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Abstract

Orthogonal Frequency Division Multiplexing (OFDM) is a modulation
scheme with numerous advantages that has for years been employed as the leading
physical interface in many wired and wireless communication systems. Recently,
with advancements made hgital signal processing, there has been a surge of
interest in applying OFDM techniques for optical communications.

This thesis presents extensive research on optical OFDM and how it is being
applied in access networks. With the aid of theoretical analysmjlations and
experiments, it is shown that the system performance of distettion optical
OFDM (DD-OOFDM) in the presence of MZM ndmear distortion can be
improved by proper biasing and selection of appropriate drive to the MZM.
Investigations areonducted to illustrate how a variation in the number of subcarriers
and the modulation format influences the sensitivity of the@DFDM system to
the MZM nonlinear distortion. The possibility of improving the spectral efficiency
by reduction of the widit of the guard band is also investigated.

This thesis also looks into theadio-overfibre (RoF) transmission of
Multiband OFDM UWB as a transparent and {oast solution for distributing mudi
Gbit/s data to endsers in FTTH networks. Due to relaxed fagory requirements
and the wide bandwidth available, UWB operation in theGé{z band is also
considered for this FTTH application scenario. Four techniques for enabling MB
OFDM UWB RoF operation in the 88Hz band are experimentally demonstrated.
The impacts of various parameters on ferformance of the techniques as well as
the limitations imposed by fibre distribution are illustrated.

Finally, a digital pre-distorteris proposed for compensating for the MZM

nontlinearity. Experimental demonstratior this digital pre-distortionin an UWB



over fibre transmission system shows an increased tolerance to the amplitude of the
driving OFDM signal as well as an increase in the optimum modulation index of the

OFDM signal.
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Chapter 1. Introduction

Orthogonal frequency divisionuttiplexing (OFDM), an efficient mulicarrier
modulation scheme with numerous advantages, has for years been employed in a
wide variety of wired and wireless communicatioanstards including wireless LAN
networks (HIPERLAN/2, IEEE 802.11a, IEEE 802.11g); Worldwide Interoperability
for Microwave Access (WiMax IEEE 802.16); Digital Subscriber Line (DSL) and
Digital Audio andVideo Broadcast (DAB, DVB).

OFDM, having been established as the physical interface of choice for these
communication standards, has only recently made a transition to the optical
communications community [1], [2]. A major hindrance to this transitionbess
the differences between conventional OFDM systems and conventional optical
systems. In conventional OFDM systems, the signal is bipolar and the information is
carried on the electrical field while in a typical optical system, the signal is unipolar
and the information is carried on the intensity of the optical signal.

However, advancements in silicon tech
together with increased demand for higher data rates across long fibre distances have
facilitated the emergence ofFDM in optical communications [3].

For optical communications, OFDM has demonstrated resilience to
transmission impairments arising from fibre polarisation mode dispersion and
chromatic dispersion. It has been shown that provided the delay spread lbgused
chromatic dispersion is less than the cyclic prefix interval, OFDM can easily
compensate for dispersidgnduced impairments [4]. This is no trivial advantage
when one considers the fact that as data rates increase, chromatic dispersion

increases with # square of the data rate while polarisation mode dispe{RMD)
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increases linearly with the data rate [5]. Consequently, at such high datalrates,
computational requirements involvedalectronic dispersion compensatian serial
modulation formatsmay becomeampractical, particularly in access networks [6].
Another important advantage of OFDM woytbf note is the increase in spectral
efficiency that can be obtained from using higher modulation formats [7].

By being able to apply the afereentione&l advantages of OFDM into the
optical domain, OFDM has demonstrated research potential for a wide variety of
applications in the core, metro and access networks.

There are twaypes of existing optical OFDM systems. The fitgpbe typically
requires eledronic fast Fourier Transform (FFT) processarsl digitalito-analogue
converters (DACs) to generata electrical OFDM signal. This electrical OFDM
signal is then converted into an optical signal by either by direct modulation of a
laser or by using an &rnal modulator[1]-[4]. Despite these systems being
disadvantaged by th&ansmissiondata ratelimitations set by the throughput of
electronics, there is a lot of flexibility in the generataomd detectiorof the OFDM
signal In particular, functions ike advanced modulation formats, subcarrier
equalisation and adaptive filtering can be implemen8&dThroughoutthis work,
the term fAoptical OFDMO specifically ref

In the secondtype of optical OFDM systems, the OFDM subcarriers are
generated optically and modulatasi singlecarrier signals. These systems are the so
called altoptical OFDM (ACOFDM) systems. Various variants of AOFDM
systems have been proposed. In the schempoped by Yonenagat al. [9], an
optical subcarriergenerator is used to generate OFDM subcarriers which are then
simultaneously fed into an integrated optical modulator. Each subcarrier is

modulated by a duobinary signal and each modulated subcardeupéed and the
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output transmitted over fibré&nother variant of AGOFDM systems utilises optical
Inverse Discrete Fourier Transforms (OIDFTI0Jf[13]. In these systems, the
OIDFTs are designed using phase modulators and optical delay Yieeanother
AO-OFDM variant tilisesa multiple subcarrier laser source with a carrier separation
equal to the baud rate of the sighadl], [15]. Each laser output is then optically
demultiplexedusing an arrayed waveguide grating (AW®)ith an array of 1/Q
optical modulators used to individually modulagend each subcarrieAfter the
parallel modulation, the subcarriers are multiplexed using another AWG and then
transmitted over fibreWhile AO-OFDM systems typically avoid the transmission
data rate limitations $iered by the first type of optical OFDM systems, their overall
complexity, especially on the receiver side, is currently prohibitive for optical access
[16].

For access network applicationgptical OFDM has been appligd ultra-
wideband (UWB) systems for the distribution of hidéfinition (HD) multimedia
content 17]. UWB, or multibandOFDM UWB (MB-OFDM UWB) as it is often
referred to, is a radio technology occupying regulated spectrum from 3.1 to 10.6 GHz
[18]. Applications & UWB include shorrange, highthroughput indoor data
communications with the potential to exceed 1 GHit9, radarsensors [2Dand
automoble shortrange communication2]]. Current interest in UWB, both from
industry and academia, is fualléy its intrinsic properties including its ability to-co
exist with other systems, low power consumption, wide bandwidth, low latency, low
probability of interception and high data rate.

However, a combination of the fundamental limits of thermal noisg a
Shannon limits, together with the restrictions placed by the FCC on the maximum

UWB equivalent isotropic radiated power (EIRBpectral density restricts the
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wireless range of UWB systems to a few meters. &sthe broad bandwidth limits
coaxial cable ctribution [22], a transparent and leeost solution is to employ
transmission over fibre. This enables the advantages of UWB to be combined with
the advantages optical fibre offers in terms of wide bandwidth and low attenuation
loss to increase the wieds coverage of UWB systems to hundreds of meters,
distributing UWB signals to multiple simplified remote antenna units (RAUS).

Although UWB systems are capable of supporting nr@hit/s
communications, the UWB capacity is restricted worldwide, with edgffit
regulations in different countries. This makes it difficult to support bandwidth
intensive applications that requineulti-Gbit/s data ratesuch as uncompressed HD
video streaming, videon-demand and wireless higipeed file transfer. This
regulaton constraint makes the €&Hz band quitanterestingfor UWB operation
because of the huge bandwidth and relaxed regulation requirements. Furthermore,
60-GHz regulation permits much high&lRP than existing wireless local area
network (WLAN) and wirelespersonal area network (WPAN) systenZ3|[ In
addition, the small size of BBHz antennapermits multipleantenna solutions at the
user terminal that would have been rmapossible at lower frequencies. This
permits UWB to be introduced in devices likgobile phones which have space
restrictions. Because of the high density of RAUs required feGE@ operation,
using RoF technology for distribution of the-&MHz MB-OFDM UWB signals
would result in simplified operation and maintenance which would evgntua
translate to cost savings.

The main technical objective of this thesis is the proposal, analysis, simulation
and experimental demonstration of various OFbaéed radieverfibre (RoF)

architectures in different frequency bands, ranging from baselmamdillimetre
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wave systems for mulbbit/s communicationd. n  t hi s wor k, t he
to the tranport and distributionof analogueelectical signals (which could be at
basebandintermediatefrequency(IF) or RF frequencies over an optical fibre link;

with the electrical signal used to modulate the lightwave.

For the various architectures, our investigations are concerned with, but not
limited to, proofof-concept demonstrations and evaluation of the effect of
parameters such as modulatoonlinearity, drive power, bias current, fibre
dispersion and the received optical power on the system performance.

For majority of the experimental work consideredthis thesis the OFDM
signals modulate the lightwave using Matéhnder modulators (MZK) which are
inherently nodinear deviceslin this thesis, we also carry oMZM nontlinearity
impairment compensation by digital pdestortion to improve the system
performance of the optical OFDM systems at high modulation indexes.

The details of thehiesis structure and the contributions of this work are

presented in the following stdections.

1.1 Thesis organisation

A common structure is used throughout this thesis. Each chapter begins with
an introduction where the aims and contents of the chaptdrigitkghted, and is
concluded with a summary of the main contributions of the chapter. The thesis is
organised as follows:

Chapter 2provides an overview of optical access networks, covering-ctate
the-art technologies, principles, recent progress affdrent application scenarios.
In this chapter, various optical fibre topologies and technologies for shared fibre

multiple are first discussed. RoF is then introduced as a hybrid technology that
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combines the advantages of optical fibore and wireless @ccHse benefits,
limitations and latest applications of RoF technology are also discussed. Next,
OFDM is introduced as a solution to chromatic dispersion compensation in optical
communication networkdn orderto provide fundamental understanding of haw a
OFDM system works, wtalk about the background, history, basic mathematical
principles, system implementations, advantages and disadvantages of OFDM. We
also briefly review some important optical communication concepts. The two broad
flavours of opticalOFDM that are currently in ugecoherent optical OFDM (CO
OFDM) and directdetection optical OFDM (DBDOFDM) are discussedhen, we
illustrate how OFDM has been used in PONs and UWB communications for optical
access applications. Finallypaef introduction of the OptSif simulationplatform

IS given.

Chapter 3 focuses on how the Horearity of the MZM affects the
performance of the DIDOFDM system. This chapter shows how, because of the
MZM non-linearity, system performance is dependent on the MZM drive and bias
levels. The chapter follows this up tvian investigation into how a variation in
system parameters such as the modulation format and number of subcarriers
influences the MZM nottinear distortion and consequently, the system performance.
Finally, the possibility of optimising the spectral iefency of the DBDOOFDM
system by employing a reduced frequency guard band is investigated by simulation

Chapter 4 looks at MBDFDM UWB transmission over standard single mode
fibore (SSMF) in fibre-to-thehome (FTTH) access networks. In particular, we
demamstrate with the aid of simulations and experiments, how the UWB range can be
extended by using SSMF to optically distribute the-&BDM UWB signal in its

nati ve for mat from a centr al of fice to
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is a flexible, transparent and lowost solution, permitting the delivery of muilti
Ghit/s UWB signals for HD audio and video contents. To prevent chromatic
dispersioninduced fadng, optical single isleband (OSSB) ahitectures are
employed. Using error vector magnitud&VM) and bit error ate (BER)
measurements as figures of merit, we carry out investigations into how the
transmission performance is affected by various impairments including the MZM
nontlinearity, fibre transmission and received optical power variation.

Chapter 5 explores MB®FDM UWB operation in the 6GHz radio band as a
means to further improving the range and flexibility of UWB. This chajhtestrates
and experimentally demonstrates four techniques for enablingOMBM UWB
RoF operation in the 6GHz band. These techniques are classified in terms of the
underlying modulation/detection principles employed, nanhaignsity Modulation
with Direct Detectior{IM-DD) and optical heterodyne detection (OHD). For the first
three techniques (based on-DBD), we experimentally demonstrate that gystem
performance of the various techniques is limited by the first majorlinear
component encountered by the driving UWB signal. We also illustrate the limitations
imposed on the three techniques by fibre diation. We then demonstrate
analytically and experimentally that the OHD technique is robust to laser phase
noise.The final part of Chapter 5 ncerned with applying digitgre-distortionas
a linearisation technique to compensate for the MZM-Inmoarity and improve
system performance at high modulation indexes. In this regard, a digHgispyger
with a transfer function which is the inverse of the MZM power transfer function is
proposed and experimentally demonstrated. The proposed digealistortion
technique is valid for any singledectrode MZM. EVM results are presented in this

chapter to evaluate the performance improvement brought abpug-tistortion
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Chapter6 concludes the thesis and proposes potential future work planned for

further research.

1.2 Contributions and publications
The major contributions of the work herein presented can be summarised as

follows:

1 Proposed a simple 8BHz radicoverfibre system employing a combination
of uncorrelated optical heterodyning and envelopeed®n. Analytically
demonstrated that the proposed system is capable of avoiding the laser phase
noise effects at baseband. Carried out podafoncept experimental
demonstration of the proposed system for the successful transmission of a 3.84
Ghit/s, 16-QAM MB-OFDM UWB signal over up to 4Bm standard singte
mode fibre and a further-sh wireless channel. The experimental results
therefore confirm that photonic millimetieave signal generation and
detection can be achieved without the need for compbtixad phasdocked

loops and higHrequency microwave sources.

1 Carried out comprehensive analytical studies and experimental demonstration
of three techniques for millimetngave MB-OFDM UWB generation. In each
of these three techniques, the modulatviB-OFDM UWB signal drives a
different type of noflinear component a laser, a MZM and a mixer.
Experimentally demonstrated that tlgstem performance of the various
techniques is limited by the first major nrbnear component encountered by
the drivingUWB signal. The three techniques are also compared in terms of

transmission performance, fibre distribution, cost and complexity.

1 Proposed a novel digit@ire-distortiontechnique to compensate for the MZM
nonlinearity in DD-OOFDM systems and improvestgm performance at high
modulation indexes. The proposed digital -digtorter has a transfer
characteristic which is the inverse of the MZM power transfer characteristic.
The digitalpre-distortionfunction is also valid for any singlkdectrode MZM.
Caried out proofof-concept experimental demonstration of the propgsed
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distortiontechnique in a MB-OFDM UWB RoF system where performance
analysis showed an increased tolerance to the amplitude of the applied UWB
signal as well as increase in the optimdrive power wherpre-distortionis
employed For drive powers up to 18 dBm, the EVM is still less thEn dB

when digital pre-distortion is applied, almost a 9 dB improvement when

compared to the uncompensated case.

Demonstrated, with the aid of expegnis and simulations, the performance of

a DD-OOFDM system with respect to the nlbmearity of the MZM. Clearly
illustrated that the system performance can be improved by proper selection of
the bias point and appropriate drive to the MZBhowed thato obtain an

EVM penalty (due to the MZM nohnear distortion) of 2 dB, the
normalised MZM drive level has to be 0.11; and the normalised MZM bias

needs to be within 0.06 of the normalised quadrature bias voltage value of 0.5.

Demonstrated how a vation in system parameters such as the number of
subcarriers and the modulation format influenced the-lime@ar distortion
caused by the MZM and consequently, the performance of th© OBDM
system. Showed that the impact of the MZM +1lioearity on the gstem
performance can be reduced by reducing the number of subcarriers. This
improvement is however, only seen for short fibre lengths (<50 km). Also
experimentally demonstrated that as higher level modulation formats are
employed, the system performancetggy more affected by the MZM non
linearity because the interference due to the MZM -lnwgar distortion

becomes more severe.

Demonstrated that with a quadrature bias to the MZM, a very low level of
intermodulation distortion products is obtained whichultssin the system
BER remaining largely unchanged for at least a 50% reduction in the guard
band.For a quadrature bias,sgstem BER ot& p 1 is obtained when the
width of the guard band is 80% of the OFDM bandwidth. When the guard band
is reduced tb0% of the OFDM bandwidth, the BER is sttound ¢&

p 1 . Thus, the spectral efficiency in DOOFDM systems can be improved

by reduction of the width of the guard band by at least 50% if a quadrature bias

is used.
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Chapter 2. Optical OFDM-based access
networks

2.1 Introduction

As stated in Chapter 1, an increase in demand for high data rates has been an
important factor in the emergence of OFDM in thatical domain, with a wide
variety of solutions developed for different applicatitragh in the core and access
networks This emergence has been facilitated by the intrinsic advantages of OFDM
such as its high spectral efficiency, ease of channel aadephstimation; and
robustness against deldw. this chapter, an overview afptical access networks is
presented covering statef-the-art technologiesprinciples, recent progress and
different application scenariog/e alsopresenfOFDM as a effective solution to the
maj or probl ems of t od ayl&sscribephovOEDMIhasa c c e s !
been applied inhe access network in the form pdssive optical networks (PONSs)
andthroughUWB systems

The structure of this @pter is as follows: section2provides an overview
of nextgeneation broadband access networks. In this secti@highlight optical
fibre asprobablythe most viablaneans of meetinghe everincreasing bandwidth
demand of subscribers. Various optical fibre topologies such astpgpoint and
pointto-multipoint are illustrated, together with their respective advantages and
disadvantages. The various stafghe-art optical technologies currentligeing
deployedfor shared fibre multiple access such as time division multiplesacc
(TDMA), wavelength division multipleccesYWDMA), subcarrier multiple access
(SCMA), and optical code idsion multiple access (OCDMA) are aldariefly

discussed.
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In section 2.3, RoF is introduced as a hybrid access technology that combines
the wide bandwidth and low loss merits of optical fibre with the mobility advantages
of radio accessln this section the key optical components used in contemporary
RoF systemgsas well as some badroF concepts are described in order to provide a
foundation on which the simulations and experiments in the succeeding chapters are
built on. This will also make it easier to understand the results presented in those
chapters. Theakest RoF applications are also presented in this section.

Section2.4 introducesOFDM as a candidate technology for ngeheration,
high-speed optical access networkBhis section provides a review of sme
fundamental OFDM principlesncluding the background, basic mathematical
representation, system implementationsyclic prefix use, advantages and
disadvantages of OFDM. This literature review is esseintiatder to appreciatine
motivation behindapplying OFDM techniqueis optical communicationystems.

In section 2.5, the two optical OFDM variants that have been introduced
coherent optical OFDM (COFDM) and directdetection optical OFDM (Db
OOFDM) areexaminel with a focus on their corresponding transmitter and receiver
side architectured he respective advantages and disadvantages of these two variants
are also highlightedwith emphasis placed on implementation aspects that are of
importance in optical access netwarks

Section 2.6looks at how OFDM has been applied ancess networks
PONs and folUWB systemscommunicationsWe briefly look at the multuser
version of OFDM i.e. orthogonal frequency division multiple access (OFDMA), and
review the reasons why it has been advocated for application irgee&tation
PONs. The princigs and latest advances of OFDMAONs are also discussed.

Next, he motivation behind the transition to RoF for the distributioMBFfOFDM
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UWB signalsfor home networkdgs discussedThe final part of section 2.@lks
about the feasibility of utilising te 66GHz band forMB-OFDM UWB RoF
operation.

In section 27, the OptSink platform which is the software package used
throughout this thesis for design and simulation of the different optical OFDM

systemss introducedFinally, the conclusions are drawnsaction 28.

2.2 Next-generation broadband access networks and technologies

The access network is the |l ink betwee
and the customer 6s premises. It i s al s
provider s opertdeecftiirvset) , mi l e (froam the
provides the connection to and from tmeer network as shown in Figure 24 the
core network, optical fibre is usedith technologies such as synchronous optical
networking (SONETpsynchronous djital hierarchy (SDH) employed.

Typical data rates in the core network are between 10 Gbit/s and 1 Thit/s over
long distances. However, these high data rates are not available to end users in many
of todayods networks becauset ef bwlifhid ein® c Kk
bottleneck arises becauaecess networks based on legacy infrastructure like twisted

pairwere never intended to carry data anenow reaching their capacity limits.
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Figure 2.1. The access network.

In recent years, theethand of customers has evolved from simply voice and
broadcast services to bandwidtitensive applications such as Video on Demand
(VoD), HD multimedia, online gaming, peto-peer file sharing, teleworkingand
cloud storage. Consequenttiig existing &cess infrastructures based on copper and
coaxial cable are seriously struggling with the pressure of the bandwidth
provisioning and cannot keep up.

For instancexDSL technologies which utilise the existing copper telephone
infrastructure to transmit datare distancsensitive. Hence, the longer the distance
from the local exchange to the subscriber is, the lower the available downstream data
rate.In the same veincoaxial cable is disadvantaged ity huge loss andimited
bandwidth. Since VoD requirest least 3 Mbit/s of downstream bandwidth while
High-definition television (HDTV) alone requires around 20 Mbit/s of downstream
bandwidth, it is obvious that the capabilities of these legacy infrastructures are being
tested to their limits.

As a result ofthis, me of theaforementionedtechnologiestypically the
xDSL family, have evolved to accommodate higher bitrates for larger number of

users. However, these modifications have come at the cost of a shorter reach.
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For example as shown in Table 2.1asymmetric digital subscriber line
(ADSL) typically has a maximum downstream data rate of around 12 Mbit/s at 0.3
km from the local exchange, with a maximum reach of 5.4 ABSL 2+ which
extends the capability of basic ADSL by doubling the number of doears
channels haa maximum downstream data rate of around 26 Mbit/s at 0.3utrnas
a reduced maximum reach of 3.6 k@n the other hand,evy-high-bit-rate digital
subscriber line (VDSLxan support downstream data rates of up to 52 Mbit/s at a
distance of 0.3 km but has a much shorter maximum reach of 1.3 km, where the
downstream capacity has degraded to 13 Mbit/s. This implies that for VDSL, the data
has to be carried from the local @ange to a point closer to the customer.

As a result ofthe capacity challenges encountered by legacy infrastructure,
optical fibre with its wide bandwidth and lelvss advantages, having already been
adopted in core networkbas been seen as a suitable alternativeiamow being

increasingly deployed in access networks.

Technology Max. Max. Max. Downstream
Upstream Downstream Distance Capacity at
Capacity Capacity (km) Max.
(Mbit/s) Distance
(Mbit/s)
ADSL 0.64 12 (0.3 km) 54 15
ADSL 2+ 1 26 (0.3 km) 3.6 4
VDSL 16 52 (0.3 km) 1.3 13

Table 2.1. xDSL bandwidth vs. distance capabilityd4]. ADSL: Asymmetric digital subscriber line. VDSL:
(Very high bit rate digital subscriber line).
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2.2.1 Fibre access network architectures

There are three fibre access network architectures that may be deployed
These are shown in Figure 2.2 and explained below:
i). Pointto-point (homerun) architecture: In this architecture, individual fibres
are run from the | oc alpremisex fiteadyantage ofthesa ¢ h
architecture is that it provides high bandwidth to each subscriber, together with high
flexibility in upgrading that particular subscriber. However, since individual fibres
needto be connected for each subscribeoth high installationand termination
costs as well adimited floor space in the local exchangehouse large amount of
equipmentredisadvantagefr deployment of this architecture
ii).  Active star architecture: In this architecture, a single fibre is run from the local
exchange to an active node near the subscribers. From this active thede,
connection to t heouldbebmdethrobgh a vasety pfrwaai s e s
shown in Figire 2.2(b). In fibre-to-the-cabinet (FTTCab) architecturghort spans of
optical fibre are run from the active node to cabiseh the street. From #se
cabines, t he connection to the subscriberos
cablesor coaxal cable lines. In the fibro-the-building (FTTB) architecture, optical
fibre is runfrom the active nodeo an optical network terminal (ONT)sually
located in the basement of a large building e.g. a block of flats. From this ONT, the
communication trfic can be run throughout the building to various subscribers
using coaxial cableor twisted pair cables. In the case of the FTTH architecture,
optical fibre is run from the active nood
The advantage of the actistar architectures that itrequires only a single feeder
fibre from the local exchang&hich helps reduce costs in comparison with the point

to-point architectureHowever, it is disadvantaged by the need for appropriate power
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supply to, and proper mdemance of the active nodsince the active node is placed
outside on the street, &lso needs to be able to withstand a wider range of

temperature variation than-@oor equipment.

Local
Exchange

SSMF ml

(D

(a)

Local
Exchange

Local
Exchange

Figure 2.2. Fibre access network architectures: (a) Poiftb-point. (b) Active star. (c) Passive star. SSMF:
Standard singlemode fibre. AN: Active node. FTTCab: Fibreto-the-cabinet. FTTB: Fibre-to-the-building.
FTTH: Fibre -to-the-home.
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iii). Passive star ardkcture: This architecture is essentially the same as the active
star architecture with the active node replaced by a passive node (typicallyva pass
optical splitter/combiner), and is the architecture employed in P@8ls result of
having no activelectronics on the field, the maintenance and powering requirements
of the active star architecture are avoided. However since in this architecture, the
traffic multiplexingin the upstream directiois achieved optically by combining the
individual data seams at the passive optical combiner, adequate multiple access

techniques are required in order to avoid collision of the individual data streams.

2.2.2 Passive optical networks

As statedin the previous suBection in a PON architectutea single fibre
originates from a central locatiotypically an optical line terminal (OLT) in a local
exchange as shown in Figure 2.3. At a point close to the customers, a passive optical
splitter on the street divides the fibre between a number of optical network units

(ONUSs), where there igsuallyone ONU per customer premises.

Downstrear_n. |
Customers’ |
I Upstream . Premises
Local | i Street ;
i Exchange ! ' Location

SSMF

ONU

Figure 2.3. PON architecture. OLT: Optical line terminal. SSMF: Standard singlemode fibre. POS:
Passive optical splitter. ONU: Optical network unit.
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In order for the individual ONUs toebable to send traffic upstream to the
OLT without collisions, it is necessary to have an appropriate multiple access
scheme. In this regardeveral multiple access techniques have been developed for

PON operation. These include TDMA, WDMA, SCMA, and OCARM

2.2.2.1 TDMA-PONSs
In TDMA-PONSs, a roundrobin timedomain algorithm is utilised which

ensures that during each time slot, only one ONU can transmit or receive. Since the
ONUs aretypically at different distances from the OLT, ranging protocols are used
to ensure that each ONU sends its data at the right time inStaege ranging
protocok measure the rountip time (RTT) from eactONU to the OLT and then
offseteach RTT to théighest RTTFor TDMA-PONSs,a burst mode receiver which

can handle different amplitude levels of packetssneeded at the OLT.

Initially with TDMA -PONSs, the bandwidtbf each ONUwas assigned during
ranging. This implies that the capacity of each Ohtiild decreaseith an increase
in the number of ONUs. However, TDMRONs camow dynamically adjust the
bandwidth of each ONU depending on customer need.

Several TMDAPONS have been standardised. These include broadband PON
(BPON) defined by the ITO G.983 standard, the gigabit PON (GPON) defined by
the ITUT G.984 standard, and the Ethernet PON (EPON) defined by the IEEE
802.3h standard

BPON uses onlyasynchronous transfer mode (ATM) cells to carry dhta.
also uses a maximum of 32 ONUs with a maximreach of 20 km. Data rates of
155622 Mbit/s (up- and dowmstream) are achievable. GPON can use ATM cells,

GPON encapsulation method (GEM) frames, or a mixture of both to carry data. In
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GPON, themaximumONU split size is 64vith a maximum reach of 20 kmvhile

data rates as high as 1.22488Gbit/s (upand dowistream) are achievabl&PON

also useseedSolomon (255,239) forward error correction (FEERPONs carry
variablelength packets up to 1518 bytes in length, which are transported at 1.25
Gbit/s using the IEEE 802.3 Ethernet protoc@b]. The maximum ONU split size

for EPON is32; with a maximum reach of 20 kiREC isalsoincluded as an option

in theEPONSstandard.

22.2.2 WDMA-PONSs
Typically in WDMA-PONs, each ONU uses a dedicated wavelength to

transmit data to the OLT, implying there is no need for time synchronisdins.
multiple wavelength arrangement requires multiple transceivers; hence AWGs or
optical filters are needed to correctly distribute weevelengthsMoreover, having

each ONU operating at a dedicated wavelemgidiht be impractical because of the
cost and complexity involved for network operators in managing the inventory of
lasers.To avoid this colourless ONUs such as those utilisinfietive modulators

[26], spectral slicing approache7], or Fabryi Pérot lasers [28] have been

developed andan bringdown the cost of WDM-PONs

2.2.2.3 SCMAPONSs
In the upstream direction in $MA-PONs, each ONU uses a different

electrical frequency to modulate its data. Since each ONU data stream is in a
different frequency band, no time synchronisation is needed. However, the need for

different frequency bands puts high requirement on the frequencyg cdripe user
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equipment. In additionf the wavelengths of the lasers used at the ONUs are very

close to each otheoptical beat interferengaroducts at the receiver could arise.

2.2.2.4 OCDMAPONSs
In OCDMA-PONSs, different ONUs are assigned unique orthogomgatical

codes. Each ONU could use a different sequence of short optical pulses which are
onoff modulated with the data to be transmitted (tsheing) or different
combination of spectral slices from a broadband optical source (spedirad). The
disadvantage of OCDMAONSs is that they require expensive optical encoders and
decoders, limiting their use to special applications for e.g. where network security is

a major concern.

2.3 Radio-over -fibre techniques
Although FTTH access technologies can provide huge bandwidth to
subscribers, they are not flexible enough to permit user mobility. On the other hand,
while wireless networks artgpically quick and easy to deploy, and also permit user
mobility, they require increasedelt density to provide Gbit/s data rates.
Consequently,n order to support muHGbit/s communicationspextgeneration
access networks are featuring the integration of optical fibre and winsgserks in
the form of RoF architectureso as to harnesthe respective advantages of both
propagation mediaSuch a convergence of the two networks will enable network
penetration to be boosted and will result in capital and operational cost savings.
RoF techniques are involved with transmitting RF signals francentral

station, via optical fibre, to multiple remote antenna units. Out of the different
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methods used to achieve this, this work we are most concerned with intensity
modulation with direct detection (INDD).

In IM-DD, an intensitynodulated optidasignal is obtained either by directly
applying a realalued RF signal to a laser diode to manipulate its bias current (direct
modulation) as shown in Figure£(a); or indirectly, by using an external modulator
like a MachZehnder modulator (MZM) to ndulate the intensity of light from the
laser diode operating in continuouawe mode as shown in Figure 2b).

The resulting optical signal travels along the fibre where it is directly detected
by a photodetector and converted back to an electricahlsign onwardwireless

transmission to mobile terminal units (MTUS).

(a)

RF signal—b(—b
Optical Fibre
Va @ )
@ H‘*% » To MTUs

Laser Photodetector
(h} Optical Fibre
‘*ﬂ% = To MTUs
Photodetector
CWL
aser ZM

RF signal

Figure 2.4. Transmitting RF Signals by IM-DD using: (a) Directmodulation of a laser (b) External
Modulation using an MZM. CW: Continuous-wave. MZM: Mach-Zehnder modulator. MTU: Mobile
Terminal Unit
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2.3.1 Direct modulation

A laser diode can easily be modulated by controlling its current. The degree
to which the laser emitgght when current is injected into it is aptly illustrated on its
L-1 curve, as shown in Figure®.As the injected current is increased, the laser emits

spontaneously, until it gets to the threshold curf@tiwhere stimulated emission
starts. Th&lope?— of the linear portion of this 4L curve is an indication of the

efficiency of the laser diode in carrying out eleetqatical conversionThe lower the
value of ‘O, the more efficient the laser is.

In directly modulated lasers, thenodulation current causes transient
fluctuations in the laser wavelength. This is because the frequency of the laser output
changes in response to the modulation current (about 100 MHz frequency shift per
mA of drive current [5]), effectively adding someeduency modulation to the

signal. This phenomenon is referred to as laser chirp.

20

— —
b2 i

Light Owtput (i)
o
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1 20 40 B0 an 100 120
Injection Current (ma)

Figure 25. Laser diode L-I curve.
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The output pulse of the laser is made of different optical wavelengths, and
since the refractive index of the fibre is dependent onviheelength, different
wavelengths of the pulse propagate at different speeds. Typically, longer
wavelengths travel faster than shorter wavelengths. This effect is referred to as group
velocity dispersion (GVD) and results in a spreading out of the pslggeopagates
along the fibre. The variation of dispersion with wavelength is not linear so the
wavelength fluctuations caused by laser chirp result in a change in the dispersion
level. The effect of this interaction of the laser chirp with dispersionase pulse
broadening.

The transfer function of the fibré&)] in the presence of GVD is given by:

01 Q P
wherg and0 represent the fibre GVD parameter and fibre length respectively.
The GVD parameter can also be related to the chromatic dispersion

parameter,O of the optical fibre by [2P

I C_(g) C&
whereis the speed of light and is the corresponding wavelength.
If the modulating RF signal has amplitudeand angular frequendy

ignoring the chirp of the laser, the output optical field of the la®er) can be

expressed as:

——

O o cL p ao0i EO a Cd

where0 h) , AT & are the optical power of the laser, the centre emission
wavelength of the laser, and the modulation index respectively.

Expanding (23) into a Taylor series yields:
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Ignoring the higheprder terms in (24), the output optical field can be

approximated as:
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Equation (27) shows that the optical spectrum at the output of the directly
modulated laser is composed of an optical carrier at a frequency ahd several
sidebands; each sideband separated at a distance &fom the next sideband as
shown in Figure &.(a). This optical signal is called a douldgleband with carrier
(DSB-C) signal.

Equation (27) also shows that sincé& is generdy less than 1, the
amplitudes of the sidebands of the DEBsignal decrease with increase in the

harmonic order.
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Figure 2.6.(a) Optical spectrum at output of directly-modulated laser (b) Photodetectectlectrical
spectrum.

Considering only theptical carrier and thérst-order optical sidebands as
shown in Figure B (a), and neglectinghe fibre channel, thehotocurrent,”0 6 h
generated when the optical D&Bsignal impinges on a photodetectogigen by

Vo ' D os cq
where’ is the responsivity of the photodetector. It is easy to show, after some

algebraic manipulation, that 8.can be expressed as:
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The first term in (D) is a D.C. component; the second term, centrgéd atis
formed from the superimposition of tin@ixing products arising from thigeating of
each firstorder optical sideband with the optical carrier. The last term, centred at

q is obtained from he beating of the firstrder optcal sidebands with
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themselves. These terms are all depicted in the photodetected electrical spectrum

shown in Figure 2.6 (b).

2.3.2 External modulation

For high transmission data rates, external modulation provides a beitaf opt
modulation solution than direct modulation. This is because as data rates increase,
the bit durations become smaller and the impact of the pulse broadening caused by
laser chirp becomes more severe.

The external modulator used for all simulations argeriments in this thesis
is the MZM. A typical duaklectrode MZM (DEMZM), as shown schematically in
Figure 27, is made of Lithium Niobated Qi ¢ and comprises two Yunctions.
Light in the waveguide on getting to the firstjivhction is split hto two halves. The
electrooptical properties ob "Qi cenable a phase modulation of the light in both

arms depending on whetharnotan electrical field is applied to the electrodes.

*Vmodiit) :
: Ve Y-hranch
: | D : Combiner
-
Optical
* Input Optical Output
Eqt) r‘\
YW-hranch ; UE21y)

Splitter

WaF

Figure 2.7. Dual-electrode MZM
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With no electrical field applied, there is no phase difference between the two
arms and the light combines to give an intensity maximum at the output of the DE
MZM. An application of an electrical field results in a phase difference, which could

result inconstructive or destructive interference.

If the phase difference i$, t hereds tot al destru

corresponding to t-MaJ AdiZM whers only brne offthe r
arms is modulated with a voltage is referred to as a seigt#rode MZM.

With an ideal extinction ratio assumed, and ignoring therti loss of the
MZM; if the D.C. offset voltage at which maximum transmission is obtained is
assumed to be 0O, the output and input optical fields of the MZM are related by the
following equation:

~ . 00 . .
O o T8Q Q ¢Hp m

whereO 0,0 0, 0 ande 0 are the MZM output and input optical fields,
and the phase shifts in the upper and lower MZM arms respectively. The drive
voltagesw 0 andw 0 applied to the top and bottom electrodes are related

to the phase shifts by:

, e 0. . e O
Using ¢® pin ¢® Tt the output optical field becorse

~ . Oo . :
O o TSQ Q P C

t

he

wherewi s the voltage at which therebés comp

If a D.C. bias voltage is applied to onetb€ electrodes of the MZM while
the other D.C. terminal is grounded, the drive voltages can be expressed as:

o O w o0 w P o
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® O w o P T
wherew O andw 0O are the two outputs of the electrical hybrid coupler used to
split the modulating sinusoidal RF signal with amplit@dend angular frequency
1

W O andw O are applied to the top and bottom electrode respectively
and are given by:
w O 06i Nt o ¢Pu
o O 6i DEO — < X0
where —is the phase angle of the electrical hybrid coupler.
Making use of (23) 1 (2.16), (2.12) can be rewritten as:
O o %80 Q P X
whererR — AT |A — are the normalised bias and drive levels respectively. If

we takeO 0 to be a CW signal from a laser with amplituasl@nd centre emission

frequencyCh (2.17) reduces to:

5
0o 0 Q ColR: 9) Py

Equation (21.8) can be further expanded using Bessel functions as:

~ . O .
Oo0o — v | &
Q 8 0|“ & P w
. 0 , _ —_ _
O o0 ? v |“Q Q Q C& TT

where0 w is the Bessel function of the first kind of order Equation (220)

indicates that the optical signal at the output of the MZM is also a-OSkjnal,
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made up of the optical carrier at the laser centre emission frequen@&nd several
sidebands, located at multiples of the frequency of the modulating RF]signals
shown in Figure & (a). To generate this DSB signal, the two arms of the MZM
are driven by two RF signals with equal amplitude but out of phase by

The MZM also has to be biased at its most linear point, the quadrature point

as shown in Figur2.8 (b). At the quadrature point, the value of the D.C. bias voltage
to the MZM is —. However, it is important to note that depending on the value of the

D.C. bias voltage, we can end up suppressing the optical carrier and therdsen
optical siddands, or the oddrder optical sidebands.

If the MZM is biased at the maximum point of the optical intensity transfer
function (O in this case), and the two arms of the MZM are driven by two RF signals
with equal amplitude and out of phase“hywe obtan a special case of a DSB
signal with its odebrder optical sidebands suppressed as shown in Fidlu(a)2.

For this DSBC scheme— “ AT @& 1 Consequently, (20) reduces to:

(o} 6 0 0| Q o A'l'% & p
Vpe=—;
(@ | Em (b)
R A T
T ﬁf* °"“' Fre
:._ sassssas \’

Even-order

: CW Laser .
sidebands < - DE-MZM

m

; : phase shift Power splitter
F ”"" - RF signal
.................................. P R P P (WRE)

Figure 2.8. (a) DSB-C signal at output of DEEMZM showing optical carrier with even-order and odd-order
sidebands (b) System configuration for generating DSE signals. CW: Continuous wave. DEMZM: Dual -
electrode MachZehnder modulator
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Figure 2.9. Optical spectrum of and system configuration for generating: (a) DSE signals (oddorder
optical sidebands suppressed). (b) DSBC signals. (c) OSSB signals (lower firairder optical sideband
suppressed). (d) OSSB signals (uppérst-order optical sideband suppressed). CW: Continuous wave. DE

MZM: Dual -electrode MachZehnder modulator.
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A close inspection of (2.21) shows that becaAse © T for all odd

values of¢, with this DSBC scheme, all the odorder opticalsidebands are
eliminated, leaving the optical carrier and the egser optical sidebands.

In a similar vein as in (2.8), considering only the optical carrier and the
secondorder optical sidebands, and neglecting the fibre channel, the generated

photocurent for this optical DSEC signal is:
0 6o ' O 0 C& ¢

Equation (2.22) can be simplified as:

"Q b ’ 6 0 | “ Cl’) | ‘“
T 0 | 7 0 | 7 (’i’)é t—| b 1
COl“ 01 Géfl o c* ] o

It is obvious from (2.23) that for this DSB8 scheme, the output photocurrent
contains the D.C. component (the first term in (2.23)), a component at(the second
term in (2.23) which is formed from the beatinof the secondrder optical
sidebands with the optical carrier, and a componernt at (the last term inin
(2.23)) which isformed from the beating of the seceoidler optical sidebands with
themselvesAll these terms are depicted in the photodetcspectrum shown in
Figure 2.10 (a).

If the D.C bias voltage is set ai, and the two arms of the MZM are driven
by two RF signals with equal amplitude and out of phasé,bwe end up
suppressing the optical carrier and the evater sidebands, d&ing only the odd

order sidebandsThis is a doubleideband suppressed carrier (DS8) signal as
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shown in Figure 2.9 (b). For the DSEC scheme—~ “ AT & p. Consequently,

(2.20) reduces to:
O o] Q L |*Q OE+— C& 1

Equation (2.24) confirms that becau®eE +~ 1 for ¢ 1 and for all

even values ot, with the DSBSC scheme, the output of the IMEZM is carrier
suppressed, and all the evemler optical sidebands are elimied, leaving only the
odd-order optical sidebands.

Considering only the firsbrder optical sidebands and neglecting the fibre

channel, the generated photocurrent for this optical-BSEsignal is:
0 o ' O o} c& v

Equation (2.25) can be simplified as:
® 0 ¢06 0 |“ p WEGL o * & ¢

Equation (2.26) shows that the for the DSB scheme, the output
photocurrent as shown in Figure 2.10 @mnsists of a D.C. component and a
component centred a , formed from the beating of the firstder opical
sidebands with themselveshe DSBSC scheme is widely used in many optical
communications sgtems to generate a microwave signal with an angular
frequencyi which is double the angular frequency of tieodulating RF

signal B d

Biasing the MZM at— with the two arms of the MZM driven by two RF

signals with equal amplitudes and a phase shift between them yields an optical

single sideband signal (OSSB)he lower sideband is suppressed if the phase shift
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is —, as shownn Figure 29 (c) while the upper sideband is suppressed if the phase

shiftis -, as showrin Figure 29 (d). For the OSSB scheme; - AT A -

Consequently, for this scheme,4@. reduces to:

o 0
o 01 Q T QT @ — REELE -
C G
|‘PII « c& X
rr— 01]“Q T Q T Q0 hEE -
oG 8

In (2.27), only the lower firstorder optical sidebandg p is suppressed

if — Z , while only the upper firsbrder optical sidebande p is suppressed

it — -
G
Considering the case where the lower fistder optical sideband is
suppressedand neglecting theeconedorder optical sidebands as well as fhwe

channel, the generated photocurrent for this OSSB signal is:
0 o ' 0O 0 g Y

Equation (228) can be simplified as:

0 o "X o ¢ o
. c C

MO “ 0 QET c‘)? R
Equation (29) shows thafor the OSSB scheméhe output photocurrerats
illustrated in Figure 2.10 (@onsists of a D.C. component and a component centred

at] which is formed from the beating of the uppfst-order optical sideband

with the optical carrier.
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(b)

! D.C.

Figure 2.10. Photodetected electrical spectrum for: (a) DSB signals (oddorder optical sidebands
suppressed). (b) DSBSC signals. (c) OSSB signals.



2.3.3 Benefits and limitations of RoF technology

Some commonly expressed benefits of RoF technology stem from the
intrinsic advantages of utilising optical fibre agransmission medium with regards
to its | ow attenuation | oss an-dvallabker ge
standard singlenode fbres (SSMFs) made from silica, the reduction of the loss due
to absorption by the impurities in the silica has being successful up to the point
where the loss due to Rayleigh scattering is the dominant compognt [
Consequently, the attenuation lossesthe three wavelength windows used for
optical communication: 800 nm, 1300 nm, and 1550 nm are typically 2.5 dB/km, 0.4
dB/km, and 0.25 dB/kras shown irFigure 211.

These losses are much lower than that of coaxial cable, where the losses are
higher ly three orders of magnitude at higher frequenc8d. [For example, for
frequencies above 5 GHz, the attenuation of a 0.5 inch coaxial cable is more than 500
dB/km [31]. Alternative transmission of higinequency electrical signals through
free space islso problematic because the figgace path loss increases with the

square of the frequency in accordance with Friis transmission forB8@jla [
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Figure 2.11. Attenuation loss in silica as a function of wavelengtt2p).
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where FSPL, R, f and c represent the -Bpace path loss, distance between the
transmitting and receiving antennas, trensmitted frequency and the speed of light
respectively. This high FSPL would necessitate the use of expensive
regenerative/amplification equipment in order to distribute kingh-frequency
electrical signals over long distances. Therefore, by transgittiese electrical
signals in optical form over SSMF whidtas relatively low lossthe transmission
distancegbefore the signals need to be amplified or regenerated)agaimcreased
Another benefit of using RoF technology is the large bandwiftihoptical
fibre offers.The available bandwidth can be measured in terms of either wavelength
or frequency by using the equation

SRA:
YyQ — C® p

L

where @is the speed of light,is the corresponding wavelength, a¥and Y_
represent the bandwidth expressed in terms of frequency and wavelength
respectively. Considering tHEB00 and 1550 nm transmission windows, and taking
the usable bandwidth in these bands to be the bandwidth over which the loss in
dB/km is within a factor of 2 of its minimunfrom (2.31) the available usable
bandwidth is about 35 THR29]. However, the usableptical fibre bandwidth in
t oday éd-theart @mmmercial networks is limited by the bandwidth tioé
Erbium-Doped Fibre Amplifiers (EDFAs) which are widely usddonventional
EDFAs typically operate in the 1530 to 1570 rirequency band. Substituting
Y_ 1 mmin (231) yields a usable bandwidth of around 5 THz.

In addition to the bandwidth limitation of EDFAS, the limited bandwidth of

the electronic devices used to transmit and receive the ed¢dignals also resttie
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the utilisation of the large bandwidth offered by optical fibMultiplexing
techniques such aptical timedivision multiplexing (OTDM) wavelengthdivision
multiplexing (WDM), as well as subcarrier multiplexing (SClavehoweverbeen
used in opticbsystems as solutions around this probl&@j.[

With the explosive multimedidriven growth of internet traffic, current
global communication systems are rapidly approaching the information capacity of
current optical fibre transmission technologies. samuently, therdnas alsobeen
research in recent yeats address this issudor example thaUNLOC research
programme currently being undertaken by researchers at UCL and Aston University
which isf ocused 0 n thé capacitycok ppticglocommunians by
combining photonic concepts, information theory techniques, digital signal
processing, and advanced modulation forn2ak [

Anotherof the major benefits of RoF technologg that of centralisatiorin
RoF systems,he higher layer and signgkocessing functionge.g. frequency up
conversion,carrier modulation, and multiplexingdccur onlyat the central station.
This makes the RAUs simpland lighter and a single central station can be used to
serve a number of RAU$n addition, it is posible to have multiple central stations
located in the same central sit@onsequently, thisentralisationresults ineasier
installation and maintenance which woulten lead to operational cossavings.
Also, since the RAUs are simple, there will beuegd power consumption which is
beneficial in situations where the RAUs #dweatedin remoteplaces not fed by the
power grid.Having lighter RAUSs also important in specific applications scenarios

like deployment of RoF in aircrafts.
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Other advantaged &®oF technology include its immunity to electromagnetic
interference (EMI) since the signals are transmitted in the form of light; and its
transparency to modulation and signal formats.

The principal disadvantage of the Roéncept as it is presented mgs work
is thatbeingan analogue tresmission systergsince it involves analogue modulation
and detection of light it is susceptible to noideom various sourceand distortion
The possiblenoise sources in ROF systems &ardhe | aser 6 gty noigel at i ve
(RIN), the lased phase noise, the photodi@dsshot noisethe RFamp !l i f i er 0:
thermal noise, andthe optical amplified samplified spntaneous emission (ASE)

Distortion typically arises fronthe nonlinearity of deviceslésers, modulatorsgnd
the fibre chromatic dispersion

When noise is added to the optical sigmaftesults inbit errors at the decision
gate in the receiver side, whitkstortion could resulin inter-symbol interference (ISI)
due to the induced changes in the optipalse shapesThis also results in BER
degradationThe distortion brought about by the nlimearity of the external modulator
will be extensively discussed in chapteriB.section 23.4, we illustrate the kind of

signal degradation that can occur in@Hsystem because of fibre chromatic dispersion.

2.3.4 RF power degradation due to chromatic dispersion in IM  -DD systems
with DSB-C modulation

In this subsection, the impact the fibre chromatic dispersion has on a RoF
system employing IMDD with DSB-C modulation as shown in Figure 2.(b), is
examined.In IM-DD systems with DSEC modulation, when the optical signal
impinges on the squataw photodiode, each sideband beats with the optical carrier

to yield a beat signal with a frequency (and phase) equal to the difference in
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frequency (and phase) of theating component&s shown in Figures 2.6 (b) and
2.10 (a), hese two beat signals add up to yield a single componenteaRfh
frequency at the output [B4

However, due to fibre chromatic dispersion, each spectral component
experiences different phasaifts depending on the chromatic dispersion parameter,
the modulating RF frequency and the length of the fiBd [This produces a phase
difference in the two beat signals at the RF frequency widshlts in destructive
interference of the beat sigsalwhich in turn causes a reduction of the power of the
recovered RF signal, and hence a reduction in its cdeorieoise ratio (CNR)35)].

If the phase difference between the beat signals, ithere will be total
destructive interference resultingaomplete power cancellation of the RF signal. To
avoid this, either one of the sidebands in a BiSBptical signal must be suppressed
before transmission over fibre, or OSSB modulation implemented so there is only
one beat signal at the photodio@es show in Figures 2.9 (c) and 2.1(T)).
Alternatively, DSBSC transmission can be employ@s$ shown in Figure 2.9 (b)
and 2.10 (b)

To evaluate the dispersionduced RF power degradation in DB
transmission, the optical fibre can be modelled as a BPRlaitamplitude response
and linear group delayd§]. The transfer function of the fiboréD] of thefibre can

be obtained from (2.1) and (2.2s:

0] Q Cd C
where "Qis the frequency of the RF signal and all other ternes a8 defined
previously in (2.1) and (2)2

The RF powerd of the generated RF signal will vary approximately as

[34):
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Complete power cancellation of the RF signal occurs when the argument of

the cosine function in (23) equals—, for all odd véues of¢. This indicates that

for a fixed radio frequenciQ) the lengths) of fibre at which power cancellation of

the RF signal occur is given by:
5 cO=—Qh ¢ plofure @t
Equation (234) indicates that as the RF frequency increases, the effect of the
chromatic dispersion bemes more severe, and the poweancellation cycle
becomes smaller, limiting the fibtmk distance.

In a similar vein, for a fed length of fibred, the frequenciesQat which

power cancellation of the RF signal occur can be obtained fr@#) @s:

Q S—(I) C®d L
¢O_ ©

In order to demonstrate the RF power degradation in a-O$Rnsmission,
the schematic shown in Figuré8. b) has been i mpl emented
DSB-C signal with no sidebands suppsed. A CW laser with output power of O
dBm and centre emission wavelength of 1550 nm acts as the optical source to the
MZM which has an extinction ratio of 20 dB andvaof 5 V. The electrical drive to
the MZM is a sinusoidal RF signal.

The value othe frequencyQof the modulating RF signal is varied from 2 to
20 GHz. The optical DSE signal is transmitted over an optical backback link,
and directlydetected by a photodiode with a responsivity of 0.6 A/W.

For each value ofQ) the receivedRF power is measured with an electrical

power meter attached to the output of the photodiode. The simulations are then
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repeated for 20 km of SSMF with an attenuation of 0.2 dB/km and a chromatic
dispersion parametéd of 16ps/nm/km. The attenuation ldssought about by fibre
transmission is compensated by an optical amplifier to ensure that the received
optical power at the photodiode is the same as in thetbdaa&ck transmission.

The RF power degradation is then computed to be the difference betvweeen
measured RF power at 20 km and the measured RF power for opticabhmetk
transmission.

A plot of this RF power degradation against the frequency of the signal as
depicted in Figure 22 shows a periodic degradation of the RF power, with power
nulls obtained at 5.1, 9.1, 11.6, 14, 15.8, 17.5 and 19 GHz where there is complete
power cancellation of the RF signal. A maximum RF power degradation of around
25 dB is obtained with the DSB transmission.

Using (235), the power nulls are computed to ocair the following
frequencies: 5.28, 9.14, 11.81, 13.97, 15.84, 17.51 and 19.04 GHz, showing very
good agreement with the results obtained through simulation.

In a likewise manner, the OSSB schematic as shown in Figite)has also
been implemented i®pt Si mME with the same simulati o
C case.

The RF power degradation has also been plotted against the RF frequency in
Figure 212, where it can be seen that with OSSB transmission, the received RF
power remains fairly constant withFRfrequency with a maximum RF power

degradation of only around 1.5 dB obtained.
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Figure 2.12. RF power degradation for DSBC and OSSB transmissions.

2.3.5 Applications of RoF technology

Over the past couple of years, RoF techniques have been the subject of
extensive researchnd investigation;and find application indistributed antenna
systems (DAS)millimetre-wave and THz generation systerashancement afable
television (CATV) systemsntenna array beamforminignaging and spectroscopy,

andradarprocessing B6], [37]. Some of these applicatioase discussed below.

2.35.1 Distributed antenna systems
One of he most dominant market for RoF technology today is the

distribution of wireless standards over optical fibre in centralised architectures for
both indbor and outdoor applications; the-called DAS.A DAS is a network of

spatially separated antennas connected by coaxial cable and opticalDikfse.
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installations have been used to extend the range and capacity of radio systems in
situations where strong coverage is difficult; and are being increasing used in wide
variety of locations including corporate office buildings, airports, shopping centres,
stadiums, and underground stations.

An example of a commercialgvailable DAS architecture manufactured by
Andrew Corporationlnow owned byCommScopdnc.) for indoor wireless signal
distribution [38] is shown in Figure 23. This DAS architecture is capiab of
transporting radio signals in the frequency range between 800 and 2500 MHz for
cellular and WLAN applicationsin this DAS architecture, the smlled equipment
hotel is the central officevhich contains the base transceiver stations (BWhgye
the signal processing functions are carried out before the radio signaksnesraitted
via coaxial cable to amielligent optical network (IONM master unitThe ION-M
master unit is responsible for controlling the entire HUNsystem and for
transmittirg and receiving RF signals via coaxial cable to/from the operator base
stations. Optical fibre cableeenconnect up to 1240N-M or ION-B remote units
to thelON-M master unit. The remote units convert and amplify the RF signals from
optical signals fotransport over coaxial cable to the antenna for wireless coverage.
The remote units also convert the RF signals from the antenna to optical signals for
transport over optical fibre back towards the central affice

This particular system has been deployed aumber of important sporting
events such as thelympic Games in Sydnef2000) Beijing (2008), and London
(2012); and theFIFA World Cups in Germany2006, and South Africa (2010). It
has also been deployed in tédaired wtohrd dwaer It

largest indoor stadium (Dallas Cowboys stadium, U[2A).
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Figure213. A schematic of Andr e wlIn€)dnteligent @tical netwdrk IONCo mmSc o p e
family of optical distributed antenna systems 37]. BTS: Base transceiver station. WLAN: Wireless local
area network.

2.35.2 Antenna array beam forming
Beamforming is a signal processing technique used in phased arrays which

has beelimplemented irsome mobile communication systems as a means of sharing

the timeand frequency resources among users who are spatially sepdtht€ver

the | ast decade, it has become increasir
phased array antennas, especially as radar systems are required to achieve higher
resolution, lmger distances and wider scan angty. [In classic phased arrgythe

phase of the transmitted/received wave is controlled by a transmit/receive module on

the antenna element. For a system with narrow RF bandwidth, a classic phased array
works well. However, for a system wittwide RF bandwidth the main beam

direction varies with frequency, a pheno
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in temporarily distorted pulses, loss of gain, as well as spatial and temporal
resolutions, rendering phased ggansuitable for many applicationsl].

By replacing the phase delays with true time delays, squint can be eliminated.
True time delays have been implemented using the Rotman lens, which uses RF
guided waves in a special structure to produce the dpd@isHowever, the Rotman
lens is disadvantaged by the smaller volume and lower weegliiremerg of true
time delays. RoF offers an alternative solution in the form of optical components that
can provide lightweight delay modules. Optical true time ydelkave been
demonstrated using optical path switchidg][ [44], and dispersive components that

provide different delays at different optical waveleng#ts,[[46].

2.3.5.3 Enhancement of cable television network s
CATV networks are usually laid out over large geographical areas, and are

designed for downstream broadcasting of a combination of digital and analogue
channels which are frequency division multiplexed in a carrier frequency grid
extending up to TGHz [25]. Coaxial cables are used to carry the CATV signals into
subscr i ber s dadiioeakCATY enetveorksstrunk dammplifigrs were usually
required every 600 m, with around 30 amplifiers in cascade. Consequently, the
CATV signals suffered degradatiorofn the thermal noise as well as the #iaear
intermodulation distortion of the amplifiers.

The RoF concept has been applied toghbancements of CATV networks
through the saalled hybridfibre coaxal (HFC) network.In the feeder network in
HFC systens, optical fibre is used as theunk linesthat carry the CATV signals
from the central office to the local neighbourhootis.comparison with coaxial

cable, the use of optical fibore ensures grea®vnstreambandwidth and extra
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capacity for future expamn. The relatively low loss of optical fibre also means
trunk amplifiers are eliminated.

At the central offican an HFC networkthe CATV signals are remodulated
into specific frequency grids, modulated on a light beam and sent throughdfibre
distribution centredf a laser diode with low RIN or linearised external modulator is
used at the central office, the signals can be transmitted without much loss of quality.
The distribution centres serve around 2000 homes. From the distribution ¢entres
optical fibre is run to severdibre nodes with each fibre node serving about 500
homes.

At each fibre node, optelectronicconversion takes place, and the electrical
signal is carriedin a tree and branch coaxial distribution netwdek various
subgriber residenceas shown in Figur@.14. Nowadays, HFC networks carry not

only CATYV signals but also voice and data signals as well.

To other

To other FNs

FNs
Voice/ SSMF SDH ring
data CENTRAL| @ To other
CATV | OFFICE FNs
signals To other

FNs

Subscribers’ residences

1

Coaxial distribution network

Figure 2.14. Hybrid fibre coaxial network architecture. CATV: Cable television. SSMF: Standard single
mode fibre. SDH: Synchronous digital hierarchy. DC: Distribution centre. FN: Fibre node.PD:
Photodetector. EA: Electrical amplifier.
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2.4 OFDM review

In RoF systems, system designers have to deal with the inherent linear
distortions that exist in the fibre link (in therm of chromatic dispersioand PMD)
as well as in the wireless link (in the form of multipath fadimgspiteoptical fibre
being historically thought to be a virtually inexhaustible resource and with
transmission rates being low enough to render listortion effects negligible
[16], this is not the norm in the context of nedneration optical accesshis is
because as stated in section, 2tRere has been an explosion of demand of
subscribers for bandwidtintensive applications that requineulti-Gbit/s data rates
to support them.As data rates increase, both chromatic dispersion increases
quadratically with the data rate while PMD increases linearly with the data rate [5].
In addition, recent research has shown that the optical fibre chaselélimposes
some fundamental capacity limii7].

Considering all these, OFDM, a modulation format advantaged by its spectral
efficiency, robustness against delay, and ease of channel and phase estimation, made
the transition into the optical communiaats world where it was applied for long
haul fibre transmissioat high data rates of up to 100 Gbif/48]-[50] andis now
being used for optical access applications

In this section, a review of general OFDM principles is provided to appreciate
the motvation behind applying OFDM techniques in optical communication

systems.

2.4.1 Single-carrier and multi -carrier modulation systems
There are two modulation techniques that are employed in modern

communication systems. These are siwgleier modulation and miiHcarrier
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modulation. In singlearrier modulation, the information is modulated onto one
carrier by varying the amplitude, frequency or the phase of the carrier. For digital
systems, this information is in the form of bits or symbols (collection of. bitsy
signalling interval for a singtearrier modulation system equals the symbol duration
and the entire bandwidth is occupied by the modulated carrier. As data rates increase,
the symbol duration”Y becomes smaller. If'Y is smaller than the chagal delay
spreadU, t her e wi ISIduehcethesmengoryioffthe aisparsive channel
[51] and an error floor quickly develops. Consequently, the system becomes more
susceptible to loss of information from adverse conditions such as frequency
selective fading due to multipath, interference from other sources, and impulse noise.
On the other hand, in multiarrier modulation systems such fasquency
division nultiplexing (FDM) systems, the modulated carrier occupies only a fraction
of the total badwidth. In such systems, the transmitted information at a high data
rate is divided into0 lowerrate parallel streams, each of these streams

simultaneously modulating a different subcarrier. If the total data ra ,igach

parallel stream woulthave a data rate equal t\c() i - This implies that the symbol

duration of each parallel stream Gs “Yh 0 times longer than that the serial
symbol durati on; and much greater than
are thus tolerant to ISI and are increasingly being employed in modern
communication systems where high data rates are used and savingited li
spectrum is of utmost importance.

As an illustration on the seri#b-parallel conversion process that occurs in
multi-carrier modulation systems, let us assume we have four subcarriers labelled
6 O16 hand our input bit stream srtp p trtmp. Using BPSK modulation for
example to map the bits to symbols, we represent bit 1 with 1, and bit @lwith
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Thus, our BPSKsymbolsare: p p p pPp P p p.The seriato-
parallel converter converts the serial bit stream into parallelnssread assigns the
data to the four subcarrier channels as shown in Figuge 2.1

Figure 216 shows a conventional FDM transmitter incorporating a sesial
parallel converter. As can be seen from the figure, to maintain the data ra\@el’pf
for each parallel stream, the parallel symbol duration is N times as long as that of the

serial symbol duratiofiY. The summation of these parallel information symbols will

form one FDM symbol.

Symbol1] 1] -111]1

Symbol 2] -1 -1] -1 ] 1

Figure 2.15. Serialto-parallel conversion in FDM systems.
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Figure 2.16. FDM transmitter.
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I n order to prevent one subcarrieraos
and to ensure accurate individual demodulation of subcarriers using filters, FDM
systems require guard bands between the modulated subcarriemswasrslirigure
2.17 (b). The use of these guard bands results in poor spectral efficEjcOFDM
is a special casef FDM which makes use afrthogonal subcarriers. The OFDM
signal in the frequency domain is shown in Figut/Zc).

As we can see frorigure 217 (c), in OFDM, the spectra of the subcarriers
overlap, resulting in saving of bandwidth. The spectrum of each subcarrier-is sinc
shaped and the peak of each subcarrier corresponds to the@ssimgs of the other
subcarriers. As long as thettoogonality between the subcarriers is maintained, there
is no ICI because the energy from one subcarrier does not contribute to the energy of

the adjacent subcarriersg).

f‘l."_
(a)

Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Ch.7 Ch.8

ALAAACAN ...
(b)

Chs.1234 56 78

Saving of the bandwidth

|
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1
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>

(c)

Figure 2.17. Single-carrier and multi -carrier modulation: (a) Single-carrier technique, (b) Conventional
multicarrier technique (FDM), and (c) OFDM multicarrier modulation technique [ 52].
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2.4.2 OFDM principles
The principles of OFDM have been around for several years, being
introduced by Chang in a seminaaper as far back as 196&3]. The fundamental

concept of OFDM is the orthogonality of the subcarriers. A set of subcarriers, given
by i 6 Q where ¢ — pFER and m o "Yare said to be

orthogonal in the time domain if the following equation holds:

d o 00 i 0i*00Qo
Q Q0o
Q Y Qo

Y & @

wherg j is the Kronecker delta symbol defined by:

PEEE «
1 C® X

TTEE &
In orderfor the orthogonality to exist between the subcarriers, the following
conditions are necessary:
1 The frequency of each subcarrier must be chosen such that each subcarrier has an
integer numbieof cycles within the OFDM symbol duration.
1 The difference in the number of cycles per OFDM symbol for adjacent
subcarriers must be one.
For these two conditions to be met, the frequency separation between
adjacent subcarriers has to be the inverse dD#@M symbol duratiofiy.

Figure 218 shows three timelomain subcarriers within an OFDM symbol,

clearly showing that the conditions for orthogonality are met.

72



Figure 2.18. Three time-domain subcarriers within an OFDM symbol of durationJI

As we cansee, all subcarriers (shown here to have the same amplitude and

phase) have an integer number of cycles within the OFDM symbol péfiod

2.4.3 Mathematical representation of an OFDM signal
The complex envelope of an OFDM signal, ignoring the cyclic prefix,bea

represented mathematically as:

S
i o OEpQ o QY R Y
s
Q0o %_'Q—Fbw 1104 & W
WY

where® j is the complex symbol transmitted on the® OFDM subcarrier
at the' Q@ signalling interval!Q 6 QY is the complex subcarrietyis the OFDM

symbol period, and) s the total number of OFDM subcarriers.
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2.4.4 OFDM system implementations

An OFDM system can be implemented both in continuous time and discrete
time. The continuouime implementation of OFDM makes use of a bank of
oscillators, one oscillator for eackubcarrier. At the transmitter, the incoming
information stream is mapped into symbols depending on the modulation format
used (APSK or RQAM) and then fed into a seritd-parallel conversion block. Each
parallel stream at the output of the set@parmllel conversion block is used to
modulate the corresponding subcarrier simply by multiplication with that particular

subcarrier. As stated in sectioM2, the frequencies of adjacent subcarriers must
differ by P ~yto maintain orthogonality. At the reiver, the received signal is

correlated by the same subcarriers to give the original transmitted symbols. The
spectrum of a BPSknodulated OFDM signal comprising 8 subcarriers is simulated
in MATLAB in Figure 219 using the continuousme implementatiorshown in
Figure 220.

As we can see in Figurel®, the spectra of the subcarriers are shaped
and overlap, where the sinc function is defined as:

S v QR @
i Qaow

g8 1

For the MATLAB simulation, the incoming symbols have a symbol duration
of 2.5 ms. This implies that the OFDM symbol duration, as illustrated in Figuée 2.
willbe™Y ¢ c¢®ai 18t g 8Consequently, the frequency spacingween the
subcarriers i€ wy U TiOG as we can clearly see in Figur&2.At the peak of each

subcarriers spectrum, the spectra of the other subcarriers are zero, hence the

subcarriers are orthogonal.
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Figure 2.20. Oscillator-based OFDM mplementation.



To ensure that the transmission channel affects each subcarrier as a flat
channel, OFDM requires a large number of subcarriers [3]. This implies that for this
implementation, a large numbef oscillators would be required at the transmitter
and receiver, giving rise to a considerably complex, -cwstective and
consequently, impractical architecture.

For each OFDM symbol, thie &recovered complex symbal ; at the' Q®
signallinginterval is given by:

@[

P
nyY

1 0FQ"0 QMo c8 p

wherei 0 is the received OFDM signahe superscripe? ¢ carries out the
complex conjugation operatioand allother terms are as defined in sectioA.2.
Equation (241) shows that each complex symbol is recovered by multiplying the
OFDM symbol by the complex conjugate of the particular subcarrier and integrating
over the signalling interval.

On the other handhé discretdime OFDM implementation extends the ideas
introduced by the continuodsne model into the digital domain by making use of
the Discrete Fourier Transform (DFT) and the Inverse Discrete Fourier Transform
(IDFT). The concept of using the IDFT&DFT to carry out OFDM modulation and

demodulation was first proposed by Weinsten and Ebert in 1 [

The DFT is defined on the-Mng complex sequence  wht Q 0 as
[55]:

P .

O W = w'Q nm Q0 c8 ¢
%18}
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ThelDFT is defined as:

0 W i_ wa m Q0 8 o
v

Thus, it can be said that the discrete value of the transmitted OFDM signal,
OO0 is merely a simple -point IDFT of the information symbbkz . In reality, due
to the large number of complex multiplications involved in computing the DFT and
the IDFT, OFDMmodulation and demodulation are accomplished more efficiently

with the Inverse Fast Fourier Transform (IFFT) ane EFT.By using the IFFT and

FFT, the number of complex multiplications is reduced fromto — ¢l | C

using a radix2 algorithm and from. to - g ¢ 1T C ¢ using a radixd
algorithm B2].

Compared to the oscillatdirased OFDM implementation, the discrétae
implementations less complekecause a large number of orthogonal subcarriers can
be easily modulated and demodulated by using the IFFT and FFT without having to
resort to having a huge bank of oscillators. The dis¢nete OFDM architecture is
shown in Figure 21.

At the transmittr, the incoming serial bit stream at a high data rate, after
coding and interleaving, is converted into several-tate parallel streams, each
mapped onto corresponding information symbols for the subcarriers within one
OFDM symbol. The DFIbased OFDM sstem treats the information symbols as if
they were in the frequency domain. These symbols, denotédhést hd  in
Figure 221 are used as the inputs to an IFFT block which converts them to the time
domain samples o8 o . A cyclic prefk, obtained by copying a number of
samples from the end of each thtdi@main OFDM symbol, is appended to the start of

that OFDM symbol.
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Figure 2.21. DFT-based OFDMimplementation. IFFT: Inverse Fast Fourier Transform. DAC: Digital -to-
analogue converter ADC: Analogue-to-digital converter. FFT: Fast Fourier Transform.

Although this process introduces some amount of redundancy, it is through
the use of the cyclic prefix that OFDM is resilient not only to ISI but also ICI that
arises from multipath in timdispersive environments. This is because provided the
length of the multipath delay is less than the length of the cyclic prefix, the cyclic
prefix ensures that the attenuated and delayed copies of the OFDM symbol due to
multipath still have an integer mber of cycles within the OFDM period. If phase
transitions of any of the delayed paths do occur, they occur within the cyclic prefix
interval [52]. Also, it is because of this cyclic prefix that OFDM equalisation can be
easily carried out in the receivesing aonetap equaliser.

If an ordinary guard interval with a length greater than the length of the

multipath delay were to be used, the sum of the multipath replicas would not yield a
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continuous wave. There will no longer be an integer number of oydies the FFT
interval, resulting in loss of orthogonality between the subcarriers, and ICI at the
receiver. However, the use of the cyclic prefix ensures that the OFDM signal and its
replicas are all continuous. Consequently, the sequence of recemptésan one
OFDM symbol is equivalent to one period of a cyclic convolution between the
transmitted OFDM symbol and the samples of the channel impulse response. In the
frequency domain, this corresponds to the multiplication of a particular subcarrier by
its corresponding sample of the channel frequency response. This altmvestag
equaliser to be used on that particular subcarrier to correct for any amplitude or
phase distortions introduced by the channel. Figu22 ilustrates the cyclic prefix
insation process.

It should be noted that the use of the cyclic prefix reduces the bandwidth

efficiency of OFDM transmissions by the facter— [51], where™Y is the cyclic

prefix duration.This is because some of the bandwidth is used for the guard interval
without carrying information. Also, the use of the cyclic prefix results in a reduction
of the SNR since the cyclic prefix samples are discarded at the receiver. After cyclic
prefix insetion, the discrete timdomain baseband signal is passed through a DAC
which converts the discrete signal into an analogue signal in readiness-for up

conversion and subsequent transmission over the analogue channel.

Copying samples at the end of the symbol to the fromt

OFDM Symbol Q-1 OFDM Symbol Q OFDM Symbol Q+1

T

.

Fa -

T+Tq

.
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Figure 2.22. Cyclic prefix insertion. T: Active OFDM symbol duration. Tg: Cyclic prefix duration.

Ideally, this digitalto-analogue conversion should convolve each OFDM
time-domain sample with a sinc functio/hen the DAC samples the tird®main
OFDM signal at a sampling rate '6f aliases at multiples of the sampling rate are
produced. If all the subcarriers are modulated (i.e. all the inputs to the IFFT are used
to carry data), these aliases would be located right next to the main OFDM signal,
meaning it would be very difficult to usay practical filter to separate them.

This problem is circumvented by oversampling using zero padding. Here,
zerovalued subcarriers are placed at specific positions (around the Nyquist term) in
the IFFT input sequence. Consequently, the aliases dtedshway from the main
OFDM signal, thus simplifying the analogue filtering requirements at the transmitter.

As we can see in FigureZ8, with oversampling, the zeros are mapped onto
frequencies around the Nyquist term which is located at the ceritre B¥FT. These
frequencies correspond to the lowest negative and the highest positive frequencies of

the signal.

All Subcarriers modulated Modulation with

(No oversampling) Oversampling
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\i;ﬁ / Frequency
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Figure 2.23. Oversampling for shifting the aliases from the OFDM signalthereby simplifying filtering .
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Consequently, the zemarrying subcarriers become guard bands at either
side of the main OFDM signal, with the resultant effect that the spectral replicas are
much further apart from the main OFDM signal than in the case of no oversampling.
Thus, a reconstruction filter to filter offeraliases is much easier to design.

After the DAC, the baseband analogue OFDM signal is thetonperted to
an RF passband using an electrical 1Q mixer. With reference to Fidiirett®e up
converted passband signab is:

[0 Yo AT Q® Oano EF D 8 1

i 0 Ywoa g v
where’Y Qoo andOdw o0 denote the real and imagiry parts of the baseband
signalw 0 respectively, antQis the passband carrier frequency. FroM%g.it can
be seen that the tgonversion process converts the complalued baseband
OFDM signal to a reavalued signal.

At the receiver, the recedd OFDM signal is fed into a symbol
synchronisation block whose function is to determine the precise moment where the
OFDM symbol starts and ends in the received frame. The contitimoeiSOFDM
signal is then dowaconverted back to baseband and passedntoABC for
conversion to the digital domain. The cyclic prefix samples are then discarded before
the discretdime samples,oho B hd  are passed to the FFT block for
demodulation. Equalisation follows next before-iderleaving, demapping and

decoding to recover the data.
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2.4.5 OFDM disadvantages

Despite its numerous advantages, OFDM has a humber of disadvantages. Out
of the various disadntages, we will consider its high PeakAverage Power Ratio
(PAPR) and its sensitivity to phase noise because of the significant challenges these

disadvantages present for optical fibore communications

245.1 Peak-to-average power ratio of OFDM signals
Since -DM has a multicarrier nature, the various subcarriers that make up

the OFDM signal combine constructively. Consequently, since we are summing
several sinusoids, the OFDM signal in the time domain has PAIR Because of
this high PAPR, any transmittaronlineaities would translate into owf-band
power and irband distortion. Despite the OFDM signal having relatively
infrequently occurring high peaks, these peeds still cause sufficient owtf-band
power when there is saturation of the output poaraplifier or when there is even
the slightest amplifier nehinearity [56]. The PAPR is defined as:

560 oygeh o mY 8 o
whereO 8 denotes the expectation operator.

In optical communicationsEDFAs are employed. These amplifiers are
characterised by a slow response time, making them linear regardless of the input
signal power. Nevertheless, the high PAPR of OFDM is still a challeagause of
the nonlinearity of the external modulator, the ADC and the optical fiBfe\When
the OFDM signal is transmitted over fibre, the Keffect gives rise to fouwave

mixing (FWM) distortion products. The strength of these FWM products demends

t he si gn &1. dechnifuasPsBch &s signal clipping, Selected Mapping and
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