services such as analog video broadcast [10]. 

In the IEEE 802.3ah standard EPON, the power budget is conservatively specified as 24 

dB with a minimum 1: 16 split ratio. In practice, the transceiver technology has matured 

sufficiently so that components providing 29 dB power budget have become commercially 

available, resulting in most EPON-based networks being deployed with a split ratio of 1: 32, 

with some being as high as 1: 64 [3,10]. The average bandwidth provided to each end-user 

can be as high as 60 Mb/s. 

3.3.4 10Gb/s NG-PON 

Although EPON and GPON enable a significant bandwidth boost as compared to copper 
cable-based access networks, their capacity will be exhausted as soon as bandwidth-hungry 

applications such as IPTV and peer-to-peer multimedia service become available. To meet 
the anticipated future demand, the IEEE and ITU-T are actively developing NG-PONs, 

which target a transmission capacity of 10 Gb/s or beyond. 
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The first step of NG-PON are the 10Gb/s NG-PONs including 1OG-EPON and XG-PON, 

as mentioned in subsection 3.2.2. IEEE 802.3av defines two types of bit rates for lOG- 

EPON, including asymmetry bit rates of 10 Gbit/s for downstream and I Gbit/s for 

upstream under the name of PRX, and symmetric bit rates of 10 Gbit/s for downstream and 

10 Gbit/s for upstream under the name of PR. Equivalently, ITU-T also defines 

asymmetric bit rates of 10 Gbit/s for downstream and 2.5 Gbit/s for upstream under the 

name of XG-PON1, and symmetric bit rates of 10 Gbit/s for downstream and 10 Gbit/s for 

upstream under the name of XG-PON2. 

According to Re£20,10G-EPON (XG-PON) is a smooth evolution of IEEE 802.3ah 

EPON (ITU-T G. 984 GPON), this is mainly because 10G-EPON (XG-PON) inherits all 

the requirements of EPON (GPON) with a few additions. The primary new requirement for 

IOG-EPON (XG-PON) that is not found in the EPON (G-PON) is that IOG-EPON (XG- 

PON) must coexist with the EPON (G-PON) in the same ODN [22]. For achieving such a 

requirement, the wavelength plan is of great importance, which is shown in Fig. 3.8 and 

summarized as below: 

Downstream: The L-band (1575-1580 rim) is utilized for both IOG-EPON and XG-PON. 

Upstream: the 0-minus band (1260-1280 nm) is utilized for XG-PON1 and IEEE 

802.3av-PR. The entire O-band (1260-1360 nm) is utilized for IEEE 802.3av-PRX, which 

is the same as EPON. It is worth mentioning that the upstream wavelength plan for XG- 

PON2 has not been defined yet but it is expected that XG-PON2 will adopt a similar 

wavelength plan to XG-PON 1. 

GPON 

up 

jIII 

1'0o 121"0 1 fK) 13,210 1340 1360 

Wavelength (mn) 

GPON 
down 

1150 15(KI 11-110 1540 15 'so 1 ýS0 

\Va e1eugt1i (inn) 

Fig. 3.8 The wavelength plan for l OG-class PON system 
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Based on the above-mentioned wavelength plan, the co-existence of the existing GPONs 

and XG-PON is achieved by the WDM technique, where the downstream/upstream traffic 

of the GPONs and XG-PON can be multiplexed and separated easily, as shown in Fig. 3.9. 

For EPON and 10G-EPON, the WDM technique is also used in downstream to separate 

their traffic. However, in the upstream, the wavelength bands overlap and cannot be 

separated by the WDM technique. Fortunately, this problem can be accommodated by 

using a dual rate TDM scheme, in which a dual rate burst mode OLT receiver shown in 

Fig. 3.10 automatically switches between 1 Gb/s and 10Gb/s based on the scheduled ONU 

transmission burst [16]. 

Fig. 3.9 Co-existence of XG-PON and GPON 

Fig. 3.10. Co-existence of 1 OG-EPON and EPON 

Apart from the co-existence requirement, 1OG-EPON and XG-PON also have the 
following major parameters, which inherit the requirements of both EPON and GPON: 

1OG-EPON 

" IEEE 802.3av-PR(X)10: 5-20 dB power budget for a reach of 10 km and split ratio of 
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at least 1: 16. 

" IEEE 802.3av-PR(X)20: 10-24 dB power budget for a reach of 20 km and split ratio of 

at least 1: 16. 

" IEEE 802.3av-PR(X)30: 15-29 dB power budget for a reach of 20 km and split ratio of 

at least 1: 32; also PR30 assures compatibility with G-PON class B+ infrastructure (13- 

28 dB). 

XG-PON1 

ITU-T has identified two power budgets that were considered as "nominal" PON budgets: 

" Nominal 1: 29dB power budget for a reach of at least 20km and split ratio of at least 

1: 64; also assure compatibility with EPON. 

" Nominal 2: 31dB power budget for a reach of at least 20km and split ratio of at least 

1: 64. 

XG-PON2: the power budget has not been defined and is expected to be 33 and 35dB for 

the Nominal 1 and Nominal 2, respectively. 

3.3.5 Beyond 10Gb/s NG-PON 

In parallel with developing XG-PON, ITU-T also offers a long-term plan beyond the 

10Gb/s NG-PON targeting even higher signal line rates, which is referred to as NG-PON2, 

as shown in Fig. 3.11 [14,18]. Different from l 0Gb/s NG-PON, NG-PON2 are not 

necessarily co-existent with the existing PONs in the same ODN [22]. Therefore, NG- 

PON2 offers an opportunity to consider a number of PON architectures with potential 

excellence, such as TDM-PON, WDM-PON and OOFDM-PONs. 

NG-PON2 
E. g. Wgher-rate TDM, 

DWOM, CDM, 
QFDM, etc. 

^o. "Co<aistence' 
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Fig-3.11 Definition of scope of NG-PON (from [14]) 
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Most agree that TDM-PONs cannot cope with the requirements of future access network 

evolution with respect to aggregated bandwidth [23]. Compared with TDM-PONs, the 

major advantages of WDM-PONs are that ONUs are assigned individual wavelengths, 

which enables each ONU to operate on the individual signal line rate rather than the 

aggregate rate and thus provides higher bandwidth to each ONU. In the next subsection, 

WDM-PONs and hybrid WDM/TDM-PONs are described. 

3.3.5.1 WDM-PON and WDM/TDM-PON 

WDM-PON 

WDM-PON is generally recognized as a PON in which each ONU uses a different 

wavelength, i. e. an independent wavelength, in each direction for communication with the 

OLT. The typical architecture of WDM-PON system is shown in Fig. 3.12. 

In the WDM-PON system, ONU k (k =1 to n) emits an upstream signal with a wavelength 

Auk and receives a downstream signal with a wavelength 2dk 
. 

To achieve wavelength 

multiplexing of upstream signals from Au, to A as well as wavelength demultiplexing of 

downstream signals from A1 to Ad, 
,a wavelength splitter/router is used as an optical 

branching device instead of the power splitter used in TDM-PON systems [24]. In an OLT, 

there are n interface cards (denoted as IF 1 to n, as shown in Fig. 3.12) and point-to-point 

communication is facilitated between IF k and ONU k logically. Therefore, the WDM- 

PON system is recognized as a "virtual point-to-point" system [11,24]. 

ONU 1 -_ý 
0 Mux/demux 

1"ut 

Feeder fiber -} 

'a 
LA 

IF n 

Fig. 3.12 Typical structure of WDM-PON system (from [24]) 

The simplest way of realizing WDM-PONs is to employ a coloured laser in each ONU, 
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which is however significantly increase the system cost. Therefore, for the recent years 

extensive investigations have been undertaken on the practical realization of "colourless" 

ONUs, i. e wavelength-independent ONUs [11,24]. 

ONU 11 IFeederfiber 1 OL 
Demux 

I ONU1n I "' 

IIIM TD-I-PON 

Feeder fiber 21 

IFm I 

Fig. 3.13 Typical structure of WDMITDM-PON system (from [24]) 

WDM/TDM-PON 

In addition, WDM-PONs can also be combined with additional TDM techniques, in 

particular those already used by the EPON and GPON standards. This leads to hybrid 

WDM/TDM-PONs and improves scalability by allowing splitting ratios of up to 1: 1000 

[23]. The WDM/TDM-PON is generally recognized as a PON in which more than one 

wavelength is used in each direction for communications between an OLT and a number of 
ONUs and each wavelength is shared among several ONUs by using the TDM technique. 

A typical WDM/TDM-PON is shown in Fig. 3.13, in which each TDM-PON uses different 

wavelength from the others. It can be seen that ONUj1 to ONUS� (j=1 to m) access the same 

interface card (IF j) in the OLT by using the same wavelength, i. e., A,, 
j and Ad. for 

upstream and downstream, respectively. m is the number of TDM-PONs stacked/overlaid 
by WDM. Therefore, there are m interface cards (IF 1 to m) in the OLT side. It is worth 

mentioning that in order to prevent complex operation and maintenance, colourless ONU 

technologies are desired for this application. 

Based on the discussion in this subsection, the major disadvantages of WDM-PONs are 
their high system cost and complexity. In addition, WDM-PON lacks the flexibility to 
dynamically allocate broadband services amongst various end-users. Consequently, a high- 

speed, cost-effective and highly-flexible PON system such as OOFDM-PONs is of great 
interest. 
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3.3.5.2 OOFDM-PON 

The OOFDM-PONs can be thought of as a hybrid technique, which can combine pure 

OFDM [25-28] with TDM, such that the OFDM subcarriers can be dynamically assigned 

to different services in different time slots (TDM time slots) [25]. 

A typical OOFDM-PON architecture is shown in Fig. 3.14 [26]. In this architecture, the 

subcarriers and time slots allocation are controlled by the OLT over non-reserved sub- 

carriers sent to the ONUs in the preconfigured time slots. For upstream traffic, each ONU 

maps the data and/or signal to the given subcarrier(s) and/or time slot(s) and sets all the 

other subcarriers to zero, and completes the modulation to generate an electrical OFDM 

frame. The OFDM frame is then converted into OOFDM symbols with a low cost DML at 

different wavelengths following the schedule pre-decided by the OLT and transmitted over 

fibre. The OOFDM symbols from multiple ONUs are combined at the optical coupler, 

forming a single OOFDM frame. After transmitted through the ODN, the single OOFDM 

frame is detected by a single photodetector at the OLT receiver [25,26]. For downstream 

traffic, the OOFDM frame and other analog signals in OLT are mixed by the electrical 

coupler to drive the intensity modulator. When the mixed signal reach the ONUs, each 

ONU picks out its own data or signal from the proper subcarrier(s) and time slot(s). 

Time 

Fig. 3.14 The typical structure of OOFDM-PON system (from [26]) 

Advantages of OOFDM NG-PONs 

OOFDM can be regarded as either a modulation technique, or a multiple access technology. 
As a modulation technique, OOFDM has a number of unique and inherent advantages, 
including, for example, great potential for providing cost-effective technical solutions 
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through fully exploiting the rapid advances in modem DSP technology, and considerable 

reduction in optical network complexity owing to its excellent resistance to dispersion 

impairments, relatively high transmission speed, large spectral efficiency as well as 

adaptive and efficient utilization of channel spectral characteristics, as mentioned in 

Chapter 1 and 2. As a multiple access technology, OOFDM is capable of offering, in both 

the frequency and time domains, hybrid dynamic allocation of broadband services among 

various end-users, which not only improves the system flexibility but also can be 

compatible with existing PON systems in the same ODN. 

Apart from the above-mentioned advantages, when use is made of OOFDM in WDM- 

PONs, OOFDM not only lowers system complexity and cost, but also offers dynamic 

bandwidth allocation. In addition, OOFDM can provide WDM-PONs with the following 

advantages: 

(1) Spectral efficiency: currently, PONs already have crowded spectra on access fibres; 

therefore, OOFDM is very promising due to its high spectral efficiency properties. 
(2) Bandwidth saving: in WDM-PONs, the bandwidth assigned to an ONU will be wasted 

if this ONU does not require the services on a specific time slot. However, such a 
drawback can be overcome by OOFDM, which can offer dynamic bandwidth 

allocation. 

Given the fact that commercially deployed SMF-based PON systems are overwhelmingly 
based on IMDD transmission links, IMDD should also be considered as an important 

feature for potential cost-effective strategies [29]. To develop cost-effective OOFDM NG- 
PONs, IMDD [30,31] is a very promising solution, as it is capable of offering further 

reductions in both the network complexity and the installation and maintenance cost 

without strongly compromising the system flexibility and performance robustness. 

3.4 Conclusion 

In this chapter, a brief introduction to telecommunication networks has first been made, 
which consists of core networks, metro/regional networks and access networks. Then, two 
types of access networks including DSL and PONs have been described with effort being 

given to PONs. The PON evolution history is presented and different PON systems are 
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described and discussed. 

Existing PON systems and I0Gb/s NG-PON are commonly based on the TDM technique, 

which, however, cannot cope with the requirements of future access network evolution 

with respect to aggregated bandwidth. Fortunately, these drawbacks can be overcome by 

WDM-PONs, in which ONUs are assigned individual wavelengths and therefore operate at 

the individual signal line rate rather than the aggregate rate. The major disadvantages of 
WDM-PONs are high system cost and complexity, and their lack of the flexibility to 

dynamically allocate the broadband service among various end-users. Consequently, a 
high-speed, cost-effective and highly-flexible PON system such as OOFDM-PONs is of 

great interest. Also, when use is made of OOFDM in WDM-PONs, OOFDM can offer high 

spectral efficiency and bandwidth saving properties. Furthermore, IMDD is preferable in 

OOFDM NG-PON, as it is capable of offering further reductions in both the network 

complexity and the installation and maintenance cost without considerably compromising 

the system flexibility and performance robustness. Therefore, IMDD OOFDM is a very 

promising solution for enabling high-speed and cost-effective NG-PON. 
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CHAPTER 4. IMDD OOFDM SYSTEM 

In this chapter, IMDD OOFDM systems are described in detail. As mentioned in Chapter 2, 

a representative IMDD OOFDM system consists of an electrical OFDM modem and an 

IMDD fibre link. The OFDM modem has already been described in Chapter 2. However, 

the IMDD link which consists of an intensity modulator, an optical fibre and a 

photodetector [1] has not been discussed in detail yet. Therefore, in this chapter, effort is 

given to describing these key optical components. In Sections 4.1-4.2, optical fibres and 

photodetectors are discussed, since they are common to all IMDD links [1]. In Section 4.3, 

intensity modulators are described with attention being given to DMLs. The descriptions of 

these optical components not only illustrate their roles in IMDD OOFDM transmission 

systems, but also provide an in-depth understanding of their impacts on the system 

performance. Finally, further to the reviews in Chapters 1-3, five challenging issues 

associated with IMDD OOFDM systems are identified. Successfully solving these 

challenging issues is greatly beneficial for practical system implementation, as it can 

provide opportunities of considerably improving the transmission performance of the 

IMDD OOFDM systems and simultaneously reducing the system complexity and cost. 

4.1 Optical Fibre Transmission 

The role of optical fibres is to transport the optical signal from transmitter to receiver. 

Generally speaking, an optical fibre consists of a cylindrical core of silica glass surrounded 

by a cladding whose refractive index is lower than that of the core. The optical fibre can be 

commonly classified into two categories: MMFs and SMFs. SMFs have small core 

diameters and light can propagate in a single mode, whilst MMFs have large core 

diameters and light can propagate in multiple modes [2]. In MMFs, different modes 

propagate simultaneously and modal dispersion results in mode delay. This dispersive 

effect limits the link bandwidth and system performance. As mentioned in [2], the 

bandwidth x length products of MMFs are limited to several hundred Mb/s"km. Therefore, 

MMFs are mostly installed in LANs. 

In long haul transmission, MANs and access networks, SMFs are the preferred optical 

transmission medium as modal dispersion can be completely eliminated in SMFs. This is 

because the energy of the injected pulse is transported in a single mode referred to as the 

fundamental mode [2]. However, when transmitted through SMFs, the optical signal still 

63 



CHAPTER 4. IMDD OOFDM SYSTEM 

suffers from dispersive effects due to chromatic dispersion. 

4.1.1 Chromatic Dispersion 

Chromatic dispersion is caused by the frequency dependence of the refractive index of 

optical fibre. As a result, different spectral components of an optical signal travel at 

slightly different group velocities and the resulting time delay AT for a SMF of length L is 

given by 

AT = DLAA. (4.1) 

where D is the dispersion parameter and expressed in units of ps/(km"nm). &A is the 

variation range of wavelengths emitted by the optical source. In practice, chromatic 
dispersion is characterized by D, which is defined as 

D=' T/. 3z (4.2) 

where /12 is the Group-Velocity Dispersion (GVD) parameter, c is the velocity of light in 

vacuum and % is the central wavelength. D is wavelength dependent and for SSMFs, D is 

zero near 1310nm and around 17 ps/(km"nm) at 1550nm, as shown in Fig. 4.1. 

The chromatic dispersion-induced time delay brings about ISI in the received signal and 
thus imposes limitations for maximum achievable performance of optical communication 

systems. In a Non-Return to Zero (NRZ)/ Return to Zero (RZ) system for example, the 

achievable system capacity and reach are constrained by [2] 

yLSC B4 
A2D (4.3) 

with B being the signal line rate. As an example, for an NRZ system operating at 1550nm, 

when the signal line rate increases from 1Gb/s to lOGb/s, the achievable transmission 
distance is reduced from 1836km to 18km. 

In OOFDM systems, the chromatic dispersion-induced ISI and frequency dependent loss 

effects can be overcome by using cyclic prefix and channel equalization, as mentioned in 

Chapter 2. 
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Fig. 4.1 Typical wavelength dependence of the dispersion parameter D for 

standard, dispersion flattened, and dispersion shifted SMFs. (from [2]) 

4.1.2 Fibre Loss 

When transmitted through SMFs, the signal power is attenuated due to fibre loss. The fibre 

loss can be described by [2] 

-aL 
Pout = PinlO ]0 (4.4) 

where a is the attenuation coefficient and expressed in units of dB/km, P,,, is the power 

launched at the input end of a fibre with length L and Pout is the power at the output end of 

the fibre. Several factors contribute to the overall losses, and material absorption and 

Rayleigh scattering are dominant. Detailed descriptions of these factors can be found in 

[2,3]. 

4.1.3 Fibre Nonlinearity 

The response of optical fibres to light becomes nonlinear for intense electromagnetic fields, 

this is known as fibre nonlinearity. Fibre nonlinearity effects affect the power and phase of 

optical signals when traveling through the SMF. 

There are two major categories of optical fibre nonlinearity effects. The first type of 

nonlinearity effects exhibit energy transfer from the optical field to the medium via a 

stimulated inelastic scattering processes including Stimulated Brillouin Scattering (SBS) 

Standard 

Dispersion flattened 

shifted 

1.1 1.2 1.3 1.4 1.5 1.6 1.7 
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and Stimulated Raman Scattering (SRS). SBS and SRS result in loss of power and 

frequency down-shifts to the optical signal and become important once the incident power 

exceeds their thresholds of typically -7dBm for SBS and -27dBm for SRS [2]. However, 

for the application scenarios of interest in this dissertation, SBS and SRS effects are 

negligible as optical launch powers used are well below these thresholds. The second type 

of fibre nonlinearity effects arise due to the dependence of refractive index on intensity of 

the propagating signal. The most important nonlinear effects in such a category are Self- 

Phase Modulation (SPM), Cross-Phase Modulation (XPM) and Four-Wave Mixing (FWM). 

SPM and XPM 

SPM refers to the self-induced phase shift experienced by an optical field during its 

propagation in optical fibres [3]. Due to the optical intensity dependence of refractive 

index, the nonlinear phase shift is given by 

ONL =n2koLIEI2 (4.5) 

where n2 is the Kerr coefficient, ko = 2; r/. % with % being the central wavelength, L is 

the fibre length and I EI2 is the optical intensity inside the fibre. The time-dependent phase 

changes q5NL lead to frequency chirp which convert phase shifts to power fluctuations 

though chromatic dispersion, and finally affect the system performance. 

In WDM systems, XPM and FWM can have strong deleterious effects. XPM refers to the 

nonlinear phase shift of an optical field induced by not only the intensity of that optical 
field but also the intensity of the fields at other wavelengths [2,3]. When two optical fields 

El and E2 at frequencies o and co, propagate simultaneously inside a fiber, the nonlinear 

phase shift for the field at ct ý is given by 

#NL = nzkoL(I El 12 +I E2 12) (4.6) 

It can be found from Eq. (4.5) and (4.6) that, for optical fields with identical power (E1=E2), 

the contribution of XPM to the nonlinear phase shift is twice that of SPM. Similar to SPM, 

XPM also introduce power fluctuations as signal propagates along the fibre due to the 

effect of chromatic dispersion. 
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FWM 

When multiple optical signals at different wavelengths propagate in the fibre, the intensity 

dependence of refractive index not only induces SPM and XPM on each signal, but also 

causes these signals to interfere and generate refractive index gratings which interact with 

the signals and produce new frequencies. This nonlinear process is referred to as FWM. If 

three optical fields with frequencies a, w2, co co-propagate simultaneously inside the 

fibre, a fourth field is generated, whose frequency w4 is related to other frequencies by a 

relation (v4 = tlj f w2 ± W3 . 

In practice, frequency combinations of the form w4 =(+ w2 - ()3 are often troublesome 

for multichannel communication systems since they can become nearly phase-matched 

when channel wavelengths lying close to the zero-dispersion wavelength [2]. As the 

energy of the optical field will flow into the fourth field, FWM results in the power loss for 

the channel. More seriously, the large combinations of new frequencies generated by FWM 

lead to either coherent in-band crosstalk or incoherent out-of-band crosstalk, and finally 

degrade the system performance because of a loss in the channel power. 

As single-channel transmission links are utilized in the dissertation, FWM and XPM- 

induced crosstalk between different frequency channels and/or an imbalance of channel 

powers are not included, and the following effects are considered including chromatic 
dispersion, fibre loss and SPM. 

4.2 Photodetector 

In the receiver, the transmitted optical signal is detected by a photodetector, which 
converts the optical signal power into an electrical current. The generated photocurrent is 

proportional to the incident optical power and is given by [2], 

Ip = RI' = RSaso (4.7) 

where I, is the photocurrent, P;, is the incident optical power, S. is the received optical 

signal and R is the responsivity of the photodetector (in units of A/W). In the open 
literature [4,5], such photon detection is often called direct detection, due to its square-law 
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operation to the optical field. 

In Eq. (4.7) noise free operation is assumed. In practice, the photocurrent is also affected by 

two types of noises namely shot noise and thermal noise. These noises cause fluctuations 

in the photocurrent even when the incident optical power is constant. As PIN 

photodetectors are widely used in cost-sensitive network scenarios such as PONs, the noise 

associated with PINs are analyzed below. 

Shot noise arises from the statistical nature of the generation of photo-electrons when an 

optical signal is incident on a photodetector. The noise variance (in units of mA2) is 

proportional to the photocurrent, which is given by [2] 

a, ý = 2qI 
pAf 

(4.8) 

where q is the electron charge and Of is the receiver bandwidth. 

Thermal noise is however due to another mechanism detailed as follows: at a finite 

temperature, electrons move randomly in any conductor; random thermal motion of 

electrons manifests as a fluctuating current and adds such fluctuation to the photocurrent. 
The noise variance (in units of mA2) is given by [2] 

6T=4kBTOfIRL 

where RL is the load resistor. 

(4.9) 

The total current noise can be obtained by adding the contributions from both shot noise 
and thermal noise, 

I=Ip+I, +It (4.10) 

where I, and I. are the current fluctuation induced by shot noise and thermal noise, 

respectively, which are independent random processes with approximately Gaussian 

statistics [2]. As a result, the noise lowers the received SNR and thus worsens the BERs in 

the receiver. To enable the receiver to operate at a BER of 10"9, the received power should 
be higher than a minimum power which is referred to as the receiver sensitivity. Any 
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powers below the receiver sensitivity will give rise to a significant degradation of BER 

performance, which is mainly due to the thermal noise. 

4.3 Intensity Modulator and DML 

Having described the fibre links and the photodetectors, in this section intensity 

modulators are discussed in detail. 

4.3.1 Basic Concept 

The role of the intensity modulator is to convert an electrical OFDM signal into an optical 

signal, whose intensity consistently varies with the electrical signal, as shown Fig. 4.2. 
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Fig. 4.2. Optical output power versus electrical current for intensity modulation. 

Generally speaking, intensity modulators can be classified into two main categories 
including DMLs and external intensity modulators [1,2]. In a DML, the optical output 

power is modulated by an electrical driving current applied directly to the laser device, 

whereas in an external intensity modulator, the laser is biased at a constant current to 

provide the CW output, and an optical modulator placed next to the laser converts the CW 

light into modulated optical power. Compared to external intensity modulators, DMLs such 

as DFB lasers can provide many advantages namely, low cost, compactness, low power 

consumption, relatively small driving voltage and high output power [6]. Therefore, in 

recent years, there has been a growing interest in utilizing DMLs in cost-sensitive optical 
access networks such as OOFDM-PONs [6]. 
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4.3.2 Theoretical DML Model and DML Frequency Chirp 

It is well known that driving current-induced carrier density modulation in DMLs results in 

frequency chirp due to residual PM which accompanies the desired intensity modulation. 

As the characteristics of the laser frequency chirp effect affects the performance of the 

system [6], detailed investigations of frequency chirp are necessary. 

For a better understanding of frequency chirp, in the beginning of this subsection, a simple 

description based on small signal analysis is firstly given to investigate such an effect [7]. 

Since the subcarrier number of OFDM signals is large, the duration of an OFDM block is 

long, for simplicity, each subcarrier can be approximated as a single-frequency carrier. 

Hence, the modulation current of a DML can be assumed as, 

N 

I= Io +I(,, +Zi� cos(nwt+B�) (4.11) 
n=1 

where Io + I,,, is the bias current, Ih is the threshold current of the DML, i� and 9� are 

the amplitude and phase of the n-th subcarrier, N is the number of subcarriers, Co is the 

frequency difference between adjacent subcarriers and 2Nw corresponds to the Double 

Sideband (DSB) bandwidth of the OOFDM signal. To consider a simplified DML model 

without considering nonlinear distortions, the output optical power is represented 

by P =17(I -Ijh) , where q is the laser slope efficiency, and I is set to 

N 
ensure I+ i� cos(na t+ 6�) >0, i. e. no clipping. An additional PM is introduced 

n=1 

simultaneously [7]: 

dt = zP är Ao =2 iog P (4.12 

where a is the linewidth enhancement factor and AO is the variation of optical phase. In 

Eq. (4.12), the adiabatic frequency chirp is omitted, as the transient frequency chirp 
dominates the DML chirp characteristics in OOFDM transmission systems, as will be 

discussed in subsection 4.3.2.2. Therefore, the optical field is given by 

E= (4.13) 
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with cp being its constant phase component. Based on the small signal approximation 

ofin << 10, the analysis in [7] shows that after square-law direction detection, the recovered 
N 

OFDM signal is represented by 2i11 + a2 xn cos(n26D - 6a) cos(no)t + 9�) 
n=1 

where xn = i� /(2I) 
, 
O. = tan-' a and BD = ß2Lco2 /2 with ß2 being the GVD parameter 

and L being the transmission distance. 

(1 + a2) cos2 (n2BD - Oa) governs the frequency response of the transmission link. Without 

the frequency chirp, it changes to cost (n2OD) 
, which is the conventional formula of the 

frequency response of a SMF-based IMDD transmission link [8]. However, for IMDD 

SMFs with positive chromatic dispersion, the positive frequency chirp (a > 0) intensifies 

the frequency dependent loss, resulting in the frequency response narrowing effect [7]. 

For gaining an in-depth understanding of the DML frequency chirp, a theoretical DFB 

model reported in [5] can be used. This DFB model takes into account linear and nonlinear 

carrier recombination and nonlinear gain effects. The feasibility of the DFB model has 

been verified by good agreement with experimental measurements [9]. 

In the DFB model, the output power and phase of the modulated optical signal are 

governed by 

dN_ Id 
_N-BN2_CN3_G(N-N' (4.14) 

dt edwl zc 1+ sO 

dO-rG(N-N, )0+4BN2- 0 
(4.15) 

dt 1+so rp 

P= ZwVivhh v (4.16) 
g 

d(D 
(4.17) dt np 

w=wo 1- ri (N-N, ) 
() 4.18 

np 

where Nis the carrier density, 0 is the photon density, P and (D are the power and phase 
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of the modulated optical signal at the optical frequency of w with respect to a central 

frequency wo. Id is the total electrical current injected into the active region of the laser 

with length 1, width w, and thickness d, e is the electronic charge. r, is the linear 

carrier recombination lifetime. B is the bimolecular carrier recombination coefficient. C 

is the Auger carrier recombination coefficient. G is the linear optical gain coefficient. N, 

is the transparency carrier density. e is the nonlinear gain coefficient. r is the mode 

confinement factor. C describes the fraction of spontaneous emission that is emitted into 

the fundamental mode of the laser. rp is the photon lifetime. X is the coupling efficiency 

from the laser chip to the SMF, w, and wh are the vertical and horizontal widths of the 

guided mode power distributions, h is Planck's constant, c is the velocity of light in 

vacuum, by is the photon energy, ng is the group refractive index, np is the phase 

refractive index and q is the rate of refractive-index change with carrier density. In 

deriving Eqs. (4.16) and (4.17), it is assumed that all photons reaching the exit facet of the 

DML are emitted and that the optical frequency can track the resonant frequency of the 

DFB cavity. 

Based on Eq. (4.17) and (4.18), the DML frequency chirp Av can be expressed as 

worr7(N-N, ) 
AV= - np 

(4.19) 

As q is negative [4,5], the DML frequency chirp is, therefore, positive and varies with 

driving and bias currents, and optical characteristics of the DFB laser. 

It is well known that the DML frequency chirp has two major elements namely the 
transient frequency chirp and the adiabatic frequency chirp. Their relationships can be 

expressed as [6,10] 

a1 dP 
(4.20) AV-2 - --+xP 4n P dt 

where a is the linewidth enhancement factor and x is the adiabatic frequency chirp 
coefficient. The first term in Eq. (4.20) denotes the transient frequency chirp and the second 
term denotes the adiabatic frequency chirp. 
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Based on Eq. (4.20), the transient chirp and adiabatic chirp can be represented in Fig. 4.3, 

by assuming that the DML output power has a waveform with Guassian distribution, as 

shown in Fig. 4.3 (a). It can be seen that transient chirp is proportional to the time-variation 

of an optical signal waveform and adiabatic chirp depends on the instantaneous optical 

signal waveform. 
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or 

(a) (b) (c) 

Fig. 4.3 Representative waveforms of different chirp components. (a) DML 

output power; (b) adiabatic chirp; (c) transient chirp. P: optical output power; 

Af : the frequency variation of the DML output signal. 

To explicitly identify the origin of the frequency chirp associated with the theoretical DML 

model adopted here, Eq. (4.15) is rewritten as 

Ido_rG(N-N, )+CBN2- 1 (4.21) 
0 dt l+sO 0r 

Given the fact that an electrical OFDM signal has a noise-like waveform and a very small 

extinction ratio (typically <1dB) [11], for a DFB subject to optimum operating conditions, 

in Eq. (4.21) we have 1+eb s%s 1, and a negligible second term which takes into account the 

contributions from spontaneous emission. Moreover, the last term accounting for cavity 

loss does not considerably alter the dynamic frequency properties of the DML within the 3- 

dB modulation bandwidth region. Taking into account the above analysis and Eq. (4.16), 

Eq. (4.21) can be simplified and has the form shown below 

I dP 
_1 

dO 
_rG(N-N) (4.22) 

P dt 0 dt 

From comparisons between Eqs. (4.19), (4.20) and (4.22), it can be noted that the transient 
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frequency chirp plays a dominant role in determining the DML chirp characteristics in 

OOFDM transmission systems over linear loss-dominant transmission distance region [4]. 

It is also worth mentioning that in dispersion-limited transmission systems, the frequency 

chirp significantly limits the maximum achievable OOFDM transmission performance, as 

will be discussed in Section 4.4. 

4.4 Challenges Associated with IMDD OOFDM Systems 

Having discussed OFDM and OOFDM in Chapter 2, reviewed the advantages of utilizing 

OOFDM and IMDD in NG-PON in Chapter 3, as well as analyzed IMDD links in Chapter 

4, in this section, the challenges associated with IMDD OOFDM transmission systems are 

discussed. 

Insufficient Utilization of Frequency Responses beyond Baseband 

In a single-channel IMDD transmission system, the AMOOFDM technique simply utilizes 

the frequency response of a transmission link in the vicinity of the zero frequency (optical 

carrier frequency). A representative MMF link frequency response and the transmitted 

OOFDM spectrum are shown in Fig. 4.4. 
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Fig. 4.4. The frequency response of a MMF link, with the representative 
OOFDM signal spectrum being inserted. 

It can be seen that a wide passband portion of the MMF link is still unused. This 

disadvantage significantly limits the maximum achievable transmission capacity [12]. It is 

shown [5] that, in the DML-based IMDD MMF links, the capacityxlength products of the 
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AMOOFDM is limited below 9 Gb/s-km. As the AMOOFDM technique is capable of 

offering a large loss margin [4,5], sufficient utilization of the major portion of the link 

frequency response will obviously offer a significant potential for further increasing the 

transmission capacity of the IMDD OOFDM system. In the thesis, this challenge will be 

addressed by using AMOOFDM-SCM [13], which consists of two AMOOFDM modems 
in parallel with one operating at the baseband and the other being modulated onto a tunable 

intermediate RF carrier. Detailed investigations are undertaken in MMF-based IMDD links 

AMOOFDM-SCM in SMF-Based IMDD Systems 

Apart from MMF links, AMOOFDM-SCM is also applicable in single-channel, SMF- 

based IMDD links, as SMFs have much wider and flatter 3-dB bandwidth than MMFs and 

are widely deployed in networks of various architectures such as PONs. Therefore, the 

effective realization of the AMOOFDM-SCM technique in SMF links is also an interesting 

and challenging topic. However, the intermixing effect induced by direct detection is a 

crucial factor limiting the maximum achievable AMOOFDM-SCM performance in such 
links [14]. The intermixing effect can be understood by considering the following analysis. 
For the purpose of simplifying the analysis, the optical carrier frequency is set to zero and 

the transmitted optical signal only contains one OFDM band, which can be represented by 

N 
SOOFDM (t) =I+ e(4.23) 

i=1 

where A. and w; are the amplitude and frequency of the i-th subcarrier within one OFDM 

symbol, N is the number of subcarriers and I is the DC bias current. It is worth 

mentioning that only the positive part of the OOFDM spectrum is considered here in order 
to clearly show the intermixing products. 

Due to the direct detection in the OOFDM receiver, the resulting electrical OFDM signal is 

given by 

Se (t) = SOOFDM (t)S"OOFDM (t) 

NN 

= (Idc +L 4e; 0, ý)(Id. +L 4e-Ja`) 
! =1 i=1 

NNN N-1 N-n N-1 N-n 

=I +EZA1A+ne M (4.24) 
! =1 t=1 i=1 n=l ! =l n=l 1=l 
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where Of is the frequency difference between adjacent subcarriers. 
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Fig. 4.5 Intermixing effects due to direct detection in the OOFDM receiver. 

On the right hand side of Eq. (4.24), the sum of first two terms denotes the DC component, 

the third term represents the wanted OFDM signal, the fourth term is the 

carrier x subcarrier beatings products and the remaining terms are the unwanted 

subcarrier x subcarrier beatings products. 

As shown in Fig. 4.5, if the spectral gap is smaller than the bandwidth of the electrical 

OFDM signal, the unwanted subcarrierx subcarrier beatings products are generated in the 

useful signal spectrum region, which considerably distort the OFDM signal spectrum and 

simultaneously lower the signal transmission performance. In Chapter 6, it is shown that 

the intermixing effects can reduce the transmission capacity of the OOFDM signal by a 

factor of approximately 2. Moreover, the intermixing effect increases with higher 

frequency chirp and chromatic dispersion effects, as mentioned in [7]. 

To maximize the transmission performance by reducing the intermixing impairments, three 

AMOOFDM-SCM designs of different complexity are proposed, by applying SSB and/or 

spectral gapping to AMOOFDM-SCM. Detailed discussions of the modem configurations 

and their transmission performance will be given in Chapter 6. 

Cost-Effective and Simplified Transceiver Designs 

In Chapter 6, each of the AMOOFDM-SCM modems [13,14] requires two IFFT/FFT 

operations in transmitter/receiver, as shown in Fig. 4.6. As the IFFT and FFT are the most 

computationally intensive functions in the OFDM transceiver, in practice, highly complex, 

computationally intense and high-speed DSP are required for realizing the IFFTs/FFTs. 
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This considerably increases the system complexity and cost. Furthermore, for practical 

implementations, apart from the synchronization in each AMOOFDM modem, the 

proposed AMOOFDM-SCM modems also require precise time synchronization between 

two parallel AMOOFDM modems, which further complicates the transceiver designs. 

Tx 

Rx 

Optical components 

Optical components 

Fig. 4.6. AMOOFDM-SCM modem designs. 

In order to further reduce the system complexity and cost, in Chapter 7, three simplified 

AMOOFDM-SCM modems are proposed, each of which only requires a single IFFT/FFT 

operation only in the transmitter/receiver. Detailed discussions of these simplified modem 

designs will be given in that chapter. 

Relaxed Requirements on Key Transceiver Components 

For further reduction of the transceiver cost, one solution is to relax the minimum 

requirements on key transceiver components such as DACs and ADCs without 

compromising the transmission performance. It is well known that the OFDM signal 

waveform has high amplitude fluctuations that produce large PAPRs [15]. This is due to 

the fact that the OFDM symbol can be considered as the sum of a number of modulated 

subcarriers. The samples of an OFDM signal have approximately Gaussian distributions 

with large amplitude range and high PAPRs. The high PAPRs causes OFDM to be 

sensitive to nonlinear distortion caused by key transceiver components such as DAC/ADC, 

as the occasional peaks having amplitudes of higher than the average value may exceed the 

dynamic range of the DAC/ADC. Therefore, the OOFDM transceiver requires the 

DAC/ADC to have wide dynamic range which is expensive and complex. Clipping is a 
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common approach to solve such a challenging issue, which, however, introduces nonlinear 
distortion as well, as discussed in Chapter 2. To address the high PAPRs problem, in 

Chapter 8, the AMOOFDM-PM technique is proposed, in which an electrical OFDM 

signal is utilised to modulate the phase of a RF carrier prior to performing optical intensity 

modulation. 

DML-Induced Positive Frequency Chirp 

In DML-based IMDD OOFDM PONs utilizing SSMFs with positive chromatic dispersion, 

the positive frequency chirps associated with typical DMLs significantly limit the 

maximum achievable OOFDM transmission performance [4]. This has already been 

indicated by the small signal analysis in subsection 4.3.2.1, which states that positive 
frequency chirps intensify frequency dependent loss effects in SSMFs. The physical 

mechanism behind such performance degradation can be explained as follows: the positive 
frequency chirps extend the OOFDM spectrum toward a higher frequency region, which 
introduce extra frequency components into the OOFDM signal; due to chromatic 
dispersion, the ISI and frequency dependent loss become much more severe than in the 

non-chirp cases. 

It is shown that [4], in comparison with the non-chirp case, the DML frequency chirp 

causes a reduction in transmission capacity of up to 25% for transmission distances of < 

80km. To address such a challenging issue, two chirp compensation techniques are 
discussed in Chapter 9 and 10 respectively, including the utilization of negative dispersion 

fibre such as MetroCor fibre in replace of SSMFs, and a chirp compensation technique 

performing phase estimation and modulation by utilizing an electrical analogue circuit and 

an optical phase modulator. 

4.5 Conclusion 

In this chapter, the IMDD OOFDM systems have been described in detail, with effort 
being given to the key optical components. Several limiting effects associated with optical 
fibres have been discussed including modal dispersion, chromatic dispersion, fibre loss and 
fibre nonlinearity. Photon detection has also been discussed. Furthermore, intensity 

modulators have been analysed with special attention given to the DML model and the 
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frequency chirp model. Finally, the five challenging issues associated with IMDD 

OOFDM have been listed, which will form research topics of the following Chapters. 
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5.1 Introduction 

In order to explore effective solutions to make full use of the link frequency response, 
investigations are first made in MMF links, as MMFs have relatively narrow and highly 

variable frequency responses, which are ideal for verifying the validity and effectiveness of 

the proposed technique. It is well known that the highly-variable modal dispersion present 
in the graded index MMFs limits the transmission performance of existing techniques to 

about 1.25 Gb/s over 550 m [1]. To satisfy the explosive growth in end-users' traffic, great 

effort has been expended on finding cost-effective solutions for upgrading 1 Gb/s MMF 

links to > 10 Gb/s with the installed fibre infrastructure being preserved. A wide range of 

strategies are being investigated, including spatially resolved receiver [2], restricted offset 

launch [3], multilevel coding [4] and electrical dispersion compensation [5]. All these 

schemes use only the relatively narrow baseband regions of MMF link frequency response. 

This may cause significant difficulties for any future upgrading of such links to higher 

signal bit rates of say 100 Gb/s. 

AMOOFDM has demonstrated great potential for providing a high-speed, cost-effective 

solution with excellent flexibility and robustness for practical implementation in short- 

reach systems [6,7]. AMOOFDM is capable of utilizing the much wider region of a MMF 

link frequency response, the major portion of which is, however, still unused. This 

challenge can be solved by SCM [8], in which a baseband signal is modulated onto a RF 

carrier driving a DML. Unfortunately, the highest SCM signal transmission performance 

reported so far is just 10 Gb/s over 300 m MMFs [8]. By nature, AMOOFDM can be 

regarded as a special form of SCM, with the significant difference being the necessity for 

orthogonality between the various subcarriers. 

In this chapter, a novel AMOOFDM-SCM is, for the first time, proposed, which consists of 
two AMOOFDM modems in parallel with one operating at the baseband and the other 
being modulated onto a tunable intermediate RF carrier (similar to frequency diversity in 

wireless systems [9]). This technique enables AMOOFDM-SCM to have the unique 

capability of fully exploiting the entire frequency response of an arbitrary MMF link. As a 
direct result, when compared against AMOOFDM, AMOOFDM-SCM not only enhances 
the capacity versus reach performance by a factor of about 2, but also considerably 
improves the flexibility and robustness of the MMF link performance. 
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5.2 AMOOFDM-SCM Modem 
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Fig. 5.1 AMOOFDM-SCM system. (a) Schematic illustration of the proposed 

AMOOFDM-SCM modem and the transmission link structure; (b) The 300 in 
MMF frequency rsponse and the signal spectrum are also shown in the inserted 

figure. BPF: band-pass filter; LPF: low-pass filter; P (N): positive (negative) 

part of the signal spectrum corresponding to the positive (negative) frequency 

bins used in the encoder. 

A schematic diagram of the proposed AMOOFDM-SCM modem is given in Fig. 5.1 (a), 

together with the single-channel, optical amplifier-free MMF link based on IMDD. The 

frequency response of a 300 m MMF considered here is also shown in Fig. 5.1 (b) with a 

representative AMOOFDM-SCM signal spectrum being inserted. 

84 

Frequency(Hz) x la" 



CHAPTER 5. AAlOOFDAI-SCM OVER Mb1F LINKS 

In the AMOOFDM-SCM transmitter, the encoded complex data is split into two streams, 

each of which is processed independently by an AMOOFDM modem according to the 

procedures described in Chapter 2. The major procedures are outlined as followings: serial 

to parallel conversion, IFFT, cyclic prefix insertion, parallel to serial conversion and DAC. 

It should be pointed out that, at the input of the IFFT, the encoded original data (together 

with a zero-valued component) and their conjugate counterparts are arranged to satisfy 

Hermitian symmetry to produce a real-valued electrical OFDM signal. The two generated 

continuous SCM subcarriers defined in Section 1.1, referred here as Aij,, (t) and A2;, (t), are 

subsequently added together after A2,,, (t) has been modulated onto an intermediate RF 

carrier at cvRF. The resulting signal waveform, AIin(t)+A2iri(t)cos(co t), is employed to drive 

a DML. The output optical signal is coupled into the MMF link under different launch 

conditions. According to the characteristics of the MMF link and transmission distance, 

copy is adjusted to ensure that A24t)cos(ccwIt) suffers the minimum loss and does not 

overlap with A1;,, (t), as illustrated in Fig. 5.1. 

In the AMOOFDM-SCM receiver, the transmitted optical signal is converted into an 

electrical signal using a square-law photodetector. The first baseband signal Alo,,, (t) can be 

separated from all other signals by using a Low-Pass Filter (LPF), and the second baseband 

signal A2ou#) can be obtained by performing RF down-conversion followed by a LPF. In 

practice, the inserted cyclic prefix can be utilized to generate a synchronization signal 

through a correlation operation between the AMOOFDM signal and a delayed copy of the 

signal. The synchronization signal has a peak occurring in each of the time durations of 

cyclic prefix. To recover the received data, Ai0St) and A2o�1(t) are processed independently 

by two parallel AMOOFDM receivers, which are the inverse of the transmitters as 
described in Chapter 2. 

5.3 Simulation Parameters 

In numerical simulations, for each AMOOFDM modem, 64 subcarriers are considered, in 

which 31 having identical powers carry real data, one has no power, and the remaining 32 

are the complex conjugate of the above-mentioned subcarriers. The modulation formats 

used on each subcarrier vary from DBPSK, DQPSK, and 16 to 256QAM, depending on the 

frequency response of a given transmission link. To improve the transmission performance, 
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Gray coding is adopted in mapping binary data into QAM. The cyclic prefix parameter 

defined in [6] is taken to be 25%. In order to reduce the PAPRs, signal clipping is applied 

separately for each SCM subcarrier, and the clipping level defined in [6] is fixed at 13 dB 

which is an optimum value identified in [7]. A measured worst-case MMF link at 1300 nm 

[7] for central launch and having the frequency response shown in Fig. 5.1 is adopted, 

whose 3-dB bandwidth is assumed to be proportional to the inverse of transmission 

distance, L. It is sufficiently accurate to assume that the modal noise effect is negligible 

[6,7]. It should also be noted that, due to the nature of AMOOFDM [6,7] and SCM [8], 

AMOOFDM-SCM is applicable for any fibre types, launch conditions and operating 

wavelengths. 

Here an ideal intensity modulator producing a0 dBm optical power coupled into MMFs is 

employed. Such an assumption is practically achievable as a DML can have a modulation 

bandwidth as large as about 29 GHz [10], which is larger than the signal bandwidth of 

current interest. This leads to negligible impact of laser nonlinearities on the transmission 

performance of the technique [6]. All other parameters that are not explicitly mentioned 

above can be found in [7], where the procedures of calculating noises associated with the 

photodetector are also described. 

5.4 Transmission Performance of AMOOFM-SCM in Worst- 

Case IMDD MMF Links 
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Fig. 5.2 Signal transmission capacity and RF as a function of transmission distance. 
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The transmission performance of the AMOOFDM-SCM modem and the corresponding 

coFF used, are shown in Fig. 5.2, where the signal line rate R$ is defined as 

31 

2 
Ij Mmk 

R k=1 
s m=1 (N .b NCP)T sub s 

(5.1) 

here m is the number of the AMOOFDM modems used in parallel; Mmk is the number of 

binary bits carried by the k-th subcarrier of the m-th AMOOFDM modem; Ns�b is the 

number of subcarriers within one symbol; Ts is the sampling period of DACs/ADCs and 

N, p is the number of sampling periods occupied by the cyclic prefix within one symbol. In 

simulations, RS corresponding to a total channel BER defined in Section 2.3.1.3 of 1. Ox 10"3 

is considered, as such a BER provides error free operation after combining with FEC. In 

obtaining Fig. 5.2, practically available DAC/ADC parameters of Tg 80 ps and bits of 

quantization, b, of 7 are adopted. For comparison, the transmission performance of the 

AMOOFDM modems using the same parameters is also plotted, which agrees very well 

with that reported in [7]. This supports the validity of the AMOOFDM-SCM model 

developed here. 

It can be seen from Fig. 5.2 that 64 Gb/s over 500 m and 37 Gb/s over 1000 m 

AMOOFDM-SCM signal transmission is feasible in the single channel, optical amplifier- 

free, worst-case IMDD MMF link with a 3-dB bandwidth as small as 292.5 MHz-km. In 

comparison with the AMOOFDM technique, the almost doubled transmission capacity 

versus reach performance of AMOOFDM-SCM is due to the existence of an about 15 dB 

loss margin of the technique [6], which allows the intermediate RF signal to have a 

transmission performance similar to that of the baseband signal. Such an improvement is 

significant for L< 1000 m, over which A24t)cos(uwp-t) suffers low transmission loss. With 

increasing transmission distance, co varies in the range 15-17 GHz because more 

peaks/nulls of the frequency response of the link are squeezed into the AMOOFDM-SCM 

spectral region. Simulations also show that, due to its unique capability of fully exploiting 

the entire frequency response of the link, AMOOFDM-SCM is less susceptible to fibre 

types, launch conditions and modal dispersion, in comparison with AMOOFDM. This 

indicates that AMOOFDM-SCM can also improve the flexibility and robustness of the 

MMF link performance. 
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Fig. 5.3 Impact of DAC/ADC sampling speed on the AMOOFDM-SCM transmission 

performance. 

In addition, when compared with AMOOFDM, AMOOFDM-SCM is capable of 

significantly lowering the minimum requirements on key component parameters for 

achieving a required transmission performance, as demonstrated in Figs. 5.3 and 5.4. The 

impact of DAC/ADC sampling speed, S=1/TS, on the transmission performance of 

AMOOFDM-SCM is plotted in Fig. 5.3, where b and W are the same as those used in 

Fig. 5.2. It can be found from Fig. 5.3 that, for L< 1000 m, RS is enhanced considerably 

with increasing S, resulting from the increased signal bandwidth. Whilst for L> 1000 in, 

over which the associated Differential Mode Delays (DMDs) are larger than the cyclic 

prefix used, the DMD effect is a dominant factor limiting the maximum achievable 

transmission performance. In particular, to achieve a required transmission performance of 

say 40 Gb/s over 500 m, AMOOFDM-SCM relaxes considerably the minimum required S 

from 12.5 GS/s (required by AMOOFDM [7]) to 9 GS/s. 
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To achieve the above-mentioned transmission performance, AMOOFDM-SCM also lowers 

the minimum required b from 10 (required by AMOOFDM [7]) to about 6, as shown in 

Fig. 5.4. In obtaining Fig. 5.4, S is fixed at 12.5 GS/s and other parameters including topp 

are the same as those adopted in Fig. 3. Fig. 4 also shows that the use of AMOOFDM-SCM 

is more effective for links where the quantization noise effect is not dominant [6,7]. The 

negligible quantization noise effect results in the occurrence of the flat signal line rate 

regions shown in Fig. 5.4. 

5.5 Conclusion 

A novel AMOOFDM-SCM modem has been proposed, which, in comparison with the 

AMOOFDM modem not only improves significantly the capacity versus reach 

performance, but also considerably relaxes the minimum requirements on key components 
involved. It should be noted that AMOOFDM-SCM is also promising for SMF-based 

systems because of the existence of much wider and flatter frequency responses. In the 

next chapter, detailed investigations of transmission performance of AMOOFDM-SCM 

will be undertaken in SMF-based IMDD links. 
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6.1 Introduction 

To fully utilize the frequency response beyond baseband, in the previous chapter, a novel 
AMOOFDM-SCM technique was proposed, which consists of two parallel AMOOFDM 

modems with one operating at the baseband and the other being modulated onto a RF 

carrier. As shown in Chapter 5, AMOOFDM-SCM offers major opportunities of not only 

manipulating the signal modulation format taken on each individual AMOOFDM 

subcarrier involved in a SCM subcarrier, but also positing each individual SCM subcarrier 

at an optimum link frequency response region. The transmission performance of the 

proposed AMOOFDM-SCM technique has been explored in amplifier-free, worst-case 

MMF IMDD links. As the existence of much wider and flatter frequency response 

associated with SMF IMDD links, compared to those corresponding to MMF links, it is 

greatly advantageous if detailed explorations of the maximum achievable transmission 

performance of the previously proposed AMOOFDM-SCM technique can be made in 

SMF-based IMDD transmission links without incorporating optical amplification and fibre 

chromatic dispersion compensation. The thrust of this chapter is, therefore, to address, for 

the first time, such a challenging issue for practical implementation in OOFDM-PONs. In 

addition, the intermixing effect induced by beatings between AMOOFDM subcarriers of 

various SCM subcarriers within the same AMOOFDM-SCM signal spectrum is identified 

to be a crucial physical factor limiting the maximum achievable transmission performance 

of the technique. The physical origin of such an effect is the generation of unwanted 

subcarrier x subcarrier beating products in the useful signal spectral region, upon square- 
law direct detection in the receiver, as described in Chapter 4. 

To maximise the link performance by mitigating the intermixing effect, in this chapter, 
three AMOOFDM-SCM modem designs are proposed for different application scenarios 
that may be encountered in OOFDM-PONs. Here these designs are referred to as 
AMOOFDM-SCM scheme I, AMOOFDM-SCM scheme II and AMOOFDM-SCM scheme 
III. The configuration of AMOOFDM-SCM scheme I is identical to that presented in 

Chapter 5 [1], in which two real-valued DSB SCM subcarriers are involved with the first 
SCM subcarrier operating at the baseband and the other being modulated onto an 
intermediate RF carrier. Whilst the configuration of AMOOFDM-SCM scheme II is similar 
to AMOOFDM-SCM scheme I, except that, in AMOOFDM-SCM scheme II, a spectral 
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gap in the electrical domain is introduced between the optical carrier and the first SCM 

subcarrier. The only configuration difference between AMOOFDM-SCM scheme III and 

AMOOFDM-SCM scheme II is that the two SCM subcarriers in AMOOFDM-SCM 

scheme III are real-valued SSB electrical signals generated by using the phase-shift method 
[2]. It is worth emphasizing that optical SSB operation is retained in all the aforementioned 

three AMOOFDM-SCM modem designs. 

It will be shown that, in comparison with the AMOOFDM technique, AMOOFDM-SCM 

modems of all the proposed designs can improve the capacity versus reach performance by 

a factor of at least 1.5 for transmission distances up to 60km. In addition, of the proposed 

three modem designs, AMOOFDM-SCM scheme III (AMOOFDM-SCM scheme I) always 

offers the highest (lowest) signal transmission performance for transmission distances up 

to 80km (60km). However, having the simplest modem structure and the highest 

bandwidth efficiency, AMOOFDM-SCM scheme I may be preferred in practice for short 

transmission distances of say <20km. In addition, for transmission distances in a range of 
20km-40km, use may be made of AMOOFDM-SCM scheme II, since in comparison with 
AMOOFDM-SCM scheme III, it offers a very similar signal transmission performance of 
67Gb/s over 40km, but has a modem structure of much less complexity. For transmission 

distances in a range from 40km to 80km, AMOOFDM-SCM scheme III may be the best 

choice and it is able to offer 48Gb/s over 80km signal transmission. 

It should be noted that, in [3], a different SSB modulation technique has been reported, 

which, however, requires a complex coherent transmitter and is not inherently compatible 

with direct detection. To implement that technique in direct detection systems, a square- 

root operation has to be applied to the received electrical signals to compensate for the 

square operation in the photodetector [3]. 

6.2 Theoretical Models for AMOOFDM-SCM Modems and 
Transmission Links 

Schematic transceiver diagrams of AMOOFDM-SCM scheme I, II and III are given in Fig. 
6.1(a), Fig. 6.1(b) and Fig. 6.1(c), respectively. The operating principles for AMOOFDM- 

SCM scheme III are described in subsection 6.2.1, whilst the operating principles for 
AMOOFDM-SCM scheme I and II are not presented here, as all the relevant information 

can be derived easily by taking into account Fig. 6.1 and subsection 6.2.1. A single-channel, 
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SMF-based IMDD transmission link operating at 1550nm is considered throughout this 

chapter. In Fig. 6.1(c), a representative frequency response of the link is also shown, in 

which an AMOOFDM-SCM signal spectrum is inserted. It should be noted that the 

transmission link is free from both optical amplifiers and chromatic dispersion 

compensators. 
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(c) AMOOFDM-SCM scheme III 

Fig. 6.1 Schematic illustrations of the modem designs for AMOOFDM-SCM 

scheme I, II and III, together with the transmission link structure considered. A 

representative link frequency response and an AMOOFDM-SCM scheme III 

signal spectrum are also shown in Fig. 6.1(c). LPF: low-pass filter; USB: upper 

sideband spectrum of the SCM subcarrier. 
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6.2.1 AMOOFDM-SCM Scheme III Model 

In the AMOOFDM-SCM scheme III transmitter, an input binary data sequence is split into 

two streams, each of which is encoded independently to serial complex data by using 

different modulation formats. The complex data is processed separately by each 

AMOOFDM modem following procedures similar to those presented in Chapter 2 and 5. 

After passing through a LPF, a real-valued DSB baseband SCM subcarrier from each of the 

two AMOOFDM modems is generated. Here, the two real-valued DSB SCM subcarriers 

are denoted as ADSBJ(t) and ADSB2(t). 

As SSB modulation has been widely considered as an effective approach to reduce the 

subcarrier x subcarrier beating-induced intermixing effect, the phase-shift method based on 

the Hilbert transform [2] is applied to ADSB1(t) and ADSB2(t) to perform the SSB signal 

generation without requiring complex coherent transmitters. The generated real-valued 

SSB SCM subcarrier can be expressed as 

SSSBm (t) = ADSBm (t) COS(CoRFmt) - H(ADSBm (t)) Slll(l. R. mt) 
m=1,2 (6.1) 

where H{ADSBm(t)} is the Hilbert transform of ADSBm(t). WRYm is the intermediate RF carrier 

frequency, and m is the index number of the SCM subcarriers involved in a single 

AMOOFDM-SCM modem. It should be pointed out that, apart from the necessity for the 

generation of the real-valued SSB SCM subcarriers, the use of the intermediate RF 

frequencies is also important to enable the technique to have a capability of fully exploiting 

the frequency response characteristics of a transmission link. In addition, a reduction in the 

intermixing effect is also achievable by appropriately adjusting these RF frequencies, as 
discussed in Section 6.4. 

For simplicity without losing generality, SssBL(t) and SssB2(t) are scaled linearly to ensure 
that they have identical electrical powers. Finally, an intensity modulator is driven directly 

by 

Se (t) =S BI (t) + S, SB2 (t) + 1dc (6.2) 
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with I being the added DC component to ensure that Se (t) is always positive. If use is 

made of an ideal intensity modulator, as described in subsection 2.3.1.2, the output optical 

signal has a waveform given by 

So (t) 
- 

se (t) (6.3) 

It is worth addressing that, a Quantum Dot Semiconductor Optical Amplifier (QD-SOA) [4] 

with a typical carrier lifetime of approximately 10 ps, is able to achieve a modulation 

bandwidth as large as about 100 GHz. This value is much larger than the bandwidth of the 

AMOOFDM-SCM signals of interest of this chapter. This suggests that a QD-SOA may be 

used to perform the desired intensity modulation. In such an operation, S, (t) is used to 

drive directly . the QD-SOA with a CW optical wave being injected. The power of the CW 

optical wave mimics the optical gain variation induced by the electrical waveform of S. (t) . 
Investigations of the transmission performance of the AMOOFDM-SCM technique 

employing QD-SOAs as intensity modulators are currently being undertaken, and results 

will be reported elsewhere in due course. 

In the AMOOFDM-SCM receiver, the transmitted optical signal is converted into an 

electrical signal by using a square-law photodetector. Two baseband SCM signals can be 

obtained by independently performing RF down-conversion followed by a LPF. Finally, 

the data can be recovered by each of the two AMOOFDM modems in a process of inverse 

of the transmitters described above. 

In the initial stage of establishing a SMF link, negotiations between the transmitter and the 

receiver take place to identify the highest possible modulation format that should be used 
on each AMOOFDM subcarrier of individual SCM subcarriers. 

It should be pointed out that, orthogonal band multiplexing reported for coherent OOFDM 

systems [5] can not be employed to reduce the aforementioned intermixing effect for the 

IMDD cases considered here, as IMDD systems do not preserve the phase information of 
transmitted signals, thus the achievement of perfect orthogonality between different SCM 

subcarriers is impossible, even if the following relationship is satisfied: 

Ofd = nAfAMOOFDM (6.4) 
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where AfscM and Of, 9vrooFDM are the frequency spacing between the adjacent SCM and 

AMOOFDM subcarriers, respectively, and n is an integer. 

6.2.2 Models of Other Components Involved in the Transmission Link 

The widely adopted split-step Fourier method is used to model the propagation of the 

optical signal down an SMF [6]. It is well known that for a sufficiently small fibre step 
length, this treatment yields an accurate approximation to the real effects. In the SMF 

model, the effects of loss, chromatic dispersion and the optical power dependence of the 

refractive index are included. The effect of fibre nonlinearity-induced phase noise to 

intensity noise conversion is also considered upon photon detection in the receiver. This 

SMF model has been successfully used in [7]. 

As mentioned in subsection 6.2.1, a square-law photodetector is utilized in the receiver to 

detect the optical signals emerging from the transmission links. Shot noise and thermal 

noise are considered, which are simulated following the procedures similar to that 

presented in [8], noise generated by beating among signal spontaneous noises are not 

considered due to the absence of optical amplification in the transmission link. 

It should be noted that, all the filters used in simulations are assumed to have ideal 

rectangular shapes in the frequency domain. Optical carrier suppression is not considered 
in generating optical SSB signals because of the use of the ideal optical filters. An optical 

attenuator is inserted between the optical filter and the input facet of the SMF link to adjust 
the optical power launched into the transmission link. 

6.3 Simulation Parameters 

Having described the AMOOFDM-SCM scheme III modem and the transmission link, in 

this section, detailed discussions are made of parameters adopted in numerical simulations. 
All the parameters listed below are used as default ones unless addressed explicitly in the 

corresponding text when necessary. 
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In numerical simulations, for each AMOOFDM modem generating a SCM subcarrier, 64 

AMOOFDM subcarriers are considered, in which 31 having identical powers carry real 
data, one has no power, and the remaining 32 are the complex conjugation of the above- 

mentioned AMOOFDM subcarriers. The modulation formats used on each AMOOFDM 

subcarrier vary from DBPSK, DQPSK, and 16 to 256 QAM, depending on the frequency 

response of a given transmission link. The clipping level is fixed at 13 dB. The DAC/ADC 

used here operates at 7 bits quantization and 12.5 GS/s sampling speed. According to the 

aforementioned parameters, the SCM subcarrier has a bandwidth of 6.25 GHz. All other 

parameters which are not mentioned here can be found in Chapter 5. 

An ideal intensity modulator is employed in the transmitter, and a fixed optical power of 
6.3dBm is launched into the transmission link. In the receiver, a PIN with a sensitivity of - 
19 dBm (corresponding to 10 Gb/s with a BER of 1.0x10"9) and a quantum efficiency of 
0.8 is used. 

For simulating SMF-based link operating at 1550 nm, the following SMF parameters are 

adopted: an effective area of 80 µm2, a dispersion parameter of 17.0 ps/(km"nm), a 
dispersion slope of 0.07 ps/(km-nm2), a loss of 0.20 dB/km and the Kerr coefficient is 

taken to be 2.3 5x 10"20 m2/W. 

6.4 Simulation Results 

In obtaining the signal transmission performance presented in this section, the signal line 

rate, R,, is computed using the definition given below: 

31 

2 
Mmk 

R k-i 
s M-1 (Naub +NCP)T s 

(6.5) 

where m is the index of SCM subcarriers involved in a single AMOOFDM-SCM modem 
of any types. Mmk is the number of binary bits carried by the k-th AMOOFDM subcarrier in 

the m-th SCM subcarrier. Nub is the total number of AMOOFDM subcarriers. Nip is the 

number of sampling periods occupied by the cyclic prefix. Mmk, Nb and Nip are taken to 
be the values for a single AMOOFDM symbol. T$ is the ADC sampling period, which is 
fixed at 80 ps, according to the simulation parameters listed in Section 6.3. 
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Mmk /[(N,.,, n + N,,, )T. I is the data rate conveyed by the k-th AMOOFDM subcarrier in the 

m-th SCM subcarrier. A RS is considered to be valid only when the total channel BER 

defined in Section 2.3.1.3 [7,9] remains at 1.0x 10"3 or better, as such a BER leads to error- 
free operation when combined with FEC. 

6.4.1 Transmission Performance of AMOOFDM-SCM Scheme I and 

the Intermixing Effect 

As already described in Sections 6.1 and 6.2, AMOOFDM-SCM scheme I consists of two 

real-valued DSB SCM subcarriers with the first SCM subcarrier operating at the baseband 

and the other being modulated onto an intermediate RF carrier. For such a modem, the 

signal transmission capacity and the corresponding optimum RF carrier frequency are 

plotted in Fig. 6.2 as a function of transmission distance. In simulating Fig. 6.2, both the 

RF carrier frequency and the signal modulation format taken on each AMOOFDM 

subcarrier are adjusted until a maximum signal transmission capacity is obtained for a 

specific transmission distance. To demonstrate the effectiveness of the AMOOFDM-SCM 

technique, the transmission performance of an AMOOFDM modem is also given in Fig. 

6.2. 
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Fig. 6.2 Signal transmission capacity and RF carrier frequency as a function of 
transmission distance for AMOOFDM-SCM scheme I. 

It can be seen from Fig. 6.2 that, in comparison with the AMOOFDM modem, 
AMOOFDM-SCM scheme I improves considerably the signal transmission performance, 

especially for short transmission distances; >66.5Gb/s AMOOFDM-SCM signal 
transmission over 20km is feasible, which almost doubles the transmission performance 
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achieved by the AMOOFDM modem. On the other hand, the frequency response 

narrowing effect induced by a long SMF causes an increase in transmission loss for 

AMOOFDM subcarriers contained in the passband SCM subcarrier, such a loss increase 

can be compensated partially when the RF carrier frequency is decreased appropriately to 

ensure that the passband SCM subcarrier spectrum locates at a relatively low transmission 

loss region of the link frequency response. However, as discussed below, the reduced RF 

carrier frequency also strengthens the intermixing effect occurring between the two SCM 

subcarriers. As a direct result of the co-existence of the above-mentioned two effects, the 

optimum RF carrier frequency reduces with increasing transmission distance and a stair- 

like optimum RF frequency developing curve occurs, as observed in Fig. 6.2. All the 

above-mentioned characteristics agree very well with those reported in [1], confirming the 

validity of the AMOOFDM-SCM model developed here. 
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Fig. 6.3 Signal line rate of passband SCM subcarrier of AMOOFDM-SCM 

scheme I as a function of transmission distance for the cases of including and 

excluding the baseband SCM subcarrier. 

Fig. 6.2 also shows that, the effectiveness of AMOOFDM-SCM scheme I declines quickly 
with increasing transmission distance. Such a developing trend is underpinned by the 
frequency response narrowing effect, and the intermixing encountering between different 

AMOOFDM subcarriers of various SCM subcarriers. To obtain an in-depth understanding 

of the significance of the impact of the intermixing effect on the signal transmission 

performance of the technique, Fig. 6.3 is presented, where the signal line rate of the 

passband SCM subcarrier is plotted as a function of transmission distance for the cases of 
excluding and including the baseband SCM subcarrier. It should be noted that, to perform a 
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fair comparison between Fig. 6.3 and Fig. 6.2, the optimum RF carrier frequencies 

obtained in Fig. 6.2 are also adopted in calculating Fig. 6.3. The exclusion of the baseband 

SCM subcarrier in AMOOFDM-SCM scheme I can remove completely the intermixing 

effect experienced by the passband SCM subcarrier. By considering Fig. 6.2 and 

comparing the two lineshapes shown in Fig. 6.3, it is deduced that the intermixing effect 

can lower the signal transmission capacity of the passband SCM subcarrier by a factor of 

approximately 2. In addition, the intermixing effect is less pronounced for short 

transmission distances, as expected from discussions in [1]. 

Having demonstrated the crucial role of the intermixing effect in determining the 

maximum achievable transmission performance of the AMOOFDM-SCM technique, 

special attention is given to identify practical solutions to minimize the impact of such an 

effect. Considering the fact that the physical origin of the intermixing effect is 

subcarrierxsubcarrier beatings upon direct detection in the receiver, an effective approach 

is, therefore, to apply SSB modulation to all the SCM subcarriers involved. The feasibility 

of such an approach is examined in Fig. 6.4 and Fig. 6.5. In Fig. 6.4, a frequency down- 

converted electrical spectrum of the DSB passband SCM subcarrier received after passing 

through a 60km SMF (with the DSB baseband SCM subcarrier being present) is illustrated, 

which shows the existence of a significantly distorted spectrum, especially for the 

AMOOFDM subcarriers locating close to the edge of the spectrum. In sharp contrast with 

Fig. 6.4, Fig. 6.5 shows a rectangular spectral shape appearing when SSB modulation is 

applied to both SCM subcarriers. As a direct result of that, AMOOFDM-SCM scheme III is 

proposed and discussed in subsection 6.4.3 and subsection 6.4.4. 

Passband S('M 

subcarrier 
-20 

ä 
-40 

-ÖD 

2 80 

-rv U zv 40 60 80 
Frequency (GHz) 

Fig. 6.4 Frequency down-converted spectrum of the DSB passband SCM 

subcarrier after passing through 60km SMF. The RF carrier frequency is 

19GHz. 
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Fig. 6.5 Frequency down-converted spectrum of the SSB passband SCM 

subcarrier after passing through 60km SMF. The RF carrier frequency is 

19GHz. 

6.4.2 Transmission Performance of AMOOFDM-SCM Scheme II 

Based on the analysis in subsection 6.4.1, it is envisaged that, upon direction detection in 

the receiver, beating between different AMOOFDM subcarriers of the same SCM 

subcarrier also causes the unwanted spectral distortion region in the vicinity of the optical 

carrier. This statement is confirmed in Fig. 6.6, where a spectral distortion region having a 

bandwidth equal to the SCM subcarrier bandwidth is observed around the zero frequency 

point. To enable the separation of such an unwanted spectral region from the useful SCM 

subcarrier spectrum, here AMOOFDM-SCM scheme II is proposed, in which a spectral 

gap having a bandwidth of the SCM subcarrier bandwidth is introduced between the 

optical carrier and the spectral band of the first SCM subcarrier. In addition, similar to 

AMOOFDM-SCM scheme I, the two SCM subcarriers are DSB signals in AMOOFDM- 

SCM scheme II. It is interesting to note that use has also been made of the spectral gap 

approach in experimental investigations of long-haul OOFDM transmission [10]. 
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Fig. 6.6 Received signal spectrum of AMOOFDM-SCM scheme II after 
transmitting 40 km. The two SCM subcarriers operate at RF carrier frequencies 

of 18.75GHz and 43.75GHz. 
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Fig. 6.7 shows the signal capacity versus reach performance of AMOOFDM-SCM scheme 

II. To compare different modem designs, the transmission performance of AMOOFDM- 

SCM scheme I is also plotted in Fig. 6.7. Taking into account the discussions in Fig. 6.6 

and the simulation parameters listed in Section 6.3, it is very easy to work out that the RF 

carrier frequency of the first SCM subcarrier should be fixed at 18.75GHz. On the other 

hand, the RF carrier frequency of the second SCM subcarrier is taken to be 43.75GHz, 

which is an optimized value corresponding to a transmission distance of 40km. The 

validity of the adoption of such a constant RF carrier frequency for the second SCM 

subcarrier is discussed in subsection 6.4.3. 
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Fig. 6.7 Transmission capacity versus reach performance of AMOOFDM-SCM 

scheme II. The two SCM subcarriers are taken to be 18.75GHz and 43.75GHz. 

It is shown in Fig. 6.7 that, in comparison with AMOOFDM-SCM scheme I, a notable 

enhancement in signal transmission performance is observed for AMOOFDM-SCM 

scheme II when transmission distances are shorter than about 60km. As an example, 
AMOOFDM-SCM scheme II is capable of transmitting 69.4Gb/s and 67.2Gb/s signals 

over 20km and 40km, respectively. However, for transmission distances >60km, the 
AMOOFDM-SCM scheme II enabled-performance worsens rapidly. This arises due to the 

co-existence of the link frequency response narrowing effect and the intermixing effect. 
The first effect becomes even more severe for the SCM subcarrier located far away from 

the optical carrier frequency, and the latter effect becomes strong when the transmission 

distance increases due to fibre chromatic dispersion and nonlinearity. 
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6.4.3 RF Carrier Frequency Dependent Transmission Performance of 

AMOOFDM-SCM Scheme III 

Having demonstrated the importance of SSB modulation and spectral gapping in 

enhancing the transmission performance of AMOOFDM-SCM modems of two different 

designs, in subsection 6.4.3 and subsection 6.4.4, an integration of these two individual 

approaches into a single AMOOFDM-SCM modem is undertaken, which brings about a 

new modem design called as AMOOFDM-SCM scheme III. In such a scheme, SSB 

modulation is applied to all the involved SCM subcarriers with a spectral gap of desired 

width being inserted between the optical carrier and the first SCM subcarrier. 

To examine the validity of the assumption adopted in modelling Fig. 6.7 and, more 

importantly, the RF carrier frequency-dependent transmission performance of 

AMOOFDM-SCM scheme III, a contour plot of the maximum achievable signal line rate 

versus RF carrier frequencies of both the SCM subcarrier 1, coRF1, and the SCM subcarrier 

2, cvpn, is presented in Fig. 6.8 for a 40km SMF transmission link. It can be seen from Fig. 

6.8 that, there exists an optimum RF carrier frequency region, corresponding to which a 

maximum signal transmission performance is achievable. A 5GHz (3GHz) alteration of 

cvp ((aRFj) gives rise to <3% variation in signal transmission capacity of the technique. In 

addition, simulations also show that, the optimum cop, is independent of transmission 

distance, as expected from the discussions in subsection 6.4.2, and that an extension of the 

transmission distance from 40km to 80km just reduces the optimum cri value by 

approximately 2GHz. All the above-mentioned characteristics indicate that the 

transmission performance of AMOOFDM-SCM scheme III is very robust to transmission 

distance and RF carrier frequency. Therefore, for practical cases including the conditions 

used in Fig. 6.7, it is sufficiently accurate to fix both RF carrier frequencies at their values 

optimized for a specific link operating condition. Such robustness may not only speed up 

considerably the modem design processes, but also reduce significantly the modem cost. 
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Fig. 6.8 Contour plot of signal transmission capacity as a function of RF carrier 

frequencies of the first and second SCM subcarriers for AMOOFDM-SCM 

scheme III. Numerical simulations are undertaken for a 40 km transmission 

link. 

It should also be noted, in particular, that the optimum wpj value of approximately 12GHz, 

as shown in Fig. 6.8, is almost twice of the SSB SCM subcarrier bandwidth, and almost 

equal to the DSB SCM subcarrier bandwidth discussed in subsection 6.4.2. The physical 

reason behind such a behavior is that the phase-shift method using the Hilbert transform 

creates a SSB output by phasing its corresponding DSB sidebands in a way that the DSB 

sidebands cancel out on one side of the RF carrier frequency and add on the other side [2]. 

Clearly, such a cancellation operation can not be maintained perfectly if the spectral gap 

identical to the SSB SCM subcarrier bandwidth is introduced, as one sideband of the DSB 

signal overlaps with the newly generated spectral distortion region, as illustrated in Fig. 6.6 

and Fig. 6.9. 
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Fig. 6.9 Received spectrum of AMOOFDM-SCM scheme III after a 40km 

transmission distance. 

It is also very interesting to see from Fig. 6.8 that, for a given coRF2, a similar transmission 

performance is obtainable in two (ORF, regimes. This can be explained by considering Fig. 

6.9, where two residual spectral distortion regions are still present in the SSB signal 

spectrum after direct detection. The first spectral distortion region close to the zero 

frequency point occurs because of beatings of various AMOOFDM subcarriers within the 

same SCM subcarrier. Whilst the second spectral distortion region present between the two 

SCM subcarriers occurs due to the co-existence of both the above-mentioned physical 

mechanism and beatings between various AMOOFDM subcarriers of different SCM 

subcarriers within the same modem. Shifting cop, towards the low (high) frequency side 

results in the first SCM subcarrier experiencing increased distortions induced by the first 

(second) spectral distortion region, and simultaneously experiencing decreased distortions 

induced by the second (first) spectral distortion region. The co-existence of all these effects 

gives rise to the occurrence of the two wRFI regions, over which the same transmission 

performances can be observed. 

6.4.4 Transmission Performance of AMOOFDM-SCM Scheme III and 

Modem Design Criteria 

The transmission performance of AMOOFDM-SCM scheme III is presented in Fig. 6.10 

for the operating conditions of adopting two optimum RF carrier frequencies of a)RFI 

=12GHz and aoi-2 = 37.5GHz, as identified in Fig. 6.8. To undertake performance 

comparisons between different modem designs, the signal capacity versus reach 

performances are also plotted for AMOOFDM-SCM scheme I, AMOOFDM-SCM scheme 
II and AMOOFDM. It can be found from Fig. 6.10 that, of the proposed three types of 
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modem designs, AMOOFDM-SCM scheme III is capable of always offering the highest 

transmission performance for SMF link lengths of up to 80km. As an example, the 

AMOOFDM-SCM scheme III-enabled signal transmission of 71Gb/s over 20km, 63Gb/s 

over 60km and 48Gb/s over 80km is feasible. It is also worth emphasizing that all the 

performances specified above are at least 1.5 times higher than those supported by the 

AMOOFDM technique over the same SMF transmission links. 
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Fig. 6.10 Signal transmission capacity versus reach performance of 

AMOOFDM-SCM scheme III. For comparison, the transmission performances 

for AMOOFDM-SCM scheme I, AMOOFDM-SCM scheme II and 

AMOOFDM are also illustrated. 

As also seen in Fig. 6.10, for SMF link lengths in a range from 20km to 40km, the 

transmission performances of AMOOFDM-SCM scheme II and AMOOFDM-SCM 

scheme III are very similar, both of which are, however, higher than those offered by 

&MOOFDM-SCM scheme I. This indicates that the impact of the reduction in the 

intermixing effect due to applying SSB modulation to SCM subcarriers is negligible on the 

signal transmission performance of AMOOFDM-SCM scheme III. On the other hand, such 

an intermixing reduction is crucial for transmission distances of >60km, because over such 

a distance region, AMOOFDM-SCM scheme III can improve considerably the signal 

transmission performance compared to the AMOOFDM-SCM scheme 11. Finally, for 

transmission distances beyond 90km, the link frequency response becomes very narrow 

and is not able to provide the AMOOFDM-SCM scheme III with a sufficiently broad 

bandwidth, thus resulting in the most rapid performance degradation with increasing 

transmission distance among all the modem types proposed in this chapter. 

108 



CHAPTER 6. AMOOFDM-SCM USING OF SSB OVER SMF IMDD LINKS 

Use may be made of each of the three modem designs to satisfy requirements of different 

application scenarios that may be encountered in NG-PONs. Firstly, given the fact that 

AMOOFDM-SCM scheme I has the simplest modem structure and the highest bandwidth 

efficiency, it may be preferred for practical implementation in very short transmission links 

of, say 20km, to enable 66.5Gb/s signal transmission. Secondly, AMOOFDM-SCM 

scheme II consists of a structure less complex than AMOOFDM-SCM scheme III, it may 

be employed to extend the above-mentioned transmission links to approximately 40km, 

with the signal transmission capacity being improved slightly. Finally, the AMOOFDM- 

SCM scheme II- enabled transmission links can be extended further to about 60km with a 

10% enhancement of signal transmission capacity, compared to that offered by 

AMOOFDM-SCM scheme II at 40km. 

6.5 Conclusion 

Detailed investigations have been undertaken, for the first time, of the transmission 

performance of a recently proposed novel AMOOFDM-SCM modem in single-channel, 
SMF-based IMDD transmission links without optical amplification and chromatic 
dispersion compensation for practical applications in NG-PONs. It has been shown that the 

intermixing effect induced by beating between subcarriers of various types is a crucial 
factor limiting the maximum achievable AMOOFDM-SCM performance. To mitigate such 

an effect, SSB modulation and spectral gapping are applied to AMOOFDM-SCM. As a 
direct result, three AMOOFDM-SCM modem designs of varying electrical complexity 
have been proposed, which include, for example, AMOOFDM-SCM scheme I, 

AMOOFDM-SCM scheme II and AMOOFDM-SCM scheme III. 

Numerical simulations have shown that, in comparison with AMOOFDM modems, all the 

proposed three modem designs can improve significantly the signal transmission capacity 

versus reach performance by a factor of at least 1.5 for transmission distances of up to 

60km. AMOOFDM-SCM scheme I has the least modem complexity and the highest 

bandwidth efficiency, it may be preferred for use in very short transmission links of up to 
20km to enable 66.5Gb/s signal transmission. With an approximately 1Gb/s increase to 

such a signal capacity, AMOOFDM-SCM scheme II having a structure less complex than 
AMOOFDM-SCM scheme III, may be employed to extend the transmission link to 40km. 
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Once again, the AMOOFDM-SCM scheme II-supported transmission links may be 

upgraded even further to 63Gb/s over 60km, when use is made of AMOOFDM-SCM 

scheme III. 
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CHAPTER 7. SIMPLIFIED AMOOFDM1 SCM 

7.1 Introduction 

In each of the AMOOFDM-SCM schemes described in Chapter 6, two IFFT/FFT 

operations are required to produce two real-valued SCM subcarriers, which complicate the 

system design as mentioned in Chapter 4. To reduce the system complexity and cost, in this 

chapter, three significantly simplified AMOOFDM-SCM modem configurations, referred 

to as Reconfigurable Scheme (RS) I, II and III, are proposed, for the first time, each of 

which requires a single IFFT/FFT operation. The general structures of the three proposed 
RS modems are similar to those corresponding to the AMOOFDM-SCM schemes 
described in Chapter 6 [1]. The differences between these two sets of modems are the 

signal processing approaches used in distributing the encoded incoming data prior to the 

IFFT operation in the transmitter and those adopted in recovering the received data after 

the FFT operation in the receiver, as discussed in Section 7.2. The RS modem 

configurations support transmission performances identical to those presented in Chapter 6 

without compromising system flexibility and performance robustness to variations in 

transmission link characteristics. More importantly, the simplified RS modems also offer 
input/output reconfigurability. In the transmitter, the input data can be either from two 

independent data sources, or from a single data source, which is then split into two sets of 
data. For simplicity, these two sets of data are denoted as {A) and {B). As shown in 

Section 7.2, an appropriate arrangement of these two sets of data at the input of the IFFT 

operation enables that the in-phase (1) and quadrature (Q) components at the output of the 
IFFT operation convey information only from {A) and {B}, respectively. Therefore, {A} 

and {B} can be recovered independently by two individual end-users in the receiver. 
Alternatively, these two sets of data can also be recovered simultaneously by a single end- 
user using a similar receiver. It is also worth addressing, in particular, that coherent 
OOFDM [2] is not capable of offering the abovementioned input/output reconfigurability, 

as the resulting 1 and Q components in the transmitter are not separable. 

Apart from the features mentioned above, when use is made of the proposed RS modems 
in WDM-PONs, the RS modems also reveal the following salient advantages: 

  Dynamic bandwidth allocation capability: in pure WDM-PONs, one optical carrier 
having a fixed bandwidth is assigned to one dedicated end-user. Without requiring any 
modifications to the fibre infrastructure and by using a single optical carrier, the use of 
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the RS modems allows two end-users to share dynamically a total bandwidth of twice 

of that corresponding to a single end-user. 

  Doubled number of end-users: in comparison with the number of end-users supported 

by a pure WDM-PON having a specific number of optical wavelengths, the 

employment of the RS modems in such a network is able to double the number of end- 

users without compromising the bandwidth offered to each end-user. 

  Broadcasting functionality: instead of transmitting end-user data, one of the data sets 

can be utilised to carry a broadcasting signal, which is distributed to the end-user along 

with its own traffic carried by the other data set. 

  Network monitoring functionality: it can be seen from Section 7.2 that, {A}, {B} and 
JAI +{B) can be recovered simultaneously and independently. This suggests that use 

can be made of the RS modems to perform network functionalities such as network 

monitoring and resilience. 

  Cost reduction: when compared with AMOOFDM-SCM schemes, the use of the RS 

modems in WDM-PONs brings significant cost savings, due to their aforementioned 
features including, for example, simplified modem configurations and doubled number 

of end-users served. 

Fig. 7.1 Schematic illustration of RS III modem configuration and 

corresponding transmission link structure. Mod: modulation; IM: intensity 

modulator; Atten: attenuator; PD: photodetector; DeMod: demodulation; FPGA: 

field programmable gate array. 
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Fig. 7.2 Signal spectra of the proposed RS modems. USB: upper sideband 

spectrum of the SCM subcarrier; LSB: lower sideband spectrum of the SCM 

subcarrier. (a) RS I; (b) RS II; (c) RS III. 
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7.2 Reconfigurable Modem Designs 

Since RS III is of the highest complexity among the three proposed RS modems, in Fig. 7.1, 

the schematic transceiver diagram of RS III is illustrated, whose operating principles are 

described below. The corresponding information for RS I and RS II is, however, not 

presented in detail here, as it can be derived easily using RS III and AMOOFDM-SCM 

scheme I and II. The signal spectra of the three proposed RS modems are illustrated in 

Fig. 7.2. A single-channel IMDD SMF transmission link operating at 1550nm is considered, 

in which optical amplification and chromatic dispersion compensation are excluded. 

In all of the AMOOFDM-SCM transmitters reported in Chapter 5 and 6 [1,3], AMOOFDM 

subcarriers, which consist of a total number of 2N parallel data including both the encoded 

original data and their conjugate counterparts, are arranged at the input of the IFFT 

operation to satisfy the Hermitian symmetry. For each individual modem, such an input 

data arrangement leads to the generation of a real-valued SCM subcarrier and zero from 

the real and imaginary IFFT output ports, respectively. Given the complex property of 

IFFT, only half of the IFFT output ports are employed for transmission. 

In the proposed RS I, II and III transmitters, AMOOFDM subcarriers are a sum of two 

individual sets of data, {A} and {B}, each of which contains 2N parallel encoded data. 

When the n-th elements of {A} and {B} satisfy AZN_n = A, and BZN_n = -Bn for 

n=1,2... 2N-1, as well as Im{Ao} =Im{A. N, 
} =Im{Bo} = Im{BN} =0 , as illustrated in 

Fig. 7.3, after applying an IFFT operation to the sum of {A} and {B}, a k-th output symbol 

can be written as 

I: in-phase component conveys 
An + B, 

/* infonnation from a 

.......... IFFT 

+B_ _B 
Q: quash ahu e component conveys l. J-r. _., .. 

information fromm B 

Fig. 7.3 Illustration of the generation of pure real-valued symbols and pure 
imaginary-valued symbols 
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SA-B(t) = 
Z`iýe +ýBný =1k A`t) 

+jQ_B\tl %. 1) 

n=o n=o 

whereitf is the frequency spacing between adjacent AMOOFDM subcarriers. Eq. (7.1) 

indicates that the input data distribution adopted here enables full use of both the 

components Ik_A(t) and Qk_B(t) . More importantly, Ik_A(t) conveys information only 

from {A) and Qk_B(t) conveys information only from {B}. Such a feature enables the 

independent transmission of two sets of data with a single IFFT operation being involved. 

Ik 
,, 
(t) and Qk_B(t) are then used to generate two SCM subcarriers, which are 

transformed into two real-valued DSB baseband analogue SCM subcarriers, ADSBI(t) and 

ADSBj(t), after applying a number of operations including cyclic prefix insertion, parallel- 

to-serial conversion and DAC. 

To reduce the subcarrierxsubcarrier beating-induced intermixing effect, in RS III, the 

phase-shift method based on the Hilbert transform [4] is applied to ADsB, (t) and ADSB2(t) to 

generate real-valued SSB SCM subcarriers, SSSBI(t) and SSSj(t), which are expressed in Eq. 

(6.1). 

An intensity modulator is driven directly by 

Se (t) = sssBI (t) + Ss5B2 (t) + 1gic (7.2) 

where Ids is the added DC component to ensure that s, (t) is always positive. Sssai(t) 

and SssB2(t) are linearly scaled to have identical electrical powers. For simplicity, an ideal 

intensity modulator is assumed, which produces optical output signals having waveforms 

governed by S,, (t) = Se(t) . As a Semiconductor Optical Amplifier (SOA) operating in a 

strongly saturated optical gain region has an effective bandwidth comparable to the entire 

AMOOFDM-SCM signal bandwidth [5], the SOA can be utilized to perform such intensity 

modulation. Compared to MZMs, the use of SOAs as intensity modulators can avoid the 

need for compensation of I/Q imbalance and bias deviation, thus resulting in the simplified 

modem design and cost reduction [6]. In addition, the SOAs can support colourless 

transmitters [7]. An ideal optical filter is also introduced to produce optical SSB signals for 

all transmission cases considered in this chapter. 
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At the output facet of the SMF link, the transmitted optical signal is converted into the 

electrical domain by using a square-law photodetector. After independently performing RF 

down-conversion using different RF frequencies, and undertaking, in the reverse procedure 

of that of the transmitter, a sequence of essential signal processing operations required 

prior to the FFT, two digital baseband SCM subcarriers are obtained. When both of these 

baseband SCM subcarriers are used as the inputs to the real and imaginary input ports of 

the FFT operation, both {A} and {B} can be recovered simultaneously by making use of 

the formulae 

A. _! 
{[Re (S;, )+ Re (S'2N-n)]+ J [Im (S'n) - Im (S I2N-n)]} (7.3) 

B. _ 
{[Re(Sý)-Re(S2N-"), + j[Im(S�)+Im(SZN-"ý]} (7.4) 

where S;, is the n-th AMOOFDM subcarrier at the FFT output. On the other hand, when 

use is made of a single baseband SCM subcarrier, only {A} or {B} can be recovered 
directly without requiring Eqs. (7.3) and (7.4). It should be noted, in particular, that the 

aforementioned data recovering processes are independent of each other and can take place 

simultaneously, if a dedicated FFT operation is provided for the selected SCM subcarrier(s). 
Clearly, the aforementioned input/output reconfigurability also holds for RS I and RS H. 

7.3 Simulation Parameters and Transmission Performance 

In simulating the transmission performances of RS I, RS II and RS III, 64 AMOOFDM 

subcarriers are considered, of which 31 having identical powers carry real data and one has 

no power. All other parameters that are not explicitly mentioned can be found in Chapter 6 

and [8,9]. 

In addition, a comprehensive theoretical SMF model and a photodetector model are 

adopted, both of which were employed successfully in Chapter 6 and [8]. 

To demonstrate the maximum achievable signal transmission performances of the proposed 
RS modems, the signal line rate is defined in Eq. (6.5). 
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Fig. 7.4 Optimum SCM subcarrier frequencies for different modem designs. (a) 

Transmission performance as a function of O)RFJ for RS (AS) scheme II and III. 

AS: conventional AMOOFDM-SCM scheme. (b) Transmission performance as 

a function of WRF2 for RS (AS) scheme I, II and III. AS: conventional 

AMOOFDM-SCM scheme. 

When use is made of RS modems, the maximum achievable transmission capacity for each 

optical channel depends on the intermediate RF frequency of the SCM subcarrier in each 

RS modem. For a given transmission link, an appropriate frequency adjustment is essential 

to position the SCM subcarrier in a desired link frequency response region, where the SCM 

subcarrier suffers a relatively low transmission loss and simultaneously the reduced 
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intermixing effect. To identify the optimum SCM subcarrier frequencies of the three RS 

modems, the transmission capacities versus RF frequency for 40km SMF transmission 

links are shown in Fig. 7.4, where the corresponding behaviours are also given for 

conventional AMOOFDM-SCM modems. 

Fig. 7.4(a) shows wl dependent transmission performances of RS II and RS III for fixed 

wy values of 45GHz (RS II) and 38 GHz (RS III). Upon direct detection in the receiver, 

beating between different AMOOFDM subcarriers of the same SCM subcarrier produce an 

unwanted spectral distortion region occurring in the vicinity of the optical carrier. Such a 

spectral distortion region has a bandwidth of twice of the SCM subcarrier bandwidth [1]. 

The use of uo1 is to separate such an unwanted spectral region from the useful SCM 

subcarrier spectrum. Taking into account Fig. 7.2, discussions in Section 7.2 and the 

simulation parameters listed above, it is very easy to understand that the optimum Wpj 

values for RS II and RS III are approximately 19GHz and 12GHz, respectively, as seen in 

Fig. 7.4(a). A cop1 value lower than the optimum value increases the overlap between the 

spectral distortion region and the first SCM subcarrier. On the other hand, a cop, value 

higher than the optimum one enhances not only the intermixing effect between the two 

SCM subcarriers but also the transmission loss experienced by the first SCM subcarrier. 

The origin of the frequency dependent transmission loss effect is due to the fact that an 

IMDD transmission link has a Gaussian-shaped frequency response with its peak occurring 

at the optical carrier, and the frequency response becomes narrower for a long transmission 

distance [8,10]. 

Based on the identified optimum cWR1 values for different RS modems, cvp2 dependent 

transmission performances of RS I, II and III are shown in Fig. 7.4(b), from which the 

optimum coRF2 values of approximately 20GHz, 45GHz and 38GHz are identified for RS I, 

RS II and RS III, respectively. The beating between different SCM subcarriers causes the 

generation of unwanted products occurring at a spectral region between the two SCM 

subcarriers. A decrease in coRFz increases the intermixing effect. On the other hand, as 

explained above, a large o)RF2 value results in a high transmission loss. The co-existence of 

the SCM subcarrier beating-induced intermixing effect and the transmission loss effect 

contributes to the occurrence of optimum coRF2 values for the RS modems. In comparison 

with RS II, the reduction in the optimum cvRn value for RS III is a direct result of the use 

of SSB modulation in RS III. Furthermore, it is also very interesting to note from Fig. 7.4 
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that the optimum coRF2 value for RS I is very similar to the optimum WWRFI value for RS II. 

This confirms the physical origin of the optimum RF frequencies. 

In addition, numerical simulations also show that, for RS I and RS II the Optimum CORFl 

value is independent of the transmission distance, and that an extension of the transmission 

distance from 40km to 80km reduces the optimum COpJ 2 by approximately 1 GHz, 4GHz 

and 2GHz for RS I, RS II and RS III, respectively. Such behaviour can be explained easily 

by considering the physical mechanisms discussed above. 
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Fig. 7.5 Signal transmission capacity versus reach performance of different 

modem designs. RS: reconfigurable modem; AS: AMOOFDM-SCM scheme. 

Fig. 7.5 shows the maximum achievable transmission performances of RS I, II and III, by 

taking into account the identified optimum RF frequencies. For performance comparisons 

and examination of the validity of the proposed modems, achievable transmission 

performances of AMOOFDM-SCM schemes I, II and III as well as AMOOFDM modems 

are also plotted in the same figure. It is shown that, over the entire transmission range of up 

to 100km, the transmission capacity versus reach performances achieved by the proposed 
RS modems are almost identical to those supported by the corresponding AMOOFDM- 

SCM schemes. It should be pointed out, in particular, that such transmission capacities are 

achieved using the simplified modem designs. This verifies the validity and effectiveness 

of the proposed RS modems. In comparison with the AMOOFDM modems, the RS modem 
designs can not only improve the signal transmission capacity versus reach performance by 

a factor of at least 1.5 for transmission distances of up to 60km, but also retain excellent 

performance robustness to variations of the transmission link characteristics. 
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For short transmission distances of, say <20km, almost no performance difference among 

the three RS modem designs is observed. This is because the intermixing effect is much 
less pronounced owing to short transmission distances [1,3]. Whilst for SMF link lengths 

in the range from 20km to 40km, the signal transmission capacities achieved by RS II and 
RS III are very similar, which are, however, much higher than those supported by RS I, as 

shown in Fig. 7.5. This is due to the use of spectral gaps in RS II and III, which 
distinguishes the first SCM subcarrier from the unwanted beating products occurring in the 

vicinity of the optical carrier. Over a transmission distance region of 40-80km, RS III 

offers the highest transmission performance due to the SSB SCM subcarrier-induced 

significant reduction in the intermixing effect between different SCM subcarriers. Over 

such a transmission region, the observed rapid performance degradation of RS II originates 

mainly from an increase in transmission loss due to the employment of a large wv in RS 

II. The IMDD link frequency response becomes narrow for transmission distances of 
>80km, leading to considerable reductions in signal transmission capacity for RS II and III, 

as their signal bandwidth are much wider than those corresponding to RS I. It is also worth 

addressing that the proposed RS modems can support transmission capacities of >100Gb/s 
by increasing slightly the sampling rates of ADCs/DACs. The sampling rates adopted in 

the RS modems can, however, be much lower than those predicted in [11]. 

7.4 Conclusion 

Three novel RS modems have been proposed, each of which, has a number of major 
advantages including a significantly simplified modem configuration due to the 
involvement of a single IFFT/FFT operation, input/output reconfigurability, dynamic 
bandwidth allocation capability, cost reduction and system flexibility and performance 
robustness to variations in transmission link conditions. In addition, the proposed RS 

modems also offer broadcasting and performance monitoring functionalities. 

Investigations have shown that RS I, II and III modems are capable of supporting >60Gb/s 

signal transmission over 20km, 40km and 60km SMFs respectively in IMDD SMF 

transmission links without optical amplification and chromatic dispersion compensation. 
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8.1 Introduction 

For further reducing the transceiver cost with the desired transmission performance being 

maintained, opportunities can be explored to utilize low-cost DACs/ADCs, which normally 

have low quantization bits and sampling rates. As mentioned in Section 4.4, high PAPRs 

associated with OFDM signals increase the minimum requirements on quantization bits 

and sampling rates of the DACs/ADCs. Therefore, it is very important to investigate 

effective schemes to reduce the PAPRs of OFDM signals. 

As presented in Chapters 5-7, to convert an electrical OFDM signal into the optical domain, 

a real-valued electrical OFDM signal emerging from the transmitter Field-Programmable 

Gate Array (FPGA) is utilised, whose phase is, however, unused. This raises a very 

interesting question, i. e., can such an OFDM signal be used to modulate only the phase of a 

RF carrier? A significant advantage associated with the PM approach is that the PAPRs of 

the OFDM signals can be reduced significantly [1]. In fact, theoretical investigations of 

PM-induced constant envelope OFDM waveforms have been reported in a coherent 
OFDM transceiver configuration for applications in wireless transmission systems [1]. 

However, PM has not been reported in IMDD AMOOFDM transmission systems. 
Furthermore, it is also greatly advantageous if the use of PM in IMDD AMOOFDM 

systems does not introduce extra complexity into the transceiver design. 

In this chapter, AMOOFDM-PM is proposed and explored, for the first time, in IMDD 

SMF transmission systems. In AMOOFDM-PM, an electrical OFDM signal is used to 
directly modulate the phase of a RF carrier prior to performing optical intensity modulation. 
It should be mentioned that, from the physical point of view, the PM scheme plays a role in 
determining nonlinear quantization. The use of "PM" here is to ensure the consistency 
between the present work and previous publications [1]. 

When compared to AMOOFDM based on amplitude modulation [2-6], the proposed 
technique has important advantages including: 

1) Significant reduced PAPRs, as discussed in Section 8.3 of the chapter. 

2) Relaxed requirements on key transceiver components: it is well known that 

DACs/ADCs limit considerably the maximum achievable signal transmission capacity of 
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real-time OOFDM transceivers [7]. As a direct result of the PAPR reduction, for achieving 

a specific transmission performance, AMOOFDM-PM can considerably relax the 

minimum requirements on both the sampling rates and bits of quantization of the 

DACs/ADCs. 

3) Cost-effective implementation: AMOOFDM-PM can be implemented directly in FPGAs 

without increasing the transceiver complexity. 

4) Spectral efficiency: By appropriately choosing the modulation coefficient, AMOOFDM- 

PM does not broaden the signal bandwidth compared to that of AMOOFDM. 

In addition, AMOOFDM-PM shows better tolerance to link loss, excellent system 

flexibility and performance robustness to variations in transmission link characteristics. 

Our numerical simulations show that, when small DAC/ADC quantization bits and/or low 

DAC/ADC sampling rates are adopted, AMOOFDM-PM can double the transmission 

capacity, compared to AMOOFDM. In particular, such improvement is more pronounced 
for relatively long transmission distances. Therefore, AMOOFDM-PM has potential for 

providing a cost-effective technical solution for practical implementations in cost-sensitive 

access networks. 

8.2 AMOOFDM-PM Transmission Systems 

A single channel AMOOFDM-PM IMDD transmission system considered is illustrated in 

Fig. 8.1, which is free from both chromatic dispersion compensation and in-line optical 
amplification. When compared with the AMOOFDM modem, the key transceiver 

configuration differences shown in Fig. 8.1 are the application of PM in OFDM symbols 
immediately after the IFFT in the transmitter, and phase detection before the FFT in the 

receiver. 
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Fig. 8.1 Schematic illustration of AMOOFDM-PM IMDD transmission 

systems. COS: cosine function; +CP: cyclic prefix insertion; P/S: parallel to 

serial conversion; D/A: digital to analogue conversion; IM: intensity 

modulation; A/D: analogue to digital conversion; S/P: serial to parallel 

conversion; -CP: cyclic prefix removing; N&S: normalization and shift; ACOS: 

arccos function. 

In the transmitter, by arranging the positive bin subcarriers containing encoded original 

data, a zero-valued subcarrier and their conjugate counterparts to satisfy Hermitian 

symmetry, a real-valued electrical OFDM symbol A(t) emerging from the IFFT is 

produced, which is then up-shifted appropriately to ensure that the minimum peaks 

occurring in the entire OFDM signal are positive. The up-shifted symbol A, (t) is given by 

Ap (t) = A(t) + I, (8.1) 

where I, is the added DC component. Ap (t) is multiplied by a modulation coefficient C 

to confine all the sample values in a range of 0-; r for phase detection in the receiver. Any 

phase variation beyond that boundary should be avoided. The phase modulated OFDM 

symbol S, (t) can be expressed as 

SPM (t) = cos[CAP(t)] (8.2) 

Compared to the complex-valued OFDM symbol with constant envelope [1], the real- 

valued OFDM symbol S, (t) varies from -1 to 1, giving rise to a reduced PAPR in 

comparison with AMOOFDM. Here it is also worth mentioning that the bandwidth of 
SPA,, (t) depends upon the modulation coefficient C, whose value should be chosen 
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appropriately, in order not only to avoid the signal bandwidth broadening effect associated 

with PM but also to fully utilise the phase range without compromising the signal 

transmission performance [1]. 

After SPM (t) is applied a number of operations including cyclic prefix insertion, parallel to 

serial conversion and DAC, the generated electrical Se(t) is then ready to directly drive an 

optical intensity modulator. For simplicity, an ideal intensity modulator is employed here, 

which produces an output optical signal having a waveform governed by 

s0(r) = s. ( +I , (8.3) 

with Id, being the added DC component to ensure that Se (t) + 1d', is always positive [6]. 

After appropriately adjusting the output optical power, the optical signal is coupled into 

SMF links. 

In the receiver, the AMOOFDM-PM signal is detected using a square-law photodetector. 
After digitalisation, serial-to-parallel conversion and remove of cyclic prefix, the OFDM 

symbol SPM 
, 
(t) is normalized by 

SPM 
n \r) ' 

SPM_r (t) 
S2S 

(8.4) 

PM_r_max PM_r min 

where S,, 
_,, 

(t) is the normalized OFDM symbol, SPM_, 

_max and SpM_, 
_min 

are the 

maximum and minimum values occurring in SPM_,, (t) 
, respectively. This operation is to 

restore the peak-to-peak value assigned in the transmitter. To ensure that SPM 
�(t) 

has its 

value varying in the range of -1 to 1, the following operation is also applied 

SPM 
$(t)=SPM_n(t)-SPM n min -1 (8.5) 

where SpM_, (t) is the shifted symbol, Sm 

�_ 
is the minimum value of SpM 

�(t) and the 

last term denotes the minimum value of SPM (t) defined in Eq. (8.2). 

Phase information is recovered by 
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A, (t) = ärccos [SPM 

_» 

(t)] (8.6) 

After multiplying A, (t) with 1/C, and down-shifting the resulting product at an amount of 

Il (identical to that used in the corresponding transmitter), the OFDM symbol A, 
_, 

(t) at 

the input of the FFT is given by 

4-1(t) =A (t) - 11 (8.7) 

After performing the FFT operation, the data can be finally recovered. Here it is worth 

addressing that, although the phase modulation (demodulation) can also be applied after 

the DAC in the transmitter (before ADC in the receiver), the phase modulation 

(demodulation) proposed here can be easily implemented in FPGAs without introducing 

significant complexity to the transceiver design. 

The SMF model used successfully in Chapter 6 and 7 is adopted here. In modeling the PIN, 

both shot noise and thermal noise are considered, which are simulated following the 

procedure similar to that presented in [8]. The validity of the theoretical fibre and PIN 

models has been confirmed in [3,4,9]. 

8.3 Simulation Parameters 

In this section, the parameters adopted in numerical simulations are discussed in detail. 

Throughout this chapter, all the parameters listed below are utilized as default ones unless 

addressed explicitly in the corresponding text when necessary. 

In simulating AMOOFDM-PM modems, 64 subcarriers are considered, in which 31 

convey user data, one has no power and the remaining 32 are the complex conjugate of the 

above-mentioned subcarriers. The modulation format taken on each subcarrier may vary 

from DBPSK, DQPSK, and 16 to 256 QAM, depending on the frequency response of a 

specific transmission link. The cyclic prefix parameter is fixed at 25%. The optimum 

clipping ratio of 10dB is used, which is approximately 3dB lower than that corresponding 

to AMOOFDM [10]. The optical powers launched into the SMF links are fixed at 6.3 dBm. 

131 



CHAPTER 8. AMOOFDM-PM 

The modulation coefficient C defined in Eq. (8.2) is set at a value of 2.94, which 

corresponds to a modulation index of 0.36 (according to the definition in [1]). The purpose 

of employing such a value is to retain the signal bandwidth compared to that corresponding 

to AMOOFDM. 

For simulating SMF links at 1550nm, use is made of parameters found in Chapter 6. 

Finally, a PIN with a quantum efficiency of 0.8 and a noise current density of 8 pA/ Hz 

is used [4,9]. 

8.4 Simulation Results 

The transmission performance of AMOOFDM-PM is investigated in this section, while the 

performance of AMOOFDM is also presented for comparison. The signal line rate 

corresponding to a total channel BER of <1.0x10-3 is considered to be valid as such a BER 

leads to error-free operation when combined with FEC. 

For different transmission distances, the signal line rate as a function of DAC/ADC 

quantization bits is shown in Fig. 8.2 (a), and the relative improvement in signal capacity in 

comparison with AMOOFDM is also plotted in Fig. 8.2 (b), where the capacity 
improvement R, is defined as: 

SAMOOFDM-PM 
- SAMOOFDM 

X100% (8.8) 
SAMOOFDM 

where 
SAm3FDM-PM and SAMOOFDM 

are the signal line rates for AMOOFDM-PM and 

AMOOFDM, respectively. In obtaining Fig. 8.2, the DAC/ADC sampling rate is fixed at 8 
GS/s. It can be seen in Fig. 8.2 that, for various transmission lengths of up to 80km and 

quantization bits of >6, almost constant AMOOFDM-PM capacities occur, implying that 

the quantization noise effect is negligible for such a quantization level region. It is very 
interesting to note that, compared to AMOOFDM, the AMOOFDM-PM transmission 

capacity significantly increases for quantization bits of <6. For example, the AMOOFDM- 

PM transmission capacity is doubled for quantization bits of <4, indicating that 
AMOOFDM-PM can lower the minimum requirements on quantization bits of 
DACs/ADCs. In particular, to achieve a required transmission performance of say 25 Gb/s 
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over 80km, AMOOFDM-PM can reduce the quantization bits of DACs/ADCs from 7 

(required by AMOOFDM) to 6, as shown in Fig. 8.2. In addition, Fig. 8.2 also shows that 

AMOOFDM-PM has significant flexibility and excellent performance robustness to 

variations in transmission link characteristics. The above-discussed results confirm the 

effectiveness of the proposed AMOOFDM-PM technique. 
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Fig. 8.2 Impact of AMOOFDM-PM on the choice of DACs/ADCs. (a) 

Transmission capacity versus DAC/ADC quantization bits for different 

transmission lengths. (b) Improvement in transmission capacity for different 

transmission lengths. 

The significant signal capacity improvement presented in Fig. 8.2 is due to the reduction in 

signal PAPR, thus leading to a decreased signal dynamic range and the reduced 
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quantization noise effect. Such a statement is verified in Fig. 8.3, in calculating which use is 

made of AMOOFDM-PM/AMOOFDM signals emerging from their corresponding 

transmitters as well as 8GS/s and 7-bit quantization DACs/ADCs. It can be seen in Fig. 8.3 

that the use of AMOOFDM-PM considerably reduces the signal peak occurrence 

probability density defined in [11] for PAPR>3dB, as illustrated in Fig. 8.3 (b) where a 

logarithmic y-axis is used. It can also be found in Fig. 8.3 that, over the 1.5-2 dB PAPR 

region, the AMOOFDM-PM signal has a PAPR higher than that corresponding to 

AMOOFDM. This is due to the use of the cosine operation in PM. 
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In comparison with AMOOFDM, the obtained AMOOFDM-PM-induced transmission 

capacity improvement is plotted in Fig. 8.4 as a function of DAC/ADC sampling rate for 

different transmission lengths. In obtaining Fig. 8.4,6-bit quantization is considered. It can 

be seen in Fig. 8.4 that, for long transmission distances, the capacity improvement trend is 

more pronounced, especially when low ADC/DAC sampling rates are adopted. This 

phenomenon indicates that AMOOFDM-PM is capable of offering better tolerance to fibre 

loss, as for low DAC/ADC sampling rates, the adopted cyclic prefix is sufficient long to 

compensate for the chromatic dispersion effect. However, for high DAC/ADC sampling 

rates, the corresponding signal bandwidth is broad, thus chromatic dispersion becomes an 

important factor limiting the transmission performance. This results in a slightly reduced 

capacity improvement for AMOOFDM-PM, as shown in Fig. 8.4. 
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Fig. 8.4 Improvement of transmission capacity versus sampling rate of 
DAC/ADC for different transmission length. 

It should be mentioned that, the AMOOFDM-PM-induced PAPR reduction can also 
decrease the fibre nonlinearity effect for transmission lengths in excess of several hundreds 

of kilometres, which is, however, beyond the scope of this chapter. 

8.5 Conclusion 

A novel AMOOFDM-PM technique has been proposed and theoretically explored, for the 
first time, in IMDD SMF systems for cost-sensitive access networks. In comparison with 
AMOOFDM, AMOOFDM-PM not only lowers the minimum requirements on the key 
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parameters associated with DACs/ADCs, but also simultaneously improves considerably 
the transmission performance. In addition, AMOOFDM-PM also shows better tolerance to 
fibre loss and excellent system flexibility and performance robustness to variations in 

transmission link characteristics. 
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9.1 Introduction 

As mentioned in Chapter 4, to develop cost-effective OOFDM NG-PONs, IMDD is a very 

promising solution, as it is capable of offering considerable reductions in both the network 

complexity and the installation and maintenance cost without considerably compromising 

the system flexibility and performance robustness. In addition, compared to other intensity 

modulators such as conventional external intensity modulators, the use of DMLs is also 

preferable due to their many advantages namely low cost, compactness, low power 

consumption, relatively small driving voltage and high output power. 

However, in DML-based IMDD OOFDM PONs utilizing SSMFs with positive chromatic 
dispersion, the positive frequency chirp associated with typical DMLs significantly limits 

the maximum achievable OOFDM transmission performance, as discussed in Chapter 4. In 

traditional NRZ DML-based IMDD transmission systems, use can be made of negative 
dispersion SMFs such as MetroCor fibres to compensate for the DML-induced positive 
frequency chirps, and negative power penalties have been observed experimentally at 

specific BERs [1,2]. More importantly, such a dispersion compensation technique has also 
been confirmed to be very effective for OOFDM systems. It has been experimentally 
demonstrated [3,4] that net signal bit rates of 3Gb/s 16QAM-encoded, 4.5Gb/s 64QAM- 

encoded and 5.25Gb/s 128QAM-encoded real-time OOFDM signals modulated by DMLs 

can be transmitted over 75km, 25km and 25km MetroCor SMFs, respectively, with 
respective negative power penalties of -2dB, -0.5dß, -0.5dB. 

Given the fact that OOFDM has strong resilience to chromatic dispersion, the occurrence 
of negative power penalties in DML-based IMDD OOFDM MetroCor SMF systems raises 
three very interesting open questions: 

9 What are the physical mechanisms underlying the observed negative power 
penalties? 

" Does cyclic prefix contribute to such a phenomenon? 

" What technical approaches may be adopted to control the effect? 

The provision of answers to these three open questions is of great importance, as the 

answers enable us not only to gain an in-depth understanding of the IMDD OOFDM 

140 



CHAPTER 9. NEGATIVE DISPERSION FIBRES-INDUCED NEGATIVE POWER 
PENALTIES 

technique, but also offer effective means for further maximizing the transmission 

performance of the systems of interest of the present work. Therefore, this chapter is 

dedicated to address, for the first time, such challenging issues. 

In this chapter, detailed investigations are undertaken, for the first time, to explore the 

dynamic negative power penalty characteristics of OOFDM signal transmissions over 
DML-based IMDD MetroCor systems. Excellent agreement between numerical 

simulations and real-time experimental measurements [3,4] is observed. This leads to the 

identification of the physical origin underpinning the negative power penalties: 1) in the 

electrical domain, the imperfect preservation of the OOFDM signal phase due to subcarrier 
intermixing upon square-law direct detection in the receiver, and 2) the reduced subcarrier 

intermixing effect [5] due to a MetroCor fibre-induced reduction in DML modulated 

OOFDM signal phase. In addition, results also indicate that, for a given DML-based IMDD 

OOFDM MetroCor SMF system, the resulting negative power penalty is independent of 
both cyclic prefix and signal modulation format. Furthermore, it is also shown that the 

negative power penalty is controllable by applying adaptive modulation and/or variation in 

DML operating condition. 

The chapter is organized as follows. In Section 9.2, the considered transmission link model 
is outlined with special attention being given to the DML frequency chirp effect. In Section 

9.3, parameters adopted in numerical simulations are presented and discussed in detail. In 
Section 9.4, extensive comparisons between numerical simulations and experimental 

results are made, based on which the physical origin of negative power penalties is 

identified. In addition, detailed discussions are also made of the impacts of cyclic prefix, 
adaptive modulation, signal modulation format and DML operating conditions on the 

negative power penalty effect. Finally, this chapter is summarized in Section 9.5. 
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9.2 Transmission Link Model 

9.2.1 Transmission Link Diagram 

etro('or 
fibre 

to out 

Fig. 9.1 Schematic illustration of DML-based IMDD OOFDM transmission 

systems. Affen.: attenuator; LPF: low-pass filter. 

Similar to those used in real-time experimental measurements [3,4], the OOFDM 

transmission link considered here is a single channel, DML-based IMDD MetroCor SMF 

system, as shown in Fig. 9.1, which is free from both chromatic dispersion compensation 

and in-line optical amplification. The transmission link consists of an OOFDM transmitter, 

an OOFDM receiver and MetroCor fibres in between. In the transmitter, an input binary 

data sequence is encoded by different modulation formats, which may vary from DBPSK, 

DQPSK, and 16 to 128QAM. The encoded complex data is processed by a transmitter 

OFDM modem following the procedures described in Chapter 2. The generated electrical 
OFDM signal is first multiplexed with an optimum DC bias current, and then employed to 
directly drive the DML to generate an OOFDM signal at 1550 nm. The DML model is 

identical to that presented in Section 4.3.2. After appropriately adjusting the output optical 

power, the OOFDM signal is coupled into the MetroCor fibres. 

In the receiver, the optical signal emerging from the optical attenuator is detected using a 

square-law photodetector. To recover the data, the low-pass-filtered electrical OFDM 

waveform is processed in a receiver OFDM modem by using an inverse process of that of 
the transmitter. Detailed descriptions of the processes outlined above have been reported in 
[3,4]. 
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9.2.2 Models for Other Components 

The propagation of OOFDM signals over MetroCor fibres is modelled using the widely 

adopted split-step Fourier method [6]. The effects of loss, chromatic dispersion and the 

optical power dependence of refractive index are included in the MetroCor fibre model. In 

addition, the effect of Kerr nonlinearity-induced phase noise to intensity noise conversion 
is also considered upon direct photon detection in the receiver. 

In the PIN model, both shot noise and thermal noise are considered, which are simulated 
following the procedure similar to that presented in [7]. 

The validity of the theoretical fibre and PIN models has been confirmed in [5,8,9]. 

9.3 Simulation Parameters 

In this section, the parameters adopted in numerical simulations are discussed in detail. 

Throughout this chapter, all the parameters listed below are utilised as default ones unless 

addressed explicitly in the corresponding text when necessary. 

Table 9.1 
Parameters fir different mniinlatinn frrni tc 

Optimum simulation parameters 
Modulation 16QAM 64QAM 128QAM 

format 
Bias current of 35mA 37mA 39mA 

DML 
Peak-to-peak 

drive current of 12.7mA 12.7mA 12.7mA 
DML 

Clipping ratio 13.8dB 13.5dB 1ldB 

In simulating OFDM modems, the parameter values identical to those utilised in the 

experiments [3,4] are adopted, which include 32 subcarriers with 15 conveying user data 
in the positive frequency bins, a cyclic prefix parameter of 25% and an ADC/DAC with a2 
GS/s sampling rate and 8-bit quantization. According to the above-mentioned parameters, 
the electrical OFDM signal has a bandwidth of 1 GHz. For different signal modulation 
formats, the optimum DML bias currents, peak-to-peak driving currents and signal clipping 
ratios identified in the real-time experiments [3,4] are also considered, which are 
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summarized in Table 9.1. In addition, the experimentally measured DAC frequency 

response is also included, which has about 5dB roll-off within the signal bandwidth region. 

In numerical simulations, the following system parameters adopted in the experiments [3,4] 

are also taken, which are a 7dBm optical power launched into a SMF system, a noise 

equivalent power density of 27 pw/ Hz and a responsivity of 0.91 A/W for the PIN. 

Table 9.2 
DFR Parameters 

DFB 
Symbol Value 

1 300 µm 
w 2m 
d 0.033 . tm 

10ns 

B 1x 10-16 W /s 
C 6.5x104' m /s 
G 1.1 X 10-12 m 31s 

N ()24 n173 
6 7.4X10" m 
I' 0.07 
zD 3.6 ps 

ng 3.7 

np 3.2203 

Wv 0.47 µm 

Wh 1.80 µm 
i 1.38X10" m 

1X10" 

. Z' 37% 

All the parameter values employed in the DFB laser model (described in Section 4.3.2) are 
listed in Table 9.2. These parameters are, in general, taken from the literature [10,11]. 
However, some parameters including the linear optical gain coefficient G, the nonlinear 

gain coefficient e and the transparency carrier density N, were adjusted to obtain 

agreement between the simulation and the experimental measurements. It is also worth 
mentioning that by adopting the DML parameters in Table 9.2, the DML model gives rise 
to a DFB threshold current of about 27 mA. The 3-dB modulation bandwidth is 

approximately 10GHz. Such characteristics are very similar to those measured in the 

experiments [3,4]. 
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Finally, in simulating the MetroCor fibres, their typical parameter values at a wavelength 

of 1550nm are employed, which are a dispersion parameter of -7.6 ps/(km-nm), a 

dispersion slope of 0.1 ps/(km"nm2), a linear loss of 0.2 dB/km, an effective area of 70 µm2 

and a Kerr coefficient of 2.35 x 10'20 m2/W. 

9.4 Results and Discussions 

To rigorously verify the developed transmission link model, extensive comparisons 
between numerical simulations and experimental measurements are first made in various 

transmission systems. After that, detailed numerical results are presented to explore the 

physical origin of the observed negative power penalties and subsequently identify 

effective technical approaches that can be used to improve the DML-based IMDD 

OOFDM system performance. 

Throughout this chapter, the power penalty is defined as, for achieving a BER of 1x 10-3, 

the received optical power difference between a full transmission link of a specific 

transmission distance and the corresponding optical back-to-back system configuration. It 

should be pointed out that, for fair comparisons between numerical simulations and 

experimental measurements, both the power penalty definition and its corresponding 

calculation procedure used in numerical simulations are identical to those reported in [3,4]. 
Here it is also worth mentioning that, in numerical simulations, the BER is obtained by 
directly counting errors occurring within 2000 OFDM symbols, which, prior to being 

transmitted over a SMF link, are oversampled to give a total number of sample points of 
512488 per data sequence. Similar to those reported in [3,4], net OOFDM signal bit rates 
are used in describing the system transmission capacity. For all results presented in this 
section, 16QAM is considered across all the subcarriers within an OFDM symbol in both 

numerical simulations and experimental measurements, except that, in Fig. 9.4 (Fig. 9.7), 
different signal modulation formats (adaptive signal modulation) are employed. 
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Fig. 9.2 Comparisons of normalised channel transfer functions for different 

DML-based IMDD link configurations. 
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Fig. 9.3 Comparisons of power penalty versus transmission distance for 

16QAM-encoded OOFDM signals of net signal bit rates of 3Gb/s. 

9.4.1 Comparisons between Numerical and Experimental Results 

For optical back-to-back and DML-based 50km MetroCor IMDD links, comparison of 

their normalized Channel Transfer Functions (CTFs) measured from the input of the IFFT 

in the transmitter and the output of the FFT in the receiver are shown in Fig. 9.2. It can be 

seen in Fig. 9.2 that, for all the cases considered, the simulated CTFs are in good agreement 

with the experimental results. The rapid CTF decays of approximately 5dB within the 

signal spectral region are mainly attributed to the DAC due to its output filtering and 

inherent sin(x)/x response. In comparison with the optical back-to-back case, the slightly 

up-shifted 50km CTFs corresponding to high frequency subcarriers are a direct result of 
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the compensation between the positive transient frequency chirp associated with the DML 

and the negative chromatic dispersion associated with the MetroCor fibre. This behavior 

contrasts sharply with the long transmission distance-induced CTF narrowing effect in 

SSMF IMDD systems [9]. 

Comparison of transmission distance-dependent power penalties is plotted in Fig. 9.3, 

where excellent agreements between the simulated results and experimental measurements 

are observed for transmission distances of up to 75km MetroCor SMFs. With increasing 

transmission length, the power penalty decreases to a value as low as -2 dB for 75 km. 

The power penalty as a function of OOFDM signal line rate for 25km MetroCor fibres is 

shown in Fig. 9.4, where the signal line rates of 3 Gb/s, 4.5 Gb/s and 5.25 Gb/s are 

achieved by different signal modulation formats of 16QAM, 64QAM and 128QAM, 

respectively. Once again, the simulated results agree very well with the experimental 

observations. As expected from Fig. 9.3, in Fig. 9.4 a power penalty of approximately -0.6 
dB is shown, which is almost independent of the signal line rate. It should be noted that the 

signal line rate-independent negative power penalty behaviours also occur for OOFDM 

signals of higher signal bit rates. Numerical simulations show that power penalties of 

approximately -0.6dB are obtainable for signal line rates of up to 30Gb/s when 12.5GS/s 

DACs/ADCs are considered in 25km MetroCor IMDD systems involving DMLs operating 

under conditions identical to those adopted in Fig. 9.4. 
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0 
CL 
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Fig. 9.4 Power penalties versus signal line rate obtained for different net signal 
line rates for 25km MetroCor systems. 
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The above-mentioned excellent agreements between the numerical simulations and the 

experimental measurements for a wide diversity of different systems, strongly confirm the 

validity of the theoretical link model developed here. The link model can, therefore, serve 

as an excellent base for further exploring the physical origin and dynamic characteristics of 

negative power penalties observed in such systems. 

9.4.2 Physical Origin of Negative Power Penalty 

To explore the physical origin of the negative power penalties observed in DML-based 

IMDD OOFDM MetroCor systems, Fig. 9.5 is plotted, where the transmission distance- 

dependent power penalties are given for various IMDD link configurations: Case I: DML- 

based MetroCor links; Case II: ideal intensity modulator-based MetroCor links; Case III: 

DML-based SSMF links, and Case IV: DML-based MetroCor links without considering 

fibre linear losses. In obtaining Fig. 9.5, a 38mA bias current is employed for all the cases. 

For Case I and Case II, the maximum transmission distances of 125 km occur due to the 

fact that the received optical signal powers are too low to achieve total channel BERs of 

1x103. 

2.5 
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d Q- 0.5 

0 0 
a 

-0.5 

-1 
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(Case III 
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0 50 100 150 200 250 300 350 

Transmission length (km) 

Fig. 9.5 Power penalty versus transmission distance for different link 

configurations. Case I: DML-based MetroCor links; Case II: ideal intensity 

modulator-based MetroCor links; Case III: DML-based SSMF links, and Case 

IV: DML-based MetroCor links without considering fibre linear losses. 

Comparison between the different cases considered in Fig. 9.5 shows that only the co- 

existence of the DML and MetroCor fibres in Case I and Case IV leads to the occurrence 

of negative power penalties, whose values depend upon transmission distance. This implies 
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that the negative power penalty is a direct result of the negative dispersion fibre-enabled 

compensation of the DML positive transient frequency chirp. Based on Fig. 9.5, the 

physical mechanisms behind the negative power penalty can be explained as follows: the 

optical-domain OOFDM signal phase cannot be preserved perfectly in the electrical 

domain due to subcarrier intermixing upon square-law photon detection in the receiver. As 

the unwanted subcarrier intermixing effect decreases with decreasing optical phase at the 

input facet of the PIN, thus the MetroCor fibre-induced reduction in the DML-modulated 

OOFDM signal phase gives rise to the observed negative power penalty. Whilst for 

coherent OOFDM MetroCor transmission systems, the OOFDM signal phase can be 

preserved perfectly in the electrical domain, therefore no negative power penalties exist. 

This is verified by our numerical simulations, even when the optical phases identical to 

those corresponding to the IMDD cases are introduced into the coherent OOFDM signals. 
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Fig. 9.6 Reduced subcarrier intermixing effect on power penalty. 

The above physical explanations imply that a partial elimination of the subcarrier 
intermixing effect should be able to increase the obtained power penalty and 

simultaneously extend the transmission distance, over which the minimum power penalty 
is observed. This is verified in Fig. 9.6, in obtaining which, to partly eliminate the 

subcarrier intermixing effect, zero-mapping of the first 8 subcarriers close to the optical 

carrier is performed, and other parameter values identical to those used in Fig. 9.3 are 

adopted without considering the fibre linear loss effect. 
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9.4.3 Impacts of Adaptive Modulation and Cyclic Prefix on Negative 

Power Penalty 

0 

a 
7v -2 c 
a -3 

Ö 

-5 

-+-Identical modulation 
--'-Adaptive modulation 

5 15 25 35 45 
Cyclic prefix length(%) 

Fig. 9.7 Cyclic prefix dependent power penalty for different modulation 

schemes over 75km MetroCor fibres. 

As the cyclic prefix does not considerably affect the subcarrier intermixing effect occurring 

in the receiver, a cyclic prefix-independent negative power penalty is thus observed, as 

seen in Fig. 9.7 for a transmission distance of 75 km. However, for cyclic prefix parameters 

of < 6.25%, the cyclic prefix lengths are too short to compensate for the fibre chromatic 

dispersion effect, thus giving rise to sharply increased power penalty shown in Fig. 9.7. In 

addition, power penalty comparisons between identical modulation and adaptive 

modulation are also presented in Fig. 9.7. For the adaptive modulation case, a DQPSK 

(32QAM) modulation format is taken on subcarriers experiencing a low (high) SNR to 

ensure that the resulting total channel BER remains at <1x 10-3 and the signal line rate is 

still fixed at 3 Gb/s (corresponding to a cyclic prefix parameter of 25%). It can also be seen 
in Fig. 9.7 that, in comparison with identical modulation, the use of adaptive modulation 

can further reduce the power penalty by about I dB. This is because adaptive modulation 

has better tolerance to the subcarrier intermixing effect owing to the assignment of 

different signal modulation formats on individual subcarriers experiencing different SNRs. 
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9.4.4 DML Operating Condition-Dependent Negative Power Penalty 
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Fig. 9.8 DML operating condition-dependent power penalty. 

Since the DML frequency chirp characteristics strongly depend on DML operation 

conditions including bias currents and peak-to-peak driving currents [10], the DML 

operating condition-dependent power penalty is thus seen in Fig. 9.8, where a 75km 

MetroCor fibre is considered. It is shown in Fig. 9.8 that, for a fixed peak-to-peak driving 

current, a reduction in bias current can reduce the power penalty, resulting from the low 

bias current-induced increase in the DML frequency chirp effect. A reduction in bias 

current also produces a low optical output power and introduces strong unwanted signal 

clipping-induced waveform distortions to the modulated optical signals. These two effects 

significantly worsen the signal transmission performance and subsequently give rise to 

total channel BERs of >1x 10"3 even for optical back-to-back links. Thus, for a specific 

peak-to-peak driving current, a minimum bias current occurs, corresponding to which a 

minimum power penalty is observed. 

On the other hand, over the low bias current region, the power penalty increases with 
increasing peak-to-peak driving current, as shown in Fig. 9.8. This is due to the enhanced 

signal clipping effect associated with the large peak-to-peak driving currents employed, as 

under such conditions, the signal clipping effect plays an important role in determining the 

system transmission performance. In addition, a low peak-to-peak driving current also 

requires a relatively high bias current to maintain the optical output power at an acceptable 
level, thus resulting in a minimum power penalty occurring in a relatively high bias current 

region, as shown in Fig. 9.8. It can also be seen in Fig. 9.8 that, for bias currents of >37mA, 
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the power penalty differences among various peak-to-peak driving currents are negligible, 

this implies that, over such a bias current region, the DML frequency chirp is sufficiently 

small. 

From the above analysis, it can be seen that the obtained negative power penalty is 

controllable when appropriate adjustments of DML operating conditions are applied. 

9.5 Conclusion 

Dynamic negative power penalty characteristics of OOFDM signal transmissions in DML- 

based IMDD MetroCor systems have been investigated in detail and excellent agreements 
between numerical simulations and experimental measurements have been obtained for a 

wide diversity of system conditions. Based on a rigorously verified comprehensive 

theoretical transmission link model, the physical origin of the observed negative power 

penalties has been identified, i. e., the reduction in subcarrier intermixing impairment in the 

receiver due to the compensation between the DML positive frequency chirp and the 

MetroCor negative chromatic dispersion. Results have also shown that the negative power 

penalty is independent of cyclic prefix and signal modulation format, and controllable 

when adaptive modulation and/or variations in DML operating conditions are applied. 
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CHAPTER 10. CHIRP COMPENSATION TECHNIQUE IN IMDD OOFDM 
SYSTEMS 

10.1 Introduction 

Apart from the employment of negative dispersion fibres discussed in chapter 9, in 

traditional NRZ/RZ transmission systems, several frequency chirp compensation 

techniques have also been proposed to reduce the DML frequency chirp effect [1-5]. In [1], 

SPM is utilized to compensate for the DML transient frequency chirps, as SPM induces 

negative frequency chirp at the pulse leading edges and positive frequency chirp at the 

pulse trailing edges, both of which have opposite signs with respect to the DML transient 

frequency chirp in the corresponding pulse edges. Unfortunately, the SPM technique can 

not compensate for the DML adiabatic frequency chirp. Spectral conversion based on 

FWM is capable of simultaneously alleviating the DML transient and adiabatic frequency 

chirp [2]. However, the technique has strong system-dependent performance and extremely 

low spectral conversion efficiency. The implementation of the technique may considerably 
increase the complexity of the PON systems due to the requirement of two independent 

conversion devices for both up-link and down-link transmission. In addition, use can also 
be made of SOAs [3], whose negative frequency chirp are, however, strongly dependent 

upon their operating conditions. This inevitably causes difficulties in practical system 

realization and control. Moreover, to achieve the desired DML frequency chirp 

compensation, special DML cavity designs have also been considered, which include 

extended DML cavities [4] as well as separate gain and phase sections [5]. 

In this chapter, for DML-based AMOOFDM IMDD PON systems, a simple and effective 
DML frequency chirp compensation technique is proposed, for the first time, which 
utilizes an electrical analogue circuit to produce an electrical signal, which is, throughout 
the chapter, referred to as a phase signal. The phase signal that mimics the original optical 

phase of the DML-modulated AMOOFDM signal emerging from the DML is used to drive 

an optical phase modulator, in which frequency chirp compensation of the DML- 

modulated AMOOFDM signal is performed in the optical domain. The proposed technique 
has the following major advantages: 

" Effective compensation of two major DML frequency chirp components including 

transient frequency chirp and adiabatic frequency chirp; 

156 



CHAPTER 10. CHIRP COMPENSATION TECHNIQUE IN IAJDD OOFDAM 
SYSTEMS 

" Significant improvements in both the transmission capacity and system robustness; 

" Considerably enhanced performance tolerance to DML operating condition. 

Numerical simulations show that, in comparison with previously reported DML-based 

AMOOFDM IMDD systems without DML frequency chirp compensation [6], the 

proposed technique can significantly increase the signal line rate by approximately 25% for 

transmission distances ranging from 30km to 80km. Here it is also worth pointing out that 

the electrical analogue circuit required can be easily integrated with other electrical 

components incorporated in the AMOOFDM transceivers, and the integration between the 

DMLs and optical phase modulators is also practically feasible. These facts suggest that 

the proposed frequency chirp compensation technique is more cost-effective than 

traditional MZM intensity modulators, and the simplicity of both AMOOFDM transceivers 

and PON architectures can still be retained. 

The chapter is organized as follows: in Section 10.2, the DML-based AMOOFDM IMDD 

PON system is described with special attention being given to the operating principles of 
the proposed technique. In Section 10.3, the component/system parameters adopted in 

numerical simulations are presented. In Section 10.4, the physical origin underpinning the 

effectiveness of the proposed technique is explored in detail, and the optimum circuit 
design parameters are identified. Detailed explorations are also made of the sensitivity of 
the system performance to DML operating conditions. Finally, the chapter is summarized 
in Section 10.5. 
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Fig. 10.1 Schematic diagram of the DML-based AMOOFDM IMDD PON 

system using the proposed frequency chirp compensation technique. EAC: 

electrical analogue circuit; PM: phase modulator; Atten: attenuator; LPF: low- 

pass filter. 

A single wavelength channel, DML-based AMOOFDM IMDD PON system using the 

proposed frequency chirp compensation technique is illustrated in Fig. 10.1, which is free 

from both chromatic dispersion compensation and in-line optical amplification. The 

transmission system consists of an AMOOFDM transmitter, an AMOOFDM receiver and 
SSMFs in between. When compared with a chirp compensation-free, conventional 
AMOOFDM system [6], the differences exist only in the transmitter due to the inclusion of 

an electrical analogue circuit for producing a phase signal, and the employment of an 

optical phase modulator for performing DML frequency chirp compensation. As shown in 

Fig. 10.1, in the transmitter, an electrical analogue OFDM signal emerging from a DAC in 

the OFDM modem [6] is divided into two parts: the first part is combined with an optimum 

bias current and is then employed to directly modulate a DML; whilst the second part is 

input to the electrical analogue circuit, whose output is the phase signal. The AMOOFDM 

signal from the DML is injected into the phase modulator driven by the phase signal. After 

appropriately adjusting the optical launch power by an optical attenuator/amplifier, the 
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optical signal from the optical phase modulator is coupled into the SSMF system. In the 

AMOOFDM receiver, the transmitted optical signal is detected using a square-law 

photodetector. After passing through a low pass filter, the received electrical signal is 

processed, in a receiver OFDM modem, via an inverse procedure of the transmitter. 

10.2.2 Operating Principle of the DML Frequency Chirp Compensation 

Technique 

As mentioned in Section 4.3.2, the dynamic characteristics of the DML frequency chirp are 

governed by 

dtt) + xP(t) (10.1) Av(t) = 4; r P(t) 
dP 

where a is the linewidth enhancement factor, K is the adiabatic frequency chirp coefficient, 

P (t) is the output optical power from the DML. The first term on the right hand side of 
Eq. (10.1) denotes the DML transient frequency chirp and the second term denotes the 
DML adiabatic frequency chirp. 

As P(t) has a "noise-like" time-domain waveform with a typical signal extinction ratio as 

small as 0.2dB [7], the transient frequency chirp term in Eq. (10.1) can be simplified to the 

form 
Pd d(t) 

with P0 being the average output optical power. On the other hand, 
0 

considering the waveform similarity between P (t) and the electrical OFDM signal from 

the OFDM modem, SOFDM (t) ,P (t) can be replaced by SQFDM (t) in Eq. (10.1). The 

validity of the assumptions made above is verified by the effectiveness of the proposed 
technique, as discussed in Section 10.4.1. Taking into account the aforementioned facts 

and applying some necessary manipulations to Eq. (10.1), the formula given below is 

obtained 

_aS. 
-- (r) d (SOFDM (t)) 

/ 
4; c 

fs,, 
-_o p+Kfo 

SOFDM 
\t)dt (10.2) 

av 

where b(t) is the phase signal representing the optical phase of the DML-modulated 
AMOOFDM signal, Po� is the average electrical OFDM signal power, SOFDM-O is the 
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electrical signal waveform at the start time, to. Based on Eq. (10.2), the final relationships 

between the phase signal, q5(t), and the electrical OFDM signal from the OFDM modem, 

SOFDM(t), can be described as 

(t) 
= bSOFDM (t) +a1 SOFDM (t 1t + const (10.3) 

0 

where the circuit design parameters, a and b, contain all the DML-related factors and the 

scaling factors generated in deriving Eq. (10.3). Clearly, for a specific transmission system, 

optimisation of these two design parameters is necessary for achieving the best 

performance of the DML frequency chirp compensation technique. Although an arbitrary 

value can be assigned to the last constant term in Eq. (10.3), in numerical simulations, the 

last term is taken to be 10, as this value gives rise to a phase signal in the vicinity of 

to with a dynamic variation range similar to that of the original optical phase of the 

AMOOFDM signal modulated by the DML subject to optimum operating conditions. 
Eq. (10.3) describes the operating principle of the electrical analogue circuit and forms a 
fundamental base for practical design of such a circuit. 

The generated phase signal is finally employed to drive the optical phase modulator to 

modulate the AMOOFDM signal from the DML. The output optical signal of the optical 

phase modulator, SOOFDM co, � (t) , can be written as 

S00FDM_com (t) = SOOFDM (t)e J«r) (10.4) 

where 
SOOFDM (t) is the AMOOFDM signal directly emerging from the DML and 

P(t) = SOOFDM 
lt)SODFDM 

(1) 
. It can be seen in Eq. (10.4) that, when fi(t) mimics the original 

optical phase of the DML-modulated AMOOFDM signal, the DML frequency chirp can be 

compensated effectively. 

10.2.3 Other Component Modeling 

The generation/recovery of the electrical OFDM signal in the transmitter/receiver OFDM 
modem is modeled following the procedure presented in Chapter 2. As an example, the 
major operations involved in the transmitter OFDM modem include data encoding using 
different signal modulation formats, IFFT, cyclic prefix insertion, OFDM symbol 
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serialization and digital-to-analog conversion. An identical subcarrier power is applied to 

all non-dropped subcarriers prior to the IFFT, and amplification/attenuation is employed to 

adjust the electrical OFDM signal from the DAC to an optimum power level. 

To simulate the nonlinear properties of the DFB-based DML, the DFB laser theoretical 

model presented in Chapter 4 is adopted. The propagation of the AMOOFDM signals over 
SSMFs is modeled by using the method mentioned in Chapter 6-9. A square-law 

photodetector is employed in the receiver to detect the optical signals emerging from the 

transmission systems. Both shot noise and thermal noise are considered, which are 

simulated following the procedure similar to that presented in Chapter 9. 

It should be noted, in particular, that the validity of all the theoretical models mentioned in 

Section 10.2.3 has been rigorously verified by comparing numerical results with end-to- 

end real-time experimental measurements at signal bit rates of up to 11.25Gb/s. Excellent 

agreement between experimental measurements and numerical results at both component 

and system levels have been observed over a wide diversity of component/system 

operating conditions [7,8]. 

10.3 Simulation Parameters 

Throughout this chapter, all the parameters listed below are adopted as default unless 
addressed explicitly in the corresponding text. 

In simulating the OFDM modems, 64 subcarriers are utilised, in which 31 carry real user 
data, one subcarrier has no power, and the remaining 32 are the complex conjugation of the 
abovementioned subcarriers. Depending upon the frequency response of a specific 
transmission system, the modulation format taken on each individual subcarrier may vary 
from DBPSK, DQPSK, and 16 to 256 QAM. The ADC operating at 12.5 GS/s has 

quantization bits of 7. The cyclic prefix and signal clipping ratio parameter are fixed at 
25% and 13dB, respectively. 

In simulating SSMFs at 1550nm, the following SSMF parameters are adopted, which are a 
dispersion parameter of 18.0 ps/(km"nm), a dispersion slope of 0.07 ps/(km"nm2), a linear 
loss of 0.2 dB/km, an effective area of 80 µm2 and a Kerr coefficient of 2.35x102° m2/W 
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[6]. The optical launch power at the input facet of the SSMF systems is taken to be 6.3dBm. 

A PIN photodetector with a quantum efficiency of 0.8 and a noise current density of 8 

pA/ xz are considered [9]. These parameter values give rise to a receiver sensitivity of 

approximately -17dBm corresponding a 10Gb/s NRZ signal at a BER of 1.0 x 10"9. 

In simulating the DML operating at 1550nm, the parameters identical to those reported in 

[10] are adopted: a cavity length of 300 gm; a cavity width of 2 µm; a cavity thickness of 
0.033µm; a photon lifetime of 3.6 ps; a nonlinear gain coefficient of 7.4x10-23 m3; a 
differential gain coefficient of 7.5 x 10-20 m2; a rate of refractive-index change with carrier 
density of -1.38x10-26 m3; a 38% coupling efficiency from the laser chip to the SSMF; a 

carrier lifetime of 10 ns; a bimolecular carrier recombination coefficient of 1x 10-16 m3/s; an 
Auger carrier recombination coefficient of 6.5 x 1041 m6/s; and a transparency carrier 
density of 1.5x1024 r 3. Other parameters that are not mentioned explicitly here are taken 
from [6,10]. 

10.4 Simulation Results 

In this section, the effectiveness of the proposed DML frequency chirp compensation 
technique is extensively explored with the physical mechanism underpinning such 
effectiveness being explained. Attention is also given to the identification of optimum 
electrical analogue circuit design parameters for various system configurations. In addition, 
the system transmission performance robustness to DML operating condition is also 
investigated in detail. 

10.4.1 Effectiveness and Physical Mechanism 

The effectiveness of the proposed DML frequency chirp compensation technique is 

explored in Fig. 10.2, in obtaining which the major electrical analogue circuit design 

parameters, a and b, are chosen to be their optimum values identified in Section 10.4.2. A 
30mA DML bias current and a l5mA peak-to-peak driving current are adopted. In 

simulating the case of removing the DML frequency chirp effect, the phase component of 
the DML-modulated AMOOFDM signal at the output facet of the DML is taken to be a 
constant value and the corresponding amplitude component is retained. To highlight the 
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effectiveness of the technique, the signal capacity versus reach performances for two other 

AMOOFDM IMDD system configurations are also plotted in Fig. 10.2, which include 

conventional DML-based systems without considering the DML frequency chirp 

compensation technique, and ideal intensity modulator-based systems. 
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Fig. 10.2 Signal line rate versus transmission distance for different transmission 

system configurations. DML are considered for all the systems except the case 

of using an ideal intensity modulator. 

It can be seen in Fig. 10.2 that the DML frequency chirp compensation technique allows the 

achievement of signal transmission capacities almost identical to those corresponding to 

the case of completely excluding the DML frequency chirp effect, and that, compared to 

the conventional DML-based systems, the DML frequency chirp compensation-enabled 

transmission capacity improvement is as large as 25% over a wide transmission distance 

region ranging from 30km to 80km. Below (beyond) such a distance region, the decreased 

signal capacity differences between the conventional systems and the systems 
incorporating the proposed technique are a direct result of the weakened chromatic 
dispersion effect (pronounced thermal noise effect) due to short (long) transmission 

distances. In addition, the long transmission distance-induced increase of the signal bit rate 

difference between the case of employing the ideal intensity modulator and the case of 

excluding the DML frequency chirp effect is because of the DML-caused reduction in 

signal extinction ratio of the IMDD AMOOFDM signals [7]. 

The observed excellent compensation of the DML frequency chirp effect can be explicitly 

explained by considering Fig. 10.3, where, based on the parameters identical to those 

adopted in Fig. 10.2, comparisons are made between the phase signal produced by the 
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electrical analogue circuit and the original optical phase of the DML-modulated 

AMOOFDM signal at the output facet of the DML. The phase difference between these 

two cases is also plotted in the same figure. Fig. 10.3 shows that the phase signal is capable 

of closely tracking the original optical phase of the AMOOFDM signal, except that there 

exists a linear phase difference between them. Such a linear phase difference, however, just 

slightly shifts the central frequency of the AMOOFDM signal and does not degrade the 

system transmission performance owing to the use of the IMDD system configuration. 

Therefore, in addition to the physical origin of the effectiveness of the proposed technique, 

Fig. 10.3 also confirms the validity of the assumptions made in Section 10.2.2. 
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Fig. 10.3 Comparison between the phase signal produced by the electrical 
analogue circuit and the original optical phase of the DML-modulated 

AMOOFDM signal at the output facet of the DML. 

Fig. 10.4 is plotted to explicitly distinguish between the impact of the DML transient 
frequency chirp and that of the DML adiabatic frequency chirp. In numerically simulating 
the case where only the DML adiabatic frequency chirp effect is alleviated, the electrical 
analogue circuit design parameter, b, in Eq. (10.3) is set to be zero to exclude the DML 

transient frequency chirp effect. It is shown in Fig. 10.4 that, within the chromatic 
dispersion-dominant distance region (<80km) [6], the DML adiabatic frequency chirp 

effect is much more severe; whilst in the linear loss-dominant transmission distance region 
(>80km) [6], the DML transient frequency chirp is a major limiting factor. Such behaviours 

agree very well with end-to-end real-time OOFDM experimental results presented in 

Chapter 9, in which linear loss-dominant operating conditions are automatically selected 
by launching a minimum optical signal power to the photodetector to achieve the 

maximum achievable optical power budgets for different system configurations. 
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Fig. 10.4 Impacts of different frequency chirp components on systcm 

transmission capacity. The parameters identical to those used in Fig. 10.2 are 

adopted. 

The observed system condition-dependent influence of the DMI. transient/adiabatic 

frequency chirp effect on the system performance suggest that, in practical system design, 

special considerations should be given to the compensation of the DMI. adiabatic 

frequency chirp effect when the DML-based AMOOFDM system has a sufficiently large 

optical power budget. Whilst when the AMOOFDM system has a limited optical power 

budget, the compensation of the DML transient frequency chirp effect is more important. 

10.4.2 Identification of Optimum Electrical Analogue Circuit Design 

Parameters 

In order to optimize the design of the electrical analogue circuit for practical 
implementation, the identification of optimum values of circuit parameters, a and b. is vital. 
To achieve such an objective, the signal line rate as a function of parameter a for 

different values of the parameter b are shown in Fig. 10.5, in obtaining which a bias current 

of 30mA and a peak-to-peak driving current of I5mA arc employed. In the 20km SSMF 

systems, for several parameter combination sets, total channel li*l-. Rs of <1-10" arc 

obtainable even when use is made of the highest signal modulation format of 256-QAM on 

all the subcarriers, therefore, to smooth the corresponding curves, the total channel UF. RY 
instead of signal bit rates are shown in Fig. 10.5 (a). 
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Fig. 10.5 Identification of optimum electrical analogue circuit design 

parameters, a and b, for different transmission distances. (a) 20km; (b) 60km 

and (c) 80km. 

It can be seen in Fig. 10.5 that, for a given transmission distance and a specific value of 

parameter b, an optimum value of parameter a exists, which enables the best compensation 

of the DML frequency chirp effect, thus resulting in the highest (lowest) signal bit rate 
(total channel BER). Fig. 10.5 also shows that, for all transmission distances of interest in 
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the chapter, the optimum a value slightly decreases with increasing parameter b. Moreover, 

as expected from Fig. 10.4, to achieve the best performance, a slightly larger optimum 

value of parameter a together with a slightly smaller optimum value of parameter b are 

observed in Fig. 10.5 for short transmission distances. As an example, the following two 

sets of optimum parameters are listed: a=1.5 and b=1 for 20km-60km, and a=1.5 and 

b=1.5 for 80km. In particular, it is very interesting to note that the maximum achievable 

transmission performance is almost independent of different choices of optimum circuit 

design parameter sets, implying that the proposed technique using an optimised electrical 

analogue circuit is system operating condition-independent. This would considerably lower 

both the installation and maintenance cost. 

10.4.3 System Performance Tolerance to DML Operating Condition 

As the DML frequency chirp characteristics strongly depend upon laser operating 

conditions [6], it is necessary to investigate the sensitivity of the DML frequency chirp 

compensation technique to variation in DML operating condition. Such numerical results 

are presented in Fig. 10.6, which shows the DML operating condition-dependent 

performances for 60km SSMF systems including/excluding the DML frequency chirp 

compensation technique. In computing Fig. 10.6, the electrical analogue circuit design 

parameters, a and b, are taken to be their optimum values identified in Fig. 10.5. 
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Fig. 10.6. Performance sensitivity to DML operating conditions. 60km SSMFs 

are considered. W: with DML frequency chirp compensation WO: without 
DML frequency chirp compensation. 

It is shown in Fig. 10.6 that, for a given peak-to-peak driving current, a broad optimum bias 

current range occurs, over which maximum signal line rates are observed. For bias currents 
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below the identified optimum range, the co-existence of the effects of strong DML 

frequency chirp and DML modulation-induced OFDM signal clipping causes the rapid 

decay in transmission performance; whilst for bias currents well above the identified 

optimum range, the reduction in effective SNR plays a dominant role in determining the 

slight performance degradation. On the other hand, for a fixed bias current, the increase in 

signal bit rate with decreasing peak-to-peak driving current, as seen in Fig. 10.6, is mainly 

due to the low driving current-induced less amplitude distortions of the AMOOFDM 

waveforms [6]. Numerical simulations also show that the optimum bias/driving currents 

are independent of transmission distance. 

It can be seen in Fig. 10.6 that, over a wide bias (driving) current range of l5mA to 45mA 

(15mA to 25mA), the DML frequency chirp compensation technique can reduce the signal 

capacity variation range by a factor of approximately 2, in comparison to those 

corresponding to the uncompensated cases. This indicates that the present technique can 

improve the system performance tolerance to variation in DML operation condition, thus 

leading to enhanced performance robustness. 

10.5 Conclusion 

A simple and effective DML frequency chirp compensation technique has been proposed, 

which utilizes an electrical analogue circuit and an optical phase modulator. The electrical 

analogue circuit produces a phase signal mimicking the original phase of the DML- 

modulated optical signal, and the optical phase modulator driven by the generated phase 

signal compensates for the DML frequency chirp in the optical domain. In DML-based 

AMOOFDM IMDD PON systems, the proposed technique can almost alleviate completely 
the DML frequency chirp effect. In particular, detailed investigations have shown that, 

compared to uncompensated AMOOFDM IMDD PON systems incorporating DMLs, the 

proposed technique can not only improve the transmission capacity by approximately 25% 

over a wide transmission distance range, but also considerably enhance the system 

performance robustness to variation in DML operating condition. Optimum electrical 

analogue circuit design parameters have also been identified, based on which the present 

technique offers system operating condition-independent transmission performance. 
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11 Conclusions and Future Work 

11.1 Conclusions 

With the exponentially increasing end-users' demands for broadband services and the 

availability of enormous transmission capacities in core networks, existing access networks 
have become critical bottlenecks for fully utilising the core network bandwidth to provide 

end-users with desired services. To address such a challenge, great effort has been 

expended on exploring various techniques to enable cost-effective, flexible and "future- 

proof' NG-PONs of >10Gb/s. Of those techniques, IMDD OOFDM is a very promising 

technical solution, due to its inherent and unique advantages including great potential for 

providing a cost-effective technical solution through fully exploiting the rapid advances in 

modem DSP technology, considerable reduction in optical network complexity owing to 

its excellent resistance to linear system impairments, adaptive and efficient utilization of 

channel spectral characteristics and hybrid dynamic allocation of broadband services 

among various end-users in both the frequency and time domains. 

For practical implementation of IMDD OOFDM in NG-PONs, five technical challenges 
have to be solved successfully, which originate from inherent OFDM properties and/or 
IMDD system characteristics. The challenges include: i) insufficient utilization of MMF 
frequency responses beyond their basebands; ii) improvement in IMDD OOFDM 

transmission capacity in SMF-based systems; iii) simplification of OOFDM transceiver 

configurations; iv) the employment of low-cost transceiver components; v) effective 
compensation of DML-induced positive frequency chirps. These challenges raise 
significant barriers for practically realizing high-speed and cost-effective OOFDM NG- 
PON systems. Therefore, the PhD dissertation research work has been dedicated to 

addressing these challenging issues. 

For fully utilizing the system frequency response of a MMF transmission link, an 
AMOOFDM-SCM has been proposed in Chapter 5, which consists of two AMOOFDM 

modems in parallel with one operating at the baseband and the other being modulated onto 
an intermediate RF carrier. Extensive investigations have shown that, compared to 
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AMOOFDM, AMOOFDM-SCM not only enhances the transmission capacity versus reach 

performance by a factor of approximately 2, but also considerably improves the system 

flexibility and performance robustness. 

In Chapter 6, use has also been made of the AMOOFDM-SCM technique in SMF-based 

transmission links, the intermixing effect induced by direct detection in the receiver has 

been identified to be a dominant factor limiting the maximum achievable AMOOFDM- 

SCM performance. To maximize the link performance through mitigating the intermixing 

effect, three AMOOFDM-SCM modem designs of different complexity levels have been 

proposed by applying SSB modulation and/or spectral gapping in AMOOFDM-SCM. It 

has been shown that these AMOOFDM-SCM designs can support >60Gb/s signal 

transmission over at least 20km, which is >1.5 times higher than that supported by the 

AMOOFDM modems. 

In the above-mentioned three AMOOFDM-SCM modems, two IFFT/FFT operations are 

required in the transmitter/receiver. To reduce the transceiver complexity and system cost, 
three simplified AMOOFDM-SCM modems have been proposed in Chapter 7, each of 

which requires a single IFFT/FFT operation. These designs not only significantly simplify 

the AMOOFDM-SCM modem configurations but also offer extra network features such as 
input/output reconfigurability without compromising the transmission performance. 

To relax the requirements on parameters of key transceiver components such as DACs and 
ADCs, a reduction in PAPR associated with an OFDM signal is necessary. To achieve 
such an objective, in Chapter 8, AMOOFDM-PM has been proposed and theoretically 

explored in IMDD SMF systems. AMOOFDM-PM utilises an electrical OFDM signal to 

modulate the phase of a RF carrier prior to performing optical intensity modulation. 
Compared to AMOOFDM, AMOOFDM-PM can considerably reduce the PAPRs of 
OFDM signals and simultaneously lower the minimum requirements on quantization bits 

and sampling rates of DACs/ADCs. 

To effectively compensate the DML frequency chirp effect, in Chapter 9, detailed 
investigations of dynamic negative power penalty characteristics of OOFDM signal 
transmission have been undertaken in DML-based IMDD systems incorporating MetroCor 
fibres with negative dispersion parameters. Excellent agreement between numerical 
simulations and real-time experimental measurements has been obtained over a wide 
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diversity of system conditions. The physical mechanism underpinning the occurrence of 

negative power penalties is the reduction in subcarrier intermixing impairments due to the 

compensation between DML positive frequency chirps and MetroCor negative chromatic 
dispersions. It has also been shown that the negative power penalty is independent of both 

cyclic prefix and signal modulation format, and, more importantly, controllable when 

adaptive modulation and/or appropriate adjustments of DML operating conditions are 

applied. 

Finally, for effectively reducing the DML frequency chirp, in DML-based IMDD 

AMOOFDM PON systems, a simple and effective chirp compensation technique has also 
been proposed, which utilizes an electrical analogue circuit and an optical phase modulator. 
The electrical analogue circuit produces a phase signal mimicking the original phase of the 

DML-modulated optical signal, and the optical phase modulator driven by the generated 

phase signal compensates for the DML frequency chirp in the optical domain. It has been 

shown that, the technique can almost completely alleviate the DML frequency chirp effect 

and simultaneously improve the transmission capacity by approximately 25% for 

transmission distances in a range of 30-80km. In addition, the technique is also robust to 

variations in DML operating conditions. 

11.2 Future Work 

Although extensive research work have been undertaken in the thesis, a number of research 
topics related to OOFDM-PONs may still be worth exploring in the future. The research 
work is listed as follows: 

1) Practical intensity modulator-enabled intensity modulation of AMOOFDM-SCM 

signals in SMF-based IMDD PON systems. 

AMOOFDM-SCM has been explored theoretically using ideal intensity modulators in 
SMF-based IMDD PON systems. In practice, a number of intensity modulators [1] such 
as SOA intensity modulators and MZMs can be utilized to modulate the AMOOFDM- 
SCM signals. As mentioned in Chapter 6 and 7, the SOA-based intensity modulator can 
offer sufficiently wide modulation bandwidth and relatively simplified modem design. 
In addition, it is also interesting to investigate MZM-enabled intensity modulation in 
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AMOOFDM-SCM. With the use of MZM, the input electrical signal can be almost 
linearly converted into optical intensity if the MZM is biased at a current identical to 

the quadrature point of the MZM [2]. However, nonlinear distortions of both the 

amplitude and phase of an optical field still exist for such intensity modulation [1], 

especially for cases where these modulators are not operating at their optimum 

conditions. Therefore, it is of great importance to identify optimum operating 

conditions of these intensity modulators to achieve the maximum transmission capacity 

of AMOOFDM-SCM signals. Furthermore, detailed comparisons can also be made 
between different intensity modulators in terms of achievable transmission capacity, 

and tolerance to operating condition variations. 

2) AMOOFDM-SCM with PM. 

For further reducing the system cost, use may be made of the proposed PM scheme in 

AMOOFDM-SCM. In such a modem, PM can be utilized in each AMOOFDM modem 
to offer further relaxed minimum requirements on DACs/ADCs without compromising 
the transmission performance. Another advantage of the modem is that PM can be 

implemented with FPGAs, thus the system simplicity can still be maintained. 

3) Experimental demonstrations of end-to-end real-time AMOOFDM-SCM 
transmission in SMF-based IMDD PON systems. 

Experimental demonstrations of end-to-end real-time AMOOFDM-SCM transmission 

are essential not only for evaluating the true potential of the proposed AMOOFDM- 
SCM technique, but also for identifying the limitations set by practical hardware. Given 
the fact that AMOOFDM-SCM can double the number of end-users without increasing 
the split ratio, the technique may offer an effective means of utilizing limited optical 
power budgets to support more end-users. 

It should be noted that the above-mentioned AMOOFDM-SCM technique can also been 

practically implemented utilizing DMLs, as DMLs with modulation bandwidth as high as 
>40GHz have been reported [1]. However, at high signal bit rates, the DML frequency 

chirp effect is expected to be very strong. For mitigating the frequency chirp effect, the 
feasibility of using the approaches described in Chapter 10 can be explored. 
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In addition, for further enhancing the transmission capacity to > 10OGb/s, the number of 
SCM subcarriers in AMOOFDM-SCM may be increased to >4. Further investigations are 

necessary to solve new challenges associated with the approach. These challenges may 
include for example the requirements of intensity modulators having broad modulation 
bandwidths, system complexity and increased intermixing effects. 

( 
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