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Abstract

Optical Orthogonal Frequency Division Multiplexing (OOFDM) has been widely
considercd as one of the strongest contenders for high-speed Next-Generation PONs (NG-

PONs) to satisfy the continuously increasing bandwidth requirements from individual and
business users. From telecommunication equipment vendor’s and network operator’s point
of view, cost-effectiveness is a key factor for practical mass deployment of OOFDM-based

NG-PONSs in future. As the electro-optic convertors involved in OOFDM transceivers take

the majority of the OOFDM transceiver cost, the convertors, therefore, play critical roles in
determining the system performance and cost. The thesis aims to theoretically investigate

the feasibility of using low-cost semiconductor laser devices including Directly Modulated
DFB Lasers (DMLs), Semiconductor Optical Amplifiers (SOAs) and Reflective SOAs

(RSOAs) for converting real-valued electrical OFDM signals into the optical domain for
transmission over simple Intensity Modulation and Direct Detection (IMDD) NG-PON
systems. The validity of various theoretical models employed in the thesis is also

rigorously verified by comparing with real-time experimental measurcments.

For DML-based OOFDM IMDD PON systems, special attention is first dedicated to
extensive investigations of the impact of various physical mechanisms on the system
performance to maximize the achievable optical power budget, transmission capacity and
reach. The physical mechanisms include OOFDM signal Extinction Ratio (ER), DML-
induced frequency chirp and subcarrier intermixing upon direct detection in the receiver.
Results show that the low ER of a DML-modulated OOFDM signal is the predominate
factor limiting the achievable optical power budget, and the subcarrier intermixing effect
upon square-law photon detection in the receiver reduces the optical power budget by at
least 1dB. The use of a 0.02nm bandwidth optical Gaussian bandpass filter in the
transmitter with a 0.01nm wavelength offset with respect to the optical carrier wavelength
s proposed to enhance the 11.25Gb/s OOFDM signal ER by approximately 1.24dB. This
results in a 7dB optical power budget improvement at a total channel BER of 1x107,
Morcover, by adopting a DML-modulated carrier suppressed Single Sideband (SSB)
OOFDM technique in NG-PONs, 30Gb/s carrier suppressed SSB OOFDM signal
transmission over 80km SMF without in-line optical amplification is achievable, which

doubles the performance corresponding to conventional Double Sideband (DSB) OOFDM
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signals without carrier suppression. It is also shown that 10Gb/s carrier suppressed SSB
OOFDM signal transmission over 1200km SMF incorporating in-line Erbium Doped Fibre
Amplifiers (EDFASs) is feasible.

Given the fact that Wavelength-Division Multiplexing (WDM) has been widely deployed
in practice, and that RSOAs/SOAs have advantages of compactness, capability of
monolithic integration with electrical components and wide wavelength coverage of

typically >100nm, in this thesis, RSOAs/SOAs are proposed to facilitate colourless
transmitters for OOFDM IMDD WDM-PONs. Explorations show that, under optimized

SOA operating conditions, 30Gb/s OOFDM signal transmission over 80km SMF without
in-line optical amplification and dispersion compensation is feasible at 1550nm; and

colourless transmissions of SOA-intensity modulated OOFDM signals of 30Gb/s over

60km SMF are also achievable for a wide wavelength range from 1510nm to 1590nm.
Moreover, numerical investigations are also undertaken of the performance comparisons

between RSOA and SOA intensity modulators, and detailed discussions are also made of
the influence of RSOA rear-facet reflectivity on the achievable RSOA-modulated OOFDM
signal performance. Results indicate that the maximum transmission performance of
30Gb/s over 60km SMF under optimum RSOA operating conditions is independent of
rear-facet reflectivity, and the performance is very similar to that corresponding to SOAs;
whilst under un-optimised operating conditions, the RSOA intensity modulators
outperform considerably the SOA intensity modulators in transmission performance, which

decreases significantly with reducing RSOA rear-facet reflectivity and optical input power.

Finally, to simplify the network architecture and simultaneously improve the wavelength

control functionality and system performance, wavelength reused bidirectional colourless
OOFDM IMDD WDM-PONs are proposed, which incorporate a SOA intensity modulator
and a RSOA intensity modulator in the optical line terminal and optical network unit,
respectively. Results show that 10Gb/s downstream and 6Gb/s upstream over 40km SMF
transmission of conventional DSB OOFDM signals are feasible. In particular, the

aforementioned transmission performances can be further improved to 23Gb/s downstream
and 8Gb/s upstream over 40 km SMF when SSB-Subcarrier Modulation (SCM) 1Is

introduced in the downstream systems.
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CIHHAPTER 1. INTRODUCTION

1 Introduction

Communications have been steadily and deeply changing every aspect of our daily lives.
Now, most people are directly dependent on one or more of its many facets for the efficient
execution of their work, at home and in leisure. From a simple call to family, an c-mail
connection with partners, to a more sophisticated on-line video chat with friends, 1t comes
easier and easier to obtain more information from every corer of the world anytime thanks
to the emergence of various communication technologies over the past few hundred years,

and especially over the last decade.

The evolution of communications exhibits endless pursuit of larger bandwidths, longer
distances and better quality of services. Nowadays, the high bandwidth demand arises from
the rapid increase in Internet Protocol (IP) traffic and newly emerging applications such as
IP Television (IPTV), Video-on-Demand (VoD) and video surveillance. Such a continuous
growth of bandwidth demand places great pressures on the network infrastructures at every
scale, from core to metro, access networks and even in-building networks. Present corc
networks have an amazing transmission capacity of 100 Pbit/s-km, which is equivalent to
400 DVDs per second over 7000km transoceanic cable according to Alcatel-Lucent Bell
Labs, Sep. 2009 [1.1]. For such application scenarios, sophisticated and expensive
solutions are often employed to ensure the capacity, quality and resilience needed for the

networks.

In access networks, however, the presence of legacy copper pairs/cables in the home forces

operators to improve their capacities by using advanced techniques such as Digital
Subscriber Line (DSL) and Hybrid Fibre Coaxial (HFC). The best achievable DSL
performance is symmetric 100Mbit/s transmission over 300m copper cable by using the
Very fast data rate DSL2 (VDSL2: G.933.2) technique. Nevertheless, the copper cable 1s
approaching its fundamental physical limits. This imposes a bottleneck between the end
user and core network, thus limits the end users® ability to make full use of the huge
capacity available in the core networks. Not surprisingly, the penetration of optical fibre
directly to the home, referred to as Fibre to the Home (FTTH) or more generally FTTx (x

can be H for home, B for building, and C for curb), has undergone a rapid mass
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deployment to offer “future-proof” cost-effective solutions for access nctworks. This is

because optical fibre offers potentially high and upgradable bandwidth.

Today, FTTXx is in its adolescence. According to the IDATE report [1.2], in the middle of
2009 the number of FTTx subscribers around the world had reached over 54.3 million,
with Asia leading the way (43.19 million representing 77.5% of global FTTx subscribers).
North America and Europe came second and third (6.39 million and 4.7million subscribers,

respectively). On the business side of the equation, Asian carricrs have been the most

active in terms of rolling out and marketing very high-speed offers, with NTT (Japan),
China Telecom and KT (South Korea) being in the top 3 ranking. Morcover, the top
ranking FTTx vendors are mostly from Asia with Chinese vendors ZTE and Huawei

leading the global market. The strong growth momentum in Asia is remarkably
accelerating the global FTTx market. It was predicted that the number of global FTTx
subscribers will reach 114.4 million in 2014 with a steady average annual increase of 21%

to 23%, showing a huge potential for FTTx market.

The Passive Optical Network (PON) is an attractive technology for realizing FTTX, as no
active components are involved in the outside fibre plants. Currently, there arc two main
variants of PON technologies: Ethernet PON (EPON: IEEE standard 802.3ah) and Gigabit
PON (GPON: ITU standard G.984 serics). EPON is by far the most popular FTTx
technology (representing 60% of the global market in 2008) and is used almost exclusively
in Asia Pacific countries including Japan, South Korea and China due to its lower cost and
high volume compared to GPON. While GPON is gaining momentum mainly in North
America and Europe. EPON supports a symmetric bit rate of 1.25Gb/s while GPON
provides 2.5Gb/s downstream and 1.25Gb/s upstrcam. Such bandwidths arc usually shared
by 32 (64 for GPON) subscribers. Consequently, a maximum downstream specd of
~30Mb/s is available for each subscriber. This speed, however, will soon reach its limit
with the continuing increase in bandwidth requirement from individual and busincss uscrs.

Therefore, further upgrading of the current PONs has to be considered.

Indeed, IEEE and Full Service Access Networks (FSANYITU-T have started the
standardization work of Next Generation PON (NG-PON) targeting 10Gb/s. The IEEE
10G-EPON standard (802.3av) had alrcady been completed in September 2009, which

provides two solutions: asymmetric 10G/1G for co-existence with current 1G-EPONs and
symmetric 10G/10G. The FSAN/ITU-T 10G-PON standard (G.987) is still under




CHAPTER 1. INTRODUCTION

discussion, offering mid-term solutions of 10G/2.5G and 10G/10G and cven higher data
rate for long-term solutions. The long-term solution allows the consideration of a number
of emergent candidate technologics such as Wavclength Division Multiplexing (WDM)
and Orthogonal Frequency Division Multiplexing (OFDM).

From the operator’s point of view, cost-effectiveness is the highest priority for the
deployment of NG-PONs in future, i.c., keeping the cost per bit as low as possible.

Generally, the main costs involved in PONs are the costs of the electro-optic converters

and other specific components. It is also greatly beneficial if the cost can be shared

between as many subscribers as possible. Therefore, potential candidate technologies for

NG-PONs need to have several critical features:

* Tolerance of low-cost optoelectronic components.
» Higher spectral efficiency and better tolerance to fibre dispersion, in comparison

with conventional techniques used in current EPON/GPON nctworks.

* Improved transmission performance with an increased power split ratio and reach.
This delivers services to more subscribers from potentially fewer Central Offices
(COs) situated further apart geographically, leading to a rcduction in power
consumption and maintenance cost.

* Compatibility with the already deployed PON infrastructures. NG-PONs adopting
WDM or WDM/Time Division Multiplexing (TDM) architectures allow not only
accommodation of more subscribers but also compatibility with the installed PONs

without significant changes.

Recently, as an advanced modulation technique that can fully use mature Digital Signal
Processing (DSP), since its first proposal in 2005 [1.3], Optical OFDM (OOFDM) has
been intensively investigated and demonstrated in optical fibre communication systems by
industrial and academic sectors. OOFDM is also a strong candidate for NG-PONs for
increasing the transmission capacity and reach without requiring high quality expensive
optoelectronic components [1.4]. This is becausc OOFDM inherently has strong dispersion
tolerance and significant system robustness, and is capable of offering, hybrid (in both the
frequency and time domains) dynamic allocation of broad bandwidth among various cnd-
users [1.4]. Moreover, OOFDM also offers the functionality of adaptive data rate to adapt
the channel conditions via adjusting the modulation format taken on each individual

subcarrier. This is referred to as Adaptively Modulated OOFDM (AMOOFDM) [1.3].
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Such ability significantly enhances not only the nctworks’ flexibility but also their

compatibility with existing PONSs, allowing transparent support for legacy scrvices.

Generally speaking, OOFDM falls into two categorics: Coherent Optical OFDM (CO-
OFDM) [1.6,1.7] and Intensity Modulation and Dircct-Detection OOFDM (IMDD
OOFDM). Recently, 1-Tb/s CO-OFDM with a spectral efficiency of 3.3 bit/s/Hz has
successfully been demonstrated over 600-km Standard Single-Mode Fibres (SSMFs)
without Raman amplification or dispersion compensation [1.7). However, CO-OFDM
requires very expensive, complex and bulky equipment for signal generation and detection
[1.4], thus this limits the CO-OFDM applications to long-haul transmission systems. In
contrast, IMDD OOFDM uses simple signal generation and detection techniques, thus

largely reduces the system complexity and subsequently improves the system cost-
effectiveness. Therefore, IMDD OOFDM is more preferable to CO-OFDM for cost-

sensitive application scenarios such as Multi-Mode Fibre (MMF)-based Local Arca
Networks (LANSs) [1.3], SMF-based access networks [1.4,1.5,1.8-1.13], and Metropolitan
Area Networks (MANs) [1.4,1.14,1.15). Using low-cost, off-the-shelf optoelcctronic
components, the world first real-time end-to-end OOFDM transceivers over IMDD MMEF
systems had been successfully demonstrated by 2009 [1.16], and the highest ever 11.25
Gb/s over 25km SMF real-time end-to-end transmission performance had also bcen
achieved [1.17], indicating grecat potential of OOFDM for the practical applications in
PON:E.

As the commercially deployed FTTx networks are overwhelmingly based on IMDD SMF
links, IMDD OOFDM is therefore a natural choice for NG-PONs. In IMDD OOFDM NG-
PONS, intensity modulators play critical roles in determining the system performance and
cost. In addition, for WDM-PONSs, to achieve cost-cflectiveness, colourless (wavelength
inscnsitive) intensity modulators arc preferred.  However, conventional intensity
modulators have relatively strong nonlinear effects which lcad to distortions on the
modulated OOFDM signals. Therefore, investigations of low-cost intensity modulators

with improved performance are important for maximizing the system performance.

The widely used optical intensity modulators for PONs include Directly Modulated DFB
Lasers (DMLs) [1.5,1.18], Semiconductor Optical Amplifiers (SOAs)/Reflective SOAs

(RSOAs) [1.8-1.13,1.19,1.20], injection-locked Fabry-Perot Laser Diodes (F-P LDs) [1.21],
reflective Electro-Absorption Modulators (EAMs) integrated with SOAs [1.22], and
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Vertical Cavity Surface Emitting Lasers (VCSELs) [1.23]. Among these modulators,
DMLs and SOAs/RSOAs are, respectively, the most widely implemented components for
EPONs/GPONSs currently deployed and for WDM-PONSs, as DMLs eliminate the nced for

an external light source thus offering highly cost-cffective solutions. On the other hand,
SOAs/RSOAs have strong capability of monolithic integration with electrical components

and wide wavelength coverage of typically >100nm which enables colourless transmitters
for WDM-PON:.

IMDD OOFDM systems using DMLs and SOAs/RSOAs as intensity modulators provide

promising solutions for NG-PONSs. In the meantime, these proposed solutions also bring
about a number of challenges including: 1) accuratc theoretical component and system

models to describe accurately the generation, detection, and recovery of the DML- and
SOA/RSOA-intensity modulated OOFDM signals; 2) identification of underlying physical

mechanisms limiting the system data rate, transmission distance and optical power budgets
of DML-modulated OOFDM PONs; and the proposal of effective approaches for

alleviating these effects; 3) predictions of maximum transmission performances of

SOA/RSOA-modulated OOFDM WDM-PONSs and the major physical limiting factors; 4)
the feasibility of achieving colourless OOFDM signal transmissions using SOA/RSOA

intensity modulators; 5) comparisons between SOAs and RSOAs to identify a great
diversity of RSOA and/or SOA intensity modulators in AMOOFDM WDM-PONs; and 6)

the feasibility of full use of SOA and RSOA intensity modulators to realize wavelength
rcused bidirectional AMOOFDM signal transmission in colourless WDM-PONs, with

improved cost-effectiveness and wavelength control functionality.

The rescarch work reported in this thesis addresses the abovementioned issues.

1.1 Major Achievements in this Dissertation

To deal with the challenges outlined above, the dissertation rescarch work has been carried
out to investigate the transmission performance of OOFDM signals over IMDD SMF
systems using both DMLs and SOAs/RSOAs as intensity modulators. The major

achievements of the research work are summarized as follows:
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7dB optical power budget improvements in 11.25Gb/s DML-modulated
OOFDM PON systems [1.24,1.25].

A comprehensive DML-modulated OOFDM IMDD SMF system model is
developed and rigorously verified by comparisons between simulations and
11.25Gb/s real-time OOFDM transceiver measurements. Based on the model,
detailed explorations are undertaken of the various physical factors on the OOFDM

system performance. The low Extinction Ratio (ER) of the DML modulated

OOFDM signal is identified to be the predominant factor limiting the maximum
achievable optical power budget, and the subcarrier intermixing effect upon square-
law photon detection in the receiver reduces the optical power budget by at least

1dB. The use of a 0.02nm bandwidth optical Gaussian bandpass filter in the
transmitter with a 0.0lnm wavelength offset with respect to the optical carrier
wavelength can enhance the OOFDM signal ER by approximately 1.24dB, thus

resulting in a 7dB optical power budget improvement at a total channel BER of
1107, This work is detailed in Chapter 4.

DML-modulated carrier suppressed Single Sideband (SSB) OOFDM system
for NG-PONs with extended reach [1.15].

A DML-modulated carrier suppressed SSB OOFDM IMDD SMF system 1is
proposed to mitigate the subcarrier intermixing upon square-law detection for NG-
PONs. The carrier suppression is optimized under various DML opcrating
conditions, based on which 30Gb/s carrier suppressed SSB OOFDM signal
transmission over 80km SMF without in-line optical amplification and dispersion
compensation is achicvable, which doubles the performance corresponding to the
Double Sideband (DSB) OOFDM signals without carrier suppression. In addition,
10Gb/s over 1200km SMF incorporating in-linc Erbium Doped Fibre Amplifiers
(EDFAs) 1s also feasible, which is robust to variations in DML operating condition

and optical input power. This work is detailed in Chapter 5.

* 30Gb/s over 80km SMF transmission of AMOOFDM signals by using SOA

intensity modulators [1.8].
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A theorctical model describing the characteristics of a SOA intensity modulator is
developed, based on which optimum SOA operating conditions arc identificd.
Results show that the optimized SOA-based intensity modulators can support
3J0Gb/s AMOOFDM signal transmission over a 80km SMF, which doubles the
transmission performance obtained using DMLs. In addition, excellent robustness
of the optimum operating conditions and the transmission performance to variations

in SOA parameters is also obtained. This work is detailed in Chapter 6.

* SOA-enabled 30Gb/s colourless AMOOFDM signal transmissions over 60km
SMF within a wavelength range of 1510nm-1590nm for WDM-PONs [1.9,1.10).

A theoretical model describing both optical gain saturation and gain spectral
characteristics of SOA intensity modulators is developed, based on which optimum
SOA operating conditions are identified for various wavelengths within a broad
range of 1510nm-1590nm. It is shown that SOA intensity modulators operating at
the identified optimum operating conditions are capable of achicving colourless
AMOOFDM transmission. In addition, results also indicate that it is feasible to

transmit >30Gb/s AMOOFDM signals over 60km SMFs within the aforcmentioned

wavelength window. This work is detailed in Chapter 7.

* AMOOFDM modems incorporating RSOAs as intensity modulators for
WDM-PONs [1.11,1.17,1.19,1.20].

A comprehensive theorctical model describing the dynamic characteristics of
RSOA intensity modulators is developed, taking into account counter-propagation
of the forward and backward optical signals and the rear-facet reflectivity in the

waveguide. Special attention is also given to performance comparisons between

RSOA and SOA intensity modulators. Optimum RSOA operating conditions arc
identified, which arc independent of RSOA rear-facet reflectivity and support
J0Gb/s over 60km SMF transmission. This optimum performance is similar to
those corresponding to SOAs. Whilst under low-cost optical component-cnabled
practical operating conditions, RSOA intensity modulators considerably outperform
SOA intensity modulators in transmission performance, which decreascs
significantly with reducing RSOA rear-facet reflectivity and optical input power. In

addition, for low optical input powers, it is shown that use can be made of the
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RSOA/SOA intensity modulation-induced negative frequency chirp to improve the
AMOOFDM transmission performance in IMDD SMF systems. This work is
detailed in Chapter 8.

» Wavelength reused bidircctional transmission of AMOOFDM signals in

WDM-PONs incorporating SOA and RSOA intensity modulators
[1.12,1.26,1.27].

A comprehensive theoretical model describing the performance of a wavelength
reused bidirectional AMOOFDM WDM-PON network architecture is developed,
taking into account the dynamic optical characteristics of the SOA and RSOA
intensity modulators as well as the effects of Raleigh Backscattering (RB) noise
and crosstalk. It is shown that the RB noise cffect and the residual downstream

optical signal-induced crosstalk are the dominant factors limiting the maximum

achievable downstream and upstrcam transmission performances. Under optimum
SOA and RSOA operating conditions as well as practical downstream and
upstream optical launch powers, 10Gb/s downstream and 6Gb/s upstream over
40km SMF transmission of conventional DSB AMOOFDM signals are feasible. In
particular, the aforementioned transmission performances can be improved to
23Gb/s downstream and 8Gb/s upstream over 40 km SMF when SSB-Subcarrier
Modulation (SSB-SCM) is introduced in the downstream systems. This work 1

detailed in Chapter 9.

The above-mentioned work has resulted in the publication of 6 papers in world-lcading
journals [1.8,1.9,1.11,1.12,1.15,1.24] and 7 papers in national/international conferences
[1.10,1.19,1.25-1.29] including the world-leading conferences such as OFC and ECOC.
These papers have been completed by the author of this thesis and form the major contents
of this dissertation work. Apart from that, the author also contributed to other 7 journal
papers and 7 conference papers that have been published by other people in the same
rescarch group in Bangor University (sec Appendix: II. List of Publications). Even these

co-authored papers are tightly related to this thesis [1.17,1.20,1.30-1.32], they are, however,

not discussed 1n detail in the thesis.

It should also be noted that the author of this thesis involved in Bangor University’s

experimental  demonstration of end-to-end  rcaltime OOFDM  systems
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[1.17,1.20,1.30,1.32] in terms of the following aspeccts: a) the provision of an in-depth
understanding of various physical mechanisms limiting the maximum achicvable system
performance. Such understanding is critical for system optimization in the optical domain

in experiment; b) direct involvements of a number of experimental activities. The outputs
of those activities have been published [1.17,1.20,1.30,1.32], but they are not reported in
this thesis; ¢) After the PhD dissertation resecarch, the author will be undertaking

experimental rescarch to verify the feasibility of using the novel techniques proposed in the

thesis in practical systems.

1.2 Thesis Structure

The thesis comprises 10 chapters. Chapter 2 and 3 presents review work and Chapter 4 to 9

detail research results. These chapters are outlined as followings.

Chapter 1: This chapter provides a brief introduction of the rescarch work and its major

achievements.

Chapter 2: To gain a better understanding of OOFDM, this chapter deals with the
principles of OFDM and OOFDM. The history of OFDM and the fundamentals of key
components involved in a general OFDM system are described. SMF together with its
linear and nonlinear effects is also presented, followed by discussions on two main variants
of OOFDM including CO-OFDM and IMDD OOFDM, whose advantages and drawbacks
are also discussed. In addition, this chapter also details AMOOFDM systems.

Chapter 3: This chapter presents fundamental principles and evolution of PONs. Various

access network architectures are first overviewed. As promising access network

technologies, IEEE EPON and ITU BPON/GPON together with the corresponding
standards (802.3ah and G.983/G.984) arc discusscd, followed by the review of 10G-EPON
standard 802.3av and the current status of ITU XPON and NG-PON?2 standard draft G.987.
Various promising architecturcs for NG-PON2 such as WDM-PON, hybrid WDM/TDM
PON, and OOFDM PON are discussed in terms of their principles as well as strengthens
and limitations. The chapter finally examines the figure of merits and defects of various

optical modulators employed in current PON:S.
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Chapter 4: By using DML modulators in OOFDM PON systems as described in previous
chapters, 11.25Gb/s over 25km SMF has been successfully demonstrated using rcal-time
OOFDM transceiver [1.17]. However, the optical power budgets of ~20dB obtained in the
real-time OOFDM systems may not satisfy the requircments for NG-PONs. To address this

challenge, this chapter explores the fundamental physical mechanisms that affect the
achievable optical power budget of such systems. It is identified that the low Extinction
Ratio (ER) of the DML-modulated OOFDM signal is the predominant factor limiting the

achievable optical power budget. The use of a wavelength-offset narrowband optical
bandpass filter in the transmitter is proposed to improve the OOFDM signal ER by 1.24dB
and thus system optical power budget by 7dB.

Chapter 5: Base on the analyses in Chapter 4, this chapter proposes a carrier suppressed
Single Sideband (SSB) technique to realize DML-modulated (AM)OOFDM PONs with

extended reach. This chapter answers three major questions regarding this novel technique:
1) what are the influences of DML operating conditions and fibre optical input powers on
the optimum carrier suppression ratio; 2) what are the advantages of this technique
compared to DSB AMOOFDM signal system without carrier suppression; and 3) what 1s
the maximum achievable transmission distance for the proposed optimally carrier

suppressed SSB OOFDM signal transmission over SMF links involving in-line EDFAs.

Chapter 6: Having explored DML-modulated OOFDM PON systems in Chapters 4-5, this
chapter investigates the feasibility of using SOAs as intensity modulators in IMDD
AMOOFDM SMF WDM-PON systems. This chapter covers the development of a
theoretical model for describing the characteristics of thc SOA intensity modulators,
optimisation of the SOA operating conditions, identification of the kcy physical

mechanisms determining the achievable transmission performance, and examination of the

system robustness on the variation of SOA parameters.

Chapter 7: As the performance of SOA-modulated AMOOFDM WDM-PON systems at a
fixed wavelength of 1550nm is explored in Chapter 6, Chapter 7 extends the topic by
investigating the wavelength dependent transmission performance of SOA intensity-

modulated AMOOFDM signals within a broad wavelength range of 1510nm-1590nm.
Results show that, under identical SOA operating conditions, the system performance is

highly dependent on the wavelength and optical input power; However, by optimizing

SOA operating conditions for various wavelengths in the above-mentioned wavelength
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range, colourless >30Gb/s AMOOFDM signal transmissions over 60km SMF without
optical amplification and dispersion compensation are feasible within the aforementioned

wavelength window.

Chapter 8: As a typical type of SOAs, RSOA is also a promising candidate for
AMOOFDM WDM-PONSs. Experimental demonstrations of the transmission performances
of RSOA intensity-modulated AMOOFDM signals for WDM-PONs have been reported

[1.13,1.20]. However, several issues have not becen resolved, which include: 1) The

dependence of the system performance on the RSOA rear-facet reflectivity; 2)
Identification of RSOA intensity modulator-associated physical mechanisms affecting
significantly the system transmission performance and optimization of RSOA operating

conditions; 3) Performance comparisons between RSOA and SOA intensity modulators;
and 4) the feasibility of using the RSOA/SOA intensity modulation-induced frequency
chirp to compensate for the chromatic dispersion of SMFs. Solving these issues forms the

main task of this chapter.

Chapter 9: After thoroughly investigating the performances of RSOA/SOA intensity
modulated AMOOFDM signal transmissions in WDM-PONs in Chapters 6-8, attention in
Chapter 9 is dedicated to consider the network issues related to the transmission of
AMOOFDM signals in the downstream and upstream. From the cost-cffectiveness point of
view, it is greatly beneficial if use is made of AMOOFDM in wavelength reused
bidirectional transmission over one single single-mode fibre (SMF) for WDM-PON:s. This
chapter therefore thoroughly investigates such AMOOFDM WDM-PONs using SOA
(RSOA) intensity modulators in the downstream (upstream) transmitter, where the effects
of Rayleigh Backscattering (RB) and residual downstrcam signal-induced crosstalk are

also included. The major physical factors limiting the achievable downstream/upstream

performances are identified and approaches are proposed to alleviate such effects.

Finally, Chapter 10 summarizes the thesis and suggests future research work.
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CHAPTER 2. PRINCIPLES OF OPTICAL OFDM

2.1 Introduction

This chapter provides an introduction to the fundamentals of OFDM and OOFDM, which

forms the foundation of the work presented in the remainder of this thesis.

The OFDM technique has been intensively investigated in radio frequency wireless
communications for the past 20 years. Its emergence in optical communications occurred
relatively late. This chapter starts with a brief summary of the history of OFDM and its
applications, then detailed discussions are made of the principles of each individual

building block that forms a representative OFDM system.

An understanding of OFDM in optical fibre communications requires a good knowledge of

the fibre channel characteristics. Thus both linear and nonlinear fibre effects are also

discussed in this chapter, together with their impairments on today’s FTTx networks. This
chapter presents intensive discussions of two major variants of OOFDM namely CO-
OFDM and IMDD OOFDM, whose strengths and drawbacks are also addressed. Finally,

the principles of Adaptively Modulated OOFDM (AMOOFDM) systems are presented.

2.2 History of OFDM

The idea of OFDM was proposed and patented by Chang in the 1960’s [2.1]. Later, the
generation of OFDM signals using the Discrete Fourier Transform (DFT) algorithm was
proposed in 1971 [2.2]. Signal modulation and multiplexing are achieved digitally using
Inverse DFT (IDFT) in the OFDM transmitter and de-modulation and de-multiplexing
using DFT in the OFDM receiver. To further improve the effectiveness of mitigating Inter-
Symbol Interference (ISI), the use of Cyclic Prefix (CP) in an OFDM signal was presented
in 1980 [2.3]. These three aspects form the core concepts of a general OFDM system. In
1995, Telatar reported Multi-Input-Multiple-Output (MIMO) OFDM systems [2.4], which

has fuelled a new research era on OFDM. In 2001, another rescarch wave on OFDM for

optical wireless [2.5] started beginning the merging of optical and wirecless access

networks.
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In parallel to the intensive resecarch on OFDM, from the mid-1980s, the practical
applications of OFDM also started in mobile communication systems [2.6], where the usc
of Forward Error Correction (FEC) was proposed and combined with OFDM. Owing to
this reason, OFDM is also referred to as coded OFDM. To date, there has been a

tremendous number of wireless standards incorporating OFDM as a modulation technique,
such as wireless LANs (WiFi; IEEE 802.11a/g), wireless MANs (WiMAX; 802.16¢), and
Long-Term Evolution (LTE) — the 4G mobile communication technology [2.7]. OFDM has

also been implemented in standards of cable-based transmission systems such as
Asymmetric Digital Subscriber Loop (ADSL; ITU G.992.1), Digital Audio Broadcasting
(DAB) [European Telecommunications Standards Institute (ETSI): DAB Eureka 147] [2.8]

and Digital Video Broadcasting (DVB) (ETSI: DVB-T, DVB-H) [2.9].

The application of OFDM in optical communications occurred much later compared to its
Radio Frequency (RF) counterpart. Since the first proposal of OOFDM in 2005 [2.10], 1t

has fuelled an explosive increase of interest in simulations and experimental
demonstrations of OOFDM systems. Various OOFDM systems have been explored
including OOFDM in Radio over Fibre (RoF) [2.5,2.11,2.12], OOFDM over Plastic
Optical Fibre (POF) systems [2.13], OOFDM for MMF-based LANs [2.6,2.14], and
OOFDM for access networks and MANs using SMFs [2.15-2.17], as well as long-haul
transmission systems [2.17-2.21]. It is envisioned that the standardizations of OOFDM
transport at 100Gb Ethernet (100GbE) and beyond would be available in the near future

due to its profound impact on optical networks [2.22].

2.3 OFDM Fundamentals

2.3.1  OFDM: Special Type of FDM

As OFDM is a special type of Frequency-Division Multiplexing (FDM) technique,
descriptions are, therefore, first made of FDM. The basic idea of FDM is to transmit
multiple signals simultaneously over a wideband channel by modulating the signals onto
several subcarriers and multiplexing the modulated different subcarriers [2.23], as shown
in Fig. 2.1. The FDM transmitter uses an oscillator array operating at different frequencics
with a sufficiently wide inter-channel guard between two adjacent subcarrier frequencies,

which is illustrated in Fig. 2.2(a). Each subcarrier is modulated separately by a classical
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modulation format such as M-ary Quadrature Amplitude Modulation (QAM) or Phase
Shift Keying (PSK). In the receiver end, different subcarrier signals are filtered by

Bandpass Filters (BPFs) and demodulated by oscillators in the receiver.
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Fig. 2.1 Diagram for a generic FDM system.
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Fig. 2.2 Spectra of (a)FDM, and (b) OF DM

Compared to FDM, OFDM precisely chooses the inter-subcarrier frequency spacing o
ensure orthogonality between subcarriers, as shown in Fig. 2.2(b), so that the demodulator
for one subcarrier is independent on others even though spectral overlap occurs between
subcarriers. Clearly, OFDM offers significant enhancement in spectral efficiency (at least
50%) compared to FDM. On the other hand, thanks to the advances of DSP technologies.
the modulation/multiplexing and de-modulation/de-multiplexing in the OFDM system can
be realized by efficient Inverse Fast Fourier Transform (IFFT) and FFT, respectively.
Therefore, in comparison with FDM, the OFDM systems are relatively simple, as a large

number of modulators, receiver filters and demodulators required in the FDM system are
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not necessary. Moreover, OFDM also has an advantage of combating frequency-selective

fading effect caused by wireline or wireless channels.

2.3.2 OFDM Transceivers

A general OFDM system is composed of a transmitter, a transmission link, and a receiver,
which is depicted in Fig. 2.3. The DSP in the OFDM transmitter consists of bit encoding,
[FFT, Cyclic Prefix (CP) insertion, and data serialization. The generated digital signal 1s

converted to the analog signal in a Digital-to-Analog Converter (DAC).

I
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(I)FFT: (Inverse) Fast Fourier Transform  P/S: Parallel to Serial Conversion
CP: Cyclic Prefix DAC: Digital to Analog Convertor LO: Local Oscillator

Fig. 2.3 Conceptual diagram for the OF DM transmitter and receiver as well as

rransmission channel

The electrical analog OFDM signal is then up-converted and transmitted through the
transmission channel. The received OFDM signal is down-converted, synchronized, and
then processed by the OFDM receiver signal processing procedure, which is the inverse of
the transmitter as discussed above. In addition, channel estimation and equalization are

performed after FFT and prior to bit decoding in the receiver.

Detailed discussions of the above-mentioned key procedures are presented in the following

sections.
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2.3.2.1 Bit Encoding

The bit encoding process is to map information bits into signal constellation points, as
illustrated in Fig. 2.4. A serial bit stream is first converted into parallel bits corresponding
to each subcarrier, and then encoded to complex numbers using a specific signal
modulation format. Fig. 2.4 (b) shows two examples of multi-level modulation formats
namely Quadrature PSK (QPSK) and 16-QAM. In QPSK the signal phase is keyed
between four possible values (45°, 135" 225" and 315”) to represent the four possible

variations of a two-bit set. Whilst in 16-QAM both the signal amplitude and phase are

keyed to represent the 16 possible variations of a 4 (log, 16 )-bit set.

[t should be noted that the information bits on different subcarriers may convey
information from different sources, thus OFDM can deliver heterogeneous services for

different users. Also, the modulation formats taken on different subcarriers can be different,

which improves the OFDM system scalability and flexibility.
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Fig. 2.4 (a) Block diagram of bit encoding process, and (b) Constellation examples.

2.3.2.2 IFFT/FFT

T'he encoded complex number via bit encoding needs to be up-converted to a RF subcarrier
frequency and then multiplexed with other subcarriers. As mentioned in subsection 2.2,
IDFT (DFT) 1s the core component in the transmitter (receiver) to perform the

functionalities of modulation (demodulation) and multiplexing (de-multiplexing). The

[DFT 1s defined by [2.24]
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x(l)=:7-1——1-v— X(k)e 7 (2.1)

According to the discussions made in subscction 2.3.2.1, the encoded complex number of

the k-th subcarrier in the n-th OFDM symbol X, , can be written as

eﬁu (2.2)

where 4,, and g, are the amplitude and phase of the signal constellation points. X,

may not necessarily to be user information, it can also represent pilot and training signals.

The k-th subcarrier waveform can be modulated independently with data X, ,. The k-th

subcarrier waveform within the n-th symbol period can be expressed as
Xp ()= X, It = nT,)e”*™ | k=0,1,2,...,N,"] (2.3)

l, 1€[0,7,]

n(:)={ 0, ¢¢[0,7;] (24

where N, is the number of subcarriers, f is the k-th RF subcarrier frequency, Ty is the

OFDM symbol period, and I1(¢) has a rectangular pulse shape of unity magnitude over the

time duration of T,. Therefore, each subcarrier spectrum has a sinc form (Fig. 2.5). When

X, , 1s treated as unit for simplicity, the correlation between any two subcarriers in the n-

th symbol period is given by

nT,

1 . (- SN (S, = )T)
— |x,,(O)x ()dt=e/P* N 2k JITs7 2.5
Z(n-if)r,k' 0 ""( K= 7(fy =T, 22

When the subcarrier frequency spacing satisfies

Af = fy = fra = k=1,2,3,...,Ny] (2:6)

1
7‘; y
Eq. (2.5) can be further expressed as
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nl
1" :
— \x, ()X, ()l =e
= [0, (0d

s (n-1T,

sarckenyr, SIn((k=1)) {o, k # 1 o)

zr(k—l)_ |, k =1

Eq. (2.7) shows that mutual orthogonality between subcarriers is achieved, when subcarrier
frequency spacing and symbol period satisfy Eq. (2.6). By combining Egs. (2.3)-(2.4) and
Eq. (2.6), the expression of OFDM signal associated with the k-th subcarrier within the
time duration of [(n—1)T ,nT ] 1s given by

j2:rit

xk.n (t) - Xk_ne - (2-8)

It shows in Eq. (2.8) that each subcarrier waveform has an integer number of cycles within

one OFDM symbol period 7., and the number of cycles grows with the subcarrier index.

Fig. 2.5(a) gives an example of the time-domain waveforms containing four subcarriers.

Meanwhile, due to the rectangular pulse shape of the encoded subcarrier data X, . the

corresponding subcarrier spectra are sinc functions with a spacing of Af , as shown in Fig.

2.5(b). Orthogonality is also maintained in the frequency domain by the way that the sinc
function for one subcarrier has a zero at the centre of others. Thus no Inter-Carrier

Interference (ICI) occurs between different subcarriers even when their spectra arc

overlapped.

Af

0 0.2 0.4 0.6 0.8 1
Time normalized to Ts

imaginary part

0 0.2 0.4 0.6 0.8 1
Time normalized to Ts

(a) (b)

Fig. 2.5 The (a) OFDM subcarrier waveforms and (b) spectrum.
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The resulting time-domain OFDM signal waveform within the time range [(n-1)7,,nT,]

can be written by

1 N, -1 IZI!’LI
xn (t) = N ; Xk,ne " (2.9)

When the OFDM signal given in Eq. (2.9) is sampled at a speed of f, =N,/T,, the

resulting sample at the time ¢t =IT,/N,, 1= 0,1,2,...,N,-1, can be expressed as

=—Y'X
xl,n ‘\/Fs ; k,ne (2'10)

By comparing Eq. (2.10) and Eq. (2.1), it is very interesting to note that Eq. (2.10) is
equivalent to X, , = IDFT(X, ,), which means the modulation and multiplexing of a large

number of OFDM subcarriers can be achieved by using IDFT. In practice the IDFT is

implemented as an IFFT, an equivalent, fast method of calculating the IDFT.,

When the impulse response of the transmission channel is h(f), the reccived signal at the

receiver end is given by
y()=x() @ h(t) + w(t) (2.11)

where w(f) is the channel noise and “®” represents continuous convolution operation. In

the receiver, after synchronization followed by necessary signal processing, when the FFT

input sample of the n-th received OFDM symbol is y, ,, the FFT output is cxpressed as

Nl -j2amk—

Y, , = Yia(tle N’, 1=0,12,.... N1 (2.12)
k=0

For an ideal OFDM system, Y, , is identical to the original data X, ,. In a real transmission

channel, a simple one-tap equalizer is usually adopted in the OFDM recciver to recover the

transmitted signals, as indicated in Fig 2.3. The dectailed descriptions of channel

equalization are presented in Section 2.3.2.6.
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2.3.2.3 Cyclic Prefix

In order to improve the resilience of OFDM signals to adverse effects such as multi-path
propagation and fibre Chromatic Dispersion (CD), a Cyclic Prefix (CP) 1s added to the
front of each OFDM symbol. The CP is a copy of the last fraction of each OFDM symbol,
as shown in Fig. 2.6. After inserting the CP, the resulting samples for the n-th OFDM

symbol 1s expressed as

xn - [xNﬁ—N{..n’ xNF-N(.H.n 203 xz'\f'_,h -1,n? x().n" xl.n"”" x.\"—l.n] (2.13)

where N, is the number of samples of CP. The new OFDM symbol has N, + N.samples.

When the time duration corresponding to the CP is 7, and the new symbol period 1s 7,

the real information occupies a time period of 7, =7, in each OFDM symbol. It should be

pointed out that CP does not carry any useful information for a fixed channel bandwidth,

thus it reduces the overall data rate. Throughout the thesis, the CP parameter is defined as

n =—7+— (2.14)

n ~ symbol1 symbol2
%% 05 1 1.5 2
Time (Normalized to Ts)

Fig. 2.6 Samples of OOFDM symbols with CP.

According to the above definition, CP quantifies the rate of the prefix duration to the
duration of information-bearing part of each symbol. The CP produces a quasi-periodically
extended time domain OFDM symbol, leading to the maintenance of the orthogonality

between subcarriers within the symbol, as Eq. (2.7) still holds well. More importantly, due
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to the CP insecrtion, the channel dispersive cffect becomes cquivalent to a cyclic
convolution. If the CP length is larger than the expected maximum delay spread (the delay
spread between the subcarrier with the fastest delay and the subcarricr with slowest dclay
[2.22]) to be encountered, after transmitting through the channel, the dispersive effect is
localized within the CP region only. Prior to performing the FFT in the receiver, the
distorted CP is removed, thus the OFDM symbol carrying uscful information can be
recovered without interference between different symbols. As the CP duration can be

chosen by design, in principle, OFDM can be made free from any arbitrary delay spread.

From the above description, it is clear that, if a CP time duration is smaller than the
maximum delay spread associated with the transmission link, the imperfectly compensated

disperse effect limits considerably the maximum achievable transmission performance of
the OFDM signals. In addition, a small CP may also affect the subcarrier orthogonality,

resulting in a significant increase in the minimum required Signal-to-Noisc Ratio (SNR)
for a specific signal modulation format being taken on a subcarricr [2.24]. On the other
hand, if the CP is longer than the maximum delay spread of the transmission link, for a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>