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Abstract

Minimum Shift KeyingMSHK has been long proven tbe a successful modulation
format in wireless communicatiofil]. Although the concept ofapplying MSK in
optical transmission systems was studied as early as the 1990ss recently
aroused a renewed interest ithe research community owing tats unique
characteristics such asompact spectrum, continuous phase amdso its less
comparativecomplexityin achievementcompared to other advanced modulation

formats.

In this thesisthe author built an MSK transmission simulation platform using
programmingsoftwarein the name ofSIMULINK and VPItransmissionMaket and
investigatel the gaps in current MSK researdver the past few years The

contributions are:

1 A range of various MSK transmitters and receivers proposed by different
researchers wereystematicaly summarized andvaluated.

1 A novel MSK modulation format BEMSK is proposed.

1 The resistance of various MSK formats in the presence of imperfections of
transmitters and receivers were analysed.

1 The performance of novel MSK formats in long haul transmission including
residual dispersion, dispersion mappiagd efects of nonlinear noise were

analysed.

It was found that the noveDC33MSK format is nobnly less compleko generate
than the conventionallinear MSK signal, but alseas many advantages over linear
MSK signals in terms of receiver sensitivity, rasisé to transmitter and receiver
noises and residual dispersionhe findings in this thesis show that DC33 MSK is
good candidate for future optical transmission systems being a go@tipromise

between spectral efficiency, robustness and complexity

Xi
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Chapterl I ntroducti on

1.1 Overview

In the past two decadeshe internet has become intimately woven into the fabric of
our lives. The number of internet connected devices has been increasing steadily and
our needs have gradually shiftddom text-based serviceso hypertext contents.
Some major breakhrough techniquesnventedin the 1990sjncludingwavelength
division multiplexing(WDM) and optical amplificatignenabled an exponential
bandwidth growth of optical fiber communicationThe result isrevolutionary.
Compared to early generations of optical communication systems, the capacity of
optical fiber transmission has increased tenfoldthe early 2£' century, 10 Gb/s per
WDM channel becameavailableat a lowcost and was installed by major carriers

aroundthe world.

With the growth of bandwidtkdemandinginternet services such as higlefinition
on-line games and video conferencesrecent years,the demand for bandwidth
increases at annprecedentedspeed.The needs fod0 Gb/s per WDM channel and
higher over 10 Gb/s is emergingonventional oroff keying (OOK) modulation,
which simply turns on and off the light, dominates the 10 Gb/s per Wibkhnel
market.But as the speed grows to 40 Gb/s and higher, advanoedulationformats
become more competitie because of improved sensitivity over OOK, withade-
off of a more complex desigi2]. Among them, differential coded formats stand out
as theyare relatively easy and cheap to generate and retriéMaeycan be detected

using seHcoherent methods, saving the coste{pensivecoherent receivers.

There are threemain differential phaseshiftkeying (PSKjmodulation formats:
differential binary PSK (DPSK), differential quadrature PSK (DQPSK), and minimum
shift keying (MSK). Compared to the otttero PSK formatsMSK has many ugue
attributes, includingcontinuous phase changgacross bit boundariegand a very

1



compact spectrum[3]. It has been successfully used in wireless communication.
Contrary to the extensive resezh work towardsDPSK and DQPSK, little work has
been conductedon MSK and the findings of MSK performance in areas including
receiver sensitivity and residual dispersion resistance have not reached a unanimous

conclusion by different researchers around the wdd{l [5].

Before we can conduct a thorougvestigationof MSK3 unique attributesover the

other two PSK formatshere arethree open problemswve need to address:

Problem 1
A wide range oMSK transmitterdrasbeen proposed by different researchesver
the time. A systematic review of allSKtransmitters is needed tanalysethe

characteristics of their generatddSK signals.

Problem 2

MSK signal can be composed by combining pulses with various pulse shaping
methods. Therefore, the MSK format can be sliNdded intodifferent MSK fornats
according to the pulse shaping methods. A systematic investigation is lacking for the

various MSK formats and the generation of them.

Problem 3

As discussed in ProblemMSKsignals can havearious pulse shaping methadthe
employment of suitablepre-coding scheme for each MSK signal is important to
restore the transmitted dataTo the best of the auth@® knowledge, iere has been
no work conducted onstudying the underlying principles of correspondipge-

coding schemes.

After the above questiomare studied, we wilhvestigate theback to back (BTB) and
long haul transmissioperformanceof MSK and compare it with DPSK and DQRSK
the second half of the thesit determine which format is the bestandidatefor the

high speedpticalfiber transmission network employing phashift-keying formats



1.2 Thesis structure

Chapter 2reviews some fundamentals used in this thesis including the principles of
MSK. It then systematically reviews the development history of MSK signal format in
optical transmission systems in a chronological manner. The various MSK

transmitters proposed previously have been summarized dassified

Chapter 3presents the modelling ahe key modules in constructiran optical fiber
transmission platform includingISK transmitters, receivers and optical signal

propagationin fiber using SIMULINKand VPItransmissionMaket.

Chapter 4discusses various MSK formats wdiifferent pulse shaping methodand
proposes a novel DC33 MSK formatand gives the corresponding pmeding
mechanisms In later sections of this chapter, the basic characteristics and the

receiversensitivityof DC33 MSK &nalysed

Chapter 5discusses the performance of DC33 MSK sigeabmpared to other PSK
formats inBTB transmissions setup in the presence of imperfections in transmitters

and receivers, and also in@ng haul single channel optical transmission netvgork

Chapter 6 concludes the thesis with comments on the obtained results and future

work.



Chapter2 A Rewief MSK i n Opt.i

Communication Systems

The development and instktion of lightwave systemss considered to b@ne of

the greatestachievements in the 20th centuryResearchers worldwide have been
pushing the boundaries of the capacity of optical fiber transmission systems since
their first introduction. During the lateyears, one of the research focuses has been
on advanced modulation formatacluding MSK. Advandemodulation formatsare
believed to be an essential part in the next generatioihoptical transmission

systems and MSK is a strong candidate among them.

The aim of this chapter is to place MSK in the context of optical transmission. The
chapter beginswith a brief introduction ofthe historical development of optical
communication systems. It is then fwied by an outline othe development of
advanced modulation formats in recent years. Different advanced modulation
formats, including DPSK, DQPSKM®&K, are outlined and comparebthe operating
theory of MSK is then summarizetfiter that, the development of MSK transmitters
with various modulatin approaches is summarized aditferent MSK transmitters
designed and built over the years as well agotss MSK formats iterms of pulse
shaping methods are reviewedMoreover, the reported advantages and
disadvantages of MSK over other modulation formats, such as DPSK and DQPSK, are
critically reviewed. Finally, various MSK signals with different phiggisg methods

are discussed and comparedt the end of this chapterthe achievementsof
experimental andsituationalopticaltransmissiorsystemsemployingMSKhave been

summarized



2.1 Fundamentals of light propagation in fiber

2.1.1 Fiber losses

The average powa’ of a propagatingoptical wave gradually attenuates as a result
of material absorption, Rayleigétatteringand waveguide imperfections. According
to BeeQ law:

Qjea |0 (2.1)

where ] standsfor attenuation coefficient For a span of optical fiber with a length
of 0, if the launching power i® , thetransmittedpower0 is given by

0 0 Agp O 2.2)

To express in its customary units of dB/km we get
| Q4§ Qa4 p—TgstU— & 1|0
¢ 0 § (2.3)
Fiber losses vary with the wavelengths of transmitted light. The fiber loss parameter

is about 0.2dB/km for a standard single mode fiber near the region ofj b5

2.1.2 Dispersion in single-mode fiber (SMF)

By definition, SMF only support@ pulse travelling in fundamental mode thus
intermodal dispersion is abseridowever, pulséroadeningalso occursasdifferent
spectral componergof the pulse travel at slightly different group velocitiesused
by chromatic dispersion a phenomenon called group velocity dispersion (GVD).
Chromatic dispersiommanifests hrough the frequency dependeémefractive index
€1 .Mathematically, the effects of fibedispersion are accounted for by expanding
the modepropagation constarit in a Taylorseries about the frequengy at which
the pulse spectrum isentred [6]:
wo p
[ el = 1 1 1 1 c

= [ E (2.4)

where



oy

Q
g

At

Th

Q (2.5)
The group velocityy is defined a$7]:
SRR (2.6)

As can be seen from Equation (2.8)is frequency dependentSubstituting Equation
(2.5) into Equation (2.6) leadsto  pjf . Consider a singimode fiber of length.

A pulse would propagate through it in a tirdelay”Y 0j 0 . If the spectral width of
the pulse i) (bandwidth range i¥_), the extent of dispersion is governed by

y QY Q O o
T g’ q_b %= V% (2.7)
where
,Q p C“ ol
S 9oy (2.8)

Ois calledthe dispersion parameter and is expressed in units of psifkm.r is
calledthe GVD parameter and can be calculated using Equation {2.and'Ovary
with wavelength_. Fibers with differendispersionproperties, such as dispersion
shifted fiber and dispersiorcompensating fiber(DCF) can bemanufactured by

carefuly designing the wavelength dependent G@rameterf

2.1.3 Nonlinear optical effects

The nonlinear effects in opticdiber can be categorized intstimulated scattering
effectsand Kerreffects. The scattering effects include stimula®dllouinscattering
and Ramanscattering and are responsible for intensity dependent gain or loss.
Nonethelessoptical communication systems are usually limited by nonlinear Kerr
effects otherthan stimulated scattering effectf8]. Thus we will mainlgiscussKerr

effects in this section.

The response of all dielectric materials to ligh#comesnonlinear under strong
optical intensity, ad optical fiberis no exception[9]. Therefractive index of silica
fiberis weakly dependent on opticaltensitydue to Kerr effecaccording to

6



b b b U “
e & & 0 (2.9)

where¢ is the nonlinear index coefficientith a typical valuen the range of2.2-
3.4x 10 m%¥W [7], 0 is the optical power and is the dfective mode areat
and0 are ofverysmallvalues, as intrinsically silica is not a higidylinearmaterial
However, the higltonfinement ofpropagatingoptical signals taghe SMF core (light
intensities can exceedne MW/cm? [10]), combined withlong transmission distance
in modern optical communication systems malkké=r nonlinearity effect®io longer

negligible.

For a slowaryingsinglepolarization optical field expressed &sohd , where @ and
ostand forthe propagation distancend time respectively,hte evolutionalong a
singlemode optical fiberin the presence of instantaneous Kerr nonlinearity in an
optical fibercan be written a$6]:

1601 o

Ta ¢f

| e
g0 obed (2.10)

o-

wheref stands forthe second order dispersion factoof the group velocity
dispersionand| represents thenonlinear coefficienthat equals tog“& j 0 _
The thirdorder dispersion term is negligible and ignorkdre. Equation (2.1Dis
often referred to asnonlinear Schrodingerequation (NLSE), whicldescribesthe
following effects in a singlehannel transmissiofiber: (a) attenuation; (b) chromatic

dispersion; (c) second order dispersiamd (d) self phase modulation.

The hase modulatiorin optical transmissiotinesinducesthree commonnonlinear
effects namely, s#-phase modulation (SPM), cropiase modulation (RM), and

four-wave mixing (FWMAII these effects could be described WySE

SelfPhase Modulation (SPM)
Since thef A 0 I8fiaddive index is dependent on the optical power throubke Kerr

effect as shown in Equation (2,%juctuationsin optical power give rise to phase



fluctuations whilepropagatingthrough an opticafiber. The nonlinear phase shift is

given by[6]:
% 104 (2.11)

Equation (2.1) shows that the optical phase changaegime exactly the same way
as theintensity of the optical signal. As the nonlinear phasedulation is sel
induced, it is called seffhasemodulation (SPM). SPM leads foequency spectil
broadening,which can @use a significant temporal broadening agtical pulses in

the presence of chromatic dispersion.

CrossPhase Modulation (XPM)
The Kerr effect could cause another nonlinear phenomenon known as-ghose
modulation (XPM). XPM &pulse shift of one channdlue to opticalsignalsn other

channelsn a multichannelsystem. The phase shift for thth channé becomeq6]:

CA

% [ 40 ¢ (2.12)
¢KS UNRG §SNY SPManiNBeiseidnddeindié Br XPNR NRivily
occurswhen pulses in the other channels overlap with the signal of interBistis
the total phase modulation depends on the powers in all channels, chapaeing,
as well as the bit pattern of all chaels. The spectrum broadened due X&*M wil
induce a significant distortion ofthe temporal shape ofa pulsein the presence of

largedispersion9].

Fourwave mixing (FWM)

Fourwave mixing (FWM)also known as fodphoton mixing, is a parametric
interaction among opticalvaves. f three opticalfields with carrierfrequencies

1 and] are fed into afiber, a fourth is generated at ] 1 1

] ] ] 1 is the most commonform as it can easily satisfy the phase
matching requirement6]. The FWM process can transfeower to neighbouring

channelsand induce interchannelcrosstalk to the system.



Three different effectsesultfrom the nanlinearrefractive index, namely, SPM, XPM
and FWM which have beenseparatelydiscussedabove However, in real systera
the broadened spectrum dueto the three nonlinear effects are usudly
indistinguishable especially in a DWDIMystemwhere channels are packetosely
to eachother [11]. The systenperformancedegradations byiber nonlinearitiesare,

in general, assessable Byplving thenonlinear Schisdingerequation (NLSE)n this
thesisNLSEanbe numericallyapproximated bythe split-step Fourier Method §SFM)

[6] as will be discussed in details in the next chapter

2.2 A brief history of advanced modulation format in optic-

fiber communication development

Information technology has revolutionized our way of life in every aspect, and the
whole society is benefiting from iHowever, none ofthis can be realized without the
invention of optical fibers,which was first envisioned by the 2009 Nobel physics
prize winner Kao in 196612] to be the next generationtransmissionmedium
replacing coaxial cables.n® span of feathefight fiber can easily replac&000
parallelconnection$ of coaxial cabléo achievethe same transmissn rate over the
same distanceln other words, the same amount of information data whiobk one

year to transmit in the era of electrical communication would dake less than two

and a half hoursvith fiber transmission

2.2.1 Evolution of optic-fiber communication systems

British Telecom Research Laboratories successfully installed an experimental
multimode system between Martlesham Health and Ipswich in 1973, a few
years later after the availability of relatively low loss fiber and stable semiconductor
lases. After 1980, several commercial multimode fiber systems were depl¢§ed

These first generation fiber systems could operate up t6® Mb/s andrequired

! Calculation is based on considering 100 Mb/s operation bit rate for typical coaxial systems and 400
Gb/s (10X40 Gb/s) operation bit rate for typical WDM optical fiber sys{ein<s. P. Agrawakiber
optic communication systemdth ed. Hoboken, N.J.: Wiley, 2010.
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repeatersspacedevery 7 to 15 km [14]. Their bit rates werelimited by the large
modal dispersion imultimode fibers[11, 15. The secod generation of lightwave
systemswhich first appeared in 198 made a striking progress both on the bit rate
and repeater spacinl6]. The improvement was realized by two factors. Firstly,
single mode fibers were used to avoidtermodal dispersion. Secondly, the
attenuation was reducedrom 3 dB/kmto 0.5 dBkm by shifting the operating
wavelength window from 800 nm to 1300 nm. The operating wavelength finally
evolved to 1550 nm to achieve tH&2 dB/kmminimum losses in silica fibefg],

which marked the third generation of lightwave systems.

The breakthroughs in optical amplification and wavelenditision multiplexing
(WDM) in the early 1990s revolutionizéghtwave systems. Thdevelopment otthe
Erbiumdoped fiber amplifier (EDFA) elimindteghe use of complex electrical
regenerators, and nde long-haul WDM systems commercially practiddl7]. The
fourth geneation of lightwave systemsemploying these two techniqueappeared
around 199 andthe early experiments in this period combined a modest number of
2.5 or 10 Gb/s channel¥he system capacityasgrown exponentially since therBy
1996, 1 Th/s systemsese demonstrated withseveral tens of channels and spectral

efficiency began to increase towautity [18].

The progress of transmission systems capacity slowed at this point as both the
number of channels and transmission rate per channel reached a bottleneck. In
order to accommodatemore channels in a single mode fiber, either the optical
bandwidth or the efficiency of modulation needs to be increased. After 206itha
generation of lightwave systems started to emergextending the wavelength
window from the caventional C band to the neighbouring L and S bands with the
help of newamplification schemes (such as thuliudoped fiber amplifiers (TDFA)
and distributed Raman amplificatiofii7].) In 2001, a WDM sgem with 300
channels using C and L bands, each operating at 11.6 Gb/s, was demonstrated over
7000 km[19]. The invention of watepeaksuppressed fibefurther enabled the
potential full use of wavelengif N2 Y ™M ®o n IniP@10,mutb{saoe fibeh20]

were shownto increasedata capacityseveral times by sial division multiplexing

10



(SDM).The other way tcaccommodatemore channels into a WDM system except
for the extensionof bandwidth is to reduce the channel spacifignisleads to the
development of dense WDM (DWDM). DWDM requires more spectral efficient
modulation formats, thus advanced modulation formats startedattract renewed
attention. By now, advanced modulationrfats are common both in high speed
optical transmission experiments and even @@mmercial optical transmission

systems.

Another promising way is to applyrtbogonal frequency division multiplexing
(OFDM) in optical communications. Unlike WDM, thisrapph allows subcaiers to
overlap, thus increasg the spectral efficiency to darge extent [21-23]. By
incorporating the OFDM techniqueusing multiple sourceslong with advanced
modulation format, ahistoric 101 Tb/s bit ratetransmission was achieved overx3
55 km in 201324)]. Later that year, a Europearsearch group announcedal record

of 26 Tb/s bit raten asinde-mode fiber from a single laser sourfé].

2.2.2 Advanced modulation formats

The majority ofearly or low capacitgommercial optical fier transmission networks
were OnOff Keying (OOK3ystems.Transmitters and detectors only use the single
gintensitye dimension of an optical field to modulate and detect signAldvanced
modulationformats, on the other hand, imprint data othe phaseof an optical field

in addition to the intensity. Thusdvanced modulation formais capable of
transmitting more than one bitin one symbal if multilevel phase and intensitys
employed Advanced modulation formats hauseen exploited extensivelin radio
and microwave communication systeraad can also b&ansferredto optical fiber
communicationwith the help of advanced modulation formats transmitters and
coherent receives. Advanced modulation formats in opticalommunication were
consideredas early ashe 198G [6], but they only rose to be a seriouw®mpetitor
againstthe OOK formadé from 2002 [14]. Differential phasehift-keying (PSK)
modulation formats with directdetection were first investigated. Shdyt after,

multilevel modulation formats with coherent detection received much attention.
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Both schemes have made a significant ltbeough in the development of optical

transmissiorsystems.

Differential phaseshift-keying (PSKnodulation formats include differential binary
PSK denerally referred to as DPSK), differential quadrature PSK (DQPSK), and
minimum shift keying (MSK). &sekinds of modulation formats carry information in
optical phase changes between bits. Each bit acts as a phase reference for the
succeeding bit[2]. Thus they can be diredetected using photodiodes (PD)
combined with an optical delay interferometer, whiclconvers the phase
information to intensity informabn. The transmitter and receiver design of DPSK is
similar to that of OOKDPSK doesot improve spectral efficiency as it only transmit
one bit during one symboBut it has a 3IB lower optical signab-noise rdio (OSNR)
requirement over OOK to reach a given -&itor-ratio when using balanced
detection[25]. In addition it offers a large nonlinear XPM effect tolerance and good
performance fordense WDM system€]. In 2003, using DPSK, 40 channels (edch

40 Gb/s) over a singlmode fiber were demonstrated to transmit over a trans
Pacific distance of 10,000 km with a spectral efficiency ob&#Hz [26]. Compared

to DPSKQPSK doubles the spectedficiencyby transmitting 2 bits per symbol. The
compactspectrum makest resilient to chromatic dispersionand narrowfiltering

for DWDM systemsA system capacity of 25.6 Th/s over a distance of 240 km was
realized in 82007 experimenf{27] 160 channels spaceat 50 GHzwere transmitted,
resulting in aspectral efficiency of 3.2/b/HSome market leaders, including Lucent
[28] and Ciena, have deployed DPSK and DQPSK based high cepemecial

optical transmission networks since 2006.

Similar to DPSK, MSK is also a binary modulation format. HoWwé8&helongs to a

class of continuous phase modulation (CPMjmats [3], contraly to discrete

modulation formats like DPSK and DQPSK. The phase of MSK changes linearly and is
always changing. Thghase differencéetweenadjacentsymbolsh & S A 0 KSNJ b~ K H
"KHY GKSNBAY (GKS b kH LKI &SkOKEYBEFRaAGTFY RE
or 60€. With a typicaltransmitter similar to that of offset QPSK and a receiver similar

to that of DPSK, the complexity BISK i9etweenthat of DPSK and DQP3ASK has

12



long been proved in wireless communicatidiband is chosen to be the modulation
scheme forthe European mobile GSM system, for being a good compemis
between spectral efficiency, robustness and compleXg]. Along with other
modulation formats, MSK has gained attiem for optical systems since early 2000s.
Regardless of its unique attributes, MSK has not been studiedtassivelyasother
differential phase shift keying formats, for instand@P?Skand DQPSK. The lack of
research is largely due to the difficulty constructing a high speed MSK modulator,
which was only available 2009[30]. The principles and performance of M8KI be

further discussedn following sections.

Multilevel modulation formats, such as By Quadrature Amplitude Modulation
(16:QAM) and 258)AM,in conjunction withcoherent detections another research

trend [31]. Multilevel modulation formats can significantly increase the spectral
efficiency thus reduce the channel spacing in wavelengjrision multiplexed
(WDM) systems. As a result, the system capaciyuisiplied. In addition coherent
detection allows linear translation of the optical electrical field, enabling advanced
post digital signal processing techniques such as electronic dispersion compensation
[32]. By using32-QAM combind with a coherent reeiver, one experiment carried

out in 2010 managed to transmit 640 channels with 107 Gb/s bit rate per channel to
a distance of 320 kri32]. In that experiment, the channel spacing was reduced to

12.5 Gz, reaching a spectral efficiency of &&s/Hz.

Although multilevel modulation formats have shown unprecedented ctpéd
efficiency, they also requirkigher signato-noise ratios. For instance, goingprin
QPSK to @AM incurs a 3-8B SNRenalty (for the same bit rate), but givesvice
the spectralefficiency[33]. The fundamental penalties in addition to the complex
components in implementing these formats lead to a relatively high network trost.
contrast differential PSK formats offer a simplectaological implementation by
using seklcoherent receives, which eliminates the need oflocal oscillatos or
polarization control[4]. The ©mparable simple mplementation combined with

good noiseresilient characteristics make differential PSK formats one of the most
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important advanced modulation formats in low budget high speed optical

transmissiorsystens operating at aate of 40 Gb/s anéven beyond2].

2.3 Principles of MSK

MSKis a special type of phageequency shift keying modulation formathe MSK
signal has aontinuousphase thatincreases or decreases linearly at a fixed rate
which guarantees a fixefdlequency deviation for one symbol, and alentical phase
difference betweenadjacentsymbols.MSK carbe derived fromOffset Quadrature
Phase Shift Keying format (OQPSK)y shaping the pulsesvith half sinusoidal
waveforms or be derived as a special casetlé ContinuousPhaseFRequencyShift
Keyingformat (CPFSK]].

2.3.1 MSK viewed as a OQPSK format

Identical toOQPSK modulatn, theinput binary bit stream is separated into two
data streams'0d and0 o, consisting dd and even bits afy respectively, with an

offset by one bit periodY asshownin figure below:

Precoded Data C¢

i o G G & Cs Ci1 Cia R
T r G T 4T qr Cs qr ar c; 8T Cs 9T CglOTC]_ol T 1 TC1 2ZI.f.’;TCBl‘lT 1 TC1516T 17T
I(t), with T delay
oo Cs Cn ‘
T 3T qr G T c; 9T Co T 13T Ci3 15T Cis 17T
Q(t)
o Ca G Cia ‘
AT C AT 6T qr Cs 10T Cio 12T Ci2 14T 16T

Figure2-1 OQPSHKndMSKinput data streamig separation
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If we denote the value of0d and0 o in the intervalof Q%Q p "Yas'Oand
0 , then the correspondingrelationship between the data strea and the in-

phasedata streaniOand quadrature data stream can be written as

When k is odd:
, 0.0 o
V] V] ) (2.13)
When k is even:
00 o
0O O &) (2.14)

In OQPSHKnodulation, the staggeredpulse trainsof the in-phase channel and
guadrature phase channelre directly moduladd onto two orthogonal carrierso
generate OQPSK signal MSKmodulation the pulsetrains in the two channels are
weighted intosinusoidalshapes’0d and0 o are weighted witha half peria of a

cosine function o sine function with gperiod of 4Y where"Yis the bit period of

the data:
e 2O
O oXde edDa Al O
<Y
PO o
0 w@used@anOEJC.—,Y

The weighting procedure is showmFigure2-2 (c-g). Thehalf period of the cosine or

sine function coincides with one symbol'@b or0 o .
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Figure2-2 MSK sinusoidal pulsshapingof in-phase and quadrature phageilse trains

The sinusoidal pulses are used to modulate theplmse and quadrature phase
carriers instead of rectangular shapesed in OQPSK, which resulted in a constant
envelope andccontinuousphase.The weighted data streams of the two channels are
then modulated onto two orthogonal carriers. Consider a light wave with carrier
frequency ofQand an amplitude ob. The carriers need a phase difference' pf;

to be orthogonal to eacbther. An optical MSK signal is then given by

Yo 8 '®AT ey QUOOEEI,,—YAQQ 90 (2.15)

The intensity and phase of tidSK signal ishown onFigure2-3 (g) and(h).
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9 dzf S NiR haseBaAd\Pardzof IMSK id the square

brackets inEquation(2.16) becomes

~
~

0 Qg D

During the interval of QWQ p “Y,"0d and0 0 are fixed values and can be

Figure2-3 Generation oMSK waveforms

replaced byOand0 . As such, Equation (2.)l6an be rewritten as:

Using the well y 2 gy
YO

Pre-coding of MSK



Where® pwhen'© 0 and® pwhen'O 0 ; whilee 1 when

‘O pande “ whenO p. Or equivantly
w i e 0 (2.18)

By replacingOand0 with & usingEquation (2.18 we can rewrite the expression

of® @®$ @ inthe view of logical operationwhere 4 3§ ¢ aa Gl yRa F2NJ
XORoperation. Figure 2-3 (g) showsthe phase changef MSK modulated byra

incoming data streamd. If the MSK signal is demodulated in the receiver side by

comparing the phase chandeetween consecutive symbols, which depends on the

sign of® , the received signal can be expressedya$ @ . Thereceived signal

shouldbe equalto the original dat& . According to the swap property of XQRe

coding dgorithm of & isgiven by

®w Q35w (2.19)

Figure2-3 (a) showsan sampleoriginal datasequenceéQ . Figure2-3 (b) shows the
coded dataw using Equation (2.19)As can be seen, the phase chanofeMSK
shown inFigure2-3 (h) follows the same pattern of the original data sequenthe

pre-coding algorithms will be discussedgreater details irfgection 4.2.

Proof of phase continuity
It can beproven belowthat the phase of MSK signal is dombus between bit
transitionsfor all possible situationsSuppose at one particular transitianstance
0 "Ythe phase just beforand afterthe transition can be given by substitutinige
end of the interval 'Q p Y 0 Q" Equation (2.1}

“Q

O —
C

The phase just after theansitioninstancey "Ys given by substitutinthe beginning

of the interval 0 "NO  p "Y to Equation (2.1)

“Q
C

@

To ensure that the phase is continuotise followingconditionsmust bemet:



By substituting & ande with "Oand0 in Equation (2.18)

It was shown in Equation (2.1#at whenv isanevennumber, “O equals ta'O
v~ : TQ v\ : ~Q, oy
Ov — OO — aeg @
C C

The conditions are obviously methif 0 .When0 0 ,i.e.0 o

the conditions aboveanbe written as

Tmfj [1] lgx)ll) 113 4 L4 'Q“
a €

q q

000 j ¢ is an integeias Qis even Theabove conditions are mdor any integer

value of OO | ¢ . Smilar proof could be applied todd numberQ

It was also shown during the proof that depends on the value of , and the

relationship ofo  and® .

. B o 0 YED (2.20)

2.3.2 MSK viewed as a CPFSK format

MSK can beriewed as a special case of Continuous Phase Frequency Shift Keying
(CPFSK) formatith modulation index 00.5[34]. The mme Minimum Shift Keying
implies the minimum frequency separation that allows two FSK signals to be

coherently orthogonal.

A CPFSK signalthe interval ofd Y 6 0 p "Ycan be given:
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YO 0 Q¢ "D ~ “Q W
(2.21)
VYO U pYY
where'Qis called the modulation index) pis the@h data bit. The second

term in the squareparenthesegepresents dineally changing phaseand the third
term represents the accumulated phase. During intetvdl 6 0 p Y a
phase change ¢f'® is introduced Dividing theabsolute value ophase changéy
¢“ "Mhefrequency deviatiorY"Ccan be given a€) ¢"Y The corresponding signalling

frequenciesare™@ "Q "Q ¢"Y Theconstant frequencygpacing is:

o e 2
¢YQ "Q "Q ~ (2.22)

For coherent demodulation of FSK) and™Q have to be choserso that"y ¢ and

"Y 0 areorthogonal to each otherThe following condition must be met:

YOY O Qo T (2_23)

This requires tha¥’Q @] 1"Y where m is an integer. The minimum frequency
separation¢Y Ofor orthogonalty betweenQ and"Qispj ¢"Ywhend  p, which

correspondgo a modulation indexQof 0.5 Equation (221) becomes:

- [ b 113 y .
"Y . | A ,B P o _ g . .,Y \ . ..Y

The third term in Equation (2.24)-B  ®, isthe accumulated phasef"Yo . It can

be proven fromEquation (2.20)that -B & equals tor defined in Equation

(2.18). Hence Equation (2.2%is the same athe MSK signal ikquation (2.7). MSK
is a special form ofCAHFXK with the minimum frequency separation to remain

orthogonal between the two signals.

The accumulated phase is thedditional phase offset needed taqyuarantee a

continuousphase for MSK signal. Optical MS¥hal can be generated as a variation
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of FSK signal by applying the required phase offset control at bit transition pBts
36].

2.3.3 Phasor representation

Unlike DPSK or DQPSK, the carrier pha$¢Sit changes continuously, rather than
only taking two or foudistinct values. During one syrol time, the carrier phase can
either decreaser increase by an amount of 90 degreés. can be seen frofigure

2-4 (a), the phase changes froame point to an adjacent point, while the amplitude
remains the sameAs can be seen from the constellation diagram, the symbol could
only change to adjacersymbds, eliminating the possibility of a phase jump If we
sample the MSK sighat the grey point in Figure 2-4, and work out the phase
difference between consective symbols, we can get a plmsdiagramas shown in
Figure2-4. There are nly two distinct phase differensgthat can be obtained, 90

degees a -90degrees, whicltonveybit &l€ and bité1€ respectively.

90°

135° 45°

180 0°

possible
changein
timeT

-90°
@ (b)

Figure2-4 (a) Constellation diagram of MSK signal. (b) Phase difference between consecutive

symbols.
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2.4 Development of MSK transmitters

In the 1980gesearch[37] began onthe applicationof MSK in optical transmission
and continued into the early 199(Q88]. As optical amplifiers were not available at
that time, coherent detection of MSK signals were the leading scheme to improve
receiver sensitivity{37, 3§, allowing for longer spansAfter 2001, as advanced
modulation formatsbegan to be extensively investigated to mitigate nonlinearities
and increase spectral efficiency, MSK was also tentatively studied in terms of
dispersion tolerance[5, 3941], nonlinearity resilience[40-42], and potentid

application in WDM systenj80, 43, 44.

OpticalMSK signals werrst generated by direct modulatioon a laserdiode (LD)

[37, 38 aroundthe 1990s The modulationrate was limited by the LD frequency
modulationbandwidth[40], with atypical value less than several GRarthermore,

the nonruniformity of frequency response of a laser atite induced amplitude
modulation (AM)degrades thgerformanceof optical MSKtransmissiorsystemg 38]

In order to employ MSK signal in modern optical transmission system with data rates

of 40 Gb/s and beyond, external high speed MSK transmitters need to be developed.

A few researchgroups around the globe have been working on designing and
buildingexternal MSK modulators with differeapproachessince 2003. Depending

on whether MSKis viewedas ©ntinuousPhase Frequency Shift Keying (CPFSK) with
a minimum frequency spacin@r QPSK with offset sinusoidally weighted pulgds
external MSK modulators can be classified as two main categasissown irFigure

2-5.
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MX Transmitters

PN

MXwith external M>Xwith internal
modulation modulation
1% Category 2" Category
Based on Frequency shift keying Based on Phase shift keying
Separate Direct Pulse Independent
Pulse Shaping Shaping Pulse Shaping
&9 (OPS (IPS

Figure2-5 Classification of MSK transmitters

2.4.1 Externally modulated MSK transmitters based on frequency

shift keying
The first categoryof external MSK modulators are based on the frequency shift
keyingnature of MSK and are usually derived from modifying FSK modulatbes. T
key feature is that the incoming data streanraditly drives the FSK modulatf85],
[36]. Sakamotcet al.[36] proposed one of the first external MSK modulators in 2005
by modifying a FSK modulatorThe proposed external MSK modulatemprised of
a lithium niobate (LiINb§) FSK modulator and a phase control modulator. The binary
FSK modulator operated with a narrow frequency deviationdjof (6 is the
modulation rate), which is the minimum value to keep the upper and lower
frequencies orthogonal. At the same timeecascaded phase control modulator was
used toguaranteecontinuous phase by correcting tip@ssiblean phase jumps during
some of the symbotransitions. It was reported that a 10 Gb/s MSK signal was
generated with a 15 GHz main lobandwidth and a 20-dB side lobe suppression
ratio. This design odn MSK transmitter was more recently used by Huynh and Binh
in their simulation study oan MSKtransmission systes45, 44. Although optical
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MSK signals were successfully generated, this scheme of MSK transmitter has to
make use of twocascaded modulators:naFSK modulator and a phase control
modulator. Moreover, the calculation of the correction phase and the
synchronization between the two modulators all add to the complexity of this

scheme of MSK transmitter.

2.4.2 Externally modulated MSK transmitters based on phase shift
keying

The other categorgf external MSK modulators are based on the phase shift keying

nature of MSK. They can lsenstructedby modifyingexistingFSK modulatorgi4],

or Quadrature Phase Shift Kegi (QPSK) modulatofs, 3942, 47, or designing a

dedicated MSK modulatd#8]. Compared to the first categprMSKtransmitters of

this kindmaynot need extra phase control modulators. As a result, the constnct

of external MSK modulators are simplified and costs are reduced. The optical MSK

signal is generated by comhmg its inphase component and the orthogonal

guadrature component. The key features of the second category MSK modulators

include splitting the incoming data into -phase and quadrature data, sinusoidal

weightingof the two componens (pulse shaping), andreating offset between the

two componentsPlease nte, the terms épulseshaping and camplitude weighting

in this thesisare interchangeable.

In theory, the two staggered components ofi SKsignal aresinusoidally weighted.

The plse shaping is usually performed by drivinglach-Zehnder modulator (MZM)

with RF clock signal#\s the field tansmission function of MZM is sinusoidal
periodic triangular RF drivirgignal is needed to weight the optical field sinusoidally.
Whereasin practice a sinusoidal RF driving signaloféen used to drive the MZM
instead of a periodic triangularRF driving signal is hard, if not impossible, to
generate with electronics at GHz rates, due to its high harmonic content. As a result,
the amplitudes ofconstructingcomponents of a MSK signal are weighted in semi
sinusoidal shapes. Pulse shaping is a very impodapéct of theMSK signal and is

relatedto the propertiesand precoding schemes of MSK signals.
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Most of the studies of MSK transmitte belong to the second category of MSK
transmitters.Based on thdype of pulse shapingthey can befurther classified into
three sub-categories Sparate Pulse Shaping @ S)MSK nodulator, which use a
further exclusive MZM to perform pulse shaping for both brancHgisect Pulse
Shaping(DPSMSK modulatarwhich use one MZM to perform pulse shaping and
data imprinting at the same time for each bran@mnd IndependentPulse Shaping
(IPSMSK nodulator, where each branch has its own independent MZM to perform

pulse shaping.

Separate Pulse Shapif@PSMSK modulators

SPS MSK modulators are similar in design compared to the first catafgxternal
MSK modulators, as they also consist of two modukatin a cascade. Instead of
combining a phase control modulator and &SK modulator, SPS MSK modulators
comprisea pulse shaping modulator and an offset QPSK modulator. Mo, Etoalg
constructed the first SPS MSK modulator in 208%, 47. ThedemonstratedMSK
transmitter comprisedan M2V as the pulse shaping modulator and an offset QPSK
modulator based on Planar Lightwave CirduNbQ (PLGLN) hybridintegration
technology. The offset between the -phase and quadrature components was
introduced by a delay line built in one branch bétoffset QPSK modulatohn MSK
signal operating at 10.7 Gb/s was achieved with a Badkack (BTB) receiver
sensitivity of-27 dBm[47] and-32 dBm[39)] respectively at a BER of 10rhis design

of MSK transmitters was also used in the simulation work by Mo, [@bag [5, 40,

41] and Chen, Dongt al. [49-5]] to study the properties of MSK sigealhe major
drawback of SPS MSK modulators iieghe built-in delay line, which fixes the
modulation rak. Furthermore the mismatch between the fixed delay time and the
actual pulse duration can cause mapegradationto MSK performance, suds a

reducednonlinearity tolerancg5, 4Q.

Direct Pulse Shaping (DP8BK modulators
Unlike the complex cascade designtloé first categoryof external MSK modulators

and SPS MSK modulators, DPS and IPS MSK modulators earesioffjlestage
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modulators. DPS MSK modulators are even simpler as they use the same MZM to
perform puke shaping and data imprinting amde usually based on two MZMs in
two arms, similar to DQPSK modulators. The trafleis the additional electrical
processing in order to carry both the pulse shaping RF clock signal and the data
stream signalAdditionally, the driving signal of one branch has also to be delayed to
create the offset between the two components. Ohm & Spej@g] first proposed a

DPS MSK modulator in 2003 and tested the MSK sigisahulation They proposed

a new encoding schemehich combined the pulse shaping REck signal and data
stream byadding these two signals togetherThe binary data stream carried a
voltage ofw for mark and a voltage atfor space, whereo was the voltage for a

phase change iman MZMmodulator. Afteraddition, the sinusoidalvave would be
flipped for mark symbols and remain the same for space symbols. Huynh an4Binh
followed Ohn® approach of transmitter and encoder design in stagdythe

performance of optical MSK systsioy simulation.

Donget al. [53] constructed the first DPS MSK modulator in 2006, after buildimg
SPIVSK modulator in 20089, 47. Instead of combining the pulse shaping RF clock
signal and the data stream to create the driving signal, Damogessedthe data
stream into a sinusoidally weighted bipolar signath a low pass filter Though this
signal processing scheme savesR¥ clock signal source, it should be noted that the
filtered data signal is only a rough approximation to a sinusoidal signal. A 16 Gb/s
MSK signal was generated; howevérhad a worseBTB receiver sensitivity of
around -20 dBm compared to the previou82 dBm[39] at a BER of 1D In 2008
Rohde[29] proposedto multiply the pulse shaping RF clock signal withokap data
streams in the drive® signal processing. A 10 Gb/s M8k a receiver sensitivity of
-36.5 dBm (at a BER of 90and a 2&iB bandwidth of 13 GHzwas successfully

demonstratedfor long haukransmission

Independent Pulse Shaping (IP85K modulators
IPS MSK transmitters perform pulse shaping and data imprinting separateiy
may increase the complexity of transmitter design, yet save the driving signal

proceseng as in DPS MSK transmitters. Sakanatal., the group that developed
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the first category external MSK modulator, moved on to the IPS MSK modulators in
2008 [44]. They modified the FSK modulator intocdduakdriveé modulator by
inserting electrodesnto both branches. Thus the component in each branch can be
weighted by its own pulse shaping modulator and imprinted with data via its own
electrode. A 10 Gb/s MSK signal was achieved using this scheme. Irh20f@ie
research group proposedchather IPSVISK modulatowhich integrates two cascaded
MZMs in either branclt a total of four MZMs wereintegratedin a single LiNb$
plate [48]. In this way, either branch has its own independent pulse shaping
modulator and data modulator. 20 Gb/s MSK wasuccessfullgenerated using this
schemewith a receiver sensitivity of around4.5 dBm at a BER of 10The 26dB
bandwidth of thegenerated signal was around 25 GHz, which was slightly wider than

a 10 Gb/s DPSK signalthe same year,ra80 Gb/s MSK signal wasnggated[30].

2.4.3 Summary

Table 21 summarizeshe developmentof external MSK transmitters oveecent
years.To the best of dzi Kkddwladge, there is an absence of literaturdtie field

of external MSK transmitters since 2011.

Please notelte ones witha grey background weréemonstrated by experiments,

and the rest were simulational results. It is worth mentioning thdtthe MSK
transmitters demonstrated in the experiments summarizedn this table used
sinusoidal RF clock sigeal MZM to perform pulse shapin@hough thee have not

been many studies in external MSK transmitters, as we can see from above, they
vary substantially from the structure, electricatocessingto the encoding of the

data stream. Ohm[52], Sakamoto[48], Dong[53] and Mo [40] explained the
operating and construction pringlies of MSK transmitters individually from the view

of their own design.
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Year Authors Bit Rate Experlment Material/ Software Electnc.al Type Single Pulge
/Smulation processing stage Shaping
2003 Ohm& Speidel 10 Gb/s | Smulation N/A Yes DPS Yes Sinusoidal
2005 Sakamotcet. al 10 Gb/s | Experiment HIN O AR gL et No Category 1 No CSRZ
PSK modulator
: MZ modulator + PL-CN
2005 Mo, Donget. al 10.7 Gb/s| Experiment hybrid OQPSK modulatd No SPS No CSRZ
. . Sinusoidal,
2006 Huynh& Binh 40 Gb/s | Smulation SIMULINR/ No Category 1 No RZ50CSRZ
2006 Donget. al 16 Gb/s | Experiment N/A Yes DPS Yes CSRZ
2007 Mo, Donget. al | 10.7 Gb/s| Smulation | VPItransmissionMakéY No SPS No CSRZ,
Sinusoidal
2007 Chen Donget. al | 10 Gb/s | Simulation | VPItransmissionMak&Y No SPS No CSRZ
. . Sinusoidal,
2007 Huynh& Binh 40 Gb/s | Smulation SIMULINR Yes DPS Yes RZ50. CSR:
2008 Rohdeet. al 10 Gb/s | Experiment N/A Yes DPS Yes CSRZ
2008 Sakamotcet. al 20 Gb/s | Experiment LiNbO3 No IPS Yes CSRZ
2009 Lu, Sakamotet. al | 80 Gb/s | Experiment LiNbO3 No IPS Yes CSRZ
2009 Rohdeet. al 10 Gb/s | Simulation | VPItransmissionMaké&} Yes DPS Yes CSRZ
. . . _ Imbalanced
2011 Li et.al 100 Gb/s | Simulation | VPItransmissionMaké&¥ No IPS Yes R73% CSR7

Table2-1 Chronological Summary of external MSK transmitter development. Grey background stands for experimental results.
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Thereis a lackof comparisonand analysi®f the varioustypes ofMSK transmitters
proposed by different authors along the timé/hile theseexternal MSK transmitters
might seem to bevery different in design and constructipthey all share some
essential featues and have some key funct@ncomponents in common. A
systematic review of how these essentialMSK features are realizedith the
common optical components important in evaluating different MSK transmitters

and guiding future MSK transmitter design.

There is also a lack efkplanationof how the pre-coding scheme is relatl to the
pulse shaping methodslraditional MSKsignas using alternating sinusoidal pulse
shaping employshe exclwsive or (XOR) preoding schemeHowever, there are
cases wherealternative pulse shaping methods are us¢d2, 53, hencethe pre-

coding scheme should be changed accordingly.

Further work is needed to examinéd underlying properties of different external
MSK transmitters with limiting factors. There have been some general and simple
comparisons between the transmitters due to their intrinsic designs. For instance,
DPS MSK transmitters need extra driving sigmatessing, SPS MSK transmitters
haveafixed transmission rate, and IPS MSK transmitters are generally coorplex

to construct. However, quantitative comparisonsf the impact ofthe following

impairmentsin the external transmitters are still absent:

1. Extinction Ratio of MZM. Low extinction ratio and extinction ratio imbalance
between arms could cause amplitude fluctuation and tlwesnpromisethe
quality of generated MSK signdi&3].

2. The effects of laar phase noise on different MSK transmitters.

3. Misalignment between the pulse shaping RF clock signal and the data stream

signal.

These factors need to be carefully compared to decide which transmitter is superior
in what aspec$ and to what extent, in ordr to settle the open debate of the

optimum MSK transmitter.
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2.5 Development of MSK receivers

The demodulation of MSK sigaahn be performedising selicoherent schemep47,

49, 52, 54, incoherent schemefs5-59] and coherent schemes0, 6]. The most

common and economic demodulation scheme for MSK is setfherent

demodulation, or optical delay demodulatiorA <lf-coherent receiver uses a
delayedreplica ofthe signalinsteadof a local Oscillator and usually consists ai

MZ delay interferometer (Dland a balanced receivgb2]. MSK receivers detect the

phase difference between consetive symbolsand then convert the phase

difference into electrical voltages. Regardless of the pulse shaping methuels, t

LK &S RAFTFSNEBYOSkHA SRINMSEMNY bikS BNIH LKIA&S
OAG aGamé kW RaEGKGRILRFPIK, M6 Balancead receiver offers a 3

dB receiver sensitivity improvement over O[9K

Binh and Huynh proposedaoherent demodulationby using two narrow band
optical filters to differentiate the bitd55-59]. This is the demodulation scheme
usually used in frequency shift keying systeifise authorsclaimed that the optical
MSK frequency discrimination receiveffered improvement of receiver sensitivity
and a large tolemnce of residual dispersiofb6-59]. However, this scheme is not
practical to implementor two reasons. Firstly, the frequency deviation asf MSK
signal is the smallest of all FSK formats. Thedilters have to be very narroswand,
which will introduce intersymbol interferenceSecondlya conventional MSK signal
with a constantfrequency deviabn over the duration of one symbol is impractical
to generate. Real MSK signals generated are weighted byseusioidal waves and

the instantaneous frequency changeghin asymbol

Coherent demodulation of MSK was the main scheme back in the 198D$as

been revisited latelff60-62], due to its potential to mitigate ASE noise and greatly
increase receiver sensitivity in high speed amplified MSK system. An experiment
carried out in 201@emonstrated the demodulation of a 1Gb/s MSK signal usirg

synchronous heterodyne methof60]. A later report showed that asynchronous
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heterodyne demodulation of MSK signal offered better tolerance towards local
oscillator (LO) frequency offset, with a slightly worse performajtd. However,
further work is needed to compare the performanceetween selfcoherent
demodulation and coherent demodulation methods, in areas such as nonlinear

phase noise resilience

2.6 Performance of direct-detection MSK systems

The continuous phaseand constant amplitudeof MSK leads to @aompactpower
spectrum and ahigh sidelobe suppressionratio, compared to other binary
modulation formats. This characteristic has been demonstrated in experinignts
Rohde[29], Lu[30], Sakamotd35, 36] Mo [39, 40]andYi[53] and simulationdy Lu
[48], Ohm[52] and Hachmeiste{63], regardless of the differentransmitters and
various pulse shaping methotisised in generating MSK signalsISK retains the
same receivesensitivityas DPS[Q], yet exhibits a compact spectrum comparable to
that of DQPSKTherefore, it is believed thatiSK is a good compromise between
DPSK and DQPSK, asexhibits advantages from both formatsAs a binary
modulation format, MSK is more tolerant towards frequency offset between the

laser and the delay interferometer than DQPSK, and even [BREK

In the limited research work, MSK has been tentatively studied and compared with
other differential PSK modulation formats on aspects such as receiver sensitivity,
dispersion tolerance and performance in DWDM systems. Nonlinearity effects have
also beenstudied as it is often a limiting factor for higipeed optical systemd.0].

The nonlinear transmission of phase modulation formats is affected mawnly
nonlinear phase noise induced by Gorddollenaur effect§64] (at 10 Gb/s), and by
IFWM [10] (at 40 Gb/s). It was found that the characteristics of MSK signals were
also heavilydependenton the pulse shapinft, 40, 41.
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Figure 2-6 Dispersion tolerance of MSK signal
(a) Simulation by Mp41], compared at 2 dB OSNR penalty at 10.7 Gb/s; (b) Experiment by Mo
[5], compared at 1 dB power penalty for a BER 6fat@.0.7 Gb/s; (c) Simulation by Chen at 40
Gb/s[42]; (d) Simulation by Huynh at 40 Gp4.

MSK is supposed to be more tolerant to chromatispersionover DPSK and OOK,
due to its compact spectrum. Experimental and simulational studies have confirmed
thisassumption as can be seen in Figuré2Mo et al. [41] evaluated the dispersion
tolerance of MSK and compared it with DPSK and OOK by simulatidd5nI@ their
simulation, the residual dispersion was adjusted by transmitant0.7 Gb/s MSK
signal through a single span of single mode fiber (SMF) or dispersion compensation
fiber (DCF). Ae launch power was controlled to eliminateonlinear effects. he
result, plotted in Figure -B (a), showed that MSK exhibited a larggispersion
tolerance at a 2 dB OSNR penalty compared with DPSK andMaC#.al. later
confirmed this simulation result by an experimdbt with similar setups. The result

reproduced in Figure -B (b) showed that MSK had a larger dispersion tolerance
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defined by a 1dB power penalty among all three formatShenet al.[42] validated

the improved tolerance of MSK ovePBK and OOK at a bit rate of 40 Gb/s, where
chromatic dispersion effects scaled 16 times according to its bit gaiadratic
nature [23]. Huynh pointed out that MSK exhibited arsfgcant improvement of
dispersiontolerance when optical frequency discrimination detection was U&#H

58]. The work mentioned above came to the same conclusion that MSK was more
dispersion tolerant than DPSK and OOK, despite the different evaluating methods

being used.

The compact spectrum and high side lob&gppressioralso gains MSK advantages in
DWDM systms. Firstly MSKallows the channel to bespaced more closely than
other binary modulation formats such as DPSK and OOKetMab [40, 4] proved

that MSKhad a lower power penaltytowards linear crosstalkat high spectral
efficiency £0.35 b/Hz/$ compared with RDPSK and RZOKin a sevenchannel40

Gb/s simulation In addition MSK is robust to filtering, which is a necessity for
DWDM systems and optical add/drop multiplexers (OADMsan experimen{30],

the bandwidth of 20 Go/s optical MSKvasreduced to around 21 GHgith a sharp
roll-off filter, and thepower penaltyis merely0.6 dB.In 2009 Rhodet al. [63] used
simulatiors to evaluate the performancéetween MSK and DQPS¥Ker a 10 Gb/s

long haul transmission on a 12.5 GHz WDM grid. When both transmitter and receiver
optical fitering was used, MSK appeared to have a better BER than DQPSK for a
given distance in single channel and DWDM transmission, though the advantage was
reduced for DWDM transmission. MSK could be a potential candidate for the
promising 40 Gb/s per channel DWDsystems with 50 GHz channel spacing.
However, an evaluation of 40 Gb/s per channel DWDM systems of MSK still remains

to be performed.

There have been a few studies comparing MSK with DPSK and OOK with respect to
their resilience to fiber nonlinearity.rBliminary studies showed that MSK was more
tolerance to nonlinear distortions than OOK and DPSKeb. [40] launched a 10.7

Gb/s singlechannelover a 4 X 164 krfully compensated recirculating loop for the

MSK, returrto-zero (RZ) DPSK and®@K formats and compared their resistance t
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SPM effect. She demonstrated that both in simulasand in experimergthat MSK

had a larger optimum launching power than other format€hen evaluated the
nonlinearity tolerance of MSK operating at 40 GHA2] and 10 Gb/s[50]
respectively by simulation. In both simulations he showed that M&& higher
optimum launch powers than RZPSK and RZOK when fiber dispersisnwere at

low levels such a-4ps/(nmkm). He also pointed out thaphase noise became a
primary effect for MSK in large dispersion fiber systdf0]. Howe'er, the above
findings were not convincing due the approximationsn the simulations In Mo
simulation, she turned off the amplified spontaneoasiission(ASE) noise to focus
on the selfphase modulatior{SPM) effect. As a respthe potential limithg factof
GordonMollenauer nonlinear phase noiewas omitted. Whereas in H&n
simulation, matched optical and electrical filters for MSK receivers were not
considered.In addition the minimum BER obtained with optimum launching power
of MSK, DPSK and R@rmats may differ substantially because of the differences in
receiver sensitivity. Thus, a consistent comparison with respect to fiber nonlinearity

resilience is needed.

2.7 Review summary

This chaptelhas provideda basis of optical communication priptes on which the
following chapters are developed. It alsassummarizel the development of optical
MSK modulation format in opticelbmmunicationsand examines the gaps in current

research.
These will be evaluated itne following chapters with the He of the optical MSK

communicationsimulationsystem developed based on the programming platferm

of VPItransmissioMaker™ and SIMULIN®.
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Chapter3 SI MULIVBKd
VPl transmi s's'Mod Mivioslre | i n g
Us eidMSK Systems

The modelling and simulato of the MSK system is based on
VPItransmissiadaker™ and SIMULINK. Both VPItransmissiodaker™ and
SIMULINR"  provide visual programming development environments.
VPItransmissiadaker™ is dedicatedfor modelling of optical systems, and therefore
has plenty of optical modules and componentand is used by researchers and
developersworldwide. In addition it is easy to build new components and test them
in an optical system. On the other hand, SIMULiK a general programming
platform. Although basic blockand communications bloegets are providednearly

all the optical compoents need to be programmedud as fibers and amplifiers.
Generaly speakingVPltransmissiodaker ™ is much more compte andwell-tested
than home-made models usin@IMULINK", while SIMULINR" is more versatile as

all modules can be edited from inside out.

The MSK transmitter and receiver modules are not provided in either platform. Thus
the first step to study the performance ah MSK system is to build the transmitters
and recavers.In this chaptecommon MSK transmitters andaeivers are explained

in detail and their main impairments are analyse@he Mach-Zehnder modulator
(MZM) is a very important component both in the transmitter and receiver, so the
operating principlef MZM and its usas apulse carver araliscussedn the first
section. In this thesighe MSKtransmittersare constructed byoth on SIMULIN®!

and VPItransmissioMaker™ with its operation and preodingmechanismscross
validated. Howevemostof the resultsin Chapter 4 and Chapter 5 asbtained from

the simulation systembuilt with VPItransmissioklaker™.
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3.1 Mach-Zehnder modulator (MZM) and Sinusoidal Pulse
shaping of MSK transmitters

Table 21 in Chapter 2summarizes theexternal MSK modulats that have been
developed and testedince Ohni{52] proposedthe first onein 2003 Most of them
are based on the phase shift keying nature of MSK, and thus kisilar design to
offset QPSK (OQPSK) modulators

Both MSK and OQPSK modulation fornfetge aone-bit timing offset in the relative
alignment of thér in-phase and quadratureignalcomponents.This offsetensures

that onlyone component switchsat atime.

The biggestlifference betweerMISK and OQPS#the pulse shapingf the inphase
and quadrature phase optical componenis MSK The data stream of &ch
orthogonalcomponentof an MX signalis modulatedto havesinusoidalenvelopes
instead ofthe rectangularenvelopesin OQPSKWhen these shaped iphase and
guadrature components combined, a signal wettnstantamplitude andcontinuous
phaseresults Bearingthis in mind, an QPSKmodulator can be modifiednto an

MSK modulator bysingan additional pulse shaping modulatr

The pulse shaing is most often realized dylach-Zehnder modulata (MZM) with

an input of RF clock signals. As such, MZM is the most important componemt of a
MSK modulator and it shall be modelled prior to the swstel modelling of a full
MSK modulator.

3.1.1 Mach-Zehnder modulator (MZM)
An MZM modulates the power athe incoming optical signal usinge principle of

interference.As shown in Figure-B, an input optical signaD o was split by a¥
branchinto two parallel armsldeallythe power splitting ratio of they branch is 0.5.
The phases of the upper sigr@l 0 and lower signaD o are then modulated

separately in the two arms. At the output of the MZM, the optigelds are coupled
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and thus interferewith each other constructively or destructively to generate the

desired pulsed optical fiel® © .

electrodes Vi(t)
Ei(t)
L
En(t) B(t)
Va(t) To fiber
|
Ex(t)
1

Figure3-1 Structure ofa Mach-Zehnder Interferometric modulator

The phase modulation in each arm is realized by emplayiaglectro-optic effect
in some special materials, typically Lithium Niobate (LH)HEb]. The refractive
index ofLithium Niobate changes in response to an applied electrical voltAgea
consequence, the phases of the propagating optical signals can be tuned by the
applied voltagav 0 andw 0. The strength of the electroptical effect depends
on the direction and amplitude of the appliedeetric field and the orientatin of the
LiNbQ crystal Assumingw is the voltagein need ofa phase change of 180the
optical fieldsin the two arms can be written 441j:

P Wf 0

MZMs can be classified as siegdrive MZM or dual drive MZMepending on

whetherthe drivingvoltage is applied to one arm or both arms.

3.1.2 Single Drive MZM
A single drive MZM has only one driving voltage applied to either of the arms. Thus,

at the end of MZM, a phase modulated optical fiaﬂf‘D 0 'QwniQ“— combines

with the other optical fieldf‘o 0 . This results in the output fiel® 0 according

to
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06 —p Agf—
060 —Agf— AP Q— Agf— (3.2)
06 0 60A1 60— Agf—

The above equation shows that the input signal is modulated both in amplitude and
phase. In other words, there is a chirping effectthie single drive MZ amplitude

modulator. In terms of signal power, the transfer function is

00 ... ®O
WeEIL —

0O o c® (3.3)

3.1.3 Dual Drive MZM

In a dual drive mode, the two paths of the MZM are phase modulated with opposite
phase shifts in a puspull structure[9]. Driving voltage 0 andw 0 are applied
to the upperand lower arm respectivelfhe output field corresponding to Equation
(3.1)is

O o

~ ~

00 00

O 0

The parametery represents the combined of the two phase modulators in the
two arms. After taking out the common factodhk @B A——— 3 3 in

the right two partsFquation @.4) can be rewritten as

!O b !O b (TL) é i‘ 'Q d) ﬁ' o_ b b (3.5)
If the two driving voltage are arranged ina way, so that 0 @ 0 and
.  , this operation ofthe dual drive MZM is calletthe dpushpull mode. As

can be seen fronEquation(3.5), MZM operating in the pugbull mode completely
eliminates time dependent phase modulation, i.e. the chigpaffect. This leads to

06 © o @0
° CwET TG (3.6)
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The power transfer function for pugbull MZM is

O 0 x, . @O0

0 o weE l d)— 4 (37)

Compared tosingle drive MZM,w is reduced by half. This can be explained by the

following figure.

|m A |m A
B
El’/’ //
= Re
(a)Single Drive (b) Dual Drive

Figure3-2 MZM amplitude modulation (a) singledrive MZM(b) dual drive MZM

A closer examination shows that in both cases the amplitude of the output optical
field’O 0 is determined by two factors: the amplitudes and relatpease (vector
angles) o0 6 and’O 0. Inthe case of ideal MM extinctionratio, the amplitudes
of O 6 andO 0 are the same. This leavéise relative phasebetweenO 0 and
‘O 0 as the only variable determininpe amplitude of output optical fields. For a
fixed applied voltage, the relative angle doal drive MZM mode is twicas large

than in shgle drive MZM mode, thus halvirige amplitude ofrequiredw.

3.1.4 Sinusoidal pulse shaping

The MZM for pulse shaping should be operated in gmslhmode, as it eliminates its
time dependent phase modulation and halves the required drive amplitude. From
Equation (3.6) and Equation (3.7), we can illustrate the transmission curves of a dual
drive MZM. The solid blue line and dashed black curves apply for optical field and

power respectively.
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Figure3-3 Optical field and power transmission as a functionlidfe voltage

As we can see from Figure33in order to generate a sinusoidally weighted optical
field, the driving voltag&® 0 must be a triangular wave. Additionallythe MZM
modulator has to be biased atw7¢ to generate both positive and negative
weighting. Suppose the incoming optical sign@isd6 'O A @®“ ", then the
output optical fieldO 0 is depicted by Figure-8 and is given by

~ o~ Tk o PPN o
OO0 O owe i c OAg®m Q)OEEL’_Y (3.8)

Periodic Triangular Driving Qurrent, with 0.5V bias

T 5T oT 17T
Full-Period Snusoidally Weighted Optical Feld

NAAA/\
SV VAR VARV

Figure3-4 Fullperiod sinusoidal plse shaping. (a) Driving voltag®) Generated tical field

v
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For a positive cosine envelope, the drive voltage has to rise linearly frofxo to
T@w or fall vice versa and the MZM modulator is biased at null. The output optical
field is given by Equation (3.9)
006 O on¢t Q—O OApR ™ OE370
0 'Y (3.9)

Figure 35 depicts the periodic triangular drivingoltageand the generated optical
field.
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Figure3-5 Halfperiod sinusoidal pulse shaping. (a) Driwotiage (b) Generated jtical field

3.1.5 Modelling of MZM

VPITransmissionMakek has its own MZMnodule In contrast,SIMULINK" does
not have a readily available MZModule; hence a MZM blockisingavailablebasic

blocks isnodelled as an essential component of MSK modulators.

The structure ofa dual driveMZM block is shown in FigureG3It can be seen that
the MZM block has two input ports and one output ports. The two input ports are
for the incoming optical signal anthe electrical modulating signal.h& block
outputs thecorrespondingnodulated optical signalThe biased voltage of the MZM

can be set in the initialization document of the MSK system.
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Figure3-6 Structure ofa dual drive MZM with SIMULIRK

3.2 Modelling of external MSK modulators

In this sectionsimulationmodelsof external MSK transmitters based on phase shift
keying are builtwith VPItransmissiodaker™ and SIMULINK, including the

followingthree subcategories

1. Direct pulse shaping (DPSIMSK modulatgrwhere a single MZM is used to
perform pulse shaping and data imprintimgeach branch.

2. Separatepulseshaping 8S)MSK nodulator, where a singleMZM is usedto
perform pulse shaping foboth branches.

3. Independentpulse shaping (IPS)MSK nodulator, where each branch has

secondMZM to perform pulse shaping.

For all three modulator schemes, the incoming daseencoded, interleaved, and

demultiplexedinto the inphase datd0d and quadraturedatad o .
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3.2.1 Direct Pulse Shaping (DPS) MSK Modulator

A DPS MSHKnodulator consists of two MZMsne in either armPulse shaping is
performed directly withdata imprinting on the same MZMat the same timeThus,
the driving signal of either branch has tme subjected toadditional electrical

processing to carry both the pulse shaping RF clock signal and the data stream signal.

Figure3-7 shows the structure othe DPS MSK modulator. The optical field rstfi
split into two arms. After that, the optical field is modulated by MZM1 and MZM2
respectively. An additional T@® Aphaseshiftis applied to the lower arm to make the
two components orthogonal to each other. The MZM driving signal is produced by
combinng the base RF clock signal and the data sidpyaladdition [52] or
multiplication[29].

In-phase data ||(t+T)

Phase-modulated
H:
@@ T —
/ A Add or De|ay
\/\/\/\, multiply
RFsource 1
oW

Laser

RFsource 2
(AN Add or =2
W muttiply @
% A Phase shift
— Phase-modulated

Quadrature- RF
phase data Q(t)

Figure3-7 Structure ofa Direct Pulse Shaping MSK modulator

M3X Sgnal

Addition
The data stream signal hawaltagelevel of 06 K Sy (i K Slé aRd6liwhenih&é &
R G 0¢. Tids dataddé will leave the optical field phase unchanged, and dift

will producean instant™ phase change. It should be noted that the datgnaldoes
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not affect the optical fieldweighting as the cosineenvelopeonly flips from the

positive side to the negative side (oc&iversa).

N - Q o Y @ “
0 0 20Qel Dot . -
C w C
_ L (3.10)
Mo rol o Al &
q qY
Similarly, the output electric field ¢he lower path modulator is given by
g - “ ., . Q o lad
0 o ZOAgE'®D - Ol , —
C C w C
— L (3.11)
B0 AR D6 0OE
q qY
Thecombinedoutput of the modulator is
o e
O o T O o O o
OAG®"® . .. %0 .. . .."0 (3.12)
OOAl ©;, B O0O0E+:
C CY CY

Multiplication

When MZM is biased an¥¢, as can be seefrom Figure 3-3, alinear voltage
change oft0 ->6 ¢ -> (€ produces a negative cosine envelope and a linear voltage
change ofd0 -> 6 ¢ -> (€ produces a positive cosine envelope. Therefore, the
data infamation can be combined to the pulse shaping RF clock sigmauliplying

with bipolar data streams.

-~ . N e, Q0 Ye
O 0 —O0Qum" DwE , —
S W S
— . (3.13)
Ko "D AT &
q QY

Similarly, the output electric field of tHewer path modulator is given by
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O o0 —OAgfm® - -
= C W C
— . (3.14)
40 A P DO 6O0E
q Y
Thecombinedoutput of the modulator is
e
@] TC O O o
OAg®R® _ .. 4“0 .. . S0 (3.15)
OCOAl O ® 0O0E+=
C CY Y

The DPS modulator have beemodelled with VPITransmissionMaket and
SIMULINK" as shown in Figure 38 and Figure ® respectively. The DPS
SIMULINRK! modulator makes use of the MZM modulator modelled in firevious

section.

Both models assume a lasesavelengthof 1550 nm (with a correspondincenter
frequency ofp W@y p 1 Hz), and gpseudorandom binary sequen¢PRBS) as the
incoming data.Due to the use of different modellingoftware the two DPS

modulators have a few differences:

f In VPITransmissionMaket, an existinglaser module is used. The laser
linewidth is assumed al0 MHz whichis used for other types of MSK
modulators and simulations all through this thesis.

T In SIMULINR" the lasermoduleis approximated with aconstant value. fie
effects of laser linewidth in simulation are neglected

¢ InVPITransmissionMaket, the extinction ratio of MZM (details of extinction
ratio is explained in Chapter 5.1) is set at 20 dB.

T In SIMULINR" the MZM is simplified without taking into consideration of

the effects of extinction ratio.
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It can be seen the MSK modulators modelled witPITransmissionMaketis more
sophisticatecthan the one modelled wittSIMULINR". As such, the SPSciPS MSK

modulators in the next section are modelled only witRITransmissionMakgf.
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3.2.2 Separate Pulse Shaping (SPS) MSK Modulator

1(0)

In-phasedata — T

OQPSK Modulator

Laser .
Phase shift y/SK Signal

Quadrature-phase
data Q(t)

Figure3-10 Structure ofa Separate Pulse Shaping M8&dulator.

Figure 310 shows the structure of @SPSVSK modulator which consists of a pulse
shaping modulator(MZM1) and an OQPSK modulatoFhe SPS MSK modulator
performs pulse shaping and data imprinting in two stagese@arate MZMs used to
weight the optical fields for both the kphase and quadrature components. The
phase difference of the two components is realized by a delay module in one of the
arms When driven by a periodic triangular RF soufze 0 , MZM1 modulates the
incoming optical signalO A @@ " according to Equation (3.8) which is

reproduced below:

o~ P o

06 OAOWm Q)OEEI,,—Y (3.16)
The modulated optical field is then split into thepper branchand lower branch.
After being delayed by one bit period, thepihase signal modifies the upper branch

according to

N - Y00 Y 0 “adD
0 o Tq'o Agd® Qo Y OE-IC,T A@qu— (3.17)

‘@ is converted from the iphase datdOd and belongs torig 6 . When

‘0 p, the corresponding@® Tt and the output electric field will leave
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unchanged; whei®o p, the correspondin@ ¢ 6 and the output electric

field will have a phase jump of 180Thus Equation (3.1)3ecomes

3 N L 40
0 o TC'OAQQ“"Q‘)‘] ‘COA %Y (3.18)

Similarly, theoutput electric field of the lower path modulator is given by

i . N SR o LR
0 o 0APR'® - OFE A@B—
C C Y )
A W s (3.19)
GC0AP® D b 6 OE i
C '
Thecombinedoutput of the modulator is
, nw . ‘
O — 0 6 0 o
OAG®® . .. “0 . . ._.%0 (3.20)
OCOAl &= ® 0OE+-
S Y Y

This is the same as the mathematical expressiah®MSK signal iBguation @.14).
The Separate Pulse Shaping MSK modukatwere constructed by integratinga
Planar lightwavecircuits and LINb@ (PLGLN)[39, 40, 47. The major drawback of
this kind oftransmitter is the builtin delay line vthin the modulator, which fixethe
modulation speedFurthermore the mismatch between the delay tirmenight cause

major distortion tothe MSK performance, such asnlinearity tolerancg5, 4.

The structure of SPS MSK modulatoodelled with VPITransmissionMakgt is

shownin Fgure 311.
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3.2.3 Independent Pulse Shaping (IPS) MSK Modulator
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Figure3-12 Structure of Independent Pulse Shaping MSK modulator

Thelndependent pulse shaping modulator is also called quad MZMs MSK modulator
as it uses four MZM0, 66] two ineacharm. Figure3-12 showsthe structure of an
independent PS MSK modulator. The pulse shaping is perfosegaratelyin each

arm by MZM1 and MZM2, eliminating the useabuilt-in delay line, as the offset
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can be applied in the electrical circuidn 80 Gb/s MSK signal was successfully

generated usin@n IPS MSK modulator in 20130].

g < L0 Y <
0 o Tc'o Ag® Qo YO EW A 2B %
_ (3.22)
q - .. 50
—OAo®® 1 AT &
C @ Y
The lower part
. S A .
O (0} ?OAQ'@“ D — OEEFYAQB“ 0
~Q—ME'O Ag@ ™0 00E LO -
q Y
Thecombinedoutput of the modulator is
Vi |
O T O o O (6]
TR« 1 “ 3.23)
OA® ™ - 0 .. o) (
9 Al & ‘D 00OE+
S cY CY

The structure of IPS MSK modulator modelled wWitRITransmissionMaket is
shownin Fgure 313.
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3.3 Modelling of MSK Receivers

MSK receivers detect the phase difference between consecutive synitt@phase
RATFSNEBYOS AakBIXUBEEBNBMY LIKE RIS OKI y3S
andthe-~ k H & U | y-R 8MBEK dedveds kdn beiclassified into three gatees:
incoherent receiver[4, 5759, seltcoherent receiver[29, 47, 51, 63, 67hnd
coherent receivel60, 61. Incoherentdemodulation uses two narrow band optical
filters to differentiate the bitg56, 59. This straightforward theory is howevhard
to implementbecause of the limits of optical filteré coherent receiver uses a local
oscillator (LO) to mix with the received sigtalretrieve the transmitted data. The
principle ofthe selfcoherent receivers similar to coherent receivetbuta replica of
itself is used in replacement ofnaLO. Tlerefore the self-coherent receiver is also
called an opticd delay receiver. In praicte, self-coherent and coherent MSK

receiversare commonly used.

3.3.1 Optical delay receiver

Themost commontype of MSKeceivesisthe optical delaydemodulationreceiver
This kind of MSK receiveompares the phase difference of two consecutive symbols
in the optical domain,and converts the encoded phase to dir@stectable
amplitude. It usually makes use of a Madlehnder delay interferometerMZDI),
combined with a balanced receivgs2], asshown inthe schematic drawindrigure 3

14. TheMZDI consists of two-8B coupers as input and output ports wittwo arms

in between. The two armdiffer in lengths such that the signal in the loegarm is
delayed by exactly one symbd] compared to the other armThe path length of
the DI can be finduned for proper interference using either an integrated thermal
heater or, in the case of a fib@ptic realization, also by means of a piezoelectric
transducer (PZT)J68]. The use ofa balanced receivercan provide a 3 dB
improvement over OOK signal9], and at the same time eliminaty the DC

component[9].
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Phase shift

Figure3-14 Basic structure of setfoherent MSK receiver

Assuming thereceived optical signahas a power 0b and phase 0%c0. The

electric field can be written as

O 0 B_!Q(bh“ ™ Nno (3_24)

where%00 equals tooo — ¢ withino 'Y 6 0 p "Yas defined irEquation

(2.18. %0 0 is continuous and changes linearly during the period of one symbol.
O 0o is first fed into an input port of a-8B coupler. The input and output

relationship matrixof the 3dB coupler i$11]:

~ P p p
Y T

AfterO 0 is split and fed into the two arms of the MZDie optical field in the
upper arm is delayed by, while the optical field in thdower arm experiences a

phase shift. At the end of the two arms, the electric fields become

D Y D 1 A "’/\

‘O 0 andO 0 are then fed individually into the two input ports of anothedB
coupler. Two photodiodes at each branch convert the electric fields into

photocurrents of
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(3.28)

where2 is the detector responsivity, andh is the phase difference between the
two arms of the MZDI which equals 0 %0 “Y “j¢. The overall
photocurrent of the balanced receiver is given by

0O 00 00 YOAT ¥ (3.29)

After passing an electrical low pass filt€@will be fed into the decision circuit. It is
obvious that the amplitude of the current is determined ¥, Thus it is important

to find out the value o¥%«during the time intervald) "NO p "Y. As%o0

~
¥

@ — + , as defined before%.o Y & —— o . Y%o0 can be

expressed as
] ‘o R ] b "Y “®

UO i — [ ] i — [ ] —
Y% C"Y w C"Y C (330)

According to the phase continuity principle of MSK as proved in ChagénX

~
5

should be the sam as%.0 “YS . Thus® — W

« , which can be rearranged to ¢ — ® @ . Substuting this

into Equation (3.3Q)Y%dbecomes

Vo 2 VY m
00 - _o~, -
v c (3.31)

Assumingo 0 U "Y"Y, whenodincreases from+ 4to + p 4,0 increases

from O to 1. Substituting to Equation(3.31)gives
® W — (3.32)

The value o¥%, thus the amplitude ofOis determined by the combination o5

and ® . Four different results o¥%.and‘Owithin 0 Y & 0 p "Ycan be

obtained
1) For® pand® p, Y% mandO 'Y O.
2) For® pand® p, Y% “ &ndO YO AT O
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3) For®
4) For®

pand®

pand®

p, Y% “ and'O
p,y%o “

YO.

The results can be summarized in fledlowingtable.

“&ndO YOATO “ &

. . O +4 +4 O + p4 o) p4
W w - - -
Y% | O Y%o [o) Y% | O
-1 -1 0 YO 0 ] 0 YO
-1 1 0 YO |0y | . - YD
1 1 - YO |~ ay . } YO
1 -1 - Y O - | 0 YO

Table3-1Y and mwith different combinations off. ~ andfw at the time interval L €

-

From Table &, we can see that whei®is sampled at integer multiples 6 thusat
the bit transitiors. The phase differenc&%between two neighbouring symbols is
either 0 or ~. From the encoding principle of MSK signal tfaaf identical to the
original datastream, decides the direction of phase change, we could infer'@at
should reflect the change @b . This can be proved by substitutidgvith 0 "¥h
Equation (3.3)or identically substitutingesvith Ttin Equation(3.32).

Y%o P x EAD + 4 (3.33)
Thus,
v AT AR P s s
O YUAI-@qil”%EAO +4 (3.34)

It is obvious thab%eat time U “¥s entirely determined byd . Further substituting

0 U

p "Yinto Equation (331), we haveY%o , Which is consistent ith
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Equation (3.33)Equation (3.3%shows that he amplitudeof “Ois eithera positive or
a negative valugdepending on the bits transmitted'hus, the original bit stream can

be constructed from temporal variations of the electrical sig@al

The optical delay receér is areadily available module in VPITransmissionMadler
As shown in Figure-B5, a block of optical delay receiver is modelled by SIMUMNK
Both modelsare set with @ phase change in the lower arm and a one bit period

delay time in the upper armfdhe Mach-Zehnder delay interferometer
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Figure3-15 Self-coherent MSK receivdry SIMULINK!

In both models, e shot noise andhermal noisefrom the photodiodesare added

into the generated signalwhere the thermal noise equivalent current density is

assumed at m FNOq

To improve the performance of the optical delegceiver an optical filter can be
placed right after the incoming optical signal, and an electrical filter can be placed
after the photodiodes. The details of matched optical agléctrical filters are

discussed in Chapter 4.4
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3.3.2 Coherent demodulation receivers

A coherent demodulatiorreceiver employs a local oscillator (LO) laser, which mixes
with received signalfunctioning as an optical amplifier without noise enhancement.
The MSKcoherent receivemwas the main scheme back in the 1980s &ad been
revisited lately|60-62] as it generally provideselter receiver sensitivity than ooff

keying.

A MSK coherent receiver can be designedbéoof homodyneschemeor heterodyne
scheme[61]. Phase locking is used foommodyne detectionto achieve azero
intermediate frequency(IF)- the amount of frequency difference between the LO
laser and the carrier frequencyf the received sjnal For homodyne detection
system the optical front end composea 90° hybrid coupler and two balanced
detectors Forthe heterodyne system, theptical front end composesn X coupler
and abalanceddetector. Adelay scheme is then used to recover the output from the

balanced detection.

An experiment carried out in 2010 demonstrated the demodulation of &b

MSK signal using synchronoushomodynemethod [60]. During the processing of

the obtained electrical signal, a ret@ine 50Gsa/sscilloscope was used as an A/D
converter. Consequently the signal processing, including the carrier phase estimation,
was performed in the digital manner. The receiver sensitivity for error free operation
(BER<2x1f) was-36.3 dBn60].

Heterodyne receivers have simpler constructiand are more cost effective to
implement In addition, be linewidth requirements are relaxed considerably for
heterodyne receiver$6]. It was found that coherent demodulatiols much more
tolerant than heterodyne detectiortowards local osc#itor (LO) frequency offset
with a comparable performnceover asimulationtest of 40 Gb/s MSK signal over
100 kmand 200 kmcompensated fiberlink [61]. Thus, in this thesisan MSK

coherent teterodyne receiver issed in simulation for performance analysis
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Figure3-16 Basic structure ofoherent asynchronous heterodyne MSK receiver

Figure3-16 shows thesetup ofa coherent heterodyne MSK receiver. Compared to
the seltdelay receiverthe delay demodulation is implemead in the electrical
domain. The photocurrestOandOin each banch of the balanced receivare
given by

~
g

YO 0 Y 00 AI10Oo [ o (3.35)

0o

hl:o

Where] isthelF,and 0 % 0 %o 0 isthe phase difference between the

signal and the LO laser. The combined current is

O ¢Y vv A |—|O O] O (3.36)
As can be seen on Figurel8, the combined curreniOis then dividedandfed into a
delay scheme with one armelayed byexactly one symbol perioduration and the
other arm applied with a—-phase change. The product of the two currents can be
written as
‘Ois the current sent to thalecision circuit. The value @depends on the phase

difference between the twoconsecutivebits, therefore the transmitted data is

retrieved
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3.4 Modeling of Fibers and Erbium Doped Optical Amplifier
(EDFA)

3.4.1 Fibers

The Nonlinear Schrodingerequation (NLSE)is a nonlinear partial differential
equation andgenerally does not have an analytic solution. Therefore, numerous
numerical algorithms have been developed to understand the nonlinear effects in
optical fibers The SplitSep FourierMethod (SSFM) is onef the most popular
algorithms usedn a dispersive media because of its good accuracy and relatively

modest computing cost.

The SBMdividesthe fiber length into a large number of segments of small step size
"Q In general, dispersion and nonlinearigct together while the optical pulses
propagat along the fiber. However, BE® obtains an approximate solution by
assuming the effects of dispersion and nonlineaatg independent over the small
distance’Q The optical pulspropagationfrom &ito & "Qcan be approximated by

'0 v Agss Agh ! Uu (3.38)

where'Ois the differential linear operator equallo —— -, ando is the

nonlinear operator equal QS . O accounts for the dispersion and losses within
a linear medium whil® governsthe effect of fiber nonlinearity The accuracy of
S$M can be improved by including the effect of nonlinearity in the middle of the
small segment rather than at the segment bound$y}. In this new procedure,

Equation 8.38) is replaced by

oqQ Yy Qoorz—o Qwn 0 qengeQwrz—Ooth (3.39)
The evolution ofin optical pulse over a small segment h is considered to take three
steps in this new procedure. This soieis called symmetrise8SFM69]. If the step

size is small enough, the integral in theniddle of Equation(3.34) can be

approximated by
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0 & "Q needsto be calculated using iterative evaluation because it is not known at
& "Qc¢. Although the iterative evaluation is timeonsuming, the improved
numericalalgorithm allows uso use lager'han that of Equatior(3.38, which will
result in saving overall computational tim#is method is used ithe fiber modules

of all SIMULINR" models throughout this thesis.

3.4.2 Erbium Doped Optical Amplifier (EDFA)

Erbium Doped Fiber Amplifiers (EDFAgke use of erbium ions as a gamedium

and operates in the wavelength region near 1{5%. They havebeen usedin the
system simulations becaudeDFAhave the advantage of providing high gain, low
noise wide bandwidth and polarization dependentamplification[4]. The Hoium
doped fiber is connected to a laser pump source using a coupler which allows the
pump and signal powers to propagate together in the amplifying fibée pump
lasers usually operatat either 980nm or at 1480nm to produce gains in the signal

power output over the whole ®and spectrum.

Amplifier Noise

In the optical amplification process the signal power is achieved through the
stimulated emissionwhile the noise comes fronspontaneousemissionwhich is
called Amplified Spontaneous Emission (ASHH)ce the signal spectrum width is
several orders of magnitude narrower than the A§fectrum it is customary to

approximate the iFfband ASE as a whitmise process.

With this assumption, the quantum theory of amplitude noise in optical amplifiers
leads tothe following expression for thm-banduniform ASE power spectral density
available at theoutput of the optical amplifier:

o WE O p w] Oa (3.41)
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where0 is the ASE white noise power spectral dengity,is the spontaneous

emission factor;Ois the optical amplifier net gairisthet f | yO1 Qa Oy adl yiaz
the opticalfrequency (Hz)The impact of ASE tuantified through the noise figure

"Ogiven byO ¢¢&¢ . In my optical transmission simulation system, the noise figure

"Ois normallyset at3 dB in the EDFA models.

3.5 Conclusion

In this chapter we outlined thechematic layouind successfullynodelledthe key
componentsthat comprise the MSK transmission systé@mboth SIMULINR* and

VPltransmissiadaker ", including:

1 SPS, DPS and IPS MSK transmitters.
1 Optical delay andCoherent asynchronous heterodyiMSKreceiver

1 Fiber andEDFA optical apiifiers.

The MSK modulators discussed in this chapter, with puressidal pulse shaping,
generateideal MSK signals. However, in reality ideal MSK signals are hard to obtain
as a periodic triangular driving signais difficult to obtain, if not impossible. In the
following chapter, we will discuss MSK transmitters with 3orusoidal pulse
shaping methods andhe corresponding pre&oding scheme. Aovel MSK format

with new pulse shaping methods will be explained and compared with otifeKM

formats in details.
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with new pulse shaping

As discussed iGhapter 3,0ne of the mostistinctive featurs of MSK transmitterss
the sinusoidalshapingof the envelope of optical intensity in both the-phase and
guadrature components. The sinusoidal pulse shapimgures a linear phase change
during bits and thus a constant frequency shift off the centre frequehrtigection
3.14, periodic triangular RF drivirgignals depicted inFigure3-4 and Figure3-5) are
used to drive MZM modulators to gerate ideal sinusoidal pulse shaping. However,
at ultrahigh speedof 40 Gb/s or 100 Gb/d¢tiangular RF driving sigrsaarehard to
generatein electrical hardwaravhile high frequencginusoidal RF driving signalan

be simply generated by second harmonic generation using the parabolic transfer
characteristics of high speed field effect transistor, e.g., MESRETAS a result,
MSK optical signals witthe envelope of the amplitude of optical pulss being

weighted in semisinusoidal shapes attragetl our attentionfor investigation.

In this chapter, a novel DC33 MSK sigmath semisinusoidal pulse shapings
successfully generated and studied using simulats.we will explore deeper in

this chapter,the characteristics of MSK signals are closely related to thsep
shaping methodsWe will also systematically compare the performance of MSK
signals with different pulse shaping methods and examine the effects of impairments

in various MSK transmitters, including SPS, DPS and IPS MSK transmitters modelled

in the last chapter, as well as thepairments in MSK receivers.

4.1 Semi-sinusoidal pulse shaping

In the last chapter, we discussed tkewusoidalpulse shaping by drivingn MZM
with linear periodictriangular signals. In this section, we will show that semi

sinusoidal pulse shaping can be achieved by operating the MZdMshpull mode
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with sinusoidal driving signalgs shown in the first section, there are three common
semisinusoidal pulsesvhen configuring the MZM with different parameters.
Accordingly, various optical MSK can be generated by these pulse shaping methods.
We will then derive the optical MSK signalsalytically withvarious pulse shaping
methods including novel DC33 MSK with Rzi83e shaping.

4.1.1 Return to Zero pulses with 33%, 50% and 67% duty cycles

When configured in dual drive mode, M2Man modulate the envelope of optical
field intensity into return to zero pulses wittifferent duty cycles, namelseturn to

zero pulse wittB3% duty cycledenoted asRZ33 pulse), return to zero pulse with 50%
duty cycle denoted asRZ50 pulse), and return to zero pulse with 67% duty cycle
(denoted asRZ67 pulse)The parameter settings to generate the three types of

optical pulses are summagd in Table 4.]2].

Bias Modulation
Pulse Type RF Voltage Duty Cycle
Voltage Index
RZ33 0 wic Aj G 33%
RZ50 WjT WjT Aj T 50%
RZ67 (CSRZ2) wic w1¢ A G 67%

Table4-1 Parameter settingsf return to zero pulses with various dutycles

Assuming the RF driving signal has an angular frequency REZ33 pulsesan be
generated with the MZMmodulator configured with null bias and a modulation

index ofaj ¢. The optical field is given accordinggquation (3.6)
o o Ai ;QA 1106 O o 4.1)
RZ50 pulses can be achieved by configuring the MZM with a bias voltage of
wj T and a modulation index afj T,
o o Al ;éA 11006 ? 0 0 4.2)
Similarly, 6 generate RZ67 optical pulses, tM&M is configured with a biasltage

of w7¥q and driven by a sinusoidal wave with a voltarfes ¥¢. The optical field is

given according t&quation (3.6)
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It is worth mentioning that out of these three RZ pulses only RZ67dsdaitional.
The other two types of RZ pulses are-dimectional.Figure 41 plots the opticafield
envelopes of the three types of optical pulses in the field domain. Pleasethete
frequenciesof the RZ33 pulseasnd the absolute value of RZ67 pulses are the same,

twice the frequency of the driving RF signal.

T
1

|RZ67p.5
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Figured-1 Envelopes of th&F driving Signal and the generaRA33RZ50 and RZ67 optical

pulses in the field domain

4.1.2 Generation of MSK signals with various pulse shaping

methods

Figure 42 and Figure 8 show the comparison of RZ33, RZ50 and RZ67 optical pulse
fields andoptical pulsepowers respectively. The dashed gragve curves are the
reference cosineand cosiné envelopes respectively It is easy to see that the
envelopes RZ50 pulse field and power are closeshé¢oreferencewave curvesas

both RZ50 and cosingulses have the same 50% duty cycle. RZ33 and RZ&&5 oo

not have intersection points with the cosine wave excapthe peak poins andthe
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zero poins: they fall into the outer sider inner side ofthe reference wave curves
The optical MSK signals composed by Return to Zero pulses RZ33, RZ50 aard RZ67
named as DC33 MSK, DC50 MSK and DC67 MSK according to the duty cycle of the

optical pulses.

(| PSRRI, (SN I (SRS SRR S SN S . i Rsion -
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Figure4-2 Comparison of RZ33, RZ50 and RZ67 optical pulse fields
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Figure4-3 Comparison of RZ33, RZ50 and RZ67 optical pulse power

By substituting the sinusoidal waves in Equationgpwith the RZ33%emisinusoidal
pulse shaping wavedescribed irEquation (4.2 the optical field of DC381SKsignas

can begiven as

e e
Y o6 oAl OKT & —
¢ CY ¢
000 AT OAT 62 A @ " @9
V]0) ”
¢ QY

From Equation (2.0)5and Equation (4.3), DC50 MSK signal is given as

T ¢
YO ™ AT AT & ¢« —
T Y T
o e B . (4.5)
QqulgAleY < Ag®

From Equation (2.0)5and Equation (4.1), DC67 MSK signal is given as

o em . 2 O “

Y O ‘Al DAl ©, “ -
C Y C

» .. o u, oL ‘i b 113 113 . (46)
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