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Abstract

A newadvanced modulation format based on Manchester signaliisgroposed and
assessed for higépeed optical communication systems.isTmew advanced
modulation format called Modified Manchester (MM)was derived from the
combination of Manchester and VestigSideband (VSB) techniques. Its performance
was assessed and compared in terms of spectral efficiency, chromatic dispersion
tolerance and receiver sensitivity agai@sinventional Manchester (CM), Retuto:

Zero (RZ) and NotReturnto-Zero (NRZ). Thespectral efficiency of the MM was
enhanced by 31.3% due to thptimisation of the optical filteremployed forVSB
filtering. Therefore the dispersion toleranad MM is140 ps/nm, which ithree times

more than that o€M of 44 ps/nmand twicemore than thiaof NRZ of 51.8 ps/nm and
better than RZ with dispersion tolerance of 109 ps/nm at the BER -of Tite
improvement performancevas achieved withoutthe utilisation of any dispersion
compensation module or electronic egsalon. The research alsexaminedthe
transmission performance tfie MM modulation scheme over wavelength division
multiplexing (WDM)systemand compared with the CM formaitthe bitate of 10 Gb/s

per channelWhereMM has a better performancempared t&€M in terms of tolerace
against narrow opticdiltering, spectral efficiency¥improved by 32% andchromatic
dispersion tolerancg@mproved by +100 ps/nnSixteen wavelength channels (16 x 10
Gb/s) are modulated to provide 160 Gb/s data capacity which was successfully
transnitted over 224 km standard single mode fibre (SSMF) usiM while the CM

range is approximateli57 km.

Furthermorethe newmultilevel Manchestebasedsignallingreferred toas four
level Modified Manchester (M) modulation and foudevel Manchester Coding {4
MC) formats are proposed and demonstrated numerically for-dpigbd optical
communication systemslsing the developedbit error rate (BER) estimation moglel
the performance of MC and 4MM were comparedagainstCM modulation binary
MM and fourlevel amplitude modulation (RAM) formats in terms of receiver
sensitivity, spectral efficiency and chromadispersion tolerance at tihatal bitrate of
40 Gb/s. The recerer sensitivity and thehromatic dispersiotolerance at the BER of
10° of the 4MC scheme are22 dBm and 67.5 ps/nm, respectively while for tHdM
scheme are21.5 dBm and 95 ps/nm, respectiveliherefore 4-MC and 4MM are

superiorto 4-PAM by 3.5dB and 3 dB, respectively in terms of receiver sensitivity



Similarly, theresultsalsoindicate that 4MC and 4MM techniques are betteompared
with CM and binary MM in terms of spectral efficiency and chromatic dispersion
tolerance. Therefore, the pmged schemeasan be considered as alternatiteg-PAM

in high-speed optical access and shadch networks where power efficiency is of

critical important.

Lastly, the numerical resulisdicate that optical equalisation method is capable
of improving theformats performance considerablythe MM format with optical
equaliser at 10 Gb/s can reach 40 km with the receiver sensitivitl@Bm whereas
at 25 Gb/s it has a receiver sensitivity-&ff dBm over 7.5 km in optical simplified
access rnevorks. Although without optical equaliser, th@ximum distance reakd at
bitrate of 10 and 25 Gb/s are R® and 4 km, respectively. Moreover, the transmission
distance of MMC and 4MM wereincreased t@5kmand 27 km, respectively with the
correspoding receiver sensitivity 6fL7 dBm and15 dBmat 20 Gb/sHowever, at the
bitrate of 40 Gb/s, the-MIC and 4MM reached transmission distance of &b and
7.5 km, respectively whilequivalenteceiver sensitivitpf-10 dBm and18 dBmwere
observedWhereas, the maximum distance readiby 4MC and 4MM without optical
equaliser at 20 Gb/s are kb and 18 km respectively, and at 40 Gb/dVi@ and 4
MM are able to reach dm and 5.5 kmrespectively for higkspeed optical shereach

and access netwks.
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1 Chapter 1: Introduction

1.1 Background

The emergence of photonics technoésgin the past three decadhewe acted as catalysts

to the enormous developments of communication networks and isdervevolutionis
thefuturenetwork[1]i [6]. The globaphotonics market forecast in 20&8timated that the
photonics market sizeould reach USD 795.54 billion by 2022 from USD 530i52017

at a Compound Annual Growth Rate (CAGR) of 8.5 % from 2017 to Q2% is quite
revealing and understandable that optical communications are the most significant sector
because they are the biggest-@iseé industry irphotonics technologies, mainly to serve
the fastgrowing internet traffic (movement of data within theternet). The massive
request for Internet services such as cloud computing, social media, video streaming,
interactive elearning and onliea gaming as exemplified in Figutel have been the driven
force [8]i[12]. These higher bandwidth applications necessitated high capacity
transmission linkand optical fibore communication systems recently have received laudable
improvement with the capability of fulfilling these demalfitls [13]. Towardsmeeing the
voracious demands foransmission capacity in fibrgptics networks, it is concludetat

the existing10 Gb/s networks are upgraded to 25 Gb/s or hifisgr Meanwhile, Cisco
Forecast Methdology study revealed in 2014 that metro trafficuld double as fast as
long-haul traffic between 2014 and 2019 and this will account for 66 % ofltitahet
Protocol (IP) traffic by 2019[15]. The reason for this higher growth is because of the
progressively important role of content delivery networks, which are transmitted through
metro networks andypass longhaul networks. In 2019, the same research group also
revealed in its study that annual global traffic would reach 395 ExalgiaB¥ per month

by 2022 at CAGR of 26 % from 2010 2022 as illustrated in Figule2 [16]. Response

to the global explosive traffic requirements necessttie Ethernet standardigon of 40

G and 100G as well as 40@ by the IEEE P802.3bm fibre task force to address such
demandg17].
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Figurel.2: Global IP data traffic growth between 2017 and 2[1%].

In the meantime, system simplicilgw cost, less power intake plus high integration
are the domineering features for metro and steath optical transmission networks that
need to be considered especially in large scale interconnect applications. Skoutitif
advanced modulation isfavourable answer to these stringent prerequifif®s [20]. The
present optical fibore communication systems frequenthsatbinary modulation formats
with inherently low spectral efficiency because of egspotential simplicity and lowost
at the receivers and transmittgdst], [21], [22]. Adoption of multilevel modulation

schemes in numerous optical communication links enlsatiee spectral efficiency of
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optical transport networks. Therefore, advanced multilevel modulation techniques are
capable of increasing the transmission capaxf optical networks by transmitting more
information by varying theamplitude, phase, polaation or combinations of albf a
signal/carrief23], [24].

Furthermore, by employing advanced modulation schemes in conjunction with
coherent detection lead to the increase in the spectral efficiency and compensédiboa for
impairment initiated by chromatic dispersig@D) and polarsation mode dispersion
(PMD) [24]i [26]. Conversely, this method is expensive because of the use edpgegh
optoelectronicsuch adocal oscillatos, multiple balanced detectors, digitalanalogue
converters irconjunction withcomplex digital signal processing; the systems would be
preferably suitable for lorgeach communicationModulation schemes with direct
detection (DD), such as @dff Keying (OOK) is more appropriate and widely dgban
coherent detection for optical shoenge, access and metro networ&/]i[29].
Nevertheless, its deployment is quite chalieg because it iswot tolerantof fibre
dispersion which is a significant restraint in higkspeed intensity modulated and direct
detection (IM/DD) systems. Moreover, the direct detection receiwedgrgononlinear
signal distortion because of the squie photedetection, thereby reducing the

transmission distance.

1.2 Problem Statement

Continuous globabrowth and dmand fora system with higher hiates and spectral
efficiency with low cost and modest hardware application require the attractiveness of
IM/DD optical fibre communication systenis meetng theglobaldemandandfulfilling

future growth needst is necessary to have a modulation forrnfat would handle this
demand. Moreover, to achieve optimal performance in optical communication, exclusively
depends on the selection of the riie code in the system design. An efficient line coding

must display attributes desirable for a spe@fplication. Manchester code is one of the
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simplest types of communication line codes, which proffers solutions to the issues of
synchrongation, and direct current (DC) coupling that a&sobvioudimitation in digital
communication despite its beneftiser analogue communicatidi.is expedient to know

that Manchester code h#se essential properties @elfclocking signaland zero DC,
which is responsible fa more straightforwardlock and level recoveries. These attributes
make Manchester moduiah format to be an attractive and favourable modulation
technique for higéspeed transmission systems. Nevertheless, Manchester modulation has
a drawback that limits its application in optical communication systetnsh is its broad
spectral width. Itandwidth is double in comparison with that of freturnto-zero
(NRZ), whichis responsible for the degradation of its spectral efficiency and susceptible

to CD that eventually lim its transmission distance significantly.

1.3 Research Motivation

Reliable data detection is an essential feaituidigital communication systemd-ence,

to transmit data and receive successfully,the transmitter and receiver must be in
synchronismelse thdransmissiomata would berroneousin digital communicgon, one

of the means o&ddressinghis problem is by sending a separate clock signaineble
synchrongation ketweenthe transmitter and receiveHowever, in some instances this
method is undesirahlespecially when there sneed for miningation of the number of
interconnects between parts of a system or theeerégjuest for miniatusation to the
needed functionality. Another approach used is by haaiigternal timing signal in place
of an external clock;this also resultsn internalclock-frequency variation particularly
whenthetransmitter and receiver are mathin the same environmenfBhis approach also
lacks flexibility. The DC component is another major obstacle confronting digital
communication because it cannot travel throughesaradium This becomes undesirable
and may distort the signal and create output errors in a sy$teemefore, Manchester

coding offersa solutionfor synchronsation andremoval of theDC component. The level
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transition at the middle of the bit period feasch transmitted bit is uséor timing although

the signal itself conveys synchreation information.lt makes easy clock recovery and
renders the superior characteristidVlanchestecoding The DC component is eliminated
including residual DC compemt in Manchester coding because for every bit transmitted

bothpositive and negativpolaritiesarepresent.

However, theCD limits the deploymenibf Manchestercoding in optical fibre
communication systems despite several advantages it.dffersasing the CD tolerant of
this coding schemes a major consideration in this thesi$ws,the solution tahe quest
for high-speed optical IM/DD systems could be bging a new advanced modulation

scheme based on Manchester signalling with better spectral efficiency and radbDst to

1.4 ResearchAim and Objectives

The main aim of thisesearchs to develop amewManchesteibased IM/DDformatswith
increase spectral efficiency a@d tolerance which can be practically employed in future
optical transmission applications related to but not limited to-gEged shoftange optical

data centres interconnects and metcoess networks.
The specift objectives of this research are listed as follows:

1. Introduce anew modulation format based dhe Manchester code to improve
the transmission distance of an optical network.

2. Investigate the performance of thisw modulation format in terms of receiver
sensitivity, dispersion tolerance and spectral efficiency.

3. Introduce aewmultilevel modulation format ithe electrical domain based on
the Manchester code to increase the transmission capacity and extend the
maximum system reach of an optical network.

4. Develop a Bit Error Rate (BER) model for the proposed multilevel Manchester

based modulation format.



5. Implement the proposed modulation format &davelength Division
Multiplexing (WDM) systems.
6. Improve the overaketwork/systenperformance using optical egjiser.

1.5 Scope of Work

Figure 1.3 providesa hierarchicaloverview of thescope othe researchSpecifically, the
shaded boxeare the system study and performance evaluation aspeMarmhester
based signalling discussed in this the3isis is to understand the absolute scale of their
distinctive characteristics and compared witteo similar modulation schemdsgure1.3
also indicates the position of the proposed modulation formathévdigital modulation
formats.In digital communications, the transmissionasfignal from the source to the end
users involved both advanced modulation and multiplexing technidiesadvanced
modulation formats can be categorised into-noherent intensity modulation and coherent
phase modut@on. In this research, the path of rooherent intensity modulation was
followed because of its system simplicity aloav cost which are beneficigbr shortreach
and access networkBhe intensity modulation formats can either be in binary or mudtilev

formats. However, both binary and multileW@¢anchester codingere explored
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1.6 ResearchContribution

The research work primarifpcuses onncreasing the transmission capacity and distance

in opticalIM/DD systems. The accomplished respltesented ithis thesis are:

1) A new Modified Manchester (MM) modulation schem&e MM modulation
performance wasompared witlithe followingmodulation formatsNRZ (with the
same spectral width), retutn-zero (RZ) andconventionaManchester signals at
25 Gb/s for higkspeed optical access network.

2) The MM modulation format as an appropriate and miging format for the
implementation in higilspeed wavelength division multiplexing (WDM)
transmission systems.

3) Derivation of a bit error rate (BER) estimation model for fwel Manchester
threshold detection receiver based on Gaussian probabilityyl&énsition (PDF).

4) Development of a new fodevel Manchester Coding {(MIC) schemeas a power
efficientalternativefor future application in 40 Gbisptical accessnetro and short
haul networks.

5) A new four-level Modified Manchester (MM) modulation format featuring
robustness to chromatic dispersion and aiming as a substitute for the future
generation for 40 Gb/s higépeed optical access, short reach and radio over fibre
where power efficiency ia aucial feature

6) TheMM modulation formatvith 13and 29 order optical equalisers at the receiver
input (post equalisation) to significantly improve the system reach in a simplified
optical access networks.

7) The 4-MM and 4MC schemes with optical equaliserfor increasing the
transmission distance of negéneration higfspeed optical short haul and metro

networks.



1.7 Software and ComputerAided Tools

The numerical simulatiostudieshavebeen carried out for the design and optimisation of
the proposed modulation formats by employing a hybriesiowlation environment
between MATLAB and OptiSystelgversion 12). Opti§stem(http://www.optiwave)is a
computeraided simulation software thatnables the design, tests and optimisation of
optical communication link13], [30]. OptiSystem is a stanalone product that does not
depend on other simulation software. It ownsrabust simulation environrant anda
hierarchicallibrary of components and systems. It is capable of extending easily with
additionalu s ecompsnents and interface wilnange of toolsThe software is a veritable
tool authenticated through many appraisals in the form of acalyexperimental and
simulation. This software includes wide variety of active and passive photonic and
electrical componentdVioreover the softwardeveragesan interface for an integrated
module between OptiSystem and MATLAB programming language. fEature enabled
the evaluation ofany modulation formatsaccordingto BER model establishedfor a
particular format through MATLARB31], [32].

1.8 Organisation of the Thesis

The structure of the thesis is as follows:

1 Chapter 2: Literature review This chapter comprises the general overview of the
fundamentals of modulation optics that demonstrate the process of transforming
datain the electrical domain to the optical onk.introduces lhe basic ideas of
IM/DD systemand its channel characteristics. iFthapter alsadescribes the
generationand detectiorof relevant advanced modulation technigqasswell as
their properties Also, WDM and preamplified receiver are discussed in sections

five and six respectively. Wéneaghe linear and nonlinear impairments in fibre as
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a significant limiting factor to the IM/DD system for sherange and metro
transmission networksare deliberated in section seven and eight, respectively.
Lastly, optical equalisation as a techniquecompensating the signal waveform
distortion caused bgD in fibre isdiscussed

Chapter 3: Modified Manchester (MM) modulation schéniehis chaptereports

for the first time a new advanced modulation technigue named Modified
Manchester (MM)It descrbes he generation and the working principle together
with the MM performance in terms of spectral efficienCip tolerance and receiver
sensitivity in comparison with weknown modulation formats for optical access
network at 25 Gb/s. Thehapter also dcusses the resultd MM over WDM
system in terms of tolerance to narrow optical filteritigg influence of coherent
crosstalk and dispersion tolerance amdvides acomparisonwith conventional
Manchester modulationit examines and providediscussionand analysis ofhie
sixteen wavelength channels (10 x 16 Gb/s) to provide 160 Gb/s data capacity for
high-speed optical links.

Chapter 4: Higheorder Manchester (2 bits/symbol) modulation forrmathis
chapter describes the methodology behind multilevel Manchester modulation
format based upon Shannon channel capacity thiéqrsesentshe characteristics
and constraints of tH&/DD channel. The chapter discusses the transceiver model,
working principle and data recovery principle of the newly developed|éwvet
Manchester Coding (MC) signal and foutevel Modified Manchester (M)
signal transmission systems over additidgte Gaussian noiS@WGN) channel.
Chapter 5: Performance analysis of Higbeder (2 bit/symbol) Manchester
modulation format The chapter presents the performance evaluation ofdvat
Manchester Coding (#MC) and fourlevel Modified Manchester 4MM)
modulation format and compared withur-level Pulse Amplitude Modulation {4
PAM) in terms of receiver sensitivity, spectral efficiency and dispersion tolerance
at an aggregate bitrates of 40 Gh/s and 100 Gb/s.

Chapter 6: Mitigation of signal distiion in MM and multilevel Manchester
systemsi This chapter numerically presents stafg¢he-art optical equaliser to

compensate the signal waveform distortions in MMVI@ and 4MM systems
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caused by fibre impairments. The performance improvements atmllyis
understood by the received eye diagram.

Chapter 7: Conclusion and Future workshe chapter summarises the findings and
conclusionsof the researchactivities Additionally, it concludes with future
research pursuits and perspectives.
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2  Chapter 2: Literature Review

2.1 Introduction

This chapter presents a brief introduction to the bak#asof moduation optics that
demonstratéhe process of transforming the informatiomhaelectricalformto theoptical
oneand therconveyed by lightlt also discussesiéfundamentaideas of IM/DD systems,

detection and channel characteristics.

Also presented in this chapter are various optical modulation formateetigaves
significant attentionin IM/DD systems research such as OQWancheter modulation
Vestigial Sideban@vSB) modulation 4-level Pulse Amplitud&lodulation(4-PAM), and
Absolute Added Correlative Coding (AACCl)he generation and detectjas well as the
properties of each modulation scheme are discussed. The modwati@id discussed in
this chapteserve as the badsr the proposed modulation schemes later mention in chapter
three, four and five. Wavelength division multiplexing (WDM) as one of the prominent
multiplexing techniques in optical fibore communicationssoaldiscussed.Others
multiplexing techniques discussed under this section are Absolute Polar Duty Cycle
division multiplexing (ARDCDM) and Mapping Multiplexing Technique (MMTY).his
chapter also presents the linear and nonlinear impairments in filsignégant limiting

factors to the IM/DD system for shendnge and metro optical transmission networks.

The lst section bthis chapter discussegptical equalisation which isanessential

technique ircompensating for signal waveform distortions caused by CD in fibre.
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2.2 Modulation Optics

Today, the frequeiyt used basic modulation optigsoptical communication links for the
process of convertingnelectrical signal to optical amhrectly moduated lasers (DMLS),
electreabsorption modulators (EAMs), and MagZkhnder modulators (MZMs)The
primary function of the optical modulator is to transform the data transmitted in the
electrical form to the optical one by modulating the physical properties of an optical field.
The physical quantities applicable to optical fibre transmission argeiad amplitude.

Thefeaturesof these modulatorare explained in the following subsections.

2.2.1 Directly Modulated L asers (DMLS)

Directly modulated lasers are the simplkype of modulatarTherefore, direct modulation
employing DMLs is the easiesteans of imposindata on an optical carridn comparison
with MZMs and EAMs, DMLs have theenefitof low cost, a small form factor together
with low power consumptiofB3]i [35]. Hencethe reasons fotheir widedeployment in
optical metro tansmission networks at low tate (< 10 Gb/s)The dda transmittechre
used to modulate the drive currentloé laserand used to triggeyn and off the laser light
thatgives rise taa binary intersity modulationformat The intensity of light producebly
the laseris directly proportionalto the bias cuent whenoperatingabovea threshold.
Therefore the direct modulation methodor that purposeprovidesa costeffective and

simplified optical transmitter

Nevertheless, thenajor drawbackof DMLs when operating ahigh data rate
communicatiorsystemss its undesired phase modulation that normaligompanieshe
desired intensity modulationTherefore, this inherent effeés recognised as highly
componentspecific chirp that increases the optical spectrimiting the WDM channel

spacing.The interaction of this chirgvith CD would increasethe signal distortionand
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limit the system transmission distar{@6]i [38]. Thus, in order to retain the cesffective
optical transmitter in addition to high performance, chirp marnager(CML) has been
introduced39], [40].

2.2.2 Electro-absorption Modulators (EAMS)

The Electreabsorptionmodulator (EAM) is a semiconductor devicthat can be used for
modulating the intensity of a laser beam &mappliedelectricvoltage.The principle of
operatiorof EAM is based on #hFranzKeldysh effect. That ia change of the absorption
spectruminitiated by an appliedelectric field, whichordinarily does not involve the
excitation of carriers by the electric fielAMs are popular external modulators
Generally,EAMs featurereasonablylow drive voltagesand areeconomicalin volume
production.Theyarereadilyavailable at higkspeed rates up to 40 Gb/s todajth some
researcldemonstrationsp to 80 Gh/$41]i [43].

Nevertheless, like DMLs, EAMs display some residual cAile EAMswavelength
dependon absorption characteristics, dynamic extinction ratio usually not more than 10
dB, andlimited optical power handling capabilitiecshe EAM fibre-to-fibre insertion loss
is aroundl0 dB andon-chip integration with laser diodes avoids the high losseatrbut

fibre-to-chip interfaceandleads tocompact transmitter packagdg].

2.2.3 Mach-Zehnder Modulators (MZMs)

MachZende modulators (MZMs) are theopular external modulators that operate by the
principle of interferenceunlike EAMs. MZMs arediscussed expansivehecause it offers

chirp-free modulation antdetter control over both tremplitude and phase of the optical
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signalcompared witlother nodulator type$44], [45]. Additionally, theentiremodulation

schemesleliberated in this thesis are produced using this modulator.

In the past 30 years, MZNs mostly implemented in Lithium Niobate (LINBD
material or IlIi V compound semiconductors as an outstanding optical transpaiiér
[48]. Due totherecentdevelopment in silicon photonics (SiP), ifpiomisingthatsilicorn-
based modulatasutperformsthe conventional modulat@ndwill be extensivelyutilised
in thenearfuture Nevertheless, their structure and principle of operation remain unaltered
[49]1 [51]. It is worth to note that at th@ptical Fibre CommunicationConference (OFC
2017), a renowned group of researchetoducedthe highest reportesymbolrate of 84
Gbaud 4PAM signat for shortreach opticalinterconnects utilising three sets of SiP

modulator structurgg].

Figure2.lis adiagram of a duatirive MZM. The optical inputD ¢ isdividedinto equal
parts by a 3 dB coupler and then propagate in the two arms of the MZM. While two

electrical drivevoltages, which are regulated separaseapplied to the modulator.

Drive Voltage 1

// Y l -

i 4 [_mﬂm—--...\_____} Modulated
Optical Output
Eout(t}
LD T
Optical Input Drive Voltage 2
Ei.ft) Viz2

Figure2.1: Dualdrive MachZehnder modulator

The optical input and output of the MZM can be expresseivas in Eq. (2.1)47], [52],
[53]

0O 06 —OOfE®r0 © QO 0F0 O (2.1)

wherew is the drive voltage needed to change the output light intensityifsanaximum

to minimum levelw  andw § are the electrical drive voltages applied to the two arms
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respectively. Whileb andw are the correspondingC bias voltagesln the casgthe
modulator operates in a differential mode whereis the reverse ab for any voltage

value, the modulated opticaltputis given byEg. (2.2)[54]
0O 06 0O O0Wéi—WRrO0 WEO CO QOMR— wp o
Wy o (2.2)

The duatdrive MZM permitsboth optical amplitude and phase modulati@pendent on
the relationship between drive voltagébe dualdrive MZM operates in puspush mode
(when bias voltages aeqjual i.e. w = w ) and in puskpull mode if the voltages are
equal but opposite polarity (i.e0 = « ). Moreover,when operated ithe pushpull
mode it allows chirp-free amplitude modulationBecauseof this flexibility and the
opportuiity for integration, MZM isextensivelyutilised for generation of intensity and

phase modulation formafs4]i [56].

2.3 Intensity Modulated Direct-Detection (IM/DD) system

The primary difference between nooherent and coherent modulation schemes is the non
variation in the phase of the optical carrier. IM/DD is a-ooherent detection technique
where signals are transmitted, and distinguished base on the optical infenkifp8].
Theinherentsimplicity and lowcost attributes of IM/DD have motivated it be engagd

for an extensive range of applications such as optical interconnects,-hshort
communication links, metro networks, Visible Light Communication (VLC) and infrared
communicationf{59]i [64]. Besides the commercial availability of the optical component
at a low cost is the maibenefit of employing IM/DD in a variety of applicatiof&5]i

[67]. However, this research focuses only on IMADBsed schemes deuse of their

dominance in the present day optical strartge, access and metro networks.
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2.3.1 Characteristics of IM/DD channel

Figure 2.2 presenthe basic IM/DD sysim model The intensity modulated signal is
transmitted by modulating the power of tbptical carrierd 6. Therefore, theopto-
electronic componerns accountable for theonversion of the baseband frequetayhe
passband optical frequengyroducingan optical signal powerd 6 based upon the
electrical signatv 0 , so that

0 \ ~

00 Qo (2.3)

where Qs the electreoptic conversion factor inWatt/Ampere. The electreoptic
componentan be laser diode (LD), ligl@mitting diode (LED) or an external modulator
[65].

x(?) P(7) z(7)
; N
Transmitter e ? — Optical —>\ i Receiver
Channel
Optical =
Modulator Photodiode
Electrical Optical Electrical
Domain Domain Domain
x(1r) z(1)
w(t)
AWGN Channel
Figure2.2: GeneralM/DD communication systems.

The optical channel of IM/DD systems cha modelled as an AWGNhannel,which
servesas agoodmodel for alltypesof noise preser68]. Therefore the electrical signal

receivedcan be describeals
a0 Ywo U O (2.9

-18-



where'Y is the responsivity of the photodiode in A/W andd accountdfor AWGN.

There are two fundamental constraints on all transmitted modulation schemes because
of the physical structure tfie IM/DD channel.The nature of the transmitted signal power
and the signal transmitted should maintain a-negaivity constaint. Thisconstraintis
taken into consideration in the design analysis of IM/DD modulation forfhgts
Therefore, the system designers impress DC bias for bipolar modulated formats in order to
satisfy the nomegativity conditionsThe other constraint is that thenitted radiated power
mustobeythe limits stipulated by thaternationalregulatorybodiesfor eye and skisafety

precautions since signal propagation is also applicable in free spacg Ohks

2.4 Advanced Modulation Techniques

Advanced modulation formats played a significant role in designing an optical fibre
communication system, that is, from the transmitter, multiplexibgg fink, to the receiver

and demultiplexing Therefore, optical modulation is the process of varying one or more
properties of an optical carrier signal with a modulating signal. iffeemation can be
transmitted by varying the amplitude or phase of the optical carrier. When there is variation
in the amplitude of an opticahrrier,it is referred to as necoherent intensity modulation
format while the phase variation is known ascoherent phase modulatioiormat.
Therefore this section introduces several optical modulation techniques such as OOK,
Manchester, VSB, 4AM, and Absolute Added Correlative Coding (AACC).
Understanding thgeneration and properties these modulation fonats arevital to the

newly proposed schemes.
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2.4.1 On-Off Keying (OOK)

The most widely used modulation format in optical fibore commatwa systems is OOK

It often referred to as binary amplitude shift keyingA@K) in the field of radio and cable
telecommunications. Nereturn to zero (NRZDOK) means the signal pulse does not
return to zero at any instaotthe symbol interval whereas return to zero{B@K) means
the signal pulse retusrto zero at half of the symbol interval. NRZOK has been the
dominant modulation scheme in optical fibore communication system® d@gesimplicity,
low bandwidth requirement compared to-RDK, insensitive tdaser plase noise unlike
phase shift keying (PSK), simple implementation and-effsttiveness at the transmitter
and receivef18], [71]i [74]. With the recent advancementstire optical communication
field, the NRZ modulation schemmay not be a suitabltgptionto satisfy thehigh capacity
requirement optical networksHowever, the format (NRZ) has been extensiwgilsed

in the field and because of its simplicity coupleith its historicdominance;NRZ has
established itself as an excellerference of cmparison.On the other hand, RDOK
format displays better receiver sensitivity in comparison with NRZ and has been used for
an optically preamplified system with direct detectidib7], [58]. Nevertheless, RZ

displays more spectral width compared\ieZ.

The most common method of generating a chige NRZ signal idy externally
modulating thdaser signal from the LI2mploying MZM, as shown irFigure 2.3. The
MZM is normally biased at its quadrature point driven by an electrical NRZ signal. While
additional MZM to NRZ setup which now actsagsulse carver wdd resultin optical RZ
signal. Therefore, a single photodiode (PD) atrgoeiveris used tadetect optical NRZ or
RZ signal and converts it to electrical sigf#d]i [78]. The processs referred to as direct
detection.The NRZ has abandwidth that is twice the bitte (2R) hence, poor spectral
efficiency and less robust to dispersion tolerance compared with the multiedalation

formats.
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Figure2.3: Generation of aoptical NRZ using MZM

2.4.2 Manchester Modulation

Manchester modulation format is an attractive and favourable modulation technique that
gives advantages when it is being employed for BSjgged transmission systems. The
Manchester codbas a distinctive $eclocking feature with differential detectipand its
distinguishing zero DC component enaiNg&ancheser code to be highly resistaotsignal
intensity difference when employing differential detectibhus Manchestemodulation

is excellentfor high bitrate optical communication networks because of its simplicity in
clock recovery and robustness against Hegtel intensity fluctuation. Similarlyit is also
attractive for wireless communication systems because of its improved performainst¢ ag
the widespread additive noise and better timing recopM&)y [80]. The simplest way of
generating Manchester comtethe electrical domaiis using an exclusive OR (XOR) gate
with two inputsand then converted to optidsllanchester signal using MZM and biasing
at its transmission maximum ahown in Figire 2.4. Chapter 3 gives anore detailed
explanation of the generation, transmissiowl aeception of Manchester codem this
thesis, Manchester modulati@referredto asConventional Manchester (CM) modulation

format.
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Figure2.4: Principle of Manchester modulation using MZM

Based onthe numerous advantagéisat Manchester code offered, Manchester
modulationformathas been deployad a wavelength division multiplexed passive optical
network (WDM-PON) applicationsto preventthe consequence caused by the loss of the
low-frequency componentit the optical network unit (ONU). Additionally, the
combhnation of phaseshift keying (PSKand Manchestenodulationareengaged iWwDM
systento providea system that is robust to beat interference noise (Bli)larly usedas
offset Manchester coding in carrdistributed WDMPON to suppress Rayleigh noise
when compaed with NRZ and it was successfully employed with inverted Ra&s

wavelength reuse in the uplink of Radio over fibre (R{3&]i [84].

Nevertheless, Manchester modulation has a majowkdrek that limits its
application in optical communication systemsich is its boad spectral bandwidthts
bandwidh is double compared with NRZvhich contributes tothe degradation of its
spectal efficiency andnvariably limit the transmissiodistance significantlyTherefore,
to improve the spectral efficiency and consequently the dispersion tolerance of Manchester
signalling in an optical IM/DD system, the combination of Idlagster and VSBs
proposed ath demonstrated to generat@ew advaned modulation format ithe optical
domain namedas Modified Mancheste(MM). Chapter 3 discusse$is MM format
extensively. There are few reports centred on dispersion tolerance improvement of
Manchester such d@ise combination of duébinary andVlanchesgr, using of duaparallet
MZM to generate Manchestsignaland generation of a chifpee optical Manchester
signal[79], [85], [86].
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2.4.3 Vestigial Sideband (VSB) modulation

Vestigial sideband (VSPB modulation technique is a&aluable schemen optical
transmission systems to enhance the spectral efficiencies of WDM anaetiverk
transmissiordistances. Therocess ofiltering out part of one of the sidebandgsile still
maintaining thefull modulation informations known as VSB modulatiorOptical VSB

can be generated with a reasonadytablefilter that has its passband deliberately detuned
from the centre frequenc¥iltering could be implemented practically using optical filter
(i.e. VSB filter) to sppress the vestige of any of thelebandsTherefore, thebandwidth

of the VSB filter and the detuning of the centre frequency are very crucial and significant
factors that affect the performance of tbenfiat and needs to be optimisétence VSB
filtering is straightforwargwith little additional costVSB technique has beadequately
investigated for NRZ, RZCarrierSuppressedRZ (CS-RZ) andduo-binary formats.

However, in the field of fibre optical communications, VSB filtering capdréormed
either at the receiver or tite transmitterThe VSB formareceivesattention intheoptical
transmission systems mainly because of the spectral efficiemmypvement fordense
wavelength division multiplexing (DWDM) by reducing the channel spacing. Additionally,
a minimumintersymbol interference (ISI) can be reatl through an effective spectral
detuning[78], [87]i [90]. Figure 2.5 showsthe block diagram of &/ SB-NRZ transmitter.
Chapter 3 discusses furthie VSB filtering.

Electrical NRZ
Signal

Optical NRZ-VSB

t// Optical NRZ :
EE— Signal . % Signg
LD

VSB Filter

Figure2.5: Optical NRZVSB generation using MZM.
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2.4.4 Four-Level PulseAmplitude Modulation (4-PAM)

Multilevel modulation scheméncreass the spectral efficiency of the optical transport
networks. Therefore, advanced multilevel modulation techniques are capable of increasing
the transmission capacity bgonveying more signals in either amplitude, phase,
polarisation or combination of a[lL0], [91]i [94]. These techniqudsad toareduction in

the transmission bandwidth and at the same time only required the bandwidth of the
transmitter and receiver to be reduced by a factor of bately, M-level pulse amplitude
modulation (MPAM), particularly 4PAM, has drawn significant interest for shortdan
medium range IM/DD systems since it can double the dat§9%}ig101]. In M-PAM, M

= 2N, where M is the number of levels needed for each transmitted symbols and N is the
number of bits transmittefdr each symbol. If N = 2, thenBAM signal inthe electrical
domain is generatedhis electrically generatedBAM can be used to drive MZMading

to the productiomf an optical 4PAM signalwhen biasedt its quadrature point.

The electrically generated-BAM can be obtained by combining twmequal
amplitudesbinary NRZsignak. A 6 dB electrical attenuator is used in one of the NRZ
signal lansto haf its amplitude valuand thercombined with the second NRZ signal lane
using arelectrical combineras shown in Figur2.6. An essentiabenefit of utilising optical
4-PAM signal is that it requires electrical and optical comptseperating at half biite
in comparison with NRZignal operating at the same raite. Thisbenefitcould leadto
cost reduction of an optical transmissionteys and the cost reduction is always peculiar
to devices with lower bandwidtftherefore a single PD can be employed at the receiver
to convert the optically modulatedPAM signal to 4ary electrical signal. Unlike binary
format, 4PAM receiver needsn appropriatedecision circuitto retrieve the original

transmitted signals for BER estimation.
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Figure2.6: Principle ofoptical 4PAM generation based on MZN

2.4.5 Absolute Added Correlative Coding (AACC)

Absolute added correlative coding (AACC) is a multilevel modulation format based on
partial response signallingenerallyreferred to as correlative coding in electrical domain
[19], [27], [91] The AACC could be generated electrically by adding two unequal
amplitude duebinary lanes viaan electrical combiner resulting in a multilevel bipolar
signal that is symmetrical wittespecto zero amplitudeThe first lanehas a precoder, a
levelshifter and an encoder whiée6 dB electrical attenuater added tahe secondane

to half its amplitude. The precoder comprises a logic NOT gate, a logic XOR gata with
onebit delay loop to prevent error propagation at the receiver. Therdieahsolute value

of the electrical AACCsignalis extracted fronthe absolute circuijt which is a unique
positive polarity symbol. The optical AACC can be obtained by modulating the electrical
AACC signal with LD using MZMas illustrated in Figur@.7. This opticalAACC signal

can be received at the receiver using aWhich convert it toelectical AACC signal and

then,employingdecision circuit and recovery ruldie BER can be calculated.

-25-



The AACC format isa spectrally efficient format and robust @ compared with
other formats like NRZ and-BAM. Hence, it could be appropriate in shahge and
metro transmission links applicatiofi®], [102], [103]

Precoder | oyel.shifter Encoder
Absolute

|:| 4 Circuit

-

Level-Shifter Encoder Attenuator

Precoder

// Optical AACC
I — >
LD

Figure2.7: Generation of optical AACC signal

2.5 Multiplexing Techniques

Multiplexing is an essentiahspect of @zommunication system in which many usergavey
data concurrentlyia a single link. Thé link could be a coaxial cable fibre. Generally,
multiplexing is used inthe communication systeshecause of its capability iocreasehe
channel utilsation or transmission capacity and reduce system §{034]i[107].
Multiplexing techniques compriseraultiplexer (MUX) anda de-multiplexer (DEMUX).
The multiplexer combine ann-th number of users at the input while- eheltiplexer atthe
output does the reverse operatiomofultiplexer.In optical fibre communication systems,
the multiplexng techniques could be carriexit either inthe electrical orthe optical
domain. Several types of multiplexing techniques find applicationsojical fibre

communication system3hereforethis section discussdaw of these techniques such as
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WDM, absolute polar dutycycle division multiplexing (ARDCDM) and mapping
multiplexingtechnique (MMT).

2.5.1 Wavelength Division Multiplexing (WDM)

In WavelengthDivision Multiplexing (WDM), different users convey data over a single
fibre using different wavelengths. The WDfdchnique is analogous to frequency division
multiplexing (FDM) employedin microwaveradio and satellite systems. Apart from the
fact that WDM is exclusively opticgs components are comparatively simdle7], [108]
However ,to prevent interchannel interference in WDatljacentthannelsnust be spaced
appropriately Figure 2.8 illustrates the basic conceptstbé WDM transmission system
The multiplexercombinesoptical signalsdrom different transmitter sourcesid couples
theminto a single fiboreThe demultiplexerin turnseparatethe optical signals into suitable
channels, whichs achieved with fth optical filters. The demultiplexer must display
narrow spectral operation in order to avoid spurious signals from enierregeiving
channel (i.erequireschannel isolabn). The closeness of the channgétermineshe total
capacity of the WDM system. The channel can be splaaseldon ITU-T standard. When
the chanels are closely spacélen,dense wavelength division multiplexing (DWDI4)
realised[104], [106], [108]
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Figure2.8: Transmission ofthe WDM system.
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There are several advantages of WDM transmission system, which includes, higher
transmission capacity, duplex transmission, transmit several types of signals (digital and
analogug and it can be easily expanded. Its drawbacks are low channgdtidii low
spectral efficiency and higher cost due tthright sources andilters that areneeded.
Therefore, the primary objectivef all other multiplexing techniques and modulation
formats are to increassther or bottthe channel utigation andspectralefficiency of the
WDM systemg108].

2.5.2 Absolute Polar Duty CycleDivision Multiplexing (AP -DCDM)

Absolute polar duticycle division multiplexing (AFDCDM) is a multiplexing scheme
that is capable of supporting several users per WDM chawit. this technique, the
capacityof the WDM channels increases tremendouBherefore, APDCDM allows the
use ofnarrow optical filters that eventualtyive room to increasthe channetount This
technique allows users with separate duty cycltamunicateat the same timever the
samecommunication link At the receiver side, the original data can be separated easily
fromthe received signddased on the signal amplitude and duty cj0®]i [111]. Hence,
AP-DCDM makes use ofariousRZ duty cycles anthipolar signallingto distinguish the
channels At the multipexer input, usergare assignedlifferent polarity that lead to
distinctive multilevelshapes at the outpaf the multiplexerin comparison with unipolar
input, by employingbipolar signalling thee is a reductionn the incrementof the
multiplexed signal amplitudeith particular reference tthe number of usergience, the
spectral width of AFDCDM is smal] resulting in improved spectral effiency and
dispersion tolerancdn AP-DCDM, for n number of users, the symbol duratiof is
divided into n slots and the slots are allocated to sepattatesers as expressin Eq. (2.5

where the pulse duratiofl for each is defined as

Y oQ - 2.5
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The first user has the smallest duty cyelbile the n-th user has the largest duty cydle.
is noteworthythat with this scheme eachusenveys®6 bit with O w@aolts &

positive voltage foeveryodduserand anegative voltage foevery everuser

Thus, several channels share the same communication medium to datevey the
same tine over the same frequency but vatbeparateluty cycle.There is 2possibleb i t s 6
combinations and each of these combinations produdesinctive symbol that have both
positive and negative polarities. The absolute value of the multiglsignais extracted
from the absolutecircuit, which is a unique positive polarity symbol for each case
Therefore, the original signal for each usewuld beretrieved at theeceiver since the
receiver hagerfect knowledge of the distinctiveness of the-B@€DM signal at the
transmitting end.The ARDCDM signal has multilevel amplituddor example, fowr
channel system has three levels. Unlike TDM (time division multiplexing}DSPM
only makes use of one external modulator for n number of uasnsdicated ifrigure2.9;

hence, the scheme is economiddll]i [114].
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Figure 2.9: The schematic diagram of optical ARCDM

signal generation
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2.5.3 Mapping Multiplexing Technique (MMT)

Mapping multiplexing technique (MMT) is a combination of coding and multiplexing
where different amplitude levels used for n number of users to convey bits from separate
channels over a single fibre. The MMT use two slots ogtyardless ofhe numier of bits
involved to convey information from different channels over a single fibre. In MMT, each
user conveydata on a single fibre at the same time, wavelength and duty cycle but with
separate amplitude levels and $R8], [115], [116] The symbol pattern employs two slots

only and Rl levels for n numér of users/ channel¥he duration of each slot given as
Y - (2.6)

where”Y is the MMT symbol duration

Multiplexing different usersn MMT usesmapping algorithm built on the possible
combinations of n users. For example, a four channels system will have sixteen possible
symbol combinations. Therefore, each possible combination mapped to form sixteen
distinctive symbols. The multiplex operate based on the mapping algorithm to create
distinctive symbols while at the receiver, therdeltiplexer incorporated with sampling
circuit together with the decision and regeneration ignised to recover the original data
[29], [115], [117] Theblock diagramof an MMT is illustrated in Figur®.10

CH1 ——p N N- —— CH.1
CH2 ——| Channel ’f Optical \\ Channel | —s
o —| wur —p P - MMT —>
e B Channel De- |—™
CHN — apper . Mapper > cuxN
Optical Photo-
Modulator detector
Noise Model=

Shot noise +
Thermal Noise +
Relative Intensity Noise

Figure2.10: Block diagram othen-th channel MMT for IM/DD system.
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Table2-1 Comparative analysis of MM;MIC and4-MM formats with various modulation

techniques
Spectral| Spectral
Modulation | Bitrate TX RX width | Efficiency
format (Gb/s) | complexity | complexity | (GHz) (b/s/Hz) | Referencesg

MM 4 x10 4 MZMs 4 PDs 120 0.3 This work

CM 4 x10 4 MZMs 4 PDs 160 0.25 This work
MMT 4x10 1 MZM 1PD 40 1 [115]

AP-DCDM | 4x 10 1 MZM 1PD 80 0.5 [111]
MM 25 1 MZM 1PD 80 0.31 This work
NRZ 40 1 MZM 1PD 80 0.5 [44]

RZ 40 1 MZM 1PD 160 0.25 [44]
4-PAM 40 1 MZM 1PD 40 1 [115]
AACC 40 1 MZM 1PD 40 1 [118]
4-MC 40 1 MZM 1PD 80 0.5 This work
4-MM 40 1 MZM 1PD 60 0.67 This work

2.6 Pre-amplified Receiver

Figure2.11showsthe model of apre-amplified receiver used in this thesis for sh@amge
and metro networks. It comprisas erbiuradoped fibre amplifier (EDFA)pre-amplifier,
a photodetector and an electrical low pass filter. The power recdivelly the

photodetector produces a photocurrémorresponding to
'O YO (2.7)
where'Y is the responsivity of the photodiode in A/W can be expresdas
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Y — (2.8)

where— represents quantum efficiey, ] is the electron charge in coulomb (C) whii

Is the photon energy in electrevolt (eV) (wWhere™ Qi s t he Pl amwalueds co
6.62607004 x 1 mPkg/sand0r epr esent s p h dheoomndalsrang ofe que nc
values for the responsivity of the photodiodes are between0084A/W[119], [120]
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Figure2.11: Model ofthe preeamplified system.

In the preamplified configuration, amplified spontaneous emission (ASB)jse
components are added to the noise received by the photodetector. Shearaponents
included can be categorised irstignatASE beat noise, ASBSE beat noise, ASEhot

noise and signadhot noiseThe ASEASE beat noise componeistgivenas|73]

. TYD 6 (29
"0"01 - &

where"Ois the amplifier gain;O is the amplifier noise figure, ABe is the optical noise
power densityn watts per hertz (W/Hznd B is the electrical bandwidth of the low pass

filter in Hz. The ASEshot noise is denoted as
) TYRO 6 (2.10)
ThesignalASE beatnoise can be expressed as

) TY'd 06 (2.11)
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While the signakhot noisas
) YD 6 (2.12)
Anothersaurce of noise is the thermal noise that can be expressed as

, e (2.13)

where "Yis the temperature iKelvin, 'Y is the load resistance ohmandv is the
Boltzmann constanvalue 1.38064852 x 18 m?kgs?k!. The transfer function of the

electrical filter can be represented in terms of the noise bandwidth as
6 . sO Q0 (2.14)

where’O "Q is the transfer function of the electrical signal. Thaction of the electrical
filter is to equabe the signal received and reduce the noise inflicted on the received

waveform.

2.7 Linear Impairments in Fibre

The linearimpairmentscharacteristics in fibre discussed under this section are classified
into two namely attenuation and dispersion. The influence of these parameters on the
behaviour and signal propagation in fibre is significameén at low input transmission
power, and their interaction with nonlinear impairments imposahstrainton the

maximumtransmission distance of the system.
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2.7.1 Attenuation

The light signal propagating in optical fibre is influenced by the total integflattions in

the fibre core enclosed by the claddiiipese reflections aggroducedby the variation in

the index of refraction of the core and cladding during fibre detligreby obtaining total
internal reflections. Fibre attenuation constitutes ajom limiting factor in signal
transmission oven long distance. Attenuation reduces the signal power reaching the
receiver. The relationship between attenuation and transmission distancedescridzed

in termsof the signal power launched inside titwd, 0 0hd with lengthd, as[13]

~ ~ ~

GO 0 o0 (2.15)

where is the attenuation constaint Neper/metre andd O represents optical input

power. Attenuation constant can be expressed through the relation
| -0 (2.16)
] is also frequently givenin terms of dB/kmandexpressed as
| -p 1€ R (2.17)

The relationship betweenand| parameters determined from Kg.16) and Eq(2.17)

is
— 1®TO0 (2.18)

Theattenuation parameter depends ondperating wavelengthfehe optical signal.
Figure 2.12 showsa commonmodel of the attenuation versus operating wavelength. The
dotted line reveals old fibres that were manufactinefore the 1980s while ¢hsolid line
shows the new silica fibreft. can be seethat attenuation is usually higher in old fibres
than in the new fibre because of material impurity and waveguide scattering. Attenuation

is majorlytheresult of scattering and absorption in the fibre as enumerated in this section.

-34-



Attenuation (dB/km)

N W A 00 O N @
18t window
2nd window
3d window

—

1

14 1.3 1.5 1.7
Wavelength (um)

1 1 1

(e]®)
V
©)
©

Figure2.12: Attenuation of old (dotted line) and new (solid lir
silica fibres. The shaded regionsndicate the threg

telecommunication wavelength windop1].

2.7.1.1Scattering

An important loss mechanism that asg®m local microscopic fluctuations in density is
scattering. The scattering can be categorised into Rayleigh scattering and Mie scattering.
During fibre manufacturingrocesssilica molecules move at random in the molten state
and then freeze in placBensity fluctuations resulh random fluctuations of the index of
refraction in a scale smaller than the optical wavelength. The ligitesag in such
medium is knowras Rayleigh scattering. Rayleigh scattering is produced by the interaction
of light with density fluctuatios within the fibre andis a significant source of loss in
commercial fibre operating between 700 amd 1600 nm. Rayleigh scatteringsually
happens when the size of the density fluctuation (i.e. defect in fibre) is less thtartbne

of the operating wavelengtfi.he loss due to Rayleigh scattering is proportional to the

fourth power of the wavelength and can be expressed as
0 (2.19)
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Where C is a constai the range 0-D.9 (dB/kmyum* depending on the constituent of
the fibre core. At 1550 nm window, Rayleigh scattering chatad fibre lossHowever, if
the defect size is greater than death of the operating wavelength of light then Mie

scattering occurs. The effects of Mie scattering are insignificant in commercial fibres.

2.7.1.2Absorption

The portion of attenuation, whiclesults from the optical power conversion into other
energy such as heat, is known as absorption. Absomaitnbutes towards loss in optical
fibre andis generally caused by the intrinsic amdrinsic material properties of the fibre.
The intrinsic absorption losses correspond to absorption by the material used to
manufacture fibre while extrinsic absorption correspaiadiossescaused by impurities
within silica. The impurities necessitate an increased absorptieertain wavelength
regions Thevibrational resonance of Glédnsoccursnear 2.73 m with higher harmonics

at 1.39t m and 0.9 m. In optical communication systems, the three wavelength windows
generally utilised ar&50 nm, 1310nm and 1550 nm where attenuation in fibre exhibit

minimum bsses.

2.7.2 Dispersion

Dispersion is the other category of linear impairments that lisiggsal propagation in a
communication linkandit generally referred to as the broadening oftthasmitted signal
in optical fibre.The broadening of the optical signaladvertentlyresultsin an effective
reductionof bandwidth or information carrying capacity of the fibPespersionprimarily
limits the performance of optical fibore communication systems ri¢sponsible for the
spreading of the signhgbulsebeymd its allotted slotandoverlaping to theadjacentpulse

introducing thd Sl effect
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There are three types of dispersion in optical fibore communicat@msmatic

dispersion (CD)modal dispersion (MD)and poarnsation mode dispersion (PMD)

2.7.2.1Chromatic dispersion

Il n todayds optical transmission systems,
is the CD in single mode fibre that leads to reduction in the maximum transmission reach
and produces poor signals qualiys the bitratencreases beyond 10 Gb/s due to systems

upgrade, th€D impact becomes even higher and more pronalince

The fundamental principle oD is the frequency dependence of the index of
refraction of thefibre, which triggers different spetral components to propagate with
different group velocities the fibre.The group velocityp 1 &1 ,wherecighe
speedf light (3 x 1¢ m/s) andd is the frequency that is depentlen the refractive index
of the transmission medium. Thiscurrence iglso referred to as group velocity dispersion
(GVD) and is a function of the wavelengthinitiates different wavelengths or frequencies
to propagate with different velocities resulting the overlapping of different spectral
components of the pulseausingbroadening of such pulsg the outpuandcontributing

thelSI effect as demonsdted in Figure.13
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Figure2.13. Diagram of CD instigates pulses to spread into adjacent bit slots

broadening of pulses because of CD results to optical eye closure.
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The dispersion in fibre can be understood better on the assumption thsitthe
spectral width of a pulse propagating in fibre with lengthAt the output of the fibre,
different spectral components arriving at different times lead to pulse broadewirgan

be expressed §%3]
Y Of Y (2.20)
T QrjQ (2.22)

wheref is the GVD parameter that determines houcma pulse broaden in times as the
pulse propagates along the fibre length whileepresents mode propagation constant
radians per metrelhe optical spectravidth can also be determined using the range of

wavelengthY_ emitted by the optical soce. HenceEq. (220) can be rewritten as
Y'Y OoW_ (2.22)
o — (2.23)

where D ighedispersion parameter irsffkmnm).

The types offibre with positive dispersion (D ®) is referred to as anomalous
dispersion while the one with negative dispersion (D s ®hown asormal dispersion
and this isnormally used for the cancellation of accumulated dispergi@h [122]. The
dispersioreffectsareverysmallin 1300 nm wavelength window blimited by attenuation.
Notwithstanding, there is enormoast t ent i on i n todayods optic
operating at 1550 nm wavelength window becauskelaw losgecordedn this window
and the weldeveloped EDFA technologp3], [71]. Neverthelessin this wavelength

window CD limits communications.

In this researchthe 1550 nm wavelength window is considered for numerical
simulations for both single channel and WDM channels transmisdibesorresponding
fibre dispersion foa Standard Single Mode Fib§8SMH in this window ranges between
15.5to 17.8 ps/(kamm).
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2.7.2.2Modal dispersion(MD)

Modal dispersioroccurs wherthe pulse propagatesith different velocities at different
fibore modescontrbute towardslSl. Modal dispersion is aource of dispersion in
multimode fibre and does notcurin single mode fibreSincethis researchs based on

single moddibre, discussion ofmodal dispersiomill not be addressed

2.7.2.3Polarisation mode dispersiofPMD)

Polarsation mode dispersion (PMD) constituseverdimitation in optical communication
systems de to shortcomings ithe fibre manufacturingorocessPMD is responsible for
reduction in higkr bitrate transmission antbwards pulse broadening. One of the
fundamentatharacteristis of an optical signal is its polastion state. Polasation is the
electricfield orientation of light signal that varieslong the fibre length. In optical fibre
transmission, signal energy at isen wavelength has two orthogonal padation modes.
The two orthogonal polasation modes propagate with different grogdocities, which
resultin pulse broadening due to random imperfections and asymmaloieg the fibre
length. These imperfectionsontribute to the variation in the refractive index of the fibre.
The difference in the refractive index is known as birefringenbe birefringencevaries
randomly along the fibre length. Therefore, pulse broadethiat) occursbecause of
random variabn of the fibre polagation properties is referretd as polargsation mode
dispersion (PMD]13], [44]. Unlike CD (which is a stable phemenon along the length
of fibre), PMD varies radomly alongthe fibre length.PMD is relatively small compared
with CD. However, operating at zedispersion wavelength with narrospectral width
PMD can become dominantcomponenif the total dispersion. PMD restricts the fibre

bandwidth after CD is compensated and there is no simpl®@fayninating it.
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2.8 Nonlinear impairments in fibre

The signal propagation in optical fiore communications above 10 Gb/s bitrates is not only
constrained by the linear impairments in fibre but strongly affected by the fibre
nonlinearity which canundesirablyreduce the system performandderefore, it isalso
crucialto consider the nonlinear interaction between adjacent signal pulses in the presence
of dispersion thais responsible for pulse broadening at higher bitrates. Nonlinear effects
become more seveme WDM networks even at reasonable powers and bitrataubeaaf

intra- and interchannel nonlinearities resiny from adjacentwavelengthq123]i [126].
Nonlinear effects in fibre can be categorised based on their origin. The first catedoey |

to the nonlinear inelastiscattering, whichis stimulated Raman scattering (SRS) and
stimulated Brillouin scattering (SBS). While the secaatlegoryderives from intensity
dependent differences in the refractive index in silica that leads tphsedé modulation
(SPM), crosgphase modulation (XPM) and fowave mixing (FWM). The second

categoryis referred to as Kerr effects.

2.8.1 Self-Phase Modulation

Selfphase modulation is or& the nonlinear constraints initiated by Kerr effects. Kerr
effect happens because of the dependeoiceefractive index on the launched optical
intensityin the fibre It happens in a single chanmelcause ofelfinducednonlineamphase
modulationphenomenonThis phenomemn is known as SePhase Modulation (SPM)
[127], [128] The fundamental source of this effexcurswhen the highinput power
momentarilychanges the refractive index of the optical fitlMenlinear refraction can be

accounted for by adapting the madtive index13]

O S — (2.24)

-40-



where¢ represents the linear rafitive indexg is the nonlinear index coefficient of the
silica fibre which is 2.6 x & m?W, 6 s the effective core area andis the optical

signal poweiin Watt

The refractive index depends aisdlirectly proportional to the djgal signal power.
Due to the intensitgdependent nature of the refractive indéxe propagation constant
likewise becomes intensity dependent.

(A B O 2.25)

wheref ¢“&€ ] 0 _ represents the nonlinearity coefficient which depends on the
effective core area and the signalvelengh _ . Moreover, for SSMF a characteristic value

off is p& @ "Qd& . The nonlinear phase shift causedthy; term is expressed as

B ro 0 (2.26)

where0 represents the effective fibre length is theinput signal power

while| is the fibre los$13].

The variation of nonling phase shift with time withia pulse depends on the input
powerwhichis responsible fooptical phase shift with time. SPM caanstitutes a severe
limiting factor for optical trasmission systems especiallyhen it conmbines with
dispersion thereby leading to additional pulse broadening andorsen the system
performancd64], [126], [129], [130]

2.8.2 Cross-PhaseModulation

Since the refractive index depends on the optical intensity, itraldtsin additional
nonlinear phenomenon referred to as csase modulation (XPMXPM usuallyoccurs
when two or more optical channedse propagatedoncurrentlywithin an optical fibre

using WDM scheme. In WDM systems, the nonlinear phase shift for a particular channel
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hinges on not only the optical power of thelhannebut likewise on the power of the other

channels. Thereforéhe expression of @se shiftfor n-th channebecomeg13]

B 0 0 ¢B O (2.27)

where the sumnangesover the number of channelBhe issue of 2n Eq. (2.2) has its
sourcein the form of the nonlinear susceptibilityvhich shows that XPMs twice as
effectiveas SPM for similanggregatef power. Therefore, thentirephase shifrest on
the power in all the WDM channels and thigl wiffer from bit to bitdependenon the bit
pattern of theadjacentthannelg131].

2.8.3 Four-Wave Mixing

The refractive index idependent on the opticalwer intensityand as welhas its source

in the thirdorder nonlinear susceptibility signified as . The fourwave mixing (FWM)
phenomenon likewise derives from . For instance, if there are three optical signals
havingcarrier frequencigs ,1 ,and propagatingogether within the fibre at the same
time then ... producesthe fourth signal with the carrier frequenty . The fourth
generated signal haselationship with other frequenciestime form of 1 1

1 . In principles, numerous frequencies that correspond to the different combinations of
plus and minus sign are possilie practical situationthe majority of these combinations

do not accumulate due to phase matching prerequisite. For multegthmansmission
systems, the frequency combinasoof the type] 1 1 1 are regularly
troublesome, as they can become approximately phase matched when channel wavelengths
remain close to the zero dispersion wavelengtherefore, when rththen FWM
process is phase matched. Nevertheless, whes smalland channel spacing as well
small, FWM can stilloccurand convey power from each channel toati@centchannels.

This power transfer does not onlgad to the power loss in the channeltdikewise
producesinterchannelcrosstalk, whicheventually worsensthe system performance
rigorously[13], [44], [131], [132]
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2.8.4 Stimulated Brillouin Scattering

Beside the Kerr effectgnother nonlinearitys found on inelastic scattering processere

a photon of the signal propagates améracts with the fibre medium and a new photon
with less energy is generated in the process. At high power levels, the stimulated Brillouin
scattering (SBS) become a sigeéint nonlinear phenomenon which resint optical
amplification in the backward directiofhe SBS can lead to signal distortion if the
launched poweexceedscertain threshold120]. SBS havebeenstudiedin theory and
analysedchumericaly over varioudsibre modeq133]i [135]. The threshold power of SBS

can be expressed Hs3]
0 _— (2.28)

whered  represents the efface area othe fibre, "O is the Brillouin gain coefficient
with value of 5 x 13 m/W, O is the effective fibre lengtand b take avalue between

1 and 2 dependent on the relative palions of the pump and stokes waves. @w¢hod
of alleviating the consequencef SBS is by modulating the laser pump current at a

frequency region in the uppkHz regime[136].

2.8.5 Stimulated Raman Scattering

Stimulated Raman scattering happens in optical fibres due to the scattering of a pump wave

through the silica molecules. In the progessme photons release their eneripereby
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create other photons with reduced energy at lower frequency while the remaining energy is
absorbed via silica molecules. This resalanexcited vibrational state. Unlike SBS, the
vibrational energy levels of silica determine the amount of Raman ahiftsince it does

not involve acoustic wave, SRS is isotropic (i.e. occurs in all direction). In optical fibre,
SRS can happen oththe forward and backward directiofi®0], [123]

Similar to SBS, SRS can cause signal distortion if the launched power exosstisin
threshold. Hence, the threshold power of SRS cappeoximateds[13]

0 — (2.29)
where "O represents the peak value of the Raman gain with the numerical value of 6 x
101 m/W at 1550 nm wavelength. For single channel transmission systems, SRS is not a
limiting factor since channel powers in optical communication systems are naturally less

than 10 mW. Nevertheless, SRS affect the performance of WDM systems significantly.

2.9 Equalisation

The linear and nonlinear distortions limit the system performance in high bitrate
transmissiorsystems. The CIks a significantlinear impairmentwhile the key nonlinear
distortion is due to Kerr effects of the fiboldon-mitigation of these distortions caused
deterioration of signal quality leading to substantial power penalties in the optical links.
Therefore, using equatition technique$elpsto enhance the system tolerance to these
distortions. Hence, equsadition is a modest and effective methodology of mitigating
distortion in optical linksand this can be readid either in the electrical or in the optical
doman [23], [125], [137], [138] Generally, electricalqaliers (EEQS) provide a flexible,
steady and economical solution. Although several EEQs have been commsestciali

especially for direct detection transmission systehere isthe drawback of limited data
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rates due to the restrictions of the optoelechio components and the nonlinear
characteristics of photodiod23], [125], [138]

In the next subsection, the approach of using optical equalisers (OEQs) to
compensate the fibre transmission impairments is presented. This approaclkeffectse

andserves asppropriate solutions in present research on gtaurt and access networks.

2.9.1 Optical Equalisation

The simple and effective method of mitigating distortion is equalisatictharoptical
domain referred to as optical equaliser (OEQ). In direct detection (DD) optical
transmission systemgJectrical equaliser§EQ) achieves moderate performance because
of the loss of phase and polat®n information of the signal hence, linear distortions in
optical domain changed to nonlinear distortionghie electrical domain. To effectively
mitigate signal distdion, opticalequali®rs (OEQs) could be placed directly in the optical
channel without the knowledge of the transmitted bit stream. Additignalptical
equalisation achieves lower noise (because it is placed in the link before the addition of
significant noise fron the receiver) compared to electrical equalisation for links with a
particular type of ofical ISI1[125], [139] henceempoweringoptical equalisd schemes to
function at data rates beyond 100 GHA4QD].

Therefore, in DD systems OEQs have been digea\te not only be more effective
and efficient than EEQdyut also mitigate distortion effectively across all wavelength
channels in WDM system#t the same timeOEQs compensatie effect of amplified
spontaneous emission and ISI beat nfi&a}, [36], [141] [143]. The simple colourless
OEQs that were proposed in 20[139] nevertheless draw substantiakearchattention
since itcan mitigate the ISl in 40 Gb/s NRZ systems because of its ndmaiod optical
filtering, residual dispersion arfeiMD [141]. These devices have alfmund applications
in mitigatingthe signal distortions because of fitiee dispersion andandwidth restrigon
of MZM [140], the DML[22], [36], [142], [144]as well as reflective semiconductor optical
amplifier (RSOA)[143], [145] [147]. Moreover, it is capable of reducinige effects of
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fibre nonlinearitiesfor exampleSPM, XPM and FWM125], [148], [149] Recently, OEQ
development involves monolithic integration through silicoplase and quadrature (1/Q)
modulator placed on the same chip to increase the modulation bandwidth and @éipsove
BER performancgl50]. The most recent research metloodoptical equalisation scheme
is the deploymernadf optimised silicon micreaing resonator (MRR) whicls integrated into
the DML for optimisation of the extinction ratio and prempensation of the dispersion
optically. This integration helpedo achieve an erreree NRZ transmission over 2.5 km
of SSMF at 25 Gb/§151]. It is suggesting that-BAM format would be the nexocus

because it doubdghe link capacity in the system.

The summary othe system demonstrations reported in the literature during the last
seven years indicated in Table 2.1 relationgto the data rate per channel and modulation
formats which use OEQ as a imetl of alleviatingthe dispersionnduced signal
distortions. It is noteworthy that OEQ can be used as-aqualiser (wheplacedafterthe
optical transmitter) or as a pestjualiser (when placed directly in front of the reee) as

illustrated in Figue 2.14
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Figure2.14: The schematic diagram demonstrating the location of the

for the canchlation of the accumulated dispersion.
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Table2-2 The summary of transmission systems using OEQ and DD receivers within the

lastsevenyears.

Bitrat Modulation Modulation References Year of

(Gbls) Technique Optics Publication
10 NRZ RSOA [147] 2013
20 RZ 4PAM RSOA [143], [145] 2016
25 NRZ DML [142] 2016
25 4-PAM DML [142] 2016
25 NRZ VCSEL [14] 2016
25 NRZ DML [22], [151] 2017
25 NRZ MZM [152] 2017
25 NRZ/Duo-binary MZM [153] 2018
28 Duo-binary DML [144] 2015
40 NRZ DML [36], [154] 2014
50 NRz/Duo-binary MZM [153] 2018
56 NRZ MZM [50] 2017

2.10Concluding Remarks

This chapter has covered tbencepts and ufp-date works associated withodulation
optics for the process of converting information signéh@electrical domain ttheoptical

one before transmitting it through fibre medium. The channel characteristics that exist in
IM/DD channds are also discussedlso, the chapter described the generation and
properties of variouadvanced modulation formats that have achieved significant attention
in the present research on IM/DD systems together with multiplexing techniques. The
linear andnonlinear fibre impairmentand their effects on signal qualityave been
explained in this chaptebDiscussion ofbptical equalisation as an effective technique in

alleviatingsignal distortions caused Ififore impairmentsoncludeghis chapter.
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3 Chapter 3. Modified Manchester (MM) M odulation

Format

3.1 Introduction

This chaptereportsa new advanced modulation forneafledModified Manchester (MM)
derived from the combination of Conventional Manchester (CM) and VSB technltues.
explains he generation of MM modulation formahd provides performance assessment
andnumerical validatiorusing OptiSystem 12 and MATLAB. Its comparison with other
fundamental modulations such as NRZ (with the same spectral width), RZ and CM is also
examined Theperformance of MM over WDM systearealso investigated and presented

in this chapter.
The materials presented in this chapter have been published in:

F. 1. Oluwajobj N. DongNhat and A. MalekmohammadiyViodified Manchester
modulation format for higkspeed optical transmission systemET Optoelectronicsyol.
12, no. 4, pp. 20207, 2018.

F. I. Oluwajobi, N. DongNhat and A. Malekmohammadi i Tr ans mi ssi on
Gb/s Modified Manchester modulation over WDM tsys mo , |l nt erlnodt i onal
Electronics, vol106,n0.12, pp.19191937, 2019
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3.2 Simplest andCost-effective Way of Generating Manchester

Signal

In high-speed optical communication systeitiee Manchester code offers robust timing
informationby providing a transition for every bit; it is either a bit 1 or a bit O. Irrespective
of the message sequence, it completely removes the residual DC problem because for every
bit transmitted there isositive and negative polarity. Hence, there are séag@proaches

or methods been adopted in generating Manchester code eitheelactricaldomain or

in the optical domain Among thee techniquesthe most regularly employed is using
electrical exclusive OR (XOR) gate due to itsglicity and low cosf155], [156] Methods

of geneating Manchester code includes theployment of a puspull dualdrive Mach
Zehnder intensity modulator that does not regjany electrical logic ga{é57]; andusing

Kerr shutter that uses nonlinear padation rotation ira highly nonlinear fibrgl55]. Apart

from the complexity of this approach, the sensitivity of the st#tpolarisation (SOP) is

not appropriate for NRZo-Manchester format conversion because of the control of the
SOP d the incoming NRZ signalThe fluctuation of the surroundings also affects this
technique since its resadition depends on a comparatively long fibre length and it is
primarily intended for transmittesind not for the netvork switching functionality The
other methods comprise th#li sation of nonlinearity of micrging resonators (MRRS) for

all optical switchingwhich is implemented using swWXOR gates and a-Bip-flop [80];

and theutilisation of a duaparallelIMZM to realse XOR opeation[85].

Therefore, the simplest way of implementitigg Manchester code is by using an
XOR gate. In this study, the implementation of @ modulation technique is carried out
in the electrical domai by using an XORgate with two inputs (data and clock) which
adjudged to be the simplest methlafdyenerating such a code. The X©d&h beexpressed

as

w 08 0 (3.1)
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where0 is the data input and is the clock input whileb is the electrically generated
Manchester signand$ is the modulesum The dock input signal must be the kiridat
oscillatesbetween a high and a low state. The best clock sigmkfore, is a square wave
with a duty cycle of 50%, which explains why RZ is usedatock input to XOR. In
Manchester coding, the data and clackencoded into one and transmitted serially. The

XOR gate, truth table and wavefoare illustratedn Figure3.1

o g
cLOCK - Signal
(a)

A | B | X Clock ML L
0 0 0 1 0010
0 1 1 Data |
1 0 1 Manchester QJF—‘L—I_JF—L :
1 1 0 -AT'

b

(b) (c)

Figure 3.1: Generation otthe Manchester code. (a) The XOR gate the

generation of Manchester code, (b) Truth table and (c) Waveform.

The data bit in Manchester has at least one minimum level transition at the middle of each
bit period. A transition from negatiM®-positive or lowto-high indicates 1 while positive
to-neaative or highto-low transition indicates OHence, for every bit transmitted in
Manchester there is always a level transition at the middle of the bit period. Mathematically

the Manchester code can be expressed as
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where 0 is amplitude level,"Y is the bit duration or period. With these features of

Manchestercode the voltage level of the transmitted signahnotremain constant for a

long period, which is synonymous to otHere coding schemedgrigure 3.2 showsthe
generated waveform of Manchester, NRZ and RZ signals for comparison.
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Figure 3.2: Signals waveform in the electrical domain comparigah
Waveform of Manchester, (b) NRZ and (c) RZ signals respectfully.

In Figure 32 (a), (b) and(c), all formats have the same ampleushile inFigure 3.3
the power level variation observed in all the formats is due to the intrinsic nature and the
biasing point of each of the modulation schemes consideredn lbe seethat both the

NRZ and RZare susceptible to a long sequence ajfr0ks making the baselineandering,
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which is eliminated in Manchesteihere isno DC component with Manchester aad
receiver can easily detect the beginning neeend of a particular transmitted data without

misrepresentation.
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Figure3.3: Signalwaveform comparisoof a modulated
Manchester, NRZ and RZ signalstire optical domain.

3.3 Vestigial Sideband (VSB) Filtering

Generally, VSBmeansthe elimination of aportion of one of the sideband while still
preserving the déme modulation informationTherefore optical banepass filterthat is
involved in the elimination of apart of a sideband is very significant to the performance
operation of this technique. &his, in VSB filtering optical filter is used taeducethe
spectral width of the modulated Manchester signalwdrds achievingspectral width
reduction and to increase the bandwidth efficiency of VSB filtering, reduction in the
bandwidth of optical filter is very importartiowever,the reductionin the bandwidth of

the VSB filter resulted in signal degradatidinerefore, VSB ftering can be optimised to
reduce signal degradation. The bandwidth of the VSB filter amtbitsningfrequency are
significantparametershat affect system performang87], [90], [158] The filter usd for
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VSB filtering has a narrow bandwidtidue to the confinement of power in the small
spectral widthit poses a hindrance to the detuning frequency of the deatpgency of the
VSB filter. The smaller the detuning frequentye higher theequiredbandwidth of the
VSB filter to accommodatenore high frequency components. Moreover, increasing the
optical bandwidth of VSB filtebeyondoptimal allows noise to pass through the filter
thereby reduce theensitivity of the receiverThus, to implement VSB filtering, the

bandwidth of the optical filter and the detuning of the centre frequency has to be optimised.

Using the VSB filter in the propsed MM modulation formatresults in an
improvement in itsbandvidth efficiency It is a known factthat in VSB filtering the
bandwidth of the optical bargplss filter is linearly related to the centre frequency of the
filter. Therefore, varying one and leaviranotheruntouched will affect the system
performanceconsiderably Since Manchester signal has expansive spectral width, the
primary purpose of VSB filtering anchor on minigation of the spectral width of the
optical signal.Concurrently reducing the power penalty normatipserved due tohe
narrow bandidth of the optical filtef{90], [159]. Hence, the need for optisation of the
bandwidth of the optical banolss filter and its detuning frequeneyhich is crucial and
significant for VSB filtering The effect of VSB filtering on the modulated Manchester
signal isindicated in Figure.4 where it is compared wita modulated Manchester signal

before employing VSB filterdonventional Manchester coding).

x10™*
' ' — WAVEFORM BEFORE VSB
18 j ’7 —WAVEFORM AFTER VSB
16
14
12
=
5 10
3 e
6
4 ‘."‘ \\I ‘."‘ \".‘ / I“". ‘."‘. AN A\ \\‘ \
2 ‘."‘I‘ "‘\ _‘.*" \ \ ‘."‘I I ::;I "".‘ ‘."‘I‘
0 '\._’/;l '_.\Jll _*—:'JI _v‘; ) _[ " | AN ] /'JI -
4.45 4.5 4.55 4.6 4.65 4.7
Time (s) %102
Figure 3.4. Effect of VSB filtering ona modulated
waveform.
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As shown in Figur@.4, the amplitude of thevaveform after VSB filtering is not the
same as the modulated waveform before filtering because sp#utral width reduction
that the signal went through, under VSB filterifidhe reduction in power levedeenin
Figure 3.4affect the receiver sensitivitgndcan be improved apprecialidy using optical
amplifiers e.g. EDRA after the VSB filter to boost the power leyvBence,increase the

transmission distance.

3.4 Modified Manchester (MM) Modulation and Setup at 25
Gb/s bitrate

The CM modulation has a drawback that limits its application in optical communication
systems which is its broad spectral bandwidth. Its bandwidth is double compared to that of
NRZ. This contributes to the degradation of its spectral efficiency and carggqglimit

the transmission distance significantly. Therefore, to improve the spectral efficiency and
subsequently the dispersion tolerance of Manchester signalling in an optical IM/DD
system, the combination of CM modulation and VSB modulation formasspnaposed

and demonstrated to generate a new advanced modulation format in optical domain named
Modified ManchesterThis Modified ManchestefMM) modulation format has a narrow
spectral bandwidth in comparison with CM modulatidhe VSB technique is axcellent
scheme in optical transmission systems to enhance the spectral efficiencies of WDM and
the network reach [81], [85], [89]. VSB filtering removes part of one of the sidebands using
optical banepass filter referred to as VSB filter while still m&ining the full modulation
information as mentioned in chapter 2. Moreover, VSB technigue has been investigated for
NRZ, RZ, CSRZ, and even dubinary formats to determine their suitability for VSB

filtering. However, to date, there were no studiesiedrout for the Manchester format.

This section discusses the research undertaken towards realising a new advanced
modulation technique named MM. MM was proposed and realised for the first time for

high-speed optical transmission systems angatdormance compared with the CM, RZ
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and NRZ modulation formats. The same spectral width comparison was being considered

for al | the formats assessed based on the
width tenabilityo h8g¢ednMamigeesrati encode
[159].

The simulation setup d¥IM modulation format in EDFAree ramsmission system is
shown in Figure8.5. The aggregate bitrate is 25 Gb/s @sduderancm binary sequence
(PRBS)employed hashe sequence letigof 22%-1. Consequently, the Manchester signal
was generated in the electrical domain when the data and clock signxl®Resl. The
electrically generated Manchester signal is used to moduiatedntinuous wave LD
operating at 1553 nm wavelength bgwaldrive MZM. The MZM hasan extinction ratio

of 30 dB biased at its transmission maximum for afiegke ak vol t age swi ng
obtain the optical Manchester signal. The optically generated Manchesteissigumathed

into the SSMF with the launch power of 0 dBm followed by the optical bpads filter

used for VSB filtering. The VSB filter could be either at the transmitter or the receiver side.
Nevertheless, VSB filtering is best performed at the receiver than at the transmitter
especially for single channel systeasthe suppression of the sideband at the transmitter
would quickly rebuild itself upon nonlinearities in the fibre during transmission. The main
aim of VSB filtering in the MMcoding is to reduce the spectral widthtbe optical
Manchester signatesulting in increasd bandwidth efficiency of the proposedM

scheme
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CLOCK Signal
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Figure3.5: Simulation setup othe MM scheme.
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In this new schemethe bandwidth of th&/SB filter was set to 30 GHz at 25 Gb/s
bitrate while the centre frequenaeyas also set t80 GHz which resulted to optimum
performance of the technique. The centre frequency could be detuned either on the lower
sideband or upper sideband of the Manchesteasig histuningisd e n o t e dvhemes N aed
a i s t he ueheyt The disigrialiseegeived by a PIN photodiode detector
through a variable optical attenuator (VOA) that varies the power into the receiver. The
PIN photodiode has 0.8 A/W and 10 nA as the responsivity and dark current, respectively.
The electricaMM signalis passednto a Gaussian electrical low pass filter (LPF) with a

cut-off frequency of 37.5 GHz arttienlaunched inta BER analyser.

3.5 Resultsand Discussion

3.5.1 Spectral Efficiency Comparison

Higher gectral efficiency is essential in fibre optics since increaswgutid helpreducing
the number of wavelengthgespeciallythe single channel higlspeed systems provide a
small footprint and lower power consumptid®0], [161] The spectral efficienco/s/H2

can beexpressed as
YR Q0 ©IQR0O Qe S (3.3)
whereY (represents thepectral width (Hzand® is thechannekapacity in bit/s.

In enhancing the system capacity of an optical communication system, one of the
challenges iso improve or increase the spectral efficiency of such systemnteigsting
to notethat the spectral efficiency of a system depends on the spectral witité lofe
coding scheme used. The compression of the spectral width of any of tueding

schemes will result in bandwidth efficiency of such a scheme. With the optimisation of
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optical bandpass filter that performed the VSB filtering on modulated Nt@ster signal,
the bandwidth of the proposed modulation formsatompressed in comparison with the
CM, RZ and NRZ.

Figure 36 illustratesthe optical specal width of MM, CM, RZ and NRZReduction
in the optical spectral width &M format resits in aconsiderald increase in the spectral
efficiency of thenew scheme by 31.3% which is expected to enhance the dispersion
tolerance of the proposed scheme. This wdélsuitable for theipcoming application of
spectrally efficient wavelength divisiomultiplexing passive optical networks (WBM
PONSs).

Power (dBm)

=60 le ol 1
b 100 GHz W”m
90 .

-100 ¢

1.552 1.5522 1.5524 1.5526  1.5528 1.553
Wavelength (m) %108

Figure3.6: Variance in optical spel width of MM, CM, RZ

and NRZ modulation formats.
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3.5.2 Chromatic DispersionComparison

In order toassess the tolerance of the proposed scheme in the direction of fibre dispersion,
the MM signal was simulated in a dispersive transmission environfiéatmodulation
format with narrow spectral width will always have a better spectral efficiency and
invariably increases it€D tolerance. The followingequationindicates the relatighip
between spectral width ai@D tolerancg19], [102]

(— (3.4)

whereis thespeed of ligh(3 x 10° m/s), 'Y is thebitrate (bit/s), Y"Gis thespectral width
(Hz), O is thedispersion parametéps/nm) 0 is the maximum dispersion lengttkm)
and a-is the signal wavelengthinm). From Eq. (3.4), thespectral width is inversely
proportional tahetransmission distance and dispersion parameébereforethe narrower
the spectral width of a signal the better @i tolerance dsuch signalFigure3.7 shows
the CD tolerance of MM modulation formatin comparison with CM RZ and NRZ

modulation formats.

Log(BER)
~

10 [ 48-CM (iv)

=11

12 : : : : : :
40 60 80 100 120 140 160 180 200

Chromatic Dispersion (ps/nm)

Figure3.7: Chromatic dispersion tolerance of MM, CM, RZ a

NRZ simulated withHaunched power of 0 dBm.
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From HRgure 3.7, it is apparentthat the MM modulation scheme hasuperior
dispersion toleranceompared tahe CM NRZ and RZ modulation formats, whigh
mainly due to thecompression of the spectraidth of the MM signaby the optical band
pass filter.Hence, the VSB filter in thproposed modulation setup enhanced the spectral
efficiency of the scheme and at the same time increased the dispersion deficiency
considerably by reducing its spectral widBiventhis, theCD tolerance of MMat 25 Gb/s
is 140 ps/nm, which is more thanék timeghat of CMof 44 ps/nm and more than twice
that of NRZ of 51.8 ps/nm at the BER of°.0n comparison with RZVIM has31 ps/nm
better dispersion tolerance than REosedispersion tolerancis 109 ps/nm at the same
BER of 10°.

The inse$ of Figure3.7 (i), (i), (iii) and (iv) are the eye diagranisr MM, NRZ, RZ
and CMrespectivelyThe eye diagram for MMhat corresponds to 140 ps/nm dispersion
shows an acceptable eye openiAg attempt to increase the dispersion tolerance of CM,
NRZ and RZ beyond 44 ps/nm, 51.8 ps/nm and 109 ps/nm respectively, resulted in
unacceptable eye openmdrherefore,the eye diagrams of theM, NRZ and RZ are
completely closedor any attempt to increase their dispersion toleramdgle at 140
ps/nm the poposedMM has an acceptable eye opening. It is evident that the proposed
scheme is superior to other formats in terms of robustneSB nd favourable for high

speed optical transmission links.

3.5.3 Receiver SensitivityComparison

The receiver sensitivitys a parameter in opticmlommunicationsystemto specify the
receiver performanceReceiver sensitivitys defined as the minimum average received
optical powerneededby the optical receiver to operate at a BER of.18 receiver is
regardedo be more sensitive if @accomplisheshe same performance with less required

optical power. Figure 38 presentsthe setup for backo-back (B2B) EDFA-free
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transmission performance M modulation format. The launched power is 0 dBm as

mentionedn Sedion 3.5andEDFA is not included in the setup.

LD

MANCHESTER ’5__, e ,g ’75
SIGNAL ~

BER | ~_ *
ANALYZER | -

LPF

Y

OPTICAL
POWER
METER

Figure 3.8: Setup for B2B EDFAfree transmissiof

performance of MM modulation format.

For fair comparison, the carrier signal power raG&PR for all the schemessed
arethe same value. This is achieved bgueing the signal data power | relative tothe
optical carrier powe(0 ) usinga variable electcal attenuator. Sincé "YO YO j O , for
launchedpower of 0 dBm,the CSPRvaluefor all schemesre maintaiedas 1 This is
considered optimum for low launched power and avodahlinearities in the systefh62].
The receiver sensitivity dfiIM schemen B2B is-16.5 dBm, which ishe same value with
NRZ and degraded when compared with the RZ @Gvidnodulation formats aflustrated
in Figure3.9. Therefore, aithe BER of 1§ the receiver sensitivity d¥IM is -16.5dBm
whichis degraded by 0.8B and 3.5B compared witlCM andRZ, respectively
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Figure3.9: The receiver sensitivity grapsf MM, CM, NRZ and RZ
in B2B configuration.

The degradation noticed in the proposed scheme is because of thesaijmimof
optical filter used for VSB filteringGenerally the sensitivity reduces naturally with
reduction in the filted spectral width. It is worth mentioning that improvement of
sensitivity can easilye realised by using optical pramnplifier or avalanche photodiode
(APD).

Extendng the reach of th&#/M modulation format can be effectively realised using
equalsation. The reach of theM is limited by ISI and to compensate for the @Dibre
resultingin ISI in the system, optical equsdr would be employed instead of electrical
equalser. Optical equaber could compensate for CD effectively without detetiogathe
SNR unlike electrical equakr. Therefore, introducing optical equali in the simulation
setup of theMM would reverse the ISI incurred by the signal transmitted thrdhg
channel thereby increasiitg transmissiomeach.Thisaspect of resgch workis presented

in Chapter 6 in this thesis.
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3.6 Performance of theProposedScheme over WDM System

Thedevelopment of high bandwidth applications/servitas propelleg¢hange in the area

of high-speed optical metraccess networks and ¥WDM technologyEfficient utilisation

of optical fibre networlbandwidthcan be reased by using mor&/DM channelsHence
multiplexing is one of the requirements in digital communicationsethable combination

of different wavelengths carrying indepentesignal channels onto the same fibre.
Increasing data transmissiompeaity involvesaddirg more channels in WDM systems and
the transmission of signals through fibre in WDM systems are significantly influenced by
modulation formats due to spectedficiency and fibre characteristig$11], [163} [166].
Several techniques had been suggested in the pastfge#iise enhancement tdie WDM
trarsmission performance, which comprise thpplication of advanced modulation
schemescoding,and categoriesf new fibrein addition tohigherdispersiormanagement.
Among thesenethodstheserviceof advanced modulation formats has been establssied
the mostfavourableas it provides an option and good solution to meet both the cost and
capacity demandd he modelof theadvanced modulation scheme for higfreed WDM
transmission networkshould adoptwith compressed spectrum as thissults in high
spectral efficiency anthereforehigher dispersion tolerang88], [102], [111] Presently,

the bandwidth gain foEDFA determines the maximum number of WDM channel. The
utilisation ofthe gain bandwidth of the EDFéalled for an improvement in the spectral
efficiency. Narrow filtering features and extremely stable optical filters are needed to
realise sucharequirementNarrow filteringintroduces degradation the received signal
however the compressio of the signal spectrum reduttee distortion from the filtering
effect[101], [111], [167]

Therefore, theMM modulation has smaller spectral width due to the use of VSB
filter and VSB techniquandthescheme enhance the spectral efficiencies of WDM systems
in high-speed ofical transmission linkas mentioned earlier in this thesis. Since the MM
signal has a compact spectrum in congmariwith CM, ithas better spectral efficiency,

leadingto anincreasen the capacity of the WDM channedgynificantly.
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The peformance of MMmodulation format over WDM systems are deliberated
and compareavith the CM schemeThe performance was evaluated fot@Gb/s bitrate
per chane| and the influenceof crossalk from neighbouringchannelsas well asthe
robustness t€D wasassessed. The simulation results continat MM codingschemes
superior to CMfor bandwidth efficiencyimproved by 32%pnd CD tolerance which is
improved by +100 ps/nnWith theemployment of10 Gb/s transmitters,@mmunication
link of 160 Gb/s (16 x 10 Gb/syasdemonstratedypengaging MMuponWDM.

3.7 Single Channel 10 Gb/s MM Format

The electrically generated Manchester signal is used to modulate a continuousDwave
with an operaing wavelength ofLl550 nmusing a duatirive MZM with 30 dB as an
extinction ratio The bias voltage of the MZM is at theaximumtransmissiorfor a peak
topeak voltage swing of 2V~ to achiehe the
optically generated Mahester signal bandwidth from MZI compressed using optical
bandpass filter Thereforethe bandwidth of VSB filteis optimised for this new technique

by setting it at 30 GHz and detuning frequency of 25 GHz for the bitratierun
consideration. This setting ensures the scheme performs optifrtadlyptical MMsignal

is transported througthe SSMFusing0 dBmas launched power. The signal is then input

to anoptical preamplifier with gain (G) of 20 di addition tonoise figue (NF)of 6 dB

to amplify the MM signal. From the output of the optical amplifier the signal is conveyed
to a PIN photodiodehaving 0.8 A/W responsivity with10 nA, dark current. The PIN
photodiode transforms optical signal to electrical sighbé receved MM signalis sent to

a Gaussan electricalLPF with a cutoff frequencyof 15 GHz and tan to a BERanalyser.
Figure 3.10 shows the simulation setup for 10 Gb/s MM modulation scheme over a single

wavelength.
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Figure3.10: lllustratesthe simulation setup for 10 Gb/s MM format over

single wavelength channel.

OF mean optical Fibre.

The comparison betweehe optical spectral widt of 10 Gb/s MMas well a<CM
signalsis shown in Figure3.11. As can be seen from FiguBll, the MM technique can
offer 10 GHz reduction in terms of spectral width, which will consequently increase the
spectral efficiency of the proposed scheme by 32% in comparison to the conventional one.
This reduction leads to the enhancement of dispersion tolerance of the proposed scheme in
comparisonagainstthe CM modulation schemeSmaller spectral width and better
dispersion tolerance will cause the MM technique to be a suitable candidatBM

systens.
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Figure3.11: Variation in optical specal width of MM and CM

modulation formats.

3.8 Multichannel MM WDM Transmission

3.8.1 Tolerance toNarrow Optical Filtering

Since the spectral width tie Manchester code is generally broad and to be considered for
WDM systemstherefore pptical filteringinfluenceis very significant to betudied For a
narrowly spaced WDM system, robust optidétering is required MM with narrow
spectral widthcompaed with the CM permits the usage of narrow optical filters for de
multiplexing, andthis gives rooms toincreasahe channel count. Neverthelessploying

an appropriate narrow optical baipéss filter results ifiltering out hugeamount of the
signal sgctrum, whichs responsible for the degradation of the quality of the output signal
of the systenf111], [158], [168], [169]
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Therefore, to investigate the influence of waveform distortion due to the excessive
filtering of the signals, the power penalties #atifferent range of optical filtebandwidth
wereanalysed for BER of I8 As can be seen Figure3.12, MM is more tolerahagainst
narrow optical filtenmng compared to CMThe resultindicates that at dB penalty, optical
filter using40 GHzasbandwidth can bemployed in MMWDM systan. It is worthto
know that theresult is likewise appropriate for the determination oéquirementin
Reconfigurable Optical Add and Drop Multiplexer (ROADM), which carebgloyedin
the WDM system.
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Figure3.12 Tolerance for the narrow optical filtering.

3.8.2 Influence of Coherent Crosstalk in 4 x 10 Gb/s MM WDM

Transmission

The influene of neighbouring channel croalk was assessed 4x 10 Gb/s MMWDM
system by altering the channel spacingd&ierminethe minimum acceptable channel
spacing. Figure.13 shows the typical simulation setup with its optispéctralfor MM

modulation format over WDM system.
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Figure 3.13. (a) 4 x 10 Gb/s MMover WDM transmissiorsetup (b) Optical

In the fourchannel WDM scheme, the measungower penaltiedor the centre
channel igndicated in Figure 3.14he power penalties hinge on the relative pedaion
states between the measuring channehamghbouring channels. Tiefore, whenever the
polarisation states of all channelse thesame it contributes to thevorst power penalty
scenario Whilst, the surpass situatiotakes placevhen theassessinghannes with the
neighbouring channeklreorthogonally polaged For thisno penalties were experienced.
Consequently the coherent beat noise amid the assessing channel as well as the
neighbouring channels is responsible for plosver penaltiesin a situation whemll the
channels have similgrolarisation bearing in mind the standard channel spacing of 100
GHz (0.8nm), theinfluence of coherent beat noisdiminished because ofubstantial

spacingamid the channel under consideration and the neighbouring channels. Thus, no
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penalties were exgrierced for MM and CMbver WDM system. The minimu@cceptable
channel spacingbglow 1 dB) for MM and CM signalswere 40 GHz ah 45 GHz,
respectively at 10 Gb/s. This is a clear indication Mt over WDM schemepermits
compactchannel spacingompared taCM. However, there is no noticeable performance
difference betweerMM and CM when orthogonally polased neighbouring WDM

channel.
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Figure3.14: Calculated power penalties for centre channel iy

neighbouring channel crasdk in four channels WDM.

3.8.3 Dispersion Tolerance

The assessment of dispersion toleraftleMM scheme was simulated in a dispersive
transmission environment. High dispersion tolerare®@ainsa requirement for signals
used in WDM system® ensureeffective utilisation of EDFA bandwidth Even though if
there isadispersion compensatianodule thatompensates for the fibre dispersionréhe

remainsome dispersion in the litkecause othe dspersion slopehencedeteriorateshe
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signalwaveform.Therefore, this section presetite dispersion toleran@®mparisorof 4

x 10 Gb/sMM andCM signds over WDM. Hence the CD tolerance of 4 x 10 GbM&M

WDM and 4 x 10 Gb/€M WDM areillustratedin Figure3.15. As can be seen iRigure

3.15, it is clear that théAM WDM exhibits an improvedD tolerance in both positive

and negativeegimesof +360 ps/nm ane50 ps/nm than théM WDM with +260 pshm
and-180 ps/nm at BER of 10 Thespectrawidth compression of th#IM signal (Figure

3.11) is responsible for this performanc&he robustness t€D of MM signal offers
benefits in WDM systemsand at the same time, there is no necessity for separate dispersion
control for each of th/M WDM chanrel.
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Figure3.15. Chromatic dispersioroterance of 4 x 10 Gb/s MM and CtbWer WDM

transmission.
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39 16 x10 Gb/s MM WDM Transmission

3.9.1 Simulation Setup

Figure 3.16 shows the simulation setup for thM modulation format over WDM
transmission. The simulation was conducted by using the standard channel spacing of 100
GHz (0.8nm) and compared its performance witiGheover WDM transrission.Sixteen

c h a n nid log) wére-multiplexed within 12 nm (1580662 nm) EDFA band. Each

WDM channel employing/M modulation format was modukd bya10 Gb/s PRBS with

the sequence length of%i 1. A link transmissionof ten spansof 22.4 km SSMF
accompaniecby a 3.6 km Dispersion Compensation Fibre (D@Rs realised The
transmission line fo€EM over WDM wasseverspans of 22.4 km SSMF followed by a 3.6

km DCF. The fibre length ratio between the SSMF and DCF were ogado achieve

total seconebrder dispersion touches zefide fibre parameters usked in the simulation

are indicated Table 3.1

Table3-1 Fibre parameters for SSMF and DCF géil in the simulation.

Fibre Parameters SSMF parameters DCF parameters
Dispersion (D) 17 ps/nm/km -100ps/nm/km
Dispersion slope (S) 0.075 ps/nriikm -0.3 ps/nrkm
At tenuation co¢0.2dB/km 0.5 dB/km
Effective area (A 80 2%em 12 2%¢m
Nonlinear index of refraction §n | 2.7 x 10?° m?/W 2.6 x 10°° mA/W
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In order to achievea low noise figure (NF), high power, and gain flattening
characteristics, akDFA for Booster and preamplifier with 20 dB gain and 6 dB noise
figure was used. The totabwerlauncredinto SSMF is 3.8 dBm (0 dBm/channel). Hence,
the dfect of SPMin the transmission link is ignored in as much agheerlaunched into
SSMF and DCF is below the SPM threshold.
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Figure 3.16: (a) Simulation Setup of 160 Gb/s (16 x 10 Gb/s) MMNDM
transmissiona over 224 km SSMF (b) Optical spectrum before transmissio
Optical spectrum after transmission.
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3.9.2 Results and Discussion

Figure 3.16(b) and (c) indicates the optical spectral of 16 channels before and after
transmission. Due to phase mismatch in the highly dispersive emeranthe FWMeffed

could not be noticeflL70]i [172]. The example of the eye diagrams taken before and after
224 km SSMF (10 spans of 22.4 km plus 3.6 km DCF) for (a) single channel system, (b)
channel 1, (c) channel 10 and (d) channel 16 of mobkinnésystem are presented in Fig.
3.17, respectively. The selected channels have tHac@r as 5.81, 5.88, 5.67, and 5.57
respectivelywith correspondingye height as 4.63 x 10 2.21 x 1¢}, 2.04 x 1¢}, and 1.89

x 10%.

(a)

(d)

Figure3.17: Example of Eye diagrams in (e
Single channel transmission and 16 char
WDM after 224 km SSMF (b) channel 1, (
channel 10 and (d) channel.16

Figures3.18 and 3.D indicate the calculated BEBerformances of the remotest and
three randomly selected WDM channels k&1 WDM while for CM WDM is presented
in Figures3.20 and 321. Thee isdegradation observed between the chatinehckto-
back (B2B) and the X6hannel B2B receiver sensitivityhis degradatioiis produced by
the accumulated spontaneous emission light from each LD through the multiplexing
process and by noise figure (NF) degradation in the preamplifier, which usually fluctuates

dependent on the total input power.

-72-



As preseated in Figires3.18 and 3.3, the receiver sensitivititogether withOSNR
for MM WDM werei 22.5 dBm and 15 dB, respectiveWhile for CM WDM in Figures
3.20 and 321, werei 23 dBm and 1&dB, respectively. InMM WDM, the receiver
sensitivity difference beteen the channels at BER ofW@as 1.5 dB and transferring from
single channel to 16 channekisesthe requiredpowerto around 8 dB as presented in
Figure3.22.
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Figure3.18. Preamplified receiver sensitivitiesf 160 Gb/s MMi
WDM over 224 km SSMF.
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Figure 3.22 Preamplified receiver sensitivity versus sigr

wavelength forasingle channel and 16 channels.

The OSNR variation t&veen channels at BER of 4@or MM WDM andCM WDM are

shown in Figure8.23. This indicates that thelM modulation format over WDM is more
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superior to theCM over WDM. From these results, all channels show adequate BER

appearances after transmission.

Moreover, using hybrid compensaticacombination of pre and podDCF instead
of post compensation DCF in the simulation setup the total fibre length increases to 246.4
km and 179 km itMM WDM andCM WDM, respectively.

Nevertheless, to have the channel spacing as nasopossible based @&ection
3.9.2 in ths chapter50 GHz (0.4 nm) channel spacing was used to achieve 320 Gb/s (32
x 10 Gb/s)MM modulation format over WDM for transmission over 143.5 km SSMF
(sevenspans of 20.5 km followed by DCF of 3.4 knihis is not achievable with CM
WDM. In the 32 chanels MM WDM, the receiver sensitivity and OSNR diffece
between channels at BER9®as 0.5 dB and 1 dB, respectivelyhile to migrate from
single channel to 32 channascalateshe neededoower toaboutll dB as indicated in
Figures3.24 and 3.5.
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Figure3.23: Measured OSNR versus signal wavelengthafbthe

16 channels in MM and CM schemes
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3.10Concluding Remarks

Presented in this chaptisranewadvanced modulation formatamelyMM that is derived

from the combination o€M andVSB. The optimisation of the bandwidth of the optical
bandpass filter and the detuning of its centre frequency enhanced the spectral efficiency
of MM considerablyThis significant increase in the MM spectral efficiency subsequently
improved is CD tolerance considerably as recorded in the results presented. Based on
these, the proposed scheme is a promising format fordpigéd optical communication

systems.

Also, the performance of the proposed scheme over WDM system was deliberated
where the compression of its optical spectrum in comparison with CM WDM responsible
for the reduction in the inteshannel coherent crosstalk. The high and symmetrical
dispersion toleance of MM signals is very attractive in higheed WDM transmission
systems. The channel spacing as narrow as 50 GHz (0.4 nm) is achievable for 32 x 10 Gbh/s
MM WDM over 143.5 km SSMF that is not realisable with CW WDM. Tdukievement
is a clear indication that MM format is appropriate and promising for the implementation

in high-speed WDM transmission systems.

Due to the increasingdemand for higher transmission capacity and with the
performance recordeith this work, theMM modulation format servesas motivationto
develop higheorder Manchestebased (2 bits/symbol) modulation format whiclks

presented ilChapter 4
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4 Chapter 4: Higher-order Manchester (2 bits/symbol)

Modulation Format

4.1 Introduction

In this chapter, the metholdgy behind higheprder Manchester (2 bits/symbol)
modulation format®ased on Shannon channel capacity and the channel characteristics are
presented. The chapter deliberated on the system design and model -t&vébur
Manchester Coding (MC) technique and fodlevel Modified Manchester (M)
modulation format.The development ofdata recoveryfor the proposed multilevel
Manchester modulation formats using a technique for BEination that is also known
astheprobability of error (PE) estiationis discussed. Thisstimation was realised based

on a usual approach of estimating the PEWGN channel.
The materials presented in this chapter have been published in:

F. I. Oluwajobi, N. DongNhat and A. Malekmohammadi, No v e | Manches
Based Multilevel Signalling for Higls peed Opti cal Co mdourmaiot at i on
Optical Communications, 2018ttps://doi.org/10.1515/j620180139

F. I. Oluwajobj N. DongNh a t and A. Ma Perfarmemdea mma d |
Evaluation of 4Level Modified Manchester Modulation Format for Hi§lpeed Optical
Transmission Systeras, | ET Co mmu b3ina 1, tpp. 23442351, 2018 .1
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4.2 Methodology behind Multilevel Manchester Modulation

Format

Claude Shannon in his famous paperdittd MathematicalTheory ofCo mmu ni cat i on
set the groundwork for digital communicatifly3]. Thiswork hadpavedthe way for the

enormous advances in communication and information th@bey paper set a constraint

on the best dependable transmission over a noisy channel (corresponding to low bit error
probability). It declared that the transmission of data moisy channetould be realised

with a definite signal power at emndomlylow bit error probabilityon condition thathe

coding rate is nobeyonda particular factor thatis the channel capacity (in bit/sec).
According to Shannon, the channel capa¢itormally referred to as Shannon channel

capacity) is expressed Hs 3]
0 06aeP - oaeEP — (4.2

where § represents the bandwidth of the channel in Pror 0 is the average signal
received power in wattg) is the total received signal to noise power in watts and
corresponding t®@ 0O O, wherel is the onesided power spectral density a0 is

the signal to noise ratio (SNR). The approach of realising this channel capacity has been
left as an open question by Shannon for researthersghoutthe world andover many

years to acquire the practical methods dedign procedure to accomplish this Shannon
limit [174], [175]

In order to proffers solution to this question, three essentialttidesign resources
have beertaken into account by system designers which regalayedata transmission
scheme proposed by Shannon capacity formitha.threetradeoff key factors are power,
bandwidth and complexityn otherwords,the Shannon formula states thatfinedamental
goal indesignng any transmission schenig to attain an impactful tradeff between
design parameters to overcome the challenges and meredhssitief a particular

neededapplication.
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In the Shannon equation, the capacity rectly proportional to the SNREENR and
BER haveaninverse exponential relationshipe. when thee is reduction (enhancement)
in BER the requiredSNR increaseOne methodto increase the capacity was utlise
higher order modulation formatsligher order modulation schespresentscalingof the

system baud rate at a fraction of tb&alledbitrate.

In recent timg, 4-PAM has been developed as a higher order modulation format for
shortrange and metro networks76], [177] 4-PAM offered high spectral efficiency at the
cost of high power penalfjL78]. Therefore, to realisa satisfactoryBER at a fixed baud
ratewould require ehugeSNR. ThishugeSNR prerequisitds responsible for high power
penalty in 4PAM system linksAny solutionsthusto addresshis issue of power penalty

in 4-PAM link would increases the system compleX@g@], [179]

One of the objectives of this research is to propose a novel multilevel modulation
format based othe Manchester code to increase thensmission capacity of an optical
network. In realising this objective, the high power penajfgonymousto 4-PAM is
avoided Moreover,the nature of Manchester code @iyeovision for this in that in every

transmitted symbol there are two slots.

Although, the two slots ithe multilevel Manchester signal pdace an increase
the bandwidtlandit has two key influences on the capacity. Firstly, it increasesxieng
link degrees of freedorbecauséYG 0j O 6, henceat fixed SNR,the dependence is
obvious on restrainingthe power. That is, ah fixed power and by amplifyinghe
bandwidth, theequiredSNR is reduced. Theecond influencés includedin the SNR per
dimension that will besharedamong thedimensionsor degree of freedosnwith the
bandwidth increase. Therefore, multilevel Manchester modulation format cdsée/ed

as a poweefficient alternative to °AM.
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4.3 Channel Characteristics

Since there is an enormous demand for modulation formats wigmsgamplicity and low
cost for shorhaul and metro optical fibre systemi$80]i [182], multilevel Manchester
modulation formats ardepictedas a powekefficient alternative transmission techniques
for noncoherent applications. Even thouglthe proposed modulation formats are
appropriatdor wired and wireless communication links, neverthelessattentionof this
thesis igo present Manchestdrased multilevel modulation formats for IM/DD linKehe
purpose behind selectingthe IM/DD channel wasnotivated by the tradeoff benefit
between cost and power efficientkierebyachievingthe thesis objective in comparison

with coherent systems.

The signal information is transmitted in IM/DD systeimshe form of optical power
intensity signal where the input is a&tectrical signal. The direct detection isdmect
proceduravhereaphotodiodéas responsible for the optelectrical conversion. The IM/DD
channel characteristics have twaportant restraintson all implemented transmission
schemes. No negativemplitude can be employed becausf®rmation is transmitted
throughmodulating the instantaneous optisanal paver [181], [183], [184] Therefore,

multilevel Manchester signal fulfithe nornegativity constraint.

Meanwhile multilevel Manchester modulation formats are deped to copevith
IM/DD for both fibre and wireless optical link®©ne of the modundamentalrestrictions
for IM/DD systems operating in the infrared, ultraviolet, visible light communication
frequency band is eye safety. Henadhering tosafety regulationset by international
regulatory bodieguaranteeahat the emitted radiated powfails within the safe operation
limit [181], [183]i [185]. For 1550 nm wavelength, the maximum allowable power for safe
operation is less than XOW while for 1310 nm wavelengthe maximum allowable power
is less than 8.8 m\j184].

The proposed multilevel Manchester modulation formatganearily concentrating
on optical fibre links whé the deliberation on wireless will be considered for future works

(asmentionedn Section 7.2).
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4.4 SystemM odel of Four-Level Manchester Signal

4.4.1 Transmitter Model

Figure4.1showsthe simulaibn setup oafour-level Manchester transmittefhe proposed
2-bits/symbol Manchestdrased signalling was resdd by combining twounequal
amplitude Manchester signal through electrical combiner leadinga taultilevel
Manchester signal. The mudivel Manchester signal generatddhs a distinctive
nonnegative polity symbol. Now, with this distinguishing idea of generating multilevel
Manchester signal, applying data recovery rules at the receiving entelliwith the
retrievalof the originaldata.The transmitter comprises tvianes with two inputs (data and
clock) each. The first lane contains XOR gate with two inputs and an output to produce one
bit per symbol to form a data stream. While the second lane is the same as the first lane but
with a 6 dB electrical attenuator mdduo divide the amplitude into half of its value to
form the second data stream. Normally, $shraplestway of generating Manchester signal
electrically is by usingKOR gate(as discussed iBection 3.3) and this can be expressed

as
% 1§ " (4.2)

where! and" are input data and clock, respectivélyis the Manchester signal ithe
electrical domain for the first lane. Similarly, the same process isaédbr the second
lane only withtheaddition of 6 dB electrical attenuator to divide the amplitude into half of
its value. The two data streafsnd F are combined vanelectrcal combiner to form a
multilevel Manchester signdkigure 4.2 illustratethe two bitsthat are bound together to
form a symbolandthen mappedo a distinctive voltage level of twéanes Manchester
signalling Therefore, the output is mapped into onéheffour possible levels (00, 01, 10,
11) representing four combinations of the two transmitted data after the combiner as shown
in Table 4.1 The truth table of the multilevel Manchester signdalsulatedn Table 4.2.
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To the optical ch land L
receiver

A

Figure4.1: Schematic diagram @f4-level Manchester Transmitter.

(b)
oo 01 10 11
(a)
Figure4.2: 4-Level Manchester signalling (a)

Mapping symbol and (b) Constellation diagran

Table4-1 Mapping of input binary data to output levels of-edel Manchester signal.

Data stream 1 (E) Data stream 2 (F) Output level (2)
0 0 0
0 1 1
1 0 2
1 1 3

-84-



Table4-2 The truth table of a-4evel Manchester signal.

A B C D Lane 1 (E)| Lane 2 (F) Z
(LEVELS)

Rl R R R P R R R O O o o o o o o
Rl R R R O o o o r| r| Rl R o o o o
Rl Rl o o r| r| O o r| R O o r| R o o
Rl o r| o r| O] r| O] r| O] k| O] r| O r| O
o| ol o] o] r| r| r| R| P| R R| P O o o o
o| r| r| o o] r| r| o o] r| k| o O r| r| o
ol R R O N W w N N W w N ol k| k| o

It can be observed that the multilevel Manchester signal generated has four intensity
levels, which are nonnegative and equidistant, heatisfying o of the major constraist
in IM/DD channel (as stated Bection 4.3) The electrically generatedldvel Manchester
signal is used to modulate the continuous wabewith the wavelength of 1550 nm and
power of 0 dBm by a dltarive MZM. Thedualdrive MZM comprises an input-Yranch
splitter and an output -¥ranch combiner together with two arms with independent drive
electrodes. Assuenat the input/output Yoranches, the splitting rati(SR) remain
indistinguishableThe modulator output cabe described g4.15], [130], [186]
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where Y ¥= P1/P-> denotes Ybranch splitting ratiogy is theabsorptionn dB, iethe
phasedifferencein radians O signify interaction length of the modulator arré, is 0
radians for a convenns ofnarl-shiftropdheEcsastandw a n d
are the voltages applied to arms 1 and 2, respecti@the intensity of the optical signal

and%s the phase.
Fori=1, 2

o O O 00 (4.4)

wherew is the DC bias voltagey is the peako-peak amplitude of # modulating
voltage whileb 60 denotes the modulation waveform in pdakpeak amplitude ofV and

an average value V. The attenuation and phase constants of the modulator depend

the apfied voltage and is themeasurementf the straight section of the waveguide arm. It

is worthto note that duatirive MZM display interesting nonlinear characteristics, where
the absorptionsy ),as wel |l as the phase difference

voltage ashownin Figure4.3.
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Figure4.3: The optimsed dualdrive MZM features in terms
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The setupshownin Fig.4.1 isemployed for the proposed multilevel Manchester
modulation formats namely: fodevel Manchester Coding {(MIC) and fourlevel
Modified Manchester MM) scheme.The variation between the two formats will be

discussedn the next subsection.

4.4.2 System ChanneM odel

The channel and receiver system model M@ and4-MM formats areshownin Figures
4.4 and 4.5espectively Themodulated4-level Manchester signéile. 4MC) is conveyed
through SSMRhat introduced dispersion into the linkhe VOA includedafter the SSMF
measureshe received optical power and optical sigtahoise ratio (OSNRas shown in
Figure4.4. The podion of VOA for the 4MM format isafter the VSB filteras shown in

-87-



Figure 4.5 In the absence of PMDhe effect of CDalone is studied in a dispersive
environment The equivaleniow-passtransfer function of the fibrean therefore be
expressed d49], [115]

D0 Qe 1 0Q (4.5)

wher,é -Df &) (@2 c) and D( @) i s fiboteH1& pst/kny atr a me t
wavel engt h Oasthefibré IBNgtb;,"Qsthe;frequency deviation with respect to

the carrieffrequencycis the speed of light amd is referred to as group velocity dispersion

(GVD). Therefore, the signal distortion induced by CD is mostly instigated by the spectral

components deviation from the carrier frequency.

Optical 4-Level
Manchester
Transmitter

&

SSMF
BER Monitoring |
and Data e - - /@. Y
Recovery Unit |
LPF piN EDFA  VOA

k

Figure4.4: Channéand receiver model for-MC technique.

Optical 4-Level
Manchester
Transmitter A-Level
Modified

Manchester SSMEF

BER Monitoring N | Slgrlal
and Data R le - |‘ { 2 L+ s

R Unit
cevey o PF PIN EDFA  VOA VSB

Y

-

Figure4.5. Channeland receiver model for-MM format.

- 88-



Furthermore, an optical baimhss filter employed for VSB filtering is inserted in
the link immediately after SSMF. The purpose of the VSB filter in this system is for spectral
width reduction of the optical multilevel Manchester signal in order to olAfiM.
Therefore, the needs for optimisation of the bandwidth of the VSB filter and the detuning
of its centre frequency is vital. However, the foremost sources of noise in an optically
amplified system are mostly owing to the influence of the sigpaftaneous beat noise
component, a signal component and spontanspostaneous beat noise component.
Therefore, the power spectral density of the amplified spontaneous emission (ASE) noise,

per polarisation, can be expressed18g, [187]
0 O p e (4.6)

where is"® the photon energy ané represerd the spontaneous emission factor.

Therefore, the variance (power) of the random variables is given as

, 0 0 p W (4.7)

4.4.3 ReceiverM odel

At the receiving end, a simple receiver used for OOK signals can be employed to easily
detect the 4evel Manchester signal without anglteration resuling in complexity
reduction implementatiofil1], [58], [97], [110], [188][191]. Thereforethe amplified

optical signal is received by PIN phadiodedetector. The phothodedetectoris a squae-

law detector that is usuallgmployed in converting light signamto a current signal

‘Q 0 8The PIN photodiodecurrent is directlyproportionalto the optical intensity field
incidenton the PINphotodiode’Q 50 andcanbeexpressedby [19]

N o YL os (4.8)

where'Y is the responsivity of the PIphotodiode in A/W
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Mathematically, the incident powerd o is directly correlated to the intensity
function_ 0 of 'Q 0. This can be expressed[a45], [186]

0O —U0O (4.9

where d represents quantum _e isthadarkcarremtipn f o
nA. While the PIN photodioderegponsivity can also be expressed as

Y — (4.10)
The amount of noise equivalent bandwidth of the electrical filter can be expressed as
0 _ sO QsQQ (4.12)

whereO "Q is the transfer funains of the electrical filtersAt the BER monitoring and

data recovery unit, the received signal is launched into the sampling circuit-l&hel 4
Manchester signal has two slots therefore, there will be two sampling points. All the sample
values are comsjuently passed into the decision and regeneration module so as to compare
agairst three threshold values asiTih, and Th which correspond to six different eye
patterns (two eyes for each level) signifying the bottom, middle and top eye, respectively.
The data recovery rules that help in the detection ofdbgel electrical Manchestsignal

is indicated in Table 4.3

4.5 Bit Error Rate (BER) Estimation

To assess the system performance of multilevel Manchester signal, a technique for BER
calculation that is also known as probability of error (PE) estimation was developed. The
calculation was achieved based on a usual maihesdtimating the PE iIAWGN channel

[192]. Figure4.6 indicates the eye diagram eledel Manchester systems and its Gaussian
probability densities with added Gaussian noise. In the data recovery unit, the detected 4

MC and 4MM signals are passed into the sampling circuit. Therefore, in every symbol
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there are two slots hence, PEs are calculated for each slot. The samples are taken at two
sampling points of Sand S. Then, sampling circuit outputs are fed into the decision and
regeneration unit. In the decision and regeneration unit the sampled vaezdcalated

against three prdefined threshold values, Thrh, and Th and decisions are made based

on the process defined in the Table 4lBis interestingto note that the decision rule for
regeneration involved three threshold levels:(TFir and Ths), as shown irFigure 4.6.

The aggregate BER can then be calculated by taking into account the Probability Density
Functions (PDFs) that agree with the incorrect identificationsMC4and 4MM signas.

From the tablethere ardour levels (Oi 3) that correspond o t he four pair o
6016, 06106 and 06116.

Table4-3 Rules for the recovery of data

Number Rules Decision on Decision on | Levels
Lane 1 (E) Lane 2 (F)
1 IfSi<Thhrand S<Th 0 0 0
2 fThi<S <Thhand Th< S <Th 0 1 1
3 IfTho< S <Theand Th< S < Ths 1 0 2
4 IfS1>Thsand S > Ths 1 1 3

03_s52

Signal

Go_s1 T

Sampling Sampling
point1(S;) point2(s,)

Probability Probability

Figure4.6: Eye diagram and the probabilithensity function (PDF) for-4evel
Manchester system.
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Probability of error P B is specified as follows
PE -00 0O (4.12)

where|fO and|f Far e the probability of error when
Because of the introduction of shot noise with Gaussian random variable statistics at the

receiver by PIN phottiodedetectorthese can now be expressed as
Frp -Qi Qo= (4.13)

Frp -Qi Qo= (4.14)
where Qi "®dhe complementary error function,; i s t he mean value fo
and i1, ismeistandard deviation for both binaryslait sampling decision point.
Meanwhile there is an equally probable ans mi ssi on of A10 and A0
for each symbol level applied. From Ed4.13) and (4.14), the BER or PE can be
determined for each of the eye in the eye diagram of bé#tC4and 4MM signals as

follows
[ pdve. o= 'ak_t,' HVG%LI 415
| 7 vee - — — (4.16)
| Fdvee - — — (4.17)
| Fdvee - —— — (4.18)
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Therefore, the aggregate BER can be considered as

" %2 00Y 60Y

Moreover, the &actor for the eye diagram is also determined as follows

60Y

CA

80y
P
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(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.%5)

(4.26)



(4.27)

C

The aggregaté -factor is given as

1 6 & 6 0 0 0 7T (4.28)

The mean and standard deviation are repre
subscript indicate the respectiveééand slot. It is wolt to notethat optimal BER could

be achieved by optirsing the threshold levels and eye heights. This could besedali

within the dualdrive MZM through adjustment ofyand ..

4.6 Concluding Remarks

In this chaptertheapproactbehind the development of multilevel Manchester modulation
formats have been present&thereforethe developed fodlevel Manchester modulation
formats attain an impactful tragdf between system parameteosfulfil the prerequisite

in realsing highcapacitytransmission formats with reduced power pendltye recovery
rules that govern the reception ofMIC and 4MM formats together with the BER

estimation based on AWGN channel have been presented.

Since the transceiver structure and dateovery of 4MC and 4MM have been
demonstrated as formats with much simplicity therefore, the performance analysis of these
formats in terms of receiver sensitivity, spectral efficiency and CD tolecampared with

other prevailing modulation formatsiihbe comprehensively presentedGhapters.
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5 Chapter 5: Performance Analysis of Higherorder

Manchester M odulation

5.1 Introduction

This chapter presents two types of multilevel intensity signalling thaergredon the
conceptiorof 4-level Manchester transmitter for various optical transport applications such
as interconnects, shemtach and access networks. The performance evaluation of each is
demonstratedpecifically in accordanceith thenumerical validated software OptiSgm
12 and MATLAB. The comparison with other modulation formétsinstanceCM, MM

and 4PAM is likewise examined.

Theresourcepresented in this chapter have been published in:

F. I. Oluwajobi, N. DongN h a t and A. Ma | e kMaochestenma d i ,
Based Multilevel Signalling forHigls peed Optical Communication
Optical Communications, 2018ttps://doi.org/10.1515/j620180139

F. I. Oluwajobi, N. DogNh a 't and A. Ma Perfarmemdea mma d |
Evaluation of 4Level Modified Manchester Modulation Format for Hi§lpeed Optical
Transmission Systeras, | ET Co mmul3,ina 1, tpp. 23442351, 2018 .|
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5.2 PerformanceEvaluation of 4-MC

5.2.1 4-MC Setup

Figure 5.1showsthe simulation setup for-MIC techniqueThe aggregated béte is2 x 20

Gb/s withPRBSof sequence lengt?'®-1. The electrically generatedMC signal is used

to modulate the continuous wal® operating at 1550 nm wavelength by a lddave

MZM. For optimal performance, the splitting ratio ofthe elilal i ve MZM was set
while the modulating voltage (\d and the bias voltages (Vand Vb) of the MZM were

also set as 1V, 2.4 V and 1.2 kespectively. Therefore, the optically generated@

signalis launched into SSMF witthelaunch power of 0 dBm and subsequently amplified

by an optical preamplifier (EDFA) with the flat gain of 20 dB and 6 dB as the noise figure.

BER Monitoring SSMF

and Data
Recovery Unit

Figure5.1: Simulation setugor the 4MC technique

The PIN photodiode with the responsivity and dark current 8f AW and 10 nA,
respectively wasngaged to transform the optical signal to electrical sigiak electrical
4-MC signalis passedahto aGaussiarelectricalLPF with the cutoff frequency of 30 GHz

and thus, the BER performance was calculated using the aaralyserbased upon a
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MATLAB -based programmingiodule as discussed in Section.4t3s worth noting that
the effects of nonlinearities are negligiblethe launch powento the fibreis much below

the nonlinear threshold.

Table5-1 Summary of the design parameters favl€ format

Bitrate 2 x 20 Gb/s
LD Operating Wavelength 1550 nm
PRBS Sequence Length 2101

MZM Splitting Ratio 1
Modulating voltage (Vod) of MZM 1V

Bias Voltages (Y1 and \Wz2) of MZM 24V &1.2V
Flat Gain of EDFA 20 dB
EDFA Noise Figure 6 dB
Responsibility of PIN Photodiode 0.8 AW
Dark Current of PIN Photodiode 10 nA

LPF Cutoff Frequency 30 GHz

5.3 Results and Discussion

5.3.1 Receiver Sensitivity

Figure5.2 depics the BER curves for the sixMIC received eye diagrams (Topl, Top2,
Middlel, Middle2, Bottom1 and Bottom2) with respect to the received optical power of the
signal. It is evident from Figurg.2 that the BER of each eye diagram for slotl is exactly
the sarme as for slot2This is because the mean and the standard deviation for each level of
data received is the same for both slot. Therefore, the slots can be consideredras one
the six eye diagrams could now be treated as three signifying top, middleotmh.b

However, the correspomd) 4-MC eye diagram is shown as insd Figureb.2 atthe BER
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of 10°. The middle eye diagram inMC dominates the total BER in all the cases under
consideration. The calculated BER of top and bottom eye diagrams expdrienad and

1.5 dB penalties with respectttiemiddle eye diagram, respectively. This can be described
by making use of ASEignal beating noise approackhe noise powers accompanying

each symbol can be approximately expressgd3s[188], [193]

, CQOYOL O 1OWLOYL & (5.1)

The average power dévelis designated a8 and n =0, 1, 2, 3. Th@ and® are the
coefficients at the input and output coupling losses of the opticahmppdifier that is
EDFA, respectively. The noise bandwidth of the ASEE beat noise is calculated
through'Q. 'Y is the responsivity of the optical receiwenile "Ois the amplifier gairat the
operating wavelengtlof an optical preamplifier. The 6 is a measure of the noise

equivalent bandwidthof electrical filtering process.

3

> TOP1
> TOP2
O MIDDLE1
O MIDDLE2 |
* BOTTOM1
+ BOTTOM2| |

Log(BER)

12 . , : . . .

30 28 26 24 22 20 18 16 -15
Received Optical Power (dBm)

Figure 5.2. BER curve for the received eyes ofMC in B2B

configuration. Inskis the corresponding eye diagram.
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As it can be seen from Eq. (5.40d because of higher noise power, thiaQor of bottom

eye diagram is lower in comparison with wtiiel and top eye diagrams (Figlgeb) This

leads to higher performance degradation when compared with other two eyes. It is
interestingto notethat thevariation between adjacent signal levels is similar for all the six
eye diagrams. Additionally, allowing the input signal to be a constant power does not affect
the ASEsignal. This is owing to the fact that ASiifgnal beat noise hinge on the spectral
properties of the signal. Because of different disparity of standard deviations and means at
each level at the same receiggatical power as shown in Figuse2, the eye with the least
variations of noise has the best performance and vice versa. It istovowite that for the
minimisation of the performance variation between the different eyes, thelduvaMZM

with optimised bias vahges is used. Therefore, Figure ibdicates 4MC eye diagram €

factor computation before and after MZM optsation at BER of 10°.

(b)

Figure5.3: 4-MC eye diagram actor computation (a) before ai

(b) after optinsation.
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5.3.1.1Receiver Sensitivitand OSNRComparison between-#1C and 4
PAM

In order to compare the proposed technique wHRAM transmission system, the
electrically generated-dry signalwaslaunched to a dualrive MZM. At the receiving

end, the 4ary modulated signal is transformedheoriginal transmitted signal usingrect
detection. The binary bits are therefore recovered by making use of clock and recovery
unit. NeverthelessFigures5.4 and 5.5illustrate the calculated aggregate BER versus
receiver sensitivity and thequiredOSNR performances of-MC in comparisa with 4

PAM format in backto-back configuration. It can be observed that at the same transmission
conditions and capacity of 2 bits per symboM€ indicates 3.5 dB and 4.5 dB better
performance in terms of receiver sensitivity and OSNR respectivelgmparison with 4

PAM. This performancés hinged on the ut#ation ofthe optimised MZM. Besides the
easier clock and level recoveries of the proposed technique, it also showsviiais 4
power efficient alternative to-RAM system for next generaticapplication in metro and

shorthaul networks.

0 4-MC
4f A, < < 4-PAM| -

Log(BER)

=10

11

12 ' ' ' & —
-28 -26 -24 22 20 18 16
Received Optical Power (dBm)
Figure 5.4. The graph of receiver sensitivity ofMC and 4PAM

formats in B2B configuration.
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<] 4-PAM |

Log(BER)

101

117

! 222 2I4 2I6 28 3I0 - 52 3I-4 - 3I6 38
OSNR (dB)
Figure5.5: The graph of OSNR of-MC and 4PAM formats in B2B

configuration.

5.3.1.2Receiver Sensitivitpnd OSNRComparison between-#MC and CM

Figuresb5.6 and 5.depictthe calculated aggregate BER versus receiver sensitivity and the
required OSNR performances oMIC compaed with CMmodulation format in backo-

back configuration. In-MC system, at the BER of £Dthe receiver sensitivity and OSNR
are-22 dBm and 2@B, respectively, while the receiver sensitivity and GSiN the CM
modulation format are25.5 dBm and 25 dB, respectively. The degradation noticed in 4
MC system compared WtCM system is because of an increase in number of levels and

the signadependacy of signal spontaneous beat noise.
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Figure5.6: The graph of receiver sensitivity ofMC and CM modulatior

formats.
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5.3.2 Spectral Efficiency Comparison

The optical spectral witi of 4MC, 4-PAM and CMmodulation formats are depicted in
Figure5.8. The transmission bandwidth @M modulation scheme is double that efi€.
Therefore, the spectral efficiency ofMC is twice that ofCM modulation format at the
same bitate of 40 Gb/s. However, in comparison witi*AM, considering nuito-null
bandwidth, the optical spectral width 4fPAM is 40 GHz hence, has better spectral
efficiency (1 b/s/Hz). This has to be so becaube& is based oNRZ line coding scheme

in which its bandwidth is halved that of Manchester coding scheme. Nevertheless, the
optical spectral widths of-MC andCM are 80GHz and 160 GHz, respectively, which
correspond to the spectral efficiency of @&s/Hz and 0.25 b/s/Hz, respectively. The
reduction in the optical spectral width 6MIC is noteworthy, which results in an improved
CD tolerance and hence, permigi the future applican of spectrally efficient WDM

transport networks.
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Figure 5.8: Optical spectral width of MC in comparison with (a) CM modulatig
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5.3.3 Dispersion ToleranceComparison

Towardassessg thetoleranceof the proposed scheme in the directioffilare dispersion,
the 4MC signal was simulated in a dispersive environment. GenerallZDlwauses pulse
broadermg when operating at higher iaites ovetengthyfibre lengthsthat is identified as

ISI thereby creating degradation in the received signals.

5.3.3.1Dispersion Toleranc&Comparison between-#C and CM

The CD tolerance of the proposedMC scheme compared witbM modulation format is
shownin Figure5.9. Since 4MC system could deliver bandwidth relief, this will enable
the system robustness tlispersiontolerance. Therefore, at the BER of°lGhe CD
tolerance of MC system is 67.5 ps/nm, which is three times th&Mfof 22.4 ps/nm at

the same bitite of 40 Gb/s. The spectral width reduction-®@ systemwhichinvariably
enhanced #tdispersion tolerance makes the proposed technique to be favourable for high

speed optical transmission links.
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Figure 5.9: CD tolerance of MC and CM modulatior|

formats simulated with launchepower of 0 dBm
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5.3.3.2Dispersion Toleranc&Comparison between-#1C and 4PAM

Figure5.10shows theCD tolerance of the proposed technique compared wRAKN at
the same capagiof 2 bits per symbol and bétte. Since the spectral width ofPAM is
narrower than MC system, that is, the optical spectral width é?AM is halved of 4
MC. Therefore, £AM has a bette€D tolerance of 112.5 ps/nm at the BER of°1i
comparison with the proposed scheme. HowewCisystem has easier clock and level

recoveries than-£AM.

Log(BER)
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Figure5.10: CD tolerance of MC and 4PAM simulated

with launchedoower of 0 dBm.
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5.4 PerformanceEvaluation of 4-MM

5.4.1 Simulation Setup of 4MM

Figure5.11depick the setup for the simulation @FMM modulation format The 4-level
Manchester signal generated in electrical domaimutades the continuous wave LD
having 1550 nm wavelength as operating frequency using bddua MZM and its
splitting ratio is 1. For optimal performance vVbnd Vb are -0.9 V and-2.3 V,
respectively, with 0.95 V as modulating voltagengy. Meanwhik, the total bitate of2 x

20 Gb/s alongsid®®RBSwith sequence lengtbf 21°-1 areemployed in the performance
setting. Therefore, the modulatededel Manchester signa launchednto SSMF with O
dBm as the launchower and next to it is the VSB i employed in support of filtering
purpose. The enhancement recorded in bandwidth efficiencyMi4is because of
reduction in the spectral width ofMM signal and this is accomplished with the aid of
VSB filter. Nevertheless, bandwidth of VSB filteraptimised for this new technique by
setting it at 40 GHz and detunifrgquency of 30 GHz for the Ibitte under consideration.
This made the scheme to perform optimally. Therggical preamplifier (EDFA)with a
flat gain of 20 dB and a noise figure ®fdB now amplifies the 4MM signal. The PIN
photodiode takes 0.8 A/W as responsivatyd 10 nA as dark current is employed in
transformingthe optical signal to electrical signal. Therefore, the receiv®tiMi signalis
low-passed by a Gauas electricalLPF having 30 GHz as cuiff frequency and BER
performance was measured by employing error analyser that is built on MATLAB

progranming as deliberated in Section 4.5
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Table5-2 Summary of the design parameters faviil format

Bitrate 2 x 20 Gb/s
LD Operating Wavelength 1550 nm
PRBS Sequence Length 2101

MZM Splitting Ratio 1
Modulatingvoltage (Mnod) of MZM 0.95V
Bias Voltages (V1 and \2) of MZM -09V&-23V
Flat Gain of EDFA 20 dB
EDFA Noise Figure 6 dB
Responsibility of PIN Photodiode 0.8 A/IW
Dark Current of PIN Photodiode 10 nA

LPF Cutoff Frequency 30 GHz
VSB Filter Bandwidth 40 GHz
VSB Filter Detuning Frequency 30 GHz
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5.5 Results and Discussion

5.5.1 Receiver Sensitivity

The BER curves for the sixMIM received eye diagrams (Top1l, Top2, Middlel, Middle2,
Bottom1 and Bottom2) with respect to the received optical pesvdepicted inFigure
5.12 Since the mean and standard deviation of data received for each level méHersa
both slots §1 and S2) hence, is observed that the eye diagrams in both slots are
experiencing the same BER as evidently indicatdeignre5.12 The slotsnow consider

as oneawhile the six eye diagrams can now be treated as three represeptingddle and
bottom eye diagrams. Nevertheless, the correspondifigl£ye diagram is shown as inset
of Figure5.12at BER of 1. In 4-MM, the middle eye diagram dominates the total BER
in all the cases under consideration. The calculated BER @noottom eye diagrams
experience 1 dB and 0.5 dB penalty with respect to middle eye diagram, respettiigely
can as well be described by making use oEARjnal beating noise approach as stated in
Section 5.3.1.
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4r = > TOP2
O MIDDLE1
iy RN O MIDDLE2 |-
RN < BOTTOM1
Py O\ < BOTTOM2| |
& LAY
Q N,
g 8 OB\
9r lj\\ P

27 26 25 24 23 22 21 20 19 18
Received Optical Power (dBm)

Figure5.12 BER curve for the received eyes 4MM in

B2B configuration. Inseis the corresponding eye diagram
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Therefore, it is observed that thef§tor of top eye diagram ofMIM is the lowest
compared with the middle arlbttom eye diagramdThis resultsn higher performance
degradation in comparison with other two eyss stated earliethere isalsosimilarity of
variation between adjacent signal levels for all the six eye diagrams. Furthermore,
permitting the input ginal to be a constant power does not affect the-gi§&al. This is
because AStsignal beat noise hinge on the spectral characteristics of the signal. Due to
different discrepancy of standard deviations and means at each level at the same received
opticalpower as shown ifig.5.12, the eye with the least disparities of noise has the best
performance and vice versa. It is worth to note that in order to nsmitheé performance
variation between the different eyes; the elire MZM with optimsed bias voliges is
employed ThenFigure5.13illustrates the MM eye diagram &actor computation before
and after optimising the MZM at BER of 10

Figure5.13: 4-MM eye diagram €actor computation (a) befor

and (b) after optinsation.
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5.5.1.1Receiver Sensitivitpnd OSNRComparison of 4AMM and 4-PAM

Figures5.14 and 5.1%howthe calculated aggregate BER (based on BER estimation
earlier discussedSection 4.5 versus receiver sensitivity and the requis®SNR
performances for-MM in the backto-back configuration comparexbainst4-PAM. It is

quite cleared that at the same transmission environments and capacity of 2 bits per symbol,
the receiver sensitivity @OSNR of 4MM at the BER of 16 are-21.5 dBm an®9.5 dB,
respectively in comparison withRBAM. Therefore, 4VIM has better performance in terms

of both receiver sensitivity and OSNe&mparedio 4PAM in backto-back scenario.
Moreover, apart from its (4M) easier clock and level recoveries, it shows that the
proposed technique is a power efficiesunfstituteto 4PAM system for next generation

application in metro and shentul links.
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Figure5.14: The graph of receiver sensitivity oMM and 4PAM formats

in B2B configuration.
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Figure5.15: The graph of OSNR of-#1M and 4PAM formats inB2B

configuration

5.5.1.2Receiver Sensitivitand OSNRComparison of 4AMM, CM and
MM

Figures5.16 and 5.17 indicatihe backto-back preamplified receiver sensitivity and the
required OSNR for 40 Gb/ssMIM format This is in comparison with 40 Gb&M and

MM modulation formats. IMM format,the same VSB filter was used as #vdM hence,

the same parameter optsaiion. In 4MM format, at the BER of 18, the receiver
sensitivity and OSNR are21.5 dBm and29.5 dB, respectively. While the receiver
sensitivity ofCM andMM are-25.5 dBmand-23.5 dBm, respectively, and their respective
OSNR are 25 dB and 27 dB. As it was expected the receiver sensitivity and OSNR of 4
MM aredegraded compared witbM andMM modulation formats sincéhe number of
levelsincreases at the same tirtte signal dependence of sigisplontaneous beat noise

also increases
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5.5.2 Spectral Efficiency Comparison

Figure5.18a)-(b) indicates the optical spectral width oMM, MM andCM modulation
formats. The transmission bandwidth oM is exactly halved ofMM modulation
scheme while the optical spectral width@¥ is more than double that ofMM. The
optimisation of optical bangass filter usedor VSB filtering in the4-MM and MM
formatsresulted into bandwidth reduction and subsequently increases their dispersion
tolerance in comparison wit@M format This reduction results in considerably increase

in the spectral efficiency of-BMM by 66.7%at the bitrate of 40 Gbishich is expected to
enhance the dispersion tolerance. Therefore, the optical spectrabiddtiiM, MM and

CM formats are 6@Hz, 120GHz and 160 GHz corresponding to the spectral efficiency

of 0.67b/s/Hz 0.33b/s/Hzand 0.25 b/s/Hz. Meanwhilgjgure5.18c) depicts the spectral
width of 4MM in comparison with 42AM. Moreover, considering nulb-null bandwidth,

the optical spectral width ofRAM is 40 GHz hence, can offer a better spectral efficiency
(1 b/s/Hz). This can be explained aPAM is based on NRZ line coding scheme in which

its bandwidth is halved that of Manchester coding scheme. The amount of saving in the
optical spectral width of MM is noteworthy which results in bett€&D tolerance and

permitting the future applation of spectrdy efficient WDM transport networks.

Table5-3 Summary of Spectral Efficiency comparison atGl@'s bitrate.

Modulation Format| Spectral Width | Spectral Efficiency % Spectral
(GH2) (b/s/Hz) Efficiency
4-MM 60 0.67 66.7
CM 160 0.25 25
MM 120 0.33 33
4-PAM 40 1 100
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Figure5.18. Variance in optical spectral width of (&MM and CM, (b) 4MM and
MM and (c) 4MM and 4PAM modulation formats.
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5.5.3 DispersionTolerance

In order to assess the tolerance of the proposed scheme in the direction of fibre dispersion,
the simulation analysis ofMIM was carried out after fluctuating the dispersion parameter

in a positive domain at 40 Gb/s. Normalyhenoperatingat higher bitates ovelong

lengths of fibre, th€D causes broadening of a single transmitted pulse that is identified as

ISI which responsible for degradation in the received sig(adsdiscussed isection
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2.7.2.1).1t is worth to note that spectral @th is inversely proportional to transmission
distance and dispersion paramégaillustratedin Eq.(3.4)). This shows that the narrower

the spectral width of a signal the better @2 tolerance of such signal.

5.5.3.1Dispersion Toleranc&Comparison of 4MM, CM and MM Formats

Figure5.19showsCD tolerance of the proposedMM scheme compared withlM and
CM modulation formats. Th€D tolerance of 4MM is 95 ps/nm which is more than twice
that ofMM of 40 ps/nmwhereasCM modulation has thevorst dispersion tolerance of 22.4
ps/nm at the BER of 10 It is evident thathe proposed scheme is robust @ and

favourable for higkspeed optical transmission links.
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Figure5.19: CD tolerance of MM, MM and CM modulation formats
simulated with launchepower of 0 dBm.
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5.5.3.2Dispersion Tolerance of MM and 4-PAM

TheCD tolerance of MM scheme in comparison witRBAM at the same system capacity

of 2 bits per symbol and at 40 Glbrate is depicted ifrig. 5.20 As mentioned before

the narrower the spectral width of a signal the betterGbetolerance of suclsignal
Therefore since 4PAM is known as a bandwidth efficient scheme because of its narrow
spectral width it can offebetter dispersion tolerance (112.5 ps/nm) at the BER 8f 10
compared with /MM scheme. Nevertheless;MM scheme has easier clock and level
recoveries than-£AM, which make it mae suitable for access and shbaul optical

communication systems.
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Figure 5.20: CD tolerance of MM, and 4PAM formatssimulated

with launchedoower of 0 dBm.
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5.6 Performance Comparison between 4MM and 4-MC

systems

Figures5.21 and 5.238lustratethe backto-back preamplified receiver sensitivity and the
requirel OSNR performances for-MM and 4MC systems at 40 Gb/#As discussed
earlier, the duatirive MZM used for both MM and 4MC were optimised. Therefore,
from Fig.5.21 the receiver sensity of 4-MC at the BER of 18 is -22 dBm that isit has
0.5 dBbettersensitivitythan4-MM. While the OSNR of 4MC is 29 dB compared with
that of 4MM of 29.5 dB as indicated in Figurg.22.
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Figure 5.21: The graph of receiver sensitivity ofMM and 4MC

modulation schemes in B2B scenario.
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Figure5.22. The graph of OSNR of-MM and 4MC formats in B2B
scenario.

Neverthelessthe performance of MM and 4MC after various transission
distances at 40 Gb/s tate is displayed in Figurg.23. The4-MM is more robust to CD
tolerance than-4MC dueto its narrower spectral widtfihe receiver sensitivity of-MM
at 10° BER over 4 kmibre link is-19 dBm which is ~2.5 dB power penalty comparing
with B2B scenario. While for4MC, it has-18 dBm as receiver sensitivity over 2 km which
suffered ~4 dB as power penalty compared to B2B. However, increadih@ Hnk
distance to 4 km sufferegktremely high power penalty whileMM link distance could

be extended to 5.5 km with moderate powenalty as indicated in Figube23.
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Figure5.23: BER versus receivkoptical power for 4AMM and 4MC

overB2B andvarious transmission links.

Moreover,Table5.1 summarses the performance comparison of the psmal scheme at

an aggregate bviite of 40 Gb/s with other modulation techniques.

Table5-4 Summaryof comparison for aggregate faite of 40 Gb/s at BER of £0

Modulation | Bandwidth Spectral | Dispersion Receiver OSNR
format (GH2) Efficiency | Tolerance Sensitivity (dB)
(b/s/Hz) (ps/nm) (dBm)
4-MM 60 0.67 95 -21.5 29.5
4-MC 80 0.5 67.5 -22 29
4-PAM 40 1 112.5 -18.5 335
MM 120 0.33 40 -23.5 27
CM 160 0.25 22.4 -25.5 25
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5.7 Performance comparison of 4MM, 4-MC and 4-PAM in
Optical Networks

In order to examine the performasad 4-MM and 4MC at a bitrate higher than 40 Gb/s
anothersets ofsimulatiors were carried out atl0O0 Gb/s to determinéheir receiver
sensitivity and OSNR and compared withPAM as illustrated in Figres5.24 and 5.25
The receiver sensitivitpf 4-MM and 4MC at 10° BER are-17 dBm and-17.5 dBm
respectively, compad to 4PAM with receiver sensitivity 0f14.5 dBm While 4MM and
4-MC have their OSNR to be 3#B and 335 dB, respectively, copared to 4°PAM with
OSNR of 36.5dB. This shows that-4#MM and 4MC havel.5 dB and3 dB respectively,
better performance in bio receiver sensitivity and OSNR in comparison witRAM at
the BER of 16.
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Figure5.24: The graplof receiver sensitivity of-MM, 4-MC and 4PAM
at 100 Gb/s in B2B scenario
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In the overall, the results in this work indicate that the performance of multilevel
Manchester modulation formatsfC and 4MM) outperform 4PAM in terms of receiver
sensitivity and the needed OSNR. Therefore, the proposed technigMés §ad 4MM)

are power efficient alternatives teRPAM for high-speed optical access, metro and short

reach networks.

5.8 Concluding Remarks

Presented in this chapter is the performance analysis of the proposed-dndgrer

Manchester (4MC and 4MM) modulation formats for higispeed optical links. Firstly,
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the resultshowthat 4MC and 4MM havea clear advantagever CM and MM in terms

of spectral efficiency and dispersion tolerance.

Secondly,the performance of the proposed schemes in comparison viRthM}
whose characteristics are analogous M@ and 4MM that is, having thesame
transmission conditions and capacity of 2 bits per synaisoivell as direetletection
receiver. The results indicate that the proposed schemes at 40 Gb/s and 100 Gb/s have a
better receiver sensitivity compareal4-PAM. This indicats that 4-MC and4-MM are

power efficient substitutes taEBAM for high-speed optical links.

Lastly, from the results presented in this chapter it shows thM4compete
favourably with 4PAM in terms of dispersion tolerance despite its broad spectral width

when @mparedagainsé4-PAM.
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6 Chapter 6: Mitigation of Signal Distortion in MM

and Multilevel Manchester Systens

6.1 Introduction

In this chapter, the overall performance improvement of the proposed formatsptad
equaliser as an alternativechnique for compensating the fibre dispersion that produces
signal distortion is presented and discusSdw irtegration of OEQwith the proposed
formats in order to extend their transmission reach is comprehensively repeibgd
numerical simulationsThe first part of this chapter presents a simple optical access
network without having optical amplifiers, EEQ aD&F is considered for MM format at

10 Gb/s and 25 Gb/s. While presented in the second part is the integrativtvband 4

MC with OEQ for shortreach optical networks at 20 Gb/s and 40 Ghfse main
motivation is to increase the transmission reach of the proposed formats without adding
any devices at both transmitter and receiver for dispersion compen3dgoinansmission
reach and BERf the proposed modulation formats are actually enhanced usingaficst
secondorder OEQs for dispersiocompensatiorfor the first time in posequalisation

configurations.

6.2 Performance Settings and Simulation Setup of MM with
OEQs

Figure 6.1 showsthe simulation setup for thelM modulation format in a simplified
optical access networkhe birate is 10 GlgandPRBSemployed hathesequencéength
of 217 1. Therefore the generated Manchester signal modulates the opticaécavave
from thecontinuous wavé.D, which operates at 1550 rusinga LINbO3 MZM with an

extinction ratio of 30 dB biased at i ts
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set at 4 V. The MZM output power is 0 dBm. The optical Manchester signal was then
launched it SSMFhaving a dispersion parameter of 17 ps/nm/km and an attenuation of
0.2 dB/km. This followed by secoratder Bessel bandass filter employed for VSB
filtering to generate optical MM. The optimisation of VSB filter bandwidth was set to 40
GHz while te centre frequency detuned by 30 GHz for all the bitrates under consideration.

The signal was then fed into OEQ.
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Figure6.1: Simulationsetup of 10 Gb/s MM with OEQ.

Figure6.2(a) illustrates the firsorder OEQ apostequaliser whereas Figuge2(b)
illustrates secondrder postequaliser.The firstorder OEQ is a twaap feedforward
linear equaliser while the secondder OEQ (i.e., a cascade of two fistler OEQS) is a
threetap feedforward equalisef147], [194] Therefore, the OEQs ithis setup have
optical pah delay of onehird of the bitate with @ phaseshifters and 0.8 coupling
coefficients. A PIN photodiode detector with responsivity and dark current of 0.8 A/W and
10 nA respectively, received the signal throughGA. This issubsequently followed by
a fourthorder Gaussian electricaPF with the cutoff frequency of 15 GHz at 10 Gb/s

bitrate.Consequentlythe filtered output signal was launchiatb aBER analyser.
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Figure 6.2: SSMF links with (a) firsorder postequalisation and (b

secondorderpostequalisation.

6.3 Performance Analysis of 10 Gb/s MM with OEQs

The performance d¥flM was evaluated in terms of BER, power penalty, eye diagrams and

CD tolerance.

Firstly, the MM performance without OEQwas examinedFigure 6.3 showsthe
BER for B2B configurations and various transmission distances. Therefore, the receiver
sensitivity at 18 BER for the B2B scenario i49.3 dBm while the receiver sensitivities
over 10 km, 15 km and 20 kBEMF are-19.8 dBm-18.5 dBm and16 dBm respectively.
This resultan 0.5dB, 0.8dB and 3.3 dB power penalties respectively, compared to B2B.
The MM performance over 20 kBSMF found to degrade by 3.3 dB and the degradation

can be attributed to the ovanras taoletiewedin t

Figure6.5.

However Figure6.4illustrates the BER performance thefirst- and seconarder

OEQs configurations over various transmission distances. Moreover, making use of OEQs
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generally enhanced the performancehaf transmission link considerably in comparison
with the resultshownin Figure6.3. From the simulation results, it shows ttied second
order OEQ is more effective for alleviating dispersioduced ISI and waveform
degradations compared to fistder OEQ. With the first-order OEQ for instance, the
maximum reach is 25 km with 2.3 dB power penalty at BER as indicated ifrigure
6.4(39. Meanwhile, the secondrder OEQ performance increases the link distance
considerably with the maximum reach of 40 km with only 0.5pdB/er penalty. At the
same transmission distance withe first-order OEQ, the MM performance witthe
secondorder OEQ imearly the same with the B2B performance al B&ER over 20 km
with only 0.2 dB observed as power penalty. Therefore, inference can be draviiguren
6.4(b) that seconabrder OEQ not only compensates for the outstanding dispersion from
first-order OEQas indicated irFigure 6.5(a)over the same distance but also extends the

MM transmission distance from Z%nto 40 km.
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Figure6.3: The graph of MM at 10 Gb/s without OEQ o\
B2B and variousransmission distances.
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Figure6.4: The graph of MM at 10 Gb/s with (a) firstder and (b) secororder

OEQ over B2B and various link distances.

Figure6.5indicates the equivalent egeagrams of MM in B2B and at various fibre
lengths, which represestlispersioninduced ISI. The shot noise and thermal noise in the
receiver responsible for the presence of noise in the eye diagram. As the transmission
distance increases, the overshoataticed significantly on the mark level that leads to the
closure and distortion of the eye diagram, which in the overall indicates the consequence
of CD. The severe influence of ISI responsible for the 3.3 dB degradation noticed over 20

km SSMF.

Figure6.6 illustratesthe corresponding eye diagrams of MM with firahd seconarder
OEQs. InFigure6.6(a) the mark and space levels of the eye diagrams witkofider OEQ

were affected by distortion, which resultedother smaller openings in the eyagtiam

and make it less effective for MM format. At the same transmission link of 20 km, the
secondorder OEQ has a better and clear eye opening with almodistortion on both the
mark and spacas demonstrated Figure6.6(b) Thisapparentlyndicateshat the second

order OEQ mitigate the dispersion successfully over 30 km fibre link and even up to 40

km. However, it is observed at 40 km link distance that one of eyes almost closed
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completely while second one is clearly opened. The closure of ohe eyé&s only results
to 0.5 dB power penalty. This is because with Manchester eye diagram any of the slots can

sufficiently give the correct BER.

Figure6.5: MM eye diagrams at TOBER without OEQ over B2B an

various transmission distances.

1* order
OEQ

2™ order &

OEQ

(b)

Figure6.6: MM received eye diagrams at 41@8ER for 10 Gb/s with
(a) firstorder and (b) secordrder OEQ.

TheCDtolerance of MM with and without OEQs is demonstrateeigure6.7. From
the results, it shows that MM at 10 Gb/s with seecorder OEQ ha€D tolerance of 790
ps/nm at 18 BER. This is more than twice the dispersion tolerance of MM without OEQ

which is371.3 ps/nntonversely almost twice that of MM with firsbrder OEQ of 440
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ps/nm at BER of 18. The eye diagrams that corresponds to each dispersion tolerance of
MM without OEQ, withthefirst-order and secordrder OEQs at BER of Tare dsplayed

in the insets of Figuré.7 (i)-(iii), respectively. Nonetheless, it is evident that OEQs
improved the dispersion tolerance of MM appreciably especially the secdad OEQ.

This indicates that OEQs compensate successfully the signal waveform distortion and

increases the transmission reach of MM format.
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Figure6.7: MM dispersion tolerance without and with firstder and secoRd
order OEQXor 10 Gb/s andi)-(iii) are the eye diagrams that corresponds to ¢
dispersion tolerance of MM without OEQ, with fistder and secordrder
OEQs at 1§ BER, respectively.

Observing the optical spectral comparison of MM with and without- fiasid
secondorder OEQs as indicated Figure 6.8, revealed that the optical spectral width of
MM was further compressed by the OEQs. For instance, looking at the spectral width of

MM with seconedorder OEQ, the lower side lobe was compressed to the same level with
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MM without OEQ on the upper side lobe. While the fmstler OEQ has little effect on the
lower side lobe and there is a sharp ridge at the upper side lobe which makesativrgeff
for dispersion compesation especially when the taite increases beyond 10 Gb/s. It could
be inferred that secormatder OEQ is effective for compensation of signal waveform
distortion in MM due taCD. Thereforeresultedin a significantenhancemat of theCD

tolerance of the format and invariably increases its transmission distance significantly.
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Figure6.8: MM optical spectral width with and without firstrder
and seconarder OEQs.

6.4 Performance Analysis of 25 Gb/s MM with OEQs

As the symbol rate increases so also the bandwidth of the optical signal hence, signal
distortionworsenbecause o€D thereby imposed limitation to the transmission distance
[140]. Theperformance analysa 25 Gb/s MM with and without OEQs for optical access

networks is presented in this section. The performance of MM without OEQ in B2B and
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for variousfibre distances at 25 Gb/s is depicted Figure 6.9. The received power
increases by 2B at the BER o10° from the results of 10 Gb/s as indicatedrigure6.3
Therefore, at 25 Gb/s the power penalty increases relentlessly with distance. The receiver
sensitivity at 1§ BER over 4 knfibre link is -14 dBm, which $ 3.3 dB power penalty
comparedvith B2B scenario.

Moreover, the 25 Gbf&IM scheme BER performance featuring the fosier and second

order OEQ arrangements is illustratedrigure6.10 It is observed from the results that
the MM with firstorder OEQ performed poorly even worse than the Mithout OEQ.

For instance, the received power at the BER of dGer 4 km (maximum transmission
distance) is12.5 dBm comparing with MM without OEQ at the same link distance suffered
only a power penalty of 1.5 dB as showrFigure6.10(a). This showsat as the biate
increases to 25 Gb/s and above the-tirster OEQ no longer able to compensate for signal
distortion in MM due toCD. Nevertheless, MM with secoratder OEQ is more
appropriate in compensating for dispersion tolerance effectively anebghincreases the
transmission distance as indicatedrigure6.10(b) This also could be explained in the
graph of BER versuSD tolerance irFigure6.11 While the eye diagrams that corresponds

to each dispersion tolerance of MM without OEQ, withtfoeder and secondrder OEQs

at BER of 1¢ are displayed in the insets Bigure6.11 (i)-(iii), respectively. With first

order OEQ,evenat FIBER, there is a pronounce oversh
levels this resultedn the degradation of & waveform and thereby affect dispersion
tolerance. Hence, reason for its worst performance. Whereas the MM without and with
secondorder OEQ have a better and acceptableagpgning. Therefore, secomder OEQ

is an effective means of extending the traission distance of MM for optical access

network.
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OEQ over B2B and various link distances.
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Figure 6.11: MM dispersion tolerance withowtnd with firstorder and
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and secondrder OEQs at 1DBER, respectively.

6.5 Performance Setting and Setup of 4-MM and 4-MC with
OEQs

Figure 6.12 demonstrates the simulation setup feMM system with OEQ at 20 Gb/s
bitrate.The generated-level Manchester signal modulates the continuous wave LD having
1550 nm wavelength using a dwhlve MZM. The dualdrive MZM has its modulating
and bias voltages optisad, and it has a splitting ratio of 1. The total bitrate of 20 Gb/s (2
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x 10 Gb/s) ad PRBS with sequence length ¢f-2 are used in the performance setting.
Therefore, the modulatedldvel Manchester signal is launched into a SSMF having 17
ps/nm and 0.2 dB/km as dispersion and attenuation parameters respectively, with 0 dBm as
launchel power. Next to it is the VSB filter with its parameters opadi for the bitrate

under consideration, bandwidth is set at 40 GHz and detuning frequency of 30 GHz. This
setting enhanced bandwidth efficiency of the generatigdMsignal due to a reduction in

its spectral width.
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Figure6.12: Simulation setupf 4-MM at 2 x 10 Gb/s with OEQ.

Therefore, the OEQs in the described setup have optical path delay-thirdnef
the bitrate with & phase shifters and 0.2 coupling coefficients. Furthermore, &4
signal is amplified usingraEDFA having a flat gain of 20 dB and a noise figure of 6 dB.
The PIN photodiode takes 0.8 A/W as responsivity with 10 nA as the dark current is
engaged in tmsforming an optical signal to an electrical signal. The receiMdiidsignal
is filtered using a Gauss electrical LPFaving 15 GHz as its cutff frequency. The BER
performance was measured by employing error analyser that is built on MATLAB
programming. For the MC scheme, the modulating and bias voltages in the dhiad
MZM are also optinged with all other system parameters kept the same except there is no
VSB filter in the 4MC link.
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6.6 Performance Evaluation of 2 x 10 Gb/s 4MM and 4-MC
with OEQs

The performance evaluation in terms of BER, power penalty, eye diagram€xnd
tolerance are carried out forMM and 4MC for various link distances. TheMM at 20

Gb/s (2 x 10 Gb/s) without OEQs was investigatest find compared with-MIC. Figure
6.13depcts the BER for a B2Bcenario and different transmission distances. Therefore,
the receiver sensitivity of-MM in B2B configuration is-23 dBm at 1§ BER, which is

the same as that ofMC. Moreover, the MM system has the same receiver sensitivity of
-21 dBm over 10 km and 15 km SSMF that resint® dB power penalty in comparison
with B2B scenario while the-MIC system also has the same receivasg®ity and power
penalty over 10 km fibre length. HowevesM performance becomes wondeecause of

CD and fibre nonlinearity over 15 km fibre length with the power penalty of 9 dB compared
to B2B while nearly the same power penalty (8 dB) degradatms also observed for 4

MM over 18 km fibre length. This poor transmission performance is because of dispersion
induced I1SlandASE noise.

Moreover, Figures.14 demonstrates the BER performance for fiestd second
order OEQs configuratiorsser various transmission distances. It is worth mentioning that
making use of OEQs generally enhanced the performance of the transmission link
considerably in comparisowith the results shown in Figueel3 Therefore, the simulation
results revealed than the overall, secondrder OEQ is more efficient and effective for
alleviating dispersioiinduced ISI and waveform degradations in comparison with- first
order OEQ for both formats. Nevertheles$/M with first-order OEQ generally has worse
performanceand it has the maximum reach of 17 km with 9 dB power penalty’s3ER
while with 4MC, the firstorder OEQ improved its BER at maximum transmission reach
of 15 km with 4 dB power penalty observed. The result shows that with therfiest
OEQ, 4MC performance is enhanced by 5 dB at the BER of 40the maximum

transmssion reach as indicated in Figuéel4(a) Meanwhile, the secororder OEQ
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performance increases the link distance 1@ and 4MM considerably. For instance,
with seconeorder OEQ4-MC has the maximum reach of 25 km with 6.5 dB power penalty
at BER of 1& while for 4MM only 2 dB power penalty was observed over the same
distance. Moreover, it further increases tHéM transmission reach from 28n to 27 km

as indicated in Figuré.14(b) The result also shows that secammder OEQ compensates
for both outstanding dispersion from fistder OEQ and also increases the transmission

distance.
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Figure 6.13: 4-MM and 4MC performance without OEQ o0V

various transmission distance2at 10Gb/s bitrate.
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Figure 6.14: BER performance fod-MM and 4MC at 2 x 10 Gb/s with (&

first-order and (b) secororder OEQ over B2B and various link distances.

Figure 6.15 indicates the equivalent eye diagrams @M and 4MC in B2B and at

various fibre links, which represemtispersioninduced ISI. The higher performance
degradation is noticed at the bottom eye diagram of botiNdand 4MC) formats
because it experienced higher noise power in comparison with the middle and top eye
diagrams. Also, there is a different dispanf standard deviations and means at each level

at the same received optical power; hence, the eye with the least variations of noise will
normally have the best performance and vice versa. Therefore, as the transmission distance
increases, for examplat 15 km fibre length, 4M still maintained a clear eye diagram
compared to-MC where the bottom eye diagram is almost close. As a result of dispersion
induced ISI and noise present at the receivavlGican only reach 15 km maximum

distance while the nxanum reach of MM is 18 km.

Figure6.16relates the corresponding eye diagrams-bf@ and 4MM systems with first
and seconarder OEQs. As indicated in Figuel6(a) the firstorder OEQ compensates
distortion and improve the eyes opening é¥1€ ove 15 km while there is much noise
present in the eye diagram oMM over 17 km link distance. The firstrder OEQ failed
to mitigate signal waveform distortion inMM system. However, with the seccuodder

OEQ, for 4MM over 25 km and 27 km there is a&al and mostly equal eye opening for
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each slot while #MC over 25 km (that is, the maximum transmission reach) the bottom
eye for each slot is affected llystortion as indicated in Figui®@16(b) The improved
performance infers that secendder OEQ migate dispersion successfully for the

modulation formats under consideration.

18 km

15 km

Figure6.15 The received eye diagrams at®1BER of (a) 4-MM
and(b) 4-MC without OEQ over B2B antbr various transmissio

distances.
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