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Abstract

This dissertationstudiesdifferent effects from the fiber Kerr nonlinearityon optical
fiber communicatiorsystemswith the focuson efficient methodsto computethe system
degradationsrom thesenonlineareffects.

Wefirst review anddevelopseveralanalysigoolswhich areessentiato thestudyof op-
tical fiber systemsTheseanalysistoolsfocuson solvingthe nonlinearSchidinger(NLS)
equationthat describeghe propagationof optical pulsesthroughoptical fiber channels.
Eventhoughthe NLS equationcanbe solved numericallyby the split-stepFourier (SSF)
method,analyticalsolutionslik e the Volterraseriestransferfunction (VSTF) methodare
still preferablefor systemperformancesvaluationwhen stochastigparametersf the sig-
nal andfiber channelare considered.The modifiedVSTF methodss introducedto solve
the enegy divergenceproblemassociatedvith the truncatedthird-orderVSTF method,
offeringamoreaccurateesult.

Wethenstudythetwo mostimportantnonlineareffects,cross-phasmodulation(XPM)
andfour-wave mixing (FWM), in the wavelength-dvision multiplexing (WDM) systems
basedon the VSTF method. Thesetwo nonlineareffectsboth causeintensityfluctuation
of achannelfrom its neighboringchannels.The samesystemmodelis usedfor the study
of both effects and consequenthdirect comparisondetweenthe two effectsis possible
in our study As anindicationof the systemperformancewe computethe varianceof
the intensity fluctuationfor both synchronousand asynchronousVDM systemsin this
dissertation.Differentmethodologieso reducethe nonlineareffectsbasedon optimizing
the systemparameterss alsodiscussed.

Anotherapproacto improve the systemperformancef WDM systemdasedn mul-



tiuserdetectionis introducedin this dissertatiortoo. The key ideais to make useof the
informationcarriedby thechannekorrelationsdueto fiber nonlinearityby the useof mul-
tiuserdetection.The analysisis significantlycomplicatedoy the presencef the photode-
tector a square-lav device, in the system. Using the Gaussiamapproximationafter its
validation,botherror performancef the multiuserdetectorandits asymptotidoehaior in
suchsystemsarethoroughlystudiedby upper andlowerboundsand comparedwith the
conventionalsingle-usedetector

Thenoiseprocessn a communicatiorsystemmustbe known in orderto computethe
systemperformanceHowever, dueto nonlinearinteractionbetweernthe amplifiedsponta-
neousemission(ASE) noisefrom opticalamplifiersandthe signal,the ASE noiseis being
amplifiedby the signalduring propagationThe noisenonlinearamplificationwith ary ar-
bitrarily modulatedsignalis studiedbasentheperturbatiortheoryupto thesecond-order
in nonlinearityfor bothrealandimaginarypartsof the noisewherewe fully characterize
the outputnoiseprocesdy the correlationfunctionin the frequeng domain. Significant
noiseamplificationandenepy transferbetweertherealandimaginarypartsareidentified.
Thevalidationrangeof our resultis alsodiscussedvith somesimpleapplicationgivenfor
systemperformancestudy

Presentlyopticalfiber communicatiorsystemsareevolving from 10Gb/sto 40Gb/sper
channel.At 40Gb/s,sincethe signalshave wider bandwidthandhighersignalpower, the
dispersiorcompensatiomustbecarefullyoptimizedto controltheinteractionbetweerthe
dispersiorandnonlinearity However, differentdevice parametertave beenusedin previ-
oussystemperformancestudies We focushereontheeffect of differentdevice parameters

on the dispersioncompensatiomptimizationandwe found that both systemperformance



andoptimaldispersioncompensationary significantlydependingon the parametersised
for transmittersrecevers,fibersanddispersiorcompensators the study
With all our studies,we hopeto betterunderstandhe optical fiber communication

systemsandto achieve betterdesignfor suchsystems.
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Chapter 1

Intr oduction

Sincethe developmentof the first-generatioroptical fiber communicatiorsystemsn
theearly80’s, theopticalfiber communicationechnologyhasdevelopedrapidly to achiese
largertransmissiorcapacityandlongertransmissiordistance partly dueto the increasing
demandf computemetwork. Thedemandntheincreasingsystemandnetwork capacity
is expectedto remainasmore bandwidth-needingechnologiedik e video conferenceand
real-timeimagetransmissioremepge. To keepin stepwith the capacityincreasingequire-
ment,new devicesandtechnologiesrein greatneed.Onthe otherhand the systemsnust
be carefully studiedanddesigned.

The mostimportanttransmissionmpairmentsassociatedavith long-distancehigh-bit-
rateopticalfibercommunicatiorsystemsncludefiber dispersionfiber Kerr nonlinearities,
fiber polarizationmode dispersion(PMD), noise accumulationfrom amplifiers and the
interactionbetweenthem. How to achiere optimal systemss being studiedextensvely
aroundthe world. However, the complicatedinteractionbetweenthe impairmentsmake
thestudyon the opticalfiber communicatiorsystemsa challendgingask. We focuson the
studyof fibernonlineareffect onthefiber opticcommunicatiorsystemsn this dissertation

andPMD is thenneglectedin thefollowing.



The key objective of this dissertationis to study the fiber Kerr nonlineareffects on
opticalfiber communicatiorsystemsOnetraditionalapproacho improve the systemper
formanceof WDM systemss to optimizethe systemparameterby reducingthe nonlinear
interferencérom otherchannels.Two dominatingnonlineareffectsin presenWDM sys-
temsare cross-phasenodulation(XPM) andfour-wave mixing (FWM). Their effectson
WDM systemsarethoroughlystudiedandmethodgo reducetheir effectsarealsodiscussed
in this dissertation.

Anotherapproachto improve the systemperformanceof a WDM systemis to make
useof the nonlinearity-inducecorrelationbetweenchannelgusers)by using multiuser
detection. The error performanceof suchmultiuserdetectorandits asymptoticbehaior
areincludedin this dissertation.

TheinteractionbetweertheamplifiedspontaneousmissionASE) noiseandthesignal
is alsostudiedin this dissertation.Due to the signal-dependemtatureof the outputnoise
afterits interactionwith the signal,the noiseis characterizedby its cross-correlation.

In this chaptera simplified opticalfiber communicatiorsystemis first givenin Section
1.1. Thenthe nonlinearSchiddinger(NLS) equationwhich describeghe slowly varying
complex envelopeof the optical field in the fiber is introducedin Sectionl.2. Finally,

Sectionl.3givesthe organizationof this dissertation.
1.1 A Simplified SystemModel

As mostopticalfiber communicatiorsystemnowadaysuseintensitymodulation-direct
detection(IM/DD), we focuson this kind of systemsn this dissertation A simplemulti-

spanfiber systemis shovn in Figurel.1.
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Figurel.l: A schematiof afiber opticalcommunicatiorsystem.

At the transmitterside, single or multiple lasersare usedas the transmitterswhich
sendout on-off modulatedoulsesstreamsover M frequenciesDirectly modulatinglaser
diodesor externalmodulatorscanbe used.A power boosterbasedon Erbium-dopediber
amplifier (EDFA) or semiconductooptical amplifier (SQA) is also usedright after the
transmitterin somesystems. If WDM is used,a multiplexer (MUX) is neededbefore
transmittingthe signalsthroughfiber spans.

Eachfiber spanconsistsof a pieceof single-modefiber (SMF) or dispersion-shifted
fiber (DSF) followed by an opticalamplifier (G) and(possibly)a dispersioncompensator
(DC). The optical amplifier is usedto compensatdor the fiber attenuatiorwith the cost
of introducinga considerablemountof ASE noise. Sincefiber dispersionbroadenghe
signal pulses,a dispersioncompensatois usually usedto reducethis effect. Eachfiber
spancouldbethesameor couldbedifferent. An especiallyimportantcases systemaising
dispersiormanagementherefiber spanswith dispersiorof oppositesignsarebothusedo
achieve optimal operationexploiting theinteractionbetweendispersiorandnonlinearities.
However, aswassaidearlier theoptimalsystemdesignis notknown yetandit alsostrongly
depend®n the systemparametersWe will furtheraddresshisissuein this dissertation.

At the recever side, the signalis passedhrougha WDM demultiplexer (DEMUX),

which is effectively an optical filter bank, to separatehe signals,if WDM is used. In



eachbranchthe signalis photodetectedndsampledat the bit rate,thenpassedhrougha
thresholddevice to restoretheinformationbits. The photodetectocanusuallybe modeled
asasquare-lav recever whoseoutputis proportionalto the intensity of the optical signal.
The optimalrecever usinga photodetectors to put anoptical matched-filtefMF) before
the photodetector However, optical filters with suchnarrav bandwidthare usually not
availablewith presentechniquesWhatis usuallydoneis to put a narrov-bandelectrical
filter beforethe samplerto furtherreducethe noisefrom the muchwider opticalfilter. As
always,synchronizations neededor thereceverto work correctly

In this dissertationwe focus on the nonlineareffectsfrom the fiber. To do this, the
transmitteris usually modeledto sendout Gaussiaror superGaussiarpulseswith con-
trolled chirping. The recever assumegperfectsynchronizatiortogetherwith optical and

electricalfilters of commonlyusedbandwidth.
1.2 Nonlinear Schrodinger Equation

As always,a mathematicamodelis neededo describehephysicaltransmissiorchan-
nel. The nonlinearSchibdinger(NLS) equationis found to sene this role andit is used
to describethe slowly-varying ernvelopeof the optical field. Neglectingthe polarization
effect, the NLS equationwritten in a referencéramemoving at the groupvelocity of the
pulseis givenby [1]

04 o . j A 1 A
0. =~ 2 Ty T

a(1AP%)

gy [1apa+ L2 apa - Tpa @)
w, Ot

ot )
whereA = A(t, z) is the slowly varying complex ervelopeof the optical field at time ¢
andpositionz alongthefiber. « is thefiberloss,; andj3; arethe second-andthird-order

dispersiorcoeficientsrespectrely. Thesethreeeffectsareusuallycombinedandreferred



to asthelineartermof the NLS equation.y is the nonlinearitycoeficient of thefiber with
v/w. andyTx representinghe strengthof the self-steepeningffectandstimulatedRaman
scattering SRS)effectrespectrely. This equationapproximategxperimentakesultsvery
well for opticalpulsesof durationover 50fs.

A simplifiedversionof the NLS equationis givenas[1]

0A o j 0%A
T A4+LB,
0z g 4T 252 ot2

— J7|APA, (1.2)
whereself-steepeningnd SRSeffects are ngglected,which is valid wheneer the pulses
have durationlongerthanlps.Thissimplifiedversionof theNLS equations usedthrough-
out this dissertation.For systemdgransmittingat 10Gb/sor lower, aslong asthe channel
is not at the wavelengthwherethe second-ordedispersionis zero (the zero-dispersion
wavelength) thethird-orderdispersiortermcanalsobe neglected.For higherbit-ratethan
10Gb/s the effectsfrom the third-orderdispersiortermwill be discussedn thefollowing
chaptersvheneer applicable.

To give anideaof how thelinearandnonlineartermsaffect IM/DD systemswe study

two simplecasedirst in this section.For thefirst one,we assumehaty = 0. Then(1.2)

canbesolveddirectlyin the frequeng domainwherewe get

az  Pw?z
Alw, z) = exp(—7 -3 22

) A(w, 0) (1.3)

where A(w, z) is the Fourier transformof A(¢, z). In this casethe fiber actsasa linear
filter with attenuatiorandphaseshift. Both the attenuatiorandthe phaseshift dependon
thetransmissionength. Thesetwo effectscanbe compensatetly anopticalamplifierand

adispersiorcompensatorespectiely.



For the secondcasewe assumehat 8, = 0, then(1.2) canbesolvedto give
az ) 1 —exp(—az
Alt2) = Al 0 exp(= ) exp (-l 0P =2} gy

In this case,if a singlechannelis transmittedthe nonlinearityintroducesa time-varying
phasecalledself-phasenodulation(SPM),~v|A(t, 0) \QH’%(*‘”), to theinputpulses.How-
ever, for anIM/DD systemsa phasedoesnotintroduceary penaltyto the system.
However, if bothdispersionandnonlinearityarepresentwe will have interactionbe-
tweenthesetwo effects. As aresult,phasemodulation/intensitynodulation(PM/IM) con-
versionoccursandthe SPMis convertedinto intensityfluctuationwhich affectsthe system
performancef adirectdetectionsystem.Unfortunately a simpleanalyticalsolutionto the
NLS equationdoesnotexist for this caseandwe will thoroughlystudythis casein the next

chapter
1.3 Outline of the Dissertation

As saidin thetitle of this dissertationthe key objectve of this dissertatioris to study
thefiber nonlineareffectson opticalcommunicatiorsystemsThedissertations organized
asfollows.

In Chapter2, we develop several analysistools which are essentiatto the study of
the optical fiber systems.Theseanalysistools focuson how to solve the NLS equation.
They arethe split-stepFourier (SSF)method the Volterraseriestransferfunction (VSTF)
method,andthe modifiedVSTF (MVSTF) method.The SSFmethodprovidesan efficient
numericalapproachto solve the NLS equation. The VSTF methodgives an analytical
solutionto the NLS equationbasedon the Volterra seriesexpansion. The MVSTF is a

modifiedversionof theVSTF which is moreaccurateahanthetruncatedhird-orderVSTF



method.

Chapter3 is dedicatedo the studyof nonlineareffectsin WDM systemdasedon the
VSTF method.Two mostimportantnonlineareffectsin WDM systemsareXPM andFWM
which both introduceintensity fluctuationfrom the interferingchannels.The varianceof
theintensityfluctuationis foundfor bothsynchronousndasynchronou8VDM systems.

In Chapter4, anotherapproachbasedon multiuserdetectionto improve the perfor
manceof WDM systemss thoroughlystudiedby the meansof the error performanceand
theasymptotidoehaior assignal-to-nois€ SNR)increasesinderthe Gaussiarapproxima-
tion. Thekey ideabehindthis is thatsincethe nonlinearprocessearedeterministicgiven
the informationbits sentacrosschannelsthe optical WDM systemsshouldbenefitfrom
multiuserdetectors.

Dueto thenonlinearinteractionbetweerthe ASE noiseandthe signal,thenoiseis am-
plified by the signal. We studythe noisenonlinearamplificationfrom ary arbitrarily mod-
ulatedsignalin Chapter5. At the output,the noiseis signal-dependergndnon-stationary
We describethe output noise processby its cross-correlatiorfunction in the frequeng
domain.

In Chapte6, we studytheoptimizationof dispersiorcompensatiofor 40Gb/ssystems.
We focusontheeffectsof usingdifferentdevice parametersnthedispersiorcompensation
optimization.

The last chapterfocuseson conclusionsandfuture work. Due to the fast-deeloping
technologiespnecannever finish the exploration. Togethertheseseven chaptersiescribe

thework for my Ph.D.dissertation.



Chapter 2

Modified Volterra SeriesTransfer
Function Method

We develop several tools for analyzingoptical fiber communicationsystemsin this
chapter We give a brief discussioron the split-stepFourier (SSF)methodandthe Volterra
seriegransferfunction (VSTF) methodfirst, thenwe focuson the Modified VSTF method

which givesmoreaccurateanalyticalresultsthanthetruncatedhird-orderVSTF method.
2.1 Split-Step Fourier Method

As mentionedin the introduction,the NLS equationis usedto describethe slowly
varyingcomplex ervelopeof the opticalfield in thefiber andit canbewritten as

0A Q ]
5.~ TP

01
ot?

— jy|APA. (2.1)
This equationis valid for optical pulseswith durationno shorterthan1ps. Whenshorter
pulses(or wider bandwidth)areused extratermsfrom self-steepeningndstimulatedRa-
manscatteringSRS)shouldbeincluded.(2.1)is valid for mostof thework in this disser
tationunlessotherwiseindicated.

TheNLS equationis generallyhardto solve analyticallyexceptfor somespecialcases

andnumericakcomputations widely usednstead.Themostwidely usecnumericaimethod

8



to solve the NLS equationis the SSFmethod.Detaileddiscussioron the SSFmethodcan
befoundin [1]. Thebasicideaof SSFmethodis to divide thefiber spaninto mary steps.
Within eachstep,thelinearandnonlineareffectsareappliedconsecutiely. To seehow the

SSFmethodworks,we rewrite (2.1) as

= (D + N)A(t, 2) (2.2)

whereD and N areoperatorsorrespondingo linearandnonlineareffectsrespectiely. In

particular

« 0?

D-- .
T (2:3)

=

= —jv| A (2.4)
Thenwithin eachstep,we have

A A~

A(t,z+h) = exp(h(D+ N))A(t, 2)

exp(hD) exp(hN)A(t, 2)

= F {exp(—%h)exp( ﬁQw

Q

\F{A(t, 2) exp(—jrlA(t, z)\zh)}}

(2.5)

whereF and F~! standfor the Fourier andinverseFourier transform. It is clearthatthe
solution from the SSF methodcorvergesto the exact solution of (2.1) asthe stepsize
decrease$o 0. It is alsoknown that the error introducedin eachstepis in the order of
h? in (2.5). In practice,in orderfor the SSFto be accurateenough the stepsizeh should
satisfyy max |A(t, z)|?h < 0.005 rad. Throughoutthis dissertationthe resultsfrom the
SSFsimulationareassumedo be the exactsolutionsto the NLS equationandareusedas

abasisfor comparisorwith theresultsfrom our theoreticalnalysis.
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Severalvariantsof the SSFmethodexist to reducethe computationcomplexity or the
computatiorerror. To reducethe computatiorerror, asymmetricSSFmethodcanbeused.
To reducethe computatiorntime, an adaptve stepsize canbe usedasthe signal power is

reducedalongthetransmissiordueto fiber attenuation.

2.2 \Volterra SeriesTransfer Function Method

Eventhoughnumericalmethodgo solve the NLS equatiorexist, ananalyticalsolution
to the NLS equationis still preferred. In [2], Peddanarappagaaind Brandt-Pearcale-
rivedtheVSTF asanapproximateanalyticalsolutionto the NLS equationin thefrequeny

domain.To dothis, we first write (2.1) in thefrequeny domainas

= (————ﬂ2w2)A(w,z)—%// A(wr, 2) A" (w2, 2) A(w—wi +ws, 2) dw; dwsy
(2.6)
whereA(w, z) istheFouriertransformof A(t, z). After applyingthe Volterraseriesmethod

andsubstituting

Alw,2) = Hij(w,z)A(w,0)
+ / H3(wq,we, w, 2)A(wr, 0) A" (we, 0) A(w — w1 + we, 0) dw; dwsy

T 2.7)

into (2.6), we finally obtain

az Baw?z
Hi(w,z) = exp(—T) exp(—J 22

) (2.8)

and

1 —exp(—az — jB (w1 — w) (w1 — w2)z)
o+ jfa(wr — w)(wr — ws)

Hj(wi,we,w, 2) = _lel(wvz) (2.9)

472
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asthe first- andthird-orderVolterraserieskernelcoeficients. (2.8) representshe linear
effect from fiber loss and dispersion. (2.9) representshe nonlineareffect. Due to high
computationatompleity associatedvith integration,wetruncatethe VSTFto third order

Thefirst- andthird-orderVSTF serieskernelcoeficientscanalsobe derived by using
the sameapproachas the SSFmethodunderthe assumptiorthat the nonlineareffect is
smallcomparedwith the linear effects. We assumehata fixed stepsizeis used,andlater

we let the stepsizegoto zero. For thefirst step,we have

At = 7 o= G exp(s 2 A 0) expl ol A 0P}

(2.10)
1 ah ng
= 7 o= el F (A0 - A 0P
(2.11)
or in thefrequeng domain

Al h) = exp(—%%exp(—j@j ") A4(w,0) - jrhexp(- 5 exp(— 220

// (w1,0)A% (w2, 0)A(w — wy + wa, 0) dw; dws (2.12)

Note thatwe have usedthe approximationthatexp(—jv|A(t, 0)|?h) ~ 1 — jy|A(t, 0)|h

above. Following the samestepsandkeepingup to thethird-ordertermonly, we obtain

Alw.nh) = exp(= "2 exp(~ 22 ) 4(0,0) — b exp(~ 220 exp(— 2
n—1
// Zexp(—akh — jB2(w1 — wa) (w1 — w)kh)
k=0
A(wr, 0)A* (w2, 0)A(w — w1 + wa, 0) dw; dws
— exp(= 220 exp (< 222 4(,0) — b exp(— ) exp(—i 22
// 1 — exp(—anh — jfa (w1 — ws) (w1 — w)nh)
1 — exp(—ah — jfa (w1 — w2) (w1 — w)h)



12

A(wr, 0) A% (w2, 0)A(w — wy + wy, 0) dw; dws.

Now letting h — 0 andz = nh asthetotal transmissiordistancewe get

Aw.) ~ e~ %) exp(- 22 400,0) - rexp(- %) exp( 1747
// 1 —exp(—az — jBz (w1 — wo) (w1 — w)z)
o+ jBa(wr — w2) (w1 — w)
A(wr, 0)A* (wa, 0)A(w — w1 + wa, 0) dw; dws (2.13)

which givesthefirst- andthird-orderVolterrakernelcoeficientsof the VSTF method.

It hasbeenshavn thatthe VSTF methodis equialentto the perturbatiormethod[12,
13]. As animportantapplicationof theanalyticalsolutionto the NLS equationNarimanw
and Mitra have calculatedthe channelcapacityof a fiber optics communicationsystem
basedon perturbatiortheory[31].

Unfortunately the methodhasonly limited applicationbecauséhe predictedor mod-
eledoptical pulseenepgy divergesquickly whenthe input power is large. Thusa method
to solve the enegy divergenceproblemis requiredto extendthe applicationrangeof the
truncatedVSTF method. In the next section,we presenta way to modify the truncated
third-orderVSTF method.ThemodifiedVSTF (MVSTF) methodcansuccessfullyemove
the enegy divergenceandthusgivesmore accurateresultsthanthe truncatedhird-order

VSTF method.
2.3 Modified Volterra SeriesTransfer Function Method

To getthethird-orderVolterrakernel,we have usedthe assumptiorthatexp(—jv| A(t,
2)|?h) & 1 — jv|A(t, 2)|?h. Thisassumptiorfailsif the signalpoweris large enoughthen

higherordertermsshouldbe includedin this case. Whatthe MVSTF methoddoesis to
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restorethetruncatedhonlineartermsbackinto the phase.To do this, rewrite (2.13)as
Alw, 2) =~ Ap(w, 2) + Anp(w, 2) (2.14)

whereAy, (w, z) and Ay (w, ) correspondo thefirst- andthird-ordertermsin (2.13)re-

spectvely, Thenthe modificationis madeasfollows

A(t Z) — { AL(t’ Z) exp (AANLL(SS)) if |ANL(t7 Z)| < |AL(t7 Z)| (215)
AL(t, Z) —|—ANL(t, Z) if ‘ANL(t, Z)‘ > ‘AL(t, Z)‘

whereAy (¢, z) and Ay (t, z) aretheinverseFouriertransformatiorof Ay (w, z) and Ay
(w, z) respectrely. Note thatat the rising andfalling edgeof the pulseswherethe input
signalis very small, we keepthe original VSTF simply to avoid dividing Ay (¢, z) by
zero. For single-channesystems Ay, (¢, z) is simply the self-phasemodulation(SPM)
term. We show laterthatthe MVSTF methodgivesa muchmoreaccurateresultthanthe
truncatedhird-orderVSTF method.

It canalsobe shovn thatthe MVSTF methodagreeswith theoreticalresultsfor the
importantcaseof asmall 3,. Dueto fiber attenuationthe nonlineareffect decreaseasthe
signalpower decreasealongthetransmissionThus,thenonlineareffectis only important
atthefront-endof afiber. Therestof thefiberactsasadispersve-onlyfiberandwe assume
thatthe dispersions compensatetly a dispersioncompensatoat the outputof the fiber.

During the partwherethe nonlineareffectis important,we write

A(t,z) = A(t,0) exp(C(t, 2)) exp(jO(t, 2)) exp(—%). (2.16)

For simplicity, we assumehattheinput A(¢, 0) is realin thefollowing derivation.

Substituting(2.16)into (2.1),we get

00(t, z)

A(t,0) 7=

= — yA3(t,0)exp(2((t, 2)) exp(—az) + %{A”(t, 0) +2A'(t,0){'(t, 2)

+  A(t,0)¢"(t, 2) + A(t,0)(C'(t,2))* — A(t,0)(9'(t,2))°}, (2.17)
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whereA’(t,0) = 2 A(t,0), {'(t, 2) = 2((t, 2) and@'(t, z) = 26(t, z). Sincep, is small,

the dominatingtermin (2.17)is the first term, andthe solutionfor the phasechangebe-

comes
) 1 —exp(—az)
0(t,z) = —yA*(t,0) ———M=. (2.18)
«
This phaseermis exactly thesameas(1.4)whengs = 0.
Anotherequationwe obtainedby substituting(2.16)into (2.1)is
A(t,0) acgszz) - P 5 (24'(£,0)0(t, 2) + A(t, 00" (1, 2) + 24(2,0)'(2, 2)0' (1, 2))

(2.19)
~ 2 2 QA1 0)0(1,2) + AL 0)(1,2)). (2.20)

When g, is small,the PM/IM corversioneffect {(t, z) is smallandis proportionalto 3.
Thus,thelasttermon theright sideof (2.19)canbedroppedbecausét is smallerthanthe

otherterms.Substituting(2.18)into (2.20),we obtain
752 ! " 1- exp(—az)

sincez < 3 L for practicalsituationsand(’(t, z) is smallcomparedvith the otherterms.
Usingtheassumptiorthat 3, is smallsothat 8,w% < o Wherewp is the bandwidthof
the signal,we canexpandthe denominatoin the doubleintegral of (2.13)as

1 1 B
a+ jfa(w; —w)(wp — wo) ~aT ja—Z(M —w)lwr = w), (2.22)

wherewe have usedthe simplificationthatexp(—az) < 1. Notealsothat H; (w) = 1 due
to thedispersiorcompensatoused.Thefirst termontheright sideof (2.22)determineshe
nonlinearphaseandthe secondermdetermineshe amplitudechange.lt is easyto shav

thatthetwo termsof (2.22),afterthey arecorvertedinto the time-domainanddivided by
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A(t,0), arethesameas(2.18)and(2.21)respectiely, therebyshaving the validity of the
third-orderMVSTF for the caseof asmall 5,. It is alsovery easyto shaw thatthe MVSTF
givesthe correctanalyticalsolutionto the NLS equationwheng, = 0.

We now comparethe resultsfrom the SSFmethod the VSTF methodandthe MVSTF
methodfor differents,. We first shav simulationresultsof theMVSTF methodfor asingle
channelsinglepulsecasefor botha singlespanand10 spansof 100km each.The system
modelwe simulateis includedin Figure2.1. The amplifiercompensatetr the fiber loss
andthedispersiorcompensatocompensatefor thelineardispersiorfrom theopticalfiber.
Theinputis achirplesssingleGaussiarpulse.The outputpulsesfrom the SSFsimulation,
VSTF andMVSTF methodsarecomparedn Figure2.2. The enegy of the outputpulses
for the SSF, original VSTF andthe MVSTF methodare givenfor the first spanin Table
2.1. Theimprovementby the MVSTF is clearly seenin Figure 2.2 andfrom the above
enegy comparisonTheimprovements evenmoredramaticfor 10 spanswvheretheresult
from VSTF methoddivergesgreatly (beyondthe limit of our numericalsimulator)andis

thereforenotincludedin theplot.

Input {> DC

Optical Fiber Amplifier  Dispersion Compensator

Output

Figure2.1: Systemmodelof onespan.G = exp(%).

The situationgetsmore complicatedin WDM system. As always, one cantake the
multiple channelsasa big single-channeand usethe abose modification. However, this
schemehidesthe details on the cross-phasenodulation (XPM) and four-wave-mixing

(FWM) from the interactionsbetweenchannels. Figure 2.3 shaws the output of a two-
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Figure2.2: ComparisorbetweerthefiberoutputscomputedisingSSE VSTFandMVSTF
for single channel,single pulse case. Simulationparametersare 8, = 2ps’/km, a =
0.2dB/km, input peakpower Py, = 10mW, v = 2W~tkm~!, spanlength= 100km.

channelsystemtaken asa big single-channel The total enegiesof the outputpulsesare
alsogivenin Table2.1.

For ary multi-channelsystem,supposehat the Fourier transformof the input canbe
written as A(w,0) = Y.oro' Ag(w,0), where Ay (w, 0) is the input at channelk of M
channelsithen Ay, (w, z) consistsof (g‘/[) termsfrom the doubleintegral of (2.13). For

example,

A spm(w, z) = //Hg(wl,wg,w, 2) A (w1, 0) Af (w2, 0) Ag(w — wi + we, 0) dw; dwy

is the SPM term for channelk. Now insteadof lumping all signalstogetherasa single

channelwe cando channeby channeby modifying the third-orderVSTF expansionfor
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Figure 2.3: Comparisorbetweenfiber output computedusing SSKE VSTF and MVSTF
for two-channel,single pulse case. Simulationparametersare 3, = —2ps’/km, a =
0.2dB/km, Py = 10mW, v = 2W~'km~!, singlespanof length= 50km.

theoutputat channelk as

At ) exp (B22ED) i | Ayt 2)] < g (t, 2)

Ak,L(taz)

| (2.24)
Ak,L(t, Z) +Ak,NL(t, Z) if |Ak,NL(ta Z)‘ > |Ak,L(t, Z)‘

Ak(t, Z) - {

whereA; yi(t, z) is the sumof the nonlineartermsfor channelt includingits SPMterm
Ak spu(t, z), the XPM termsfrom otherchannelsandary FWM termsonit. Theresults
for the centralchannelof a three-channeWDM systemwith equalchannelspacingand
randominput bits for eachof the pumpchannelareshowvn in Figure2.4 for a singlespan.
It is clearly seenthatthe MVSTF methodperformsequallywell asthe SSFmethodand
successfullysolves the enegy divergenceproblemof the original truncatedthird-order

VSTF method.
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1 Channel 2 Channels
SSF 3.5449x10713J 7.0894x10713J
VSTF 3.9194x10713) 11.8150x10713J
MVSTF 3.5511x10713J 7.6820x10713J

Table2.1: Comparisorbetweerfiber outputpulseenegy computedusingSSFE VSTF and
MVSTF with singlepulseinputfor bothsingle-channehndtwo-channetases.

2.4 Multiple Spans

Both the VSTF andMVSTF canbe appliedspanby spanto multiple-sparsystemsas
the SSFmethoddoes.An exampleis shovn in Figure 2.2 with a single pulsefor a single
channekystem.Ontheotherhand thetransferfunctionupto thethird-orderfor thewhole
systemcan be found, then (2.13) is calculated. The latter approachrequiresmuch less
computationandits accurag is checledin this sectioncomparingwith simulationresults
andtheresultsfrom a span-by-spacalculation.

The multiple-spansystemstudiedin this dissertationconsistsof a concatenatiorof
spansshavn in Figure2.1. A post-dispersiortompensatois usedat the fiber outputto
remove theaccumulatedlispersionf apartialdispersiorcompensatois usedin eachspan
to compensatgartially thefiber dispersion.The VSTF keptup to thethird-orderis found
with H, (w, z = NrL) = 1 dueto post-dispersiomompensatioand

v 1= exp(—aL = (e —w)(wi —wn)L)
472 a+ jBa(w —w)(wr — we)

H3(W1,w2awa2 = NTL)

Nr—1
X exp(—jkD(w — w) (w1 — ws)) (2.25)
k=

(=]

where Nr is the numberof total spans,L is the spanlengthand D is the accumulated
dispersiorfor eachspan.The MVSTF is againobtainedby modifying VSTF using(2.15)

and(2.24)respectiely.
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Figure2.4: Comparisorbetweerfiber outputcomputedusingSSFE VSTFandMVSTF for
the centralchannelbf athree-channedystem.Simulationparameterare 3, = —8ps’/km,
a = 0.2dB/km, Py = 10mW, v = 2 W-tkm~!, singlespanof length= 50km. Note that
randominput bits of 0 and1 areusedfor thethreechannels.

We comparethe VSTF and MVSTF resultswith the SSFsimulationresultsfor two
differentsystems.Thefirst systemconsistsof a concatenatiomf fiber spanswithout dis-
persioncompensatiorior eachspanwhile the secondsystemconsistsa concatenatiorof
fiber spanswith 100%dispersiorcompensatiofior eachspan.Thepeakpower is setto be

2mW. For afair comparisonye definethe normalizedenegy deviation (NED) as

J 1 Aana(t, 2) — Agim(t, 2) |* dt

NED =
J | Asim (¢, 2) |? dt

(2.26)

whereA,,..(t, z) is theanalyticalresultsobtainedrom the VSTF or MVSTF methodwith
span-by-spanalculationor with totaltransferfunctionand A;,,, (¢, z) is obtainedfrom the

SSFsimulation.TheNEDsareshowvnin Figures2.5and2.6for thetwo systemseparately
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Figure2.5: Normalizedenegy deviation (NED) for multiple-sparnsystemwithout disper
sioncompensatiomor eachspan.

In eithersystemthe MVSTF with span-by-spagalculationgivesnegligible errorand
the MVSTF with total transferfunction is much more accuratethan the truncatedthird-
order VSTF with total transferfunction. As channelincreasesthe errorsof all the four
approachealsoincreaseasexpectedput at differentrates.The four approachearefound
to work muchbetterfor the systemwithout dispersiorcompensatiofor eachspanthanfor
the systemwith 100%dispersioncompensatiorfior eachspan. The resultsfor the system
with 100%dispersioncompensatiotior eachspanis believedto have moreerrorbecause
thenonlineareffectsfrom eachspanfor this systemaddconstructvely with eachotherand
thusaremuchstrongerthanfor the othersystem.

In conclusion,we have shavn that a simple modificationto the truncaedthird-order
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Figure2.6: Normalizedenegy deviation (NED) for multiple-sparsystemwith 100%dis-
persioncompensatioor eachspan.

VSTF methodcansuccessfullysolve the enegy divergenceproblemof the VSTF method
and canimprove the modelaccurag by ordersof magnitude. The MVSTF methodcan
extend the applicationrangeof the original VSTF methodsignificantly while inheriting
all the adwantageof the VSTF method. It offers a bettermethodfor finding an analytical
approximatiorto theoveralltransferfunctionof thecascadef all theelement®f anoptical
link, whichcanbeusedto determineoptimalsystemparametersin thefollowing chapters,
we study the nonlineareffects on the fiber optical communicatiorsystemsbasedon the

analyticaltoolsdevelopedin this chapter



Chapter 3

Cross-Phaséodulation and Four-Wave
Mixing

As the capacityrequiremenbdf opticalfiber communicatiorsystemsncreasechannels
with smallerchannelspacingwill be usedin wavelength-dvision multiplexing (WDM)
systems.As aresult,the two dominantnonlineareffects, cross-phasenodulation(XPM)
and four-wave mixing (FWM), becomemore and more pronounced.Both nonlinearef-
fects introduceintensity fluctuationswhich are dependenbn the neighboringchannels,
thuscausinginter-channelinterferencqICl) attherecever. In this chaptey new variance
analysegor bothXPM- andFWM-inducedintensitydistortionbasednthe VVolterraseries
transferfunction (VSTF) methodarestudiedandcompared.

The split-stepFourier (SSF)method,which is the mostly commonlyusedmethodfor
fiber optic communicatiorsystemdesignandanalysis,is not well suitedto varianceanal-
ysis from nonlinearity-inducedntensity fluctuation. It canbe usedto study XPM- and
FWM-inducedcrosstalkin WDM systemsbut the computatiortime increases theorder
of atleastM?, whereM is thetotal numberof channelsn the systemfor eachsimulation
run. Moreover, mary simulationtrials shouldbe run in orderto obtaina good estimate

for the statisticsof therecever obsenationswhentakinginto accounthe possiblerandom

22
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naturesof the channelphasesandthe channeldelays.Supposeghe randomchannelphases
andchanneldelaysaremodeledasuniformly distributedwith NV, differentphasesand Ny
differentchanneldelays,thenthe total computatiortime with the SSFmethodgrows ex-
ponentiallywith respecto the numberof usersas(N,Np)M M3. Ontheotherhand,asan
analyticalapproachthe VSTF methoddoesnot needextra computatiorwith randomchan-
nel phasesanddelays. Thus,the computatiortime with the VSTF methodonly increases
polynomiallywith the numberof channels.

Greatefforts have beenspenton the theoreticalanalysisof XPM- and FWM-induced
crosstalk. Theintensityfluctuationscausedy XPM have beenstudiedpreviously for sys-
temswith a continuouswave (CW) probechannelunderthe interferenceof a modulated
pumpchanne(3, 4,5]. Thesemodelsusea smallsignalapproximatiorandassumehatthe
pumpchannelis undistortedby dispersionin thefiber. We call the previous approactthe
power approximationin this dissertatiorsincein their resultsthe XPM-inducedcrosstalk
dependsonly on the power of the pumpchannels.The validity of this analysisbasedon
a CW probehasbeenverified experimentally[5, 6, 7]. However, the power approxima-
tion predictsthe sameXPM-inducedintensity distortion for pumpswith differentinput
frequeng chirping. In this chapterwe shav thatthe distortiondependson the frequeng
chirpingwhenthefrequeng chirpingis large enough.

FWM hasbeenstudiedwith channelsof CW format, with emphasion predictingthe
FWM efficiengy [8, 9]. [10] extendsthe analysison FWM by forming a statisticalmodel
including randomphasesand randombits of eachchannel. The analysisbasedon CW
signalsis aworst-casanalysisvhereeachchannels assumedo remainat the pulsepeak.

The performancevaluationfrom this worst-casenalysids usuallytoo conserative com-
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paredwith real systems.A nev modelwhich takesinto accountthe modulatednatureof
the channelss offeredin this chapterfor a betterperformancevaluation.

Theintensityfluctuationscausedy XPM andFWM arecomparedn [11] for aWDM
systemwheredifferentmodelsareusedfor the two distortions.A CW probeplus modu-
latedpumpsareusedfor the XPM effect while a CW probeplus CW pumpsare usedfor
the FWM effect. It is not clearwhetherthe comparisons fair: the resultmay exaggerate
theeffectfrom FWM.

In this chapter we give new analysisfor both XPM- and FWM-inducedintensity dis-
tortion basednthe VSTF method[2]. The XPM analysisdoesnotrely ontheassumption
of undistortedoumpchannelsandthe FWM analysiscanbe usedwith modulatecoumps;
themodelsfor thetwo effectsareidentical.

This chaptelis organizedasfollows. We usethe VSTF methodto derive boththe XPM-
and FWM-inducedintensity distortionin Section3.1. In Section3.2, we first verify our
methodsby comparingthemwith the SSFsimulationfor a 3-channelkingle-spaiWVDM
system.We thenstudyand comparethe two nonlineareffectsasthe numberof channels
increasedor both single-sparsynchronousVDM systemsandsingle-sparasynchronous
WDM systemavherethevarianceof thenonlinearity-inducedhtensityfluctuationis found
for bothsystemsSection3.3extendstheresultsinto multispansystem$asedntheVSTF
methodusingthe approximatedotal transferfunctionof the system.We alsobriefly discuss
the accurag of this methodfor multispanWDM systemsn this section. We summarize

ourwork in Section3.4.
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3.1 Analysis

In WDM systemstheinputconsistf multiple channelaindwelet A(w, 0) = S0
Ag(w — kAw, 0), where Ay (w, 0) is the basebandhput of the £-th channeland Aw is the
channebkpacingHerewe assumaVDM system®f equalchannekpacingor simplicity; a
similar analysisholdsfor WDM systemswith unequalchannekpacing.After substituting
SV Ar(w — kAw, 0) into (2.13),we obtain(2M + 1) termscontainingthefactorsof
theform Ay, (w1, 0) Af, (w2, 0) Ay, (w — w1 +ws, 0) in thedoubleintegral of (2.13)wherek;,
ko, andks correspondo theindex of ary channebetween—M and M. The SPM,XPM,

andFWM termsarefoundto be[13]

SPMon Channelkl if ki =ky = kg,
Ay A% Ay is XPM on Channelk; !f k1 = ko # ks, (3.1)
? XPM on Channek; if k1 # ko = ks,

FWM onChannek, — k, + k3 otherwise

Our analysisassumeshatchannel is a CW probechannelwith input 4y(¢,0) = /Py
while the otherchannelsare equally spacedon both sidesof the centralchannel,i.e. the
totalinputto thefibercanbewrittenasA(t, 0) = ch‘i_M’k#O Ag(t,0) exp(jkAwt) + /Py
whereA(t,0) is anamplitudemodulatedbasebandgignalfor the £-th channel.

The SPMeffect mustbe studiedusinga modulatedsignalaswasdoneusingthe VSTF
methodby Peddanarappagaaind Brandt-Pearcén [2, 14]. The SPM effect is therefore
not consideredere;the SPMeffecton a CW probechannels simply a constannonlinear
phasewhich hasno effect on the output of a IM/DD system. The SPM effects of the
modulatedoumpsarealsoneglectedherebecauseheir effectson the XPM andFWM of

the probechannelaresmallanddueto a higherordernonlinearterm.
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3.1.1 Analysisof XPM

Themodelwe studyin this sectionis includedin Figure3.1for asingle-spariberwith
optional post-dispersiotompensatorWith the CW probe,the XPM term from the k-th
channelto the probechannelat point A in Figure3.1is foundto be from (k1, ks, k3) =

(0,k, k) or (k, k,0) in (3.1),giving aterm

. o '
Ax p(w, L) = =25 exp(—iL) exp(—%Dwz)\/Po

i/ 1 — exp(—(a + jBo(kAw)w + jBowwi — jBow?)L)

A 0)A; (w1 —w,0)d
2m a + jfa(kAw)w + jfawwr — jhaw? (1, 0) A (wr = w, 0) deo

(3.2)

whereL is thefiber spanlengthand D is the accumulatedlispersiorfor the span.When
nodispersiorcompensatois usedafterthefiberspan,D = S, L; whena perfectdispersion
compensatois used,D = 0. Notethatafactorof 2 is includedfor the XPM termin (3.2)
to accountfor bothterm (0, k£, k) and (k, k,0). Undera small signalapproximationthe
intensitydistortionof the probechannelinducedby the XPM from the k-th channelafter

thesquare-lav detectorcanthenbe approximatedy

o 2
APxi(t,L) = |VPrexp (=5L) + Axult, )| = Foexp(—al)
o *
~ VRyexp (5 L) (Axalt, L) + A (t, D)), (3.3)

neglectingthe much smallerterm |Ax x (¢, L)|* andthe beattermsamongthe XPM and
FWM terms. Note that in the previous chapter we have proposeda modified VSTF
(MVSTF) methodwhich gives a more accuratesolutionto the NLS equationthan the
VSTF method.If MVSTF methodis used the outputwith the XPM effect will bewritten

asv/Pyexp(—%L)exp(Y Ax(t, L)/ (v/Poexp(—%L))). Then,theintensitydistortionof



27

the probechanneinducedby the XPM is

2
— Pyexp(—alL)

> Axp(t, L) )

VPyexp(—aL/2)

Sk Ax(t: L) + Dy Azt L>> _ 1)
VPyexp(—aL/2)

~ /Pyexp (—%L) 3 (Axi(t, L) + A 4(t, L)) (3.4)
k

APx(t,L) = ‘\/Poexp(—%l/)exp<

~ Pyexp(—al) (exp (

whichis thesameas(3.3) oncelinearizationis used.

Figure 3.1: Simplified systemmodelfor single-spanWDM system. DC is the optional
dispersiorcompensator

Using the sameassumptiorasin [5] thatexp(—aL) < 1 andthatthe modulation

bandwidthf the pumpsignalsaremuchsmallerthanthe channekpacingwe obtain

_exp(—2L) exp(—2Dw?)\/Py 1
Axplo, 1)~ —2jySRESD P DIV L

/Ak(wl, O)AZ(wl — W, O) dw1

a+ jfa(kAw)w 27
(3.5)
L exp(—8L) exp(—1Dw’)VP,
= —2jv ot A kAe)w Py (w,0). (3.6)
Whensubstituting(3.6) into (3.3), we obtain
N sin(Dw?/2)
APx y(w, L) = 4yPy exp(—aL) Py (w, O)a TN TV (3.7)

Thisresultis exactlythesameas(6) in [5] with D = S, L. whendispersiorcompensatiois
notusedandfs(kAw) is thewalk-off definedin [5]. Thedifferentsignin thedenominator

of (3.7) canbetracedbackto the differentdefinitionof the NLS equationin (2.1); another
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differenceis that we have useda frame of referencemoving with the pulseat the group
velocity, thusthe propagatiordelayis alsoabsenin (3.7). Note thatour analysisdoesnot
assumean undistortedoump (asdonein [5]), thusit expandsthe previousresultto cases
wherethe dispersioneffect on the pulseshapecannot be neglected,i.e., when 3, is not
smallor whentheinput pulseshave significantpre-chirping[15].

Whena perfectdispersioncompensatois used,D = 0, (3.5) and(3.6) are oversim-
plified andgive zero XPM-inducedintensitydistortion. Either (3.2) or the resultfrom the

power approximationn [5]

_ijy exp(—2L) exp(—LDw?) Py (w, 0)v/ Py

A L)~ :
x(w, L) o+ jBa(kAw)w — L Baw?

(3.8)

canbe usedin this case.(3.8) givesgoodresultsaslong astheinput pumpchannelthave
negligible frequeng chirping. One sourceof input frequeng chirping comesfrom the
laserchirping associatedvith the transmitters.The SSFmethodof simulationis usedto
checktheaccurag of the VSTF-basedXPM analysis(3.2),andthe power approximation,
(3.8),for asimple2-channekystemwith chirpedGaussiannput pulsesor thepumpchan-
nel. Fromthe resultsshavn in Figure 3.2, whenthe pump channelinput hassignificant
frequeny chirping, (3.2) shouldbe usedinsteadof (3.8). It is alsoclearly seenfrom the

plot thatprechirpingcanbe usedto reducethe XPM effectsasstudiedin [16].

3.1.2 Analysisof FWM

The VSTF methodcanalsobe appliedto studyFWM. From(3.1), for any FWM term
to fall onthe probechannelatchannel0, £, = k; + k3 musthold. As aresult,the FWM

termfrom the channekcombination(k:, k., k3) with k, = k; + k3 is foundto be

. « y
Appyks(w, L) = —jyexp (—§L) exp (_%Dwz)
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Chirp parameter

Figure3.2: Comparisorof XPM-inducedintensitydistortionusingsimulation,power ap-
proximationandVSTF methodswith chirpedpumpinput.

Ay (w1, 0V A (w — wy + wy, 0
e e e e e T RRED)

a+ jBa(w + k1Aw — w)(wr — ksAw — w)
wherewe have usedtheassumptiorthatexp(—aL) << 1 asbefore.Whenthe bandwidths
of the pumpsignalsaremuchsmallerthanthe channelspacing sincek; # 0 andks # 0

for the FWM termto fall onthe centralchannelwe cansimplify (3.9)to obtain

exp(~$L) exp(—4Dw?)
(07 —]k1k3,32Aw2

1
) / / Apy (w1, 0) AR, gy (W2, 0) A, (W — Wi + W, 0) dw, duf3.10)

AF,kl,ks (wa L) =)

or, equialently,

vexp(=5L)
o — j]ﬁkgﬁQAwQ

Ft {exp(—%DwZ)f{Akl (t,0)Ax, 14, (£, 0) Ag, (2, 0)}} (3.11)

AF,kl,ks.(t’L) Ro—J
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whereF andF~! standfor the FourierandtheinverseFouriertransformrespectiely. The
intensitydistortionof the probechannelfrom the (&1, k1 + k3, k3)-th FWM termcanthen

be approximatedy

a *
APrpy ks (8 L) &/ Poexp(=5 L) (A s (8 L) + A, (8 L))- (3.12)

After substitutingAy, (¢,0), A, 1+, (£, 0) and A, (¢, 0) with CW signals,onecanobtain
thewell-known CW FWM phasematchingefficiencgy as(4) in [9]. (Theonly differenceis
thatthedispersiorslopecoeficientis neglectedhere;it canbeeasilyincorporatednto the
analysis.) However, our analysiscanbe appliedto ary generalmodulatedoumpsignals.
WhenCW pumpsareused,the dispersioreffectintroducesonly a constanfphase whilst,
whenmodulatedpumpsare used,the dispersioncanbroadenthe FWM pulsesgenerated
andlowertheinterferencgower. Onecanthereforenotaccuratelypredictthepower of the
interferencédrom FWM by usingCW pumps.

Oneinterestingresultcomingdirectly from (3.11)is thatthe FWM vanishesvheneer
theinput pumpsdo not overlapin time no matterhow largethewalk-off is within thespan.
Thisresultholdsaslong asthe channekpacingdominatesover the signalbandwidth.The
effectivenesof reducingFWM effectsby reducingpulseoverlappinghasbeenstudiedin

[17] for the zero-dispersiomvavelengthregion andhasbeenusedin [18].

3.2 Single-SpanWDM Systems

3.2.1 Model Verification

As afirst step,we checktheaccurag of ouranalyticalresultson XPM- andFWM-induced
intensityfluctuationsby comparingwith simulationresultsusingthe SSFmethodfor avery

simple3-channekingle-spatWDM systemasshown in Figure3.1,followedby anoptical
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amplifierto compensatéor thefibertransmissiornoss. The systemconsistsof a CW probe
channelat channel0 and two independenintensity modulatedchannelsat frequencies
—Aw andAw respectirely. Thetwo pumpchannelsarealignedin time attheinput, giving
aworst-caseXPM- andFWM-inducedntensityfluctuations.For this systenmconfiguration,
the FWM termspossibleonthecentralchannebrefrom terms(k1, k2, k3) = (—1,0,1) and
(1,0, —1).

Figure3.3shavstheintensityfluctuationof the probechannektthe outputof thefiber
spanfor systemsothwith andwithout dispersionrcompensationln both casesthe pump
channelsconsistof independentandombit sequencesf 10Gb/schirplessreturn-to-zero
(RZ) pulsesof Gaussiarshapewith full width at half maximum(FWHM) of 35ps. Other
parametersisedarey = 2.2W~tkm™1, 8, = —2.6ps’/km, o = 0.25dB/km, pumpchannel
pulsepeakpower P = 2mW, probechannelpower P, = 2mW, spanlength . = 80km
andchannelspacingA f = 50GHz. It is clearly seenthat our analyticalresultsare very
closeto the resultobtainedby the SSFmethodfor both cases.For the parametersisedin
thisexample the XPM-induceddistortionaddsto the FWM-induceddistortion,but thetwo
effectscancanceleachotherfor othersituations.

Oneinterestingresultthat canbe derived from (3.11) is that whenthe phasesof the
two chirplesspumpchannelsddto (k + 3 )= for someintegerk, theFWM termgenerated
shouldhave averysmallrealpart. As aresult,theFWM-inducedntensitydistortionshould
alsobe very small; the XPM-inducedintensity distortionis independenbf the phaseof
the pump channels. This hypothesids confirmedin Figure 3.4 wherethe phasesf the
two pumpchannelsare0 and 7 respectiely. ComparingFigure 3.4 with Figure 3.3, the

FWM-inducedintensitydistortionis significantlyreducedoy this input phaseoffsetwhile
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the XPM-inducedintensity distortionremainsthe same. Anothereffective way to reduce
the FWM-inducedintensity distortionwith RZ pulsesis to intentionallyintroducedelays

betweenchannelsthusmakingthe overlappingtime betweenpumpchannelsmall at the

input.
System without Dispersion Compensation
0.4 T T T T T
g — simulation i
% 03 — - analysis (XPM+FWM)
z 02 — - XPM by analysis |
g~ FWM by analysis
o
2 01
a}
2
3 0
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-0.2 | | | | | | |
3 4 5 6 7 8 9 10
Time (s) x10°
System with Dispersion Compensation
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Figure3.3: Comparisorof intensitydistortionbetweenSSFsimulationresultsandVSTF
resultsfor a 3-channelsingle-spanVDM system. Both pump channelshave zeroinput
phases.

Themostcompellingadvantageof our analyticalapproachs thatsincethe systemcon-
ditionsareidenticalwe cancomparehe FWM-inducedintensitydistortionwith the XPM-
inducedintensity distortionfairly. For the 3-channelsingle-spanVDM system,we first
plot the normalizedintensitydistortiondefinedas (max[A P] — min[AP])/(2F) [5] ver
susthe percentagef dispersionrcompensatioin Figure3.5. The FWM-inducedintensity

distortionis almostconstanbverthe percentagef dispersiorcompensationsedwhile the
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Figure3.4: Comparisorof intensitydistortionbetweenSSFsimulationresultsandVSTF
resultsfor a 3-channelsingle-sparlWDM system. The input phasedor the two pump
channelsare0 and? respectiely.

XPM-inducedintensitydistortionshaovs a strongdependencen dispersiorcompensation.
This behaior of FWM canbe explainedfrom (3.11): sincethe dispersionof our system,
Ba = —2.6ps/km, is small,it doesnot affectthe overlappedpulseA_; (¢, 0)A; (¢, 0) much
evenwithoutdispersiorcompensation.

In Figure 3.6, we plot the normalizedintensitydistortionversusdispersiorfor systems
bothwithoutandwith dispersiorcompensationAs expectedrom thetheoreticalhnalysis,
the FWM-inducedintensity distortion falls much fasterthan the XPM-inducedintensity
distortionas|3,| increasesvhendispersiorcompensatioiis notused.From(3.11),dueto
thefactthatk; # 0 andks # 0, thedominatingtermin the denominatoiis jk, k33 Aw?,

thusthe FWM distortiondecreaseas1/3,. However, for XPM, thedominatingtermin the
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Figure3.5: Intensitydistortionvs. percentagef dispersionrcompensatiofior a 3-channel
single-spatWWDM system.
denominatoof (3.8)is a whenw is small,thuswe expectthe XPM effectto decreasenuch
slower than1/8,. When dispersioncompensations used,the FWM-inducedintensity
distortiondominatesverthe XPM-inducedintensitydistortioneffect.
Figure3.7shonvsthenormalizedntensitydistortionversuschannekpacingor systems
bothwithoutandwith dispersioncompensationThe plot confirmsthatthe FWM-induced
intensity distortion decreasess 1/Aw? as predictedby (3.11) while the XPM-induced
intensitydistortiondecreasemuchslower.
From the above analysisand comparisonwe concludethat the XPM-inducedinten-
sity distortiondominatesvhendispersioncompensatioms not usedwhile FWM-induced

intensity distortion dominateswhen dispersioncompensations usedfor this 3-channel
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Figure 3.6: Intensity distortionvs. dispersionparameters, for a 3-channelsingle-span
WDM system.

single-spanWDM case. The above analysisand comparisonalso shov waysto reduce
the XPM andFWM effectswhendesigning0DM systems.lIt is betterto usedispersion
compensatiomo reduceXPM-inducedintensitydistortionanduseoptimal channephases
and channeltime misalignmentto lower the FWM-inducedintensity distortion. As an
example,in Figure 3.8 we shaw the eye-diagramdor the centralchannelof a 3-channel
WDM systemfor four differentcaseswith andwithout dispersioncompensatiomndwith
andwithout input phaseoffset. For this example,the input of the centralchannelis also
intensity-modulatethsteadof CW, asfoundin realsituations.The parametersisedin the
SSFsimulationarethe sameasfor Figure3.3exceptthat100GHzchannekpacings used.

A 5th-orderButterworth opticalfilter is usedto filter outthe centralchannel. The L00GHz
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Figure 3.7: Intensity distortionvs. channelspacingfor a 3-channelsingle-spariWDM
system.

channelspacingis usedto avoid ICI introducedby opticalfiltering which dominatesover
thenonlinearityinducedintensitydistortionif 50GHzchannekpacings used.No narrowv-
bandwidthelectricalfilter is usedto avoid introducingintersymbolinterferencgSI). The

effectivenesf our designon reducingthe XPM andFWM effectsis clearlyseen.

3.2.2 Variancefor Time Synchronized System

Whenthe numberof channelsiM increasesboth XPM and FWM effectsincrease.The
numberof XPM termsgeneratedn the centralchannelis M, andthe numberof FWM
termsgeneratedn the centralchannelis on the orderof M2. However, the magnitude

of FWM termsdecreasefasterthanthe magnitudeof XPM termsasthe channelspacing
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Figure3.8: Comparisorof eye-diagramsvith modulatedporobeandtwo pumpchanneldor
singlespan.(A) withoutdispersiorcompensatiowith samechanneinputphases(B) with
dispersioncompensatiomndsamechannelinput phases(C) without dispersioncompen-
sationwith channelinput phasesarrangement0, 0, 7); (D) with dispersionrcompensation
with channeinput phasesrrangement0, 0, 7).

increases. As a result, whetherFWM- or XPM-inducedintensity distortion dominates
remainsa question.In [11], Tenet. al. madea comparisorof FWM and XPM penalties
for a40 x 10Gb/ssystemwith channelspacingof 100GHz wherethey found that XPM
penaltiesdominate. As discussedibove, differentsystemmodelsfor XPM- and FWM-
inducedintensitydistortionwhich favor XPM areused.To avoid this bias, in this section,
we usethe samesystemmodelto study XPM- andFWM-inducedintensitydistortionand
comparehetwo effectsasthe numberof channelsncreasesWe assumen the following

that eachchannelis transmittingindependentandombit sequencdrom eachotherand
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thateachchannehasarandominput phasethatis uniformly distributedover [—=, 7]. The
centralchanneis still assumedo bea CW probechannel.

We first considerWDM systemswvherethe channelsaretime synchronizedt theinput
(or thechannelhave fixeddelaysat the input). We considerthe asynchronouSVDM sys-
temlaterin this section.Oneexampleof a synchronou®WDM systemss onewhich uses
externalmodulatorsdriven by the sameclock. WDM networks with add/dropoperations
are examplesof asynchronou®VDM systems. The systemwe modelhereandthe next
subsections the sameasthe systemusedin the 3-channemodelverificationabove. The
only differences thatmorechannelsarepresennow.

Supposeheinputfor channek is Ax(t,0) = sz b1, 9k (t— 1Ty —T},) exp(j6x) where
by 1, is thel,-th bit for channek; by ;, = 0 or 1 with probability% andis independenof all
otherbits asappropriatdor anuncodedsystem;g(t) representshe pulseshape; is the
bit period, T, is the fixed channeldelayandé, is the channelinput randomphasewhich

is assumedo be uniformly distributedover [—, 7]. Then,from (3.8),definegx x (¢, L) =

—2jyV Py F {aﬂ;?;c(;ffﬁ;w? ]—‘{\gk(t)|2}} asthe XPM pulseshapegeneratedht the
2

fiber output. We obtainthe XPM on channel) dueto channek as

Axp(t, L) = Z be, 9xk(t — Ty — T, L). (3.13)

Uk

Note that in obtaining(3.13), the fiber lossis assumedo be compensatedby a perfect
opticalamplifierandthe XPM pulsesgeneratedby overlappingof differentpulsesarevery

smallandthusneglected.Then,

M
APx(t,L) = Y /Po(Axx(t, L)+ Ax,(t, L))
k=—M.k#0
M
= Z Z bri Xi(t — Ty — Tg, L) (3.14)

k=—Mk#0 1



39

whereX(t, L) is adeterministidunctiondefinedby X (¢, L) = /Po(gx . (t, L)+9% 4 (t, L)).
The varianceof the XPM-induceddistortion,definedas E[AP% (¢, L)] — E*[APx(t, L)]

overrandomphasesndbits, ! is easilyfoundto be

1
@(t,L):Z Z > XR(t— Ty — Ty, L). (3.15)

—Mk£0 1,

We definethenormalizedworst-caserariancefrom XPM effectsas

M
. 1
gg( = ngx{ Z ZX,?(t — T, — Tk,L)/Pg} , (3.16)

k=—Mk#0 I,

which corresponds$o samplingat theworsttime.
For FWM-inducedintensitydistortion,we substituted, (¢,0) = sz bre,1,, 9 (t — LTy —
Ty) exp(j6y) into (3.11). For eachchannelkcombination(k, ko, k3) with ky = k1 + k3, we

obtain

—J7
AF,kl,ks(ta L) = a — jBokiksAw? Z Z Z bkl’lklbk1+k3’lk1+k3bk3’lk3

kl lk1+k3 lk3

eXp(j(Hkl + 0k3 - 0k1+k3))f_1{exp(_%Dw2)‘7:{gk1 (t - lk1Tb - Tk1)
Gryiks (&= Ueyrs Ty — Thyks) s (8 — Ui Ty — Tiy) }} (3.17)

and

M
APF(t, L) = Z Z Z Zbk1,lk1 bk‘1+k3,lk1+k3bk3,lk3

ki,k3=—M lg; lgy4kg lig

{FkI,kS,lklylk1+k3alk3 (t’ L) exp(j (gkl + Oy — O, +k3)) + C'C-} (3.18)

whereFy, i, t, L) is adeterministicfunctiondefinedby

—JV P
o — j,@gklkgAw2

FL9k: (t = e Ty — Ty ) 95y s (& — Liyks To — Thoks) Gis (8 — lis Ty — Tiy) } 1,

Uk bk +kgolks (

- J
Fkl:kSalklalk1+k3,lk3 (tv L) F l{exp(—EDwz)

(3.19)

1We usethe notation E[ X ] to meanthe expectedvalueof therandomvariableX.
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andc.c. standsor complex conjugate Note thatmostof the Fj,, 4., (t,L) terms

lkl )lkl +k3 )lk3

are zero becausehe correspondingpulsesgeneratedrom the three channelshave very
little overlappingattheinput. To find the variance we usethe factthatthe contribution to

thevariancefrom eachFy, i, t, L) termis uncorrelatedo obtain

lkl 1lk1+k3alk3 (

M
0%‘(7?’ L) = Z Z Z Z Ck1,k3 ‘Fk1;k3;lk1;lk1+k3alk3 (t’ L) |2 (3.20)

ki,ks=—M gy lkytkg lkg

kl;k3‘_lé0
k1 +ks <M
with
Lk =k,
C’kl,k:3 - 1 k’l = —k'g, (321)
s otherwise

We alsodefinethe normalizedworst-casevariancefrom the FWM effectsas
o2 = max {oXp,(t,L)/F}}. (3.22)

In our discussiornon 3-channelsingle-spanVDM systemswe found that optimized
channelphasesanhelpto reducethe FWM effect. The samepropertycanbe extendedto
more channels.As the numberof channeldncreasesthe dominatingFWM termson the
centralprobechannebrefrom channetombinationg—1,0, 1), (1,2,1) and(—1, —2, —1).
To reducethe FWM effect from thesethreecombinationsye needoptimalchannephases
arrangeds..., — 7, —%,0,0, 7,

In Figure 3.9 and 3.10, we comparethe normalizedworst-casevariancefor XPM-
inducedand FWM-inducedintensity distortionfor a single-sparsystemwith 25GHz and
50GHz channekpacingespectrely. Sameparameterareusedasfor the 3-channeWDM
systemexceptthat P = 1mW and P, = 1mW here. Both systemswith andwithout dis-
persioncompensatiorare studied. The channelsat the input are alignedfor worst-case

analysis,thatis, 7, = 0. The input pump channelswe usedare chirp-free,thus (3.2)
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from our modeland (3.8) from the power approximationgivesvery closeresultson the
XPM-inducedintensitydistortion,thereforewe only includedthe resultscalculatedusing
our model. We considerarandomphasesystemandtwo caseof fixed channelphasesin
onecaseeachchannehasthe samephasejn the secondcasethe channeinput phasesre
arrangedasabove to reducethe FWM effects. Whenthe channelspacingis 25GHz, the
FWM-inducedintensity distortiondominatesno matterwhetherdispersioncompensation
is usedor not. The total intensitydistortionfrom the sumof FWM and XPM effectsfor
the systemwithout dispersioncompensatioris slightly lessthanthatfor the systemwith
dispersioncompensationWhenthe channelspacingis 50GHz, whetherthe FWM or the
XPM effect dominatesdependsstrongly on whetherdispersioncompensations usedor
not. The systemwith dispersioncompensations preferredconsideringthe total effect.
Note the effectivenessof using phasearrangemento reducethe FWM-inducedintensity
distortion,especiallyfor the systemwith 50GHz channekpacing.

In thesefigures,we alsoincluderesultsfor FWM if CW pumpsareusedin the model
insteadof modulatedpumps. The magnitudeof the CW pumpsis setto be equalto the
peakpower of the modulatedpumps. When dispersioncompensations used,the same
varianceis found for both CW pumpsand modulatedpumpswith randomphasewhich
suggestshatthe worstcasefor the modulatedpoumpsoccursaroundthe peakof the pump
pulses.However, whendispersioncompensatioris not used,the FWM effect is reduced,
yetthe analysisusinga CW pumpassumptiordoesnot show this reduction. With modu-
latedpumps theresidualdispersiorbroadenghe generatedWM pulsesthusreducegshe
intensitydistortion. However, with CW pumps the FWM termis exaggeratedecausehe

residualdispersiordoesnot changehe magnitudeof thegeneratecCW FWM.
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Figure 3.9: Normalizedworst-casevariancefor synchronousV\DM systemwith 25GHz
channekpacing.

3.2.3 Variancefor Time AsynchronousSystem

AsynchronoudVDM systemsare modeledby introducinga randomdelayuniformly dis-
tributedover [0, 7] for eachpumpchannelinsteadof a fixed channeldelayasin the syn-
chronoussystemsTheuseof a CW probemakestheanalysisndependentf the sampling
time of therecever. As aresult,we focuson calculatingthevarianceof therecever obser
vationssampledat 7}, only.

Theanalysisof the XPM effect is easilyextendedto the asynchronous8VDM systems.
Therandomdelayof the pumpchannekimply passesverto the XPM generateghulseso
give X (t — Ty, L) whereT}, is uniformly distributedover [0, 7] now. By samplingat 7,

andtakinganaveragewith respecto the randomphasestandombits andrandomdelays,
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we obtain
M
2 2
Ox = Z OX,k
k=—M k#0

M
1 1
= > > §E[XI§(T() — Ty = T)] - Z(E[Xk(Tb — Ty — Tw)))?,
k=—M,k#0 I

(3.23)

wherethe remainingexpectationis overtime delays.
The analysisfor the FWM effect becomegyuite complicateddue to the interactions
betweenchannelswith randomdelays. The meanof APg(t, L) with randomdelaysis

easilyshowvn to be zero. For the variance the randomdelaysin Fj, k., t, L) of

Uk otk +kgolkg ( )

(3.19),1%,, Ty, +xs, andTy,, shouldbetakeninto account.SamplingFy, k.. (¢, L)

Uk lkq +kgolhg
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atT, andtakingthe expectationwith respecto therandomdelayswe obtain

M
012? = Z Z Z Z Ckl;kSEHFkl;kS;lklalk1+k3alk3 (t’ L)|2] |t=Tb (3.24)

ki,ks=—M I, lpy+ks Uk
k1 g 20 1 ‘ki+kg kg
|k1+ks|<M

To getE|| Fi, k,, (t, L)|?], wefirst exchangethe orderof takingthe Fouriertrans-

Ly sliey kg olks
form andtaking the expectation,(which is valid for enegy-limited pulseasin the case
of our analysis),and define hu, k, i ix, 41 s, (t,t) = Elgr, (t — e, Ty — Thy) 95,40t —
Uerks To =Ty k) Ghes (8 —lies To—Ties ) 95, (8 — Uiy To =Ty ) Gy -tes (' =Ly ks To— Ty 15 ) 9, (8 —
Ues Ty = Thg)]- Pk ko, i, 41q 01, (£ 1) IS @ deterministicfunction dependingon the pulse
shapesindcanbeevaluatechumericallyfor eacht andt'. Also defineHy, .,

!
ey sliy+kgolks (w7 W )

asthetwo-dimensionaFouriertransformof Ay, k. (t,t') anddefine

Uy by +k3olks

7 1 J J
hkl:kS:lklalk1+k3:lk3 (t’ t') = 4—7T2 // eXp(—tiz) eXp(tiIQ)
Hiy ks iy 410 0y (@5 W) exp(jwt) exp(jw't’) dwdw'.  (3.25)

We thusobtain

2
7P 7
E[‘Fklkaalklvlklﬁ-kg’lkg (t, L)‘Z] = aZ + (162k1k3Aw2)2hkl,k3,lk1,lk1+k3,lk3 (t7 _t) (326)

One needsto be careful when computinghy, k., t,t'). Therearetwo special

Uk obky +kgolhg (
caseswvhich needseparatecomputation.One caseis whenk,; = kj3; adifferentresultis
obtainedwhenk,; = —k; becausey, ., (t) = VP, is the probechannel. Note that as

above, mostof the Fy, .. (t, L) termsarevery smalleitherbecausehe generat-

Uy by kg ol
ing pulseshave very little overlappingor becausehe generated®WM pulseis awvay from
7.

Figure3.11and3.12shaw thevarianceof the XPM- andFWM-induceddistortionfor

asynchronousVDM systemsas the numberof channelsincreasedor both 25GHz and
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50GHz channelspacingrespectiely. The sameparametergsin the last sub-sectiorare
usedhere. Both systemwith andwithout dispersioncompensatiommreincluded. Similar
resultsarefoundfor both systemawith 25GHzand50GHzchannekpacing. Whendisper
sioncompensatiors notusedthe XPM effectsdominatewhile the FWM effectsdominate
whendispersioncompensatiois used. Systemswith dispersioncompensatiorshav less
total variancethan systemswithout dispersioncompensationbut the differencebetween
systemswithout andwith dispersioncompensatiotbecomesmallerasthe channelspac-
ing is reduced Whenasynchronous8VDM systemsarecomparedvith synchronous$vDM
systemsthe asynchronou$VDM systemsarefoundto have oneorderlessvariancethan
the correspondingvorst-casesynchronousVDM systemsconsidered. This hugediffer-
enceis partially dueto our useof RZ pulsesfor the pump channels.This confirmsthat
large systemperformancemprovementcan be achieved by correctly aligning the WDM
channelswvith suitabledelaysbetweereachother

Simulationresultsfrom the SSFmethodhave beenincludedin Figure3.12for several
small numberof channeldrom 3 to 9 for the 50GHz channelspacingcase. An optical
9th-orderButterworth filter with 25GHz bandwidthis usedto filter out the probechannel
in the simulation. The resultsfor the casewithout dispersioncompensationrmatchour
analyticalresultsvery well. The variancefor the systemwith dispersioncompensatiotis
oneorderlessthanthatwithout dispersioncompensationAs a result,somediscrepang
betweerourtheoreticalesultsandsimulationresultsexistsandpartof thisdiscrepang can
betrackeddown to channeleakagdrom filtering effectsasalsoshavnin theplot. Therest
of thediscrepang may comefrom the inaccurag of simulationresultsor the simplifying

assumptionsve madein our analyticalmodel.
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Figure 3.11: Normalizedvariancefor asynchronou®WDM systemwith 25GHz channel
spacing.

3.3 Multispan Optically Amplified Systems

Undera small signalapproximationthe total intensityfluctuationat the recever is the
accumulatiorof theintensityfluctuationscreatedby eachfiber span.Underthis condition,
(3.8) canbe generalizedo analyzethe multispansystemsaswasdonein [5]. The same
approaclcanbe adoptedor the VSTF-basedXPM andFWM analysis.However, in order
to find thetotal intensityfluctuationsattherecever, theinput of eachchanneto eachspan
mustbe known. The SSFmethodcanbe usedfollowed by filtering out eachchannel but
the simulationbasedon the SSFmethodis time-consumingandthefiltered inputsarenot
accuratef thechannelsaretightly pacled.

Anotherway to find theintensitydistortionfor multispansystemss to applythe VSTF
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Figure 3.12: Normalizedvariancefor asynchronou®WDM systemwith 50GHz channel
spacing.

methodby approximatingthe total transferfunction of the whole system.The systemwe
modelin this sectionis shavn in Figure3.13. Thesystemconsistof multiple copiesof the
sameseggment.Within eachsegment,thereare N, spansof fiberswith both pre-andpost-
dispersionrcompensatiofDC) for eachfiber spananda residualdispersioncompensation
after N4 fiber spans.Thus,the total numberof spands NsN4 with Ng asthe numberof

segments.Letting DS, and DY

bost DEtheamountsof dispersionrcompensatioprovided by

the pre- and post-DCof the i-th spanrespectiely, thenexp(4w? Y74 (857 L) — D), —

i

") 1) is thetransferfunctionfor theresidualispersiorcompensatiomheresS” and L()

arethedispersiorandspanlengthof thei-th fiber span.

At point A in Figure3.13,with thetotal systentransferfunctiontruncatedo third-order
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Figure3.13: Systemmodelfor multispanWDM systems.

asin [33], thedistancepropagateds z 4, andtheVolterrakernelsaregivenby H; (w, z4) = 1

and
Na - (i—
1 (%) —ipt-1) — —
H3(w1,w2,w,z,4):—‘—2 7 eXP( ] @ (w1 — w) (Wi — wy)) (3.27)
T a0 456" (Wi — w)(w — ws)
where D is the accumulatediispersiorup to the i-th fiber span,i.e., D® = Y (¥

L® - pl) — D;'Z)St) — DY, anda® and~( arethefiberlossandnonlinearitycoeficient
for thei-th fiber span respectiely. (We assumen the following thatthe sameparameters
are usedfor eachspanfor simplicity; the result can be extendedto generalcaseswith
distributed parameters.)Thenafter Ny segments,the distancethe signalhaspropagated
is zr = Ngsz4, andthe total transferfunction is approximatedas H; (w, zr) = 1 and
Hj(wy,wy,w, z1) = NgHj(wi, we, w, 24).

To find the varianceof the nonlinearity-inducedntensity fluctuationfor a multispan
systemaswasdonein Section3.2for asinglespanwefirst noticethatsinceH; (w, zr) = 1
and Hsz(wy,ws, w, 2r) = NsHz (w1, ws, w, 24), We have 02 (zr) = N20%(z4).

Now we canconcentrat®n finding o?(z4) within eachseggment.Dueto thedispersion-

inducedwalk-off effect, we assumehatthe intensityfluctuationfrom eachspanis uncor

relatedfrom eachother thatis 02(z4) = "4 o2 whereo? is the interferencevariance

i=1"1
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contribution from the-th fiber spanwithin eachsegment. This assumptiors valid aslong
asthe pumpchannelsvalk-off by atleastonebit periodwith respecto eachothet

To find o2, we needthe input of eachpump channelto the i-th fiber span. With the
approximateotal transferfunction up to the third-order we have the input signalinto the

1-th fiber spanfrom channek as

in,k

AW (w) = exp(—j DD kAww) exp(—%D(i)wz)Ak(u}, 0). (3.28)

Thefirsttermexp(—j D®kAww) is simply aconstantime delaydueto thewalk-off effect,
andtheseconctermexp(—%D(%ﬂ) is the pulsebroadeninglueto theresidualdispersion.
Then,the XPM termgeneratedby the k-th channelfrom thei-th fiber spanis very similar

to (3.2)andis foundto be

Ag?k (w,24) = =257 exp(—%D(i)wQ) VP

1 / A1) (AR (w1 = w))*
21 ) a4+ jBa(kAw)w + jhww — jhow?

dw.  (3.29)

The FWM termis foundto be

A%?kl,ks(w’zfl) = _]a _jlﬁkgﬂgAwQ exp(—iD( )w2)
FLAD (AL ) ALY ()} (3.30)

which is very similar to the previous analysison FWM. Theno? caneasily be obtained
following thediscussionn Section3.2.2and3.2.3for bothsynchronousndasynchronous
WDM systemdor eachfiber spanwith the broadenednput pulseshapeof (3.28)anda
new channeldelayof T;, + DWkAw.

In Figure 3.14,we shawv the standarddeviation of the XPM- and FWM-induceddis-

tortion for a multispanWDM systemswith differentnumberof channels.Sinceperfect
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post-DCis usedfor eachspan,we have N, = 1. (This is also often usedin practice.)
For this systemwe expectthe varianceto increaseas N2 where N is the numberof total

spans.To emphasizéhe linearrelationshipbetweerthe standardleviation of theintensity
distortionandthe numberof spanswe plot herethe normalizedstandardleviation instead
of varianceof theintensityfluctuation.lt is clearthatour modelis reasonablyccuratdor a
smallnumberof spans As thenumberof spandncreasesgiscrepang dueto higherorder

nonlineartermsemepes.
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Figure 3.14: Normalizedstandarddeviation for asynchronousnultispanWDM system
with 50GHzchannekpacing.Perfectpost-DCis usedfor eachspan.

Perfectdispersioncompensatiorior eachspanhasalsobeenusedto studythe XPM
effectin [4] for threedifferentWDM systemslt is interestingto notethattheir approach,

basedon an undistortedoumpassumptionalsopredictsa linear relationshipbetweernthe
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total XPM effectandthe numberof spans.Thisfactis obscuredn Figure3 in [4] because
of the useof a semi-logscale. Our model, which is basedon a different mathematical
model, provides similar resultsto [4] for their restrictedcase,yet is powerful enoughto

modelFWM anddispersion-distortegumpsaswell. 2
3.4 Chapter Summary

We have derved new analyticaltoolsto studythe XPM- and FWM-inducedintensity
distortion by usingthe VSTF method. The analysisshons good accurag for practical
systemparameters.With the new results,the XPM and FWM effects can be compared
fairly underidentical systemconfigurations. We also presentmethodsto calculatethe
varianceof theintensityfluctuationfor bothsynchronou¥vDM systemsandasynchronous
WDM systems.This is thefirst studywhich includesthe effect of randomchanneldelays
on the nonlinearityinducedintensity distortion, to the authors’knowledge. This requires
aFWM analysisusingmodulatedoumpchannelsasis donehere;all previousworkswere
doneusing CW pumpchannels.After the variancesof the nonlinearityinducedintensity
distortion, 0% ando%, areknown, the varianceof the recever samplesare found to be
0? = 0% + 0% + 0% wherethelasttermo? is the contritution from the noise. The SNR
canthenbe approximatedas Py /0. The analysisheregivesan easyandaccuratevay to
predicthow tight one canpackthe WDM channelswvhile maintaininga reasonabléSNR
basedonthe varianceof theintensityfluctuation.

Our analysisalsosuggestsvaysto reducethe nonlinearityinduceddistortion. Results

from Figure 3.5 show that dispersioncompensations an effective way to reduceXPM

2[4] focuseson the XPM-inducedintensity fluctuation, thus the FWM effect is not included. In their
calculation,achannekpacingof 100GHzis usedwhich leavesavery smallFWM effect.
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while FWM is robustto dispersioncompensationOn the otherhand,dueto the factthat
FWM decreasegquickly asfiber dispersionincreasesgispersiormanagementanbeused
to reduceFWM effects. Both dispersioncompensatiomnd dispersiormanagementhave
beenextensiely studiedby both simulationand experiment,for examplein [19, 20, 21,
22,23]. Channelmisalignmentand optimal channelphasescan also be usedto reduce
the FWM-inducedintensity fluctuations. Other known waysto reducethe nonlinearity-
induceddistortionarepolarization-dvision multiplexing [24] andunequakhannekpacing
[25, 26, 27].

Theoptimizationof dispersiorcompensatioor dispersiormanagemerdependstrongly
onthesystemparameterghusanaccurateandeasy-to-us¢heoreticaimodelis highly pre-
ferred over exhaustve computersimulation. The resultspresentedn this chaptergive
bettertools to find the optimal systemparametersvhendesigninga WDM systemin the
nonlineareffectslimited regime. The optimizationcould be taken with respecto, (but is
notlimited to), channeinput power, dispersiondispersiorcompensatiomandpulseshape.
Theanalyticaltoolsareshovn to be morecorvenientthanexhaustve computersimulation.

In this chapter the FWM-inducedintensitydistortionis studiedwith a CW probeand
modulatedoumpssothatit canbe comparedo the XPM effect. Similar analysison FWM
(only) couldbe donewith both probeandpumpsmodulatedasin realsituationsithis may
give a betterunderstandingor FWM limited systemsthanthe analysisbasedon a CW

probe,andis the subjectof futurework.



Chapter 4

Multiuser Detectionfor WDM systems

In the previous chapter we thoroughlystudiedthe XPM and FWM effectson optical
fiber WDM systemsMethodologyon how to reducethe nonlineareffectsis alsogivenby
adjustingthe systemparametersik e dispersiondispersioncompensatiomndchannelin-
put phasesHowever, thenonlineardegradations entirely deterministiogiventhe databits
acrossthe channels.Nonlinearcrosstalktermsappearingn WDM, including FWM and
XPM, resultin a correlatedstatisticacrossvavelengths.Thisindicatespossiblebettersys-
temperformancehroughtheuseof amultiuser(multichanneldetectoroveraconventional
single-usedetectorfor opticalfiber WDM systemghatarenonlinearitylimited.

Multi-user detectionhasbeensuccessfullyusedfor processing:ode-dvision multiple
acces§{CDMA) signals,bothin radio andoptical channelq[28] andreferencegherein).
To dateno attempthasbeenmadeto usethis techniquein WDM systems.The primary
methodof addressingnonlinearitybaseddegradationin fiber is to reducetheir sourceby
manipulatinghechanneitself, i.e., thefiberlink. Severaltechniquesuccessfullsuppress
themaincrosstalkcomponentdy stratgjic channeplacemenf42, 43] anddispersiorman-
agemenf{44, 45, 46]. Thesetechniquesalwaysleave residualtermswhich, asthroughput

demandf thesdinks increasesjominatethe errorrate.

53
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Whatmakesmulti-userdetectionof WDM signalsuniqgueandwhatmakesthemmath-
ematicallyinterestings thatboththeinterferenceandthe noisearesignaldependentThis
is dueto the nonlinearityof thefiber andthe presencef the photodetectowhich actsasa
square-lav device onthesignalplusinterferenceplusnoise.

Noncoherenimultiuser detectionhasbeenstudiedin [47, 48, 49, 50, 51], but none
of theseresultscanbe appliedhere. Noncoherenimultiuserdetectionwasintroducedin
the context of differential phase-shifteddying (DPSK) modulationfor the synchronous
Gaussiarchannein [47] andfor theasynchronou§aussiarchanneln [48]. [49] focuses
on the performanceof noncoherentlecorrelatre detectionfor nonorthogonamultipulse
modulationundermultiuserinterference.[50] appliesdecision-feedbacko noncoherent
decorrelatre detectionstudiedin [49] and [51] studiesnoncoherenmultiuserdetection
overtheRayleigh-dingchannelsOurwork hereconsidersheperformancef theoptimal
noncohereninultiuserdetectomwith square-lav recevers.

This chapteris organizedasfollows. In Section4.1 we introducethe systemmodel
studiedwith a square-lav recever andthe Gaussiarapproximatiorfor error performance
evaluation.We thenproposean optimummultiuserdetectorfor this systemin Section4.2
andstudyits performanceTheasymptotichehaior of this optimummultiuserdetectoris
thenstudiedin Section4.3. We apply the multiuserdetectorto several differentsystems
includinga WDM systemin Section4.4. We discussour conclusionsandfuture work in

Section4.5.
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4.1 SystemDescription

Square-lav recevershave beenwidely usedin optical communicatiorsystemswvhere

we canwrite the decisionstatisticafterthe square-lav recever andanideal sampleras
Y = b A+ pi(0) + N[> i=1,..., M (4.1)

for the i—th userof the total M users,whereb; € {0,1} is the bit sentby useri, A; is
the signalamplitudeof user: at the samplinginstant, p;(b) is the correlationamongthe
usersdueto thefiber nonlinearityandfiltering leakagewvhenthevectorof informationbits
b is sent. In this chaptey the size (dimensionality)of the obsenation vectorY is used
exchangeablywith the numberof users. V; is the additive complex Gaussiamoise ex-
periencedoy user: dueto fiber amplifiersbeforethe square-lav recever andassumedo
dominateover the noiseintroducedby the square-lav recever. We alsoassumandepen-
dentnoisefrom differentusershere.Otherassumptionsisedin (4.1) are: 1) inter-symbol
interferencds absenfor every user;2) the userstransmitat the samerateandthe system
is synchronized3) all the signalsA; and correlationsp;(b) arereal for simplicity. For
lateruse,we definetwo differentcasesasedn thecorrelationbetweerusers.We call the

correlationlinearif

pi(0) = pikbiAr, (4.2)
ki
i.e. thecorrelationis nonzerowheneer otheruserssenda “one”, andnonlinearf

pi(b) = Z ik bibr Ay, (4.3)
ki

i.e. the correlationis zerounlessusersk andi both sendout pulses. Linear correlation
is very commonin wirelesschannels. Nonlinearcorrelationshavs up in optical WDM

communicationsvhereXPM introducescrosstalkbetweertwo differentchannelqusers).
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Dueto the square-lav recever, the decisionstatisticY; is distributedascentralor non-
centraly? distribution of 2 degreesof freedom.In opticalcommunicatiorsystemanalysis,
the Gaussiardistribution hasbeenwidely usedto approximateherecever statistics([52]
andreferencesherein).However, boththe centralor non-central? distribution have quite
differenttail behaior from the Gaussiardistribution, plus the impossibility of negative
data.

We first studythe accurag of this approximationfor the single-usercase,wherewe
haveY = |bA + N|?. Supposehe noiseis complex Gaussiardistributedwith zeromean
andvariances?. ThenY is distributedascentralor non-central? distributionof 2 degrees
of freedom. The error probability of the optimal detectoris derived using the optimal
thresholdfrom the two x? distributions. It is easyto show that the performanceof the
optimal thresholddetectorwith a x? distribution dependson A ando only throughthe
ratio andwe definethe signal-to-noiseatio (SNR) beforethe square-lav receverasA/o.
Theerrorprobability of the x? optimal detectorcanbe approximatedy deriving the error
probability of an optimal detectordesignedfor a Gaussiarstatisticassumingthe same
meansandvarianceslt canalsobe shovn thattheapproximatectrrorprobabilityfrom the
Gaussiarapproximatiordependsolely on the signal-to-noiseatio (SNR) A /o beforethe
square-lav detector As aresult,we only needto comparethe error probabilitiesfrom the
x? and Gaussiardistribution with a fixed signallevel A. This mustbe donenumerically
becausehe optimal thresholdbetweencentraland non-centraly? distribution cannot be
writtenin closed-form.Theresultis shovnin Figure4.1. It is clearlyseerthatthe Gaussian
approximatiorworks quite well within error probability rangeof practicalinterestfor the

single-useicase. The asymptoticbehaior of the optimal detectoras SNR increasesvith
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Figure 4.1: Comparisonof error probability of optimal single-userand 2-userdetector
undery? andGaussiaristributions.

the x? distribution andits Gaussiarapproximationin the single-usercasewill be studied
in Section4.3 using the asymptoticefficieng. Here,Y is of centralor non-centraly?

distribution of 2 degreesof freedom.If x? distributionsof degreesof freedomhigherthan
2 areinvolved,theperformancdrom the Gaussiampproximatioris againvery closeto the
exactperformancg53].

Unfortunately the optimal thresholddor thesetwo distributionsare quite differentas
showvn in Figure4.2. This meansthat we canonly usethe Gaussiamapproximationto
estimateheerrorperformancef thesystemnotto estimatehethreshold A similarresult
is obtainedn [53] for x? distribution of higherdegreesof freedom.

Our next stepis to studywhetherthis fortuitouscoincidenceextrapolatego the 2-user

case. The optimal multiuserdetectoris definedasonewhich maximizethe lik elihood of
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thedataof all usersundertheassumedstatistics.In the Gaussiarcasethedetectorreduces
to aquadraticform, i.e., the decisionboundariesrequadratic.In the x? case thedetector
cannot be simplified so, leadingto more complex implicitly-defineddecisionboundaries.
With anon-zeracorrelationbetweerthetwo usersthe errorprobability cannot be written
in closed-formeven for the Gaussiarapproximation.We include a numericalintegration
of theerrorprobabilitiesfor thelinearcorrelationcasen Figure4.1wherewe obsere that
the Gaussiarapproximatioragainworkswell. However, thedecisionboundariesarefound
to bequitedifferent,asfor the 1-D case . Similar resultsarefoundfor the caseof nonlinear
correlation.

Basedon the above obsenations,we concludethat a Gaussiarapproximationcanbe

usedto approximateerrorperformancdor thesquare-lav multiuserdetector We useit ex-
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clusively in thefollowing discussionWe alsoassumavithout validationthatthe Gaussian
approximationworks reasonablywvell on the error probability analysisfor morethantwo
users.However, oneneeddo bearin mindthatthe Gaussiampproximatiorcannotbeused

to derive decisionboundarie®n detectionstatistics.
4.2 PerformanceAnalysis

In this section,we studythe performanceof the optimal square-lav multiuserdetector
in thepresencef userinterferencainderthe Gaussiampproximation.Theoptimalsquare-
law multiuserdetectoiis simply amaximum-likelihood(ML) detector However, dueto the
factthatthenoisevariances signal-dependerafterthe square-lav operationthedecision
boundariesare no longer linear but quadraticand no closed-formexpressionexists for
the error probability Sincenumericalintegrationof tails of probability densitiess time-
consumingn higherdimensionsye preferto boundthe errorprobability.

The bit error probability for useri of an M-usersystemcanbe upperboundedusing

theunionboundas

ez_QMZPb'—le)—O,b 2MZPb’_Ob|b_1,b) (4.4)

,., ,. ~, ~
—z ’—z —z’—z

whered; € {0,1}M-! is the vectorof transmittecbits excluding elementh; and¥; is the
decisionon bit b;. With the Gaussiarapproximation,we first define ., ands;, asthe
meanand varianceof Y; underhypothesish, we thenhave that ;, = m7, + 207, and
87y = 20ipy/ M3, + 07, Wherem,, and o7, arethe meanand varianceof users’s sig-
nal beforethe square-lav recevver. Secondwe definer;(y) = Zk Ve — 1rp)?/ 5%
asthe squareof the normalizeddistancebetweenan obsenation vectorandthe meanof

the signalconstellationpoint correspondingo b. The normalizationrefersto the factthat
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the distancemeasuras takenwith respecto the noisecovariance.Third, the normalized
minimum distance(NMD) betweenthe hypothesigair b andb’ if b is sentis definedas
D(¥/|b) = minye ) 73 (y) WhereB(b, ) is thedecisionboundarybetweerthe hypothe-
sispairb andb’. Fourth,we defineD;(b) = ming D; (b # b,-,éfim) astheNMD overall of
the constellationpointscorrespondindo anerror on bit ; underhypothesig. With these
definitions,we canfurtherupperbound(4.4) with

S P # b, bilb) < P(ri(y) > Di(b))

b;e{0,1}M-1

Lo )Mﬁ Lo (e g (4.5)
= — —exp| ———ma—"— . .
r2y)>Di®)\V 2T/ | Skb 2534 ’

This lastintegral canbe simplifiedto a singleintegral of the form

M oo
ﬁMF(M ) / o5 rM =1 exp(—r?/2) dr. (4.6)

Similar ideasbasedon NMD have beenusedto calculateerror probability with multidi-
mensionalM-D) GaussiardistributionswhereM-D hyperplanediave beenusedinstead
of the M-D ellipsoidsusedhere[29, 30]. The upperboundis expectedto betight at high
SNR, thusit hasbeenusedas an approximationto the true error probability directly by
severalauthorq29, 30].
Thelower boundwe useis
Poi > o ngax {P(bé =1,bb; = O,Ei)}

=i
=i

+ o zb:mbax (P = 0,516 =1,8)}. (4.7)

2

Wethenfurtherlower-boundeachtermusingtheassumptiomf independenthannehoises,
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giving

P, blbi,b) = P(Ayy >Ay;)

=1

M M
= P (HA,ﬁ,k > HAM@,Q’)
k=1 k=1
M

> [[ Py > A 16 0). (4.8)
k=1

/
b,

whereA, is the likelihood function given the datavectorb, and A; is the corresponding
likelihoodfunctionin the 1-D case.Now, P(A;, > A;, |b,b') canbeexpressedisthesums
of standardQ-functions.Note thatthis lower-boundmay be quite loosewhenthe SNR or

thenumberof userss large.
4.3 Asymptotic Efficiency

In this sectionwe studythe asymptoticbehaior of the multiusersquare-lav detectoras
the SNRincreasesThroughouthis section,we assumehatthe complex noisebeforethe
square-lav recever hasthe samevariancefor eachuser andwe denotet aso?. We define

thesquare-lav detectorasymptotionultiuserdetectorefficiency (AMDE), as

7; = sup {OStZ}gI(l)Pe,z’(U) /Q <\/2i;41> <OO} (4.9)

whereQ (£%) is the error probability of the single-usematchedfilter detectorin the ab-

senceof userinterferencej.e., the optimal detectorwith a linear recever for the same
constellation(OOK). P, ;(o) is the error probability of the square-la multiuserdetector
for useri. For afair comparisonye alsodefinethesquare-lav single-user detectorasymp-

totic efficiency (ASDE) as

Tsi = Sup {0 <t: }_12(1) P, (o) /Q (\/;Az> < oo} (4.10)

o
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whereP; ;(o) is theerrorprobability of the square-la single-usedetector

4.3.1 AMDE: Upper-Bound

Sincethe lower- and upperboundson P, ;(o) do not coincideat high SNR for the
square-lar multiuserdetectoywe focusonobtaininglower- andupperboundgo theAMDE.
We usethelower-boundon the errorprobabilityto find anupperboundto the AMDE, and
theresultis thefollowing theorem.

Theorem4.1: Suppose¢hatbeforethesquare-lav recever, thesignalfor useri hasmean

of m;, andm,  for hypothesig$ andb’ respectiely andb; # b;, then

M
; < min ti ko 411
i {b,b':bgibi}; 1k 1D, ( )
with
tikpy = (Miy — myy)? /A7 (4.12)

asthecontribution to the AMDE from the k-th user

To prove theabove theoremwe needthefollowing lemma.

Lemma 4.1; If 0 < lim, g {g;s;g = I <00, k=1,..,M,andt > "M 1, then

1 Q(Xk(0)
lim = 00. (4.13)
(%)

Proof of Lemma 4.1: For ary ¢ > 0, thereexists oy suchthatif o < o4, we have

|52 — V| < eforany k, thusQ((vii + €)5) < Q(Xk(0)). Usingthe following

inequalityfrom Page98 of [28]

1 exp(—22/2) exp(—x2/2)

we have

g Uizt Q0)) [Tis, QU(VEk + €)5p)
oeEh T e
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y Hllcwzl (1 - W) eXp( \/>_|'€ 402)/\/ 27T(\/_ + 6)
> lim

c—0 eXp(—%f—)/\/ﬁ 3 (4 15)

andthe dominatingtermaso — 0 is exp(—(3_n., (v + €)? — t)A?/802). Thus, if

t >3 (Vi + ¢€)?, then

i 1Q\(f)j’“( N _ o, (4.16)
o—>0 Q( )
Sincee canbearbitrarily small,we obtainlemmal. &

Proof of Theorem 4.1: For eachfac:torP(Ag;c > Ay, |b,b') in (4.8),thelik elihoodfunc-
tions A;, and A;,k are Gaussiarprobability density functions. Supposethat A; (yx) =
Ag,k (yx) atyy = Ty andT, with T} < T3, thenT; andT, arethetwo thresholdsWe alsode-
fine X, = M2~ x, — mee—hl x, — Boihb gngy, = #2071 Thenwe have P(A}, >

Sk,b Sk,b Sk,b Sk,b k

Aék|b, V) = Q(X1) — Q(X2) if myyp > my y OF P(Ai;c > A;,JQ, b) = Q(X3) + Q(Xy) if

mrp < My . Throughalgebraicsubstitutionwe obtain

X . X3 5 1o
zlrlao Aif20 rlrg(l) Aif20 (s = miy )/ A5, (4.17)
and
X X
2 = lim = (mpy + my )/ A2, (4.18)

LR L W
Thus,asSNRincreases@(X;) andQ(X;) alwaysdominateover Q(X3) andQ(X,) re-
spectvely unlessmy, = my . (If myy = myy, thenP(A;;c > Ay, [b,b") = 5. ) Thus,the
lower-boundof P, ;(o) is dominatedby atermof theform []i2, Q(X,) andthis termhas

theslowestdecayrate,i.e.,

min Z t.L k,bb - (419)

{b,b b, #b;}

If ¢ is larger than (4.19), then at leastone of the termsin the lower boundof P, ;(o) is
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diverging by Lemma4.1,asaresult,

. VtA
lim P, (o) /Q (ﬁ) = 00, (4.20)
andwe obtainedanupperboundto the AMDE asstatedn Theoremd.1. &

4.3.2 AMDE: Lower-Bound

To find alower-boundfor the AMDE, we usethe upperboundof theerror probability.
Theresultis thefollowing theorem.

Theorem 4.2: Define D;(b, o) asthe NMD over all of the constellationpoints corre-

Di (Q,O') .
A2 /40 > Kiby

spondingto anerroron user; underhypothesig. Then,if lim,_,o
> mbin Kip- (4.21)

We summarizeherehow to prove Theoremd.2 first andshaw in the following how to

lower-boundlim,_, %.

To prove Theoremd.2, noticefirst from (4.4) and(4.6) thattheupperboundof theerror

probability consistsof sumsof integral of theform

M

PZ(c|b) = \/EMF(% D / >\/merexp(—r2/2) dr. (4.22)

As o — 0, we have D;(b,0) — oo, andthe above integral is dominatedby a function
definedas

F(Di(b,0)) = (D;(b,0) %" exp (—W) (4.23)

with somefinite constant/. Then,it is easyto show (4.21)with thefollowing lemma.

Lemma 4.2: If lim, o % > k with somefinite x, and0 < ¢ < x, then

. F(D(0))
;_1_1;[(1) W < 00. (424)

20
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Theproofof theabove lemmais quitestraight-forvardby using(4.14). Firstwereplace
Q(‘%“) with its lower boundandthencomparethe exponentialof the numeratomwith the
exponentialof thedenominatar

As SNRincreasesthe upperboundof P, ; is dominatedby the one of the P7;(o|b)

with smallestx; ;. As aresult,if ¢ < min, &;;, we know thatevery Pgi(o\g)/Q(\/;fi

) is
corverging aso — 0. Thus, P, ;(0)/Q(¥4:) is alsoconverging andmin, ; , is a lower-

boundto the asymptoticefficiency.

We now shav how to calculatea lower-boundof lim, gzg%lgg SinceD;(b, o) is the
NMD over all of the constellationpointscorrespondindo b; to ary decisionsurfacethat
changeshedecisionon bit s underhypothesig, we have

D;(b,0) = min D;(b # b;, bi|b, o) (4.25)

3

with D; (b} # bi,éi.\b, o) the NMD betweenthe hypothesispair b andd’ for users if b is

sentandb # b;. Herewe explicitly includeo to shaw thatboth D;(b,,c) and D;(b; #

~!

bi,§2|g, o) arefunctionsof ¢. To find alower-boundof lim,_, v

, We studytwo
differentcases.
As above, we definem,,, andm,, asthe meansof the signal of the k-user(k =

1... M) underthetwo hypothesis or b’ beforethe square-lav recever.

Casd: All M by M ! 75 0.
For this casewith the Gaussiarapproximationthedecisionboundarybetweerthetwo

hypothesess

—(m,+20%)* L (yk — (miy +20%))°

M (k
Bg(g) : —Z Y (mzb+o,2) +Z (mi b +0'2)

k=1 k=1
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M 2 2

_ +

— 40?In Hf[—l(mf”’ )Y (4.26)
| et (mk,g’ +0?)

As o — 0, thedecisionboundarybecomes

M 2 2 M 2
— y — m /
B,(y) - Bo(y Z r +Z )" (4.27)
=1 k;g k=1 kbl
DefineC as
M 2 \2 M 2 \2
1 —m 1 Y — My p
C=-—5x min Z 7(% 5 k’b) = —% X min —( k 5 k’b) , (4.28)
A} ueBl = mi, A7 wEBy = myy
thenit canbeshown that
! !
lim 2i81b0) _ppp, Dilllb o) _ (4.29)

o—0 A?/4o’2 o—0 A,Lz/40'2
To prove theabove result,we needthe following lemma.

Lemma 4.3 Supposehat g,(y) andgy(y) = lim,_, g-(y) areuniformly continuous

oversetsB, (y) and By (y) respectiely, andlim,_,o B, (y) = Bo(y), then

min = lim min g,(y). 4.30
yEBo(y) 9o (y) 0—=0y€eB,(y) g (g) ( )

To prove thislemma,noticethatfor ary pointy in B, (y), we canfind pointy in By (y)

with [g,(y) — g0(y,)| < € for sufficiently smallo dueto theuniform continuity. Thus,

min ¢,(y) > min €. 4.31
,Soin g (v) yEBO(y)go(y) (4.31)

Usethe samemethodbut for ary pointin By(y), we have

min > min g¢,(y) — €. 4.32
QEBO(g)go(g) i 9. (¥) (4.32)

Combinetheresultsfrom (4.31)and(4.32),we obtain(4.30).
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To applythelemma,wefirst define

M
Z — (miy + 209)° (4.33)

p (miy +0?)
For theboundarieslefinedin (4.26)and(4.27),y, canextendto occ. Thus,g,(y) definedin
(4.33)andthe correspondingj,(y) arenot uniformly continuousover the setsdefinedby
the boundaries However, we know thatthe normalizedminimum distancemustoccurat

somepoint betweerthe two meanpoints,thatis,
y€ B;(y) =1{y: min{mi,g, mz,y} +202 <y < max{mi,b, mz,y} +20%}  (4.34)
or arelaxedversionof above
y€ B (y) ={y: min{mz,b, mi,y} <y <2X max{mz,b,mi,y}}. (4.35)

We thenfind the minimization of g,(y) over B,(y) N B*(y). Now g,(y) is uniformly

continuousover B, (y) N B*(y) and(4.29)follows.

Casell: Somemy, or my, , arezero.
We first studythe simplestcasewherem, , = 0, andall othermy, 5, my, y # 0. Similar

to (4.33),define

M 2 2\)2
(y1 — 20°)? (yx — (M, + 20%))
sy, b) = 12—~ 2 , 4.36
9o(9,0) =" Z (miy+0%) (39
(1 — (m3 , +20%)° L (g — (m} , + 20%))?
9:(y,b) = T+ ) e (4.37)
- (ml’g; +o ) e (mk’y +o )

thenthe boundaryconditioncanbewritten as

o’ HkM—2(mi p Tt 02)
B,(y) : —=95(y,b) + 95(y,1') = 40*1n == . (4.38)
®): =00y, &) + 6 {p, ) (m?, +0*) [y(m2, +0?)
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Clearly, D;(b|b,0) = minye g, (y) 9o (Y, b)/40? and D;(b|b', o) = minye s, (y) 9o (Y5 b') /40

arethe NMD for user; betweerhypothesipairb andd’ if b or b/ is sentrespectiely.

Tofind lim, DIQ%IJL%Z) firstnoticethatlimg o g, (y, b) = limy_ g, (y, '), thuslim,
Dfi(}/'f;‘;) = lim,_,g ng@/‘f(;g). Now supposeheNMD occursaty; = 202 + 4, thenit canbe
shown that

52
lim — < oo; (4.39)
o—0 0
otherwisewe have lim, Dﬁ;(%b/l%g) = lim, o %ﬁ;;’) = 0.

Usingabove result,we obtainthatfor arny pointontheboundarywith y; = 202 + 6, we

(meiél )2

have g, (y,b') > —>—2 . Thus,
Y T
- Di'bo) . Do) o (O—mi)t
== = > = — , < .
(lflg% A?/40° o0 A2/40% (lfl_r>1(1) A2(m?,, + 0?) miy /A (4.40)
If morethanonemy,;, or m,, y arezero,define
. Myp, 1 My =0,
=q ° 4.41
kb {0, otherwise ( )
andsimilarly 7, v, thenwe obtainthat
i Dillb0) _ o DibfY0) 1 SITIR
= = L = = 7 > N , . .
WA g T A A2 g © A2 AN ;m’“’g’;m’“"’ (4.42)

4.3.3 ASDE: without User Interfer ence

In the absenceof userinterference,t canbe shavn that the single-userdetectorhasa
ASDE of ,; = 1. Moreover, thesquare-lav single-usedetectowith a x? distributionin
the absencef interferencealsohasASDE of 1. Thus,our resultbasedon the Gaussian
approximationis asymptoticallyequivalentto theresultfrom thetruedistributionunderthis
condition. We now showv how to prove the above two results. We first prove thatn, ; = 1

underthe Gaussiarapproximatiorandwe needthe following lemmafor this purpose.
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Lemma 4.4: If 0 < lim,_, AL/U = /ty < cowith X > 0, then

th /Q (\[A) < o, if t < 1. (4.43)

Proof: For ary € > 0, thereexists o, suchthatif ¢ < oy, then\Ai/g — V| < € or

equialently \/t, — e < - < /o + €. Thus,
a(vi-02) o) (4.44)

If vt < /Ty — €, then

lim Q(X /Q (JA) sm@((ﬁ—e)é) /Q (@) <oo.  (4.45)

Sincee canbearbitrarily small,we gettheresultwe want. O
Now we arereadyto shav thatz,; = 1 without ary userinterferenceusingLemma

4.1with M = 1 from Section4.3.1.andabove Lemma4.4. Letting the userenepgy be A;

andusingthe Gaussiarapproximationwe canwrite the distributionsof theobsenationY;

underhypothesi® and1 as

fv;(y|bi = 0) = N(20?,40*) =

(_7@ - 2"2)2) , (4.46)

\/_202 PP\ 200

fr(ylbi =1) = N(A? +20° 40%(A? + 07))

_ L -2y
B V2m20+/A? + o2 P ( 2(40%(A? + 02)) ) ’ (4.47)

Thetwo thresholdsarefoundfrom fy. (y|b; = 0) = fy,(y|b; = 1) which givesanequation

of quadratidorm. Denotethetwo thresholdsas7; andT;, with 77 < T, asbefore thenthe

errorprobabilityis foundto be

1 1
PS,i(U) = §Ps,i(0-|bi = 1) + §Ps,i(0'|bi = 0) (448)
1

5 [Q(X1(0) — Q(X2(0))] + % [Q(X3(0)) + Q(Xu(0))]  (4.49)
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with X, (o), X2(0), X3(0) and X, (o) definedin Section4.3.1.1t is easyto shov that

im Xu(o) = lim Xa(0) = lim Xs(0)
o—0 AZ/ZO- o—0 Al/20- o—0 AZ/QO- o—0 AZ/QO-

-1 (4.50)

in this case.

UsingLemmad4.1with M = 1 andLemma4.4togethemwith

[Q(X1(0)) + Q(X3(0)) + Q(X4(9))],

(4.51)

N~

% [Q(X5(0)) + Q(X4(0))] < Pyilo) <

it is theneasyto show thatn, ; = 1 whenuserinterferencas absent.
Wethenprovethatr; ; = 1 toowith x2-distributionin theabsencef userinterference.

In this casewe have

1 Y
fri(ylb; = 0) = 552 P (—T‘Q) >0 (4.52)
1 y+ A? YA
Pl =1 = gzow (U ) 0 (VM) w0 @sy

whereI(z) is the modified Besselfunction of 0-th order At high SNR, using Ip(z) ~
exp(z)/v2nz andfollowing the agumentin [49], we neglect+/27z in the denominator
asit is muchsmallerthanthe exponentialpartat high SNR. As a result, the thresholdof
the optimal detectoris foundto corvergeto A? /4 asSNRincreasesThis is confirmedin
Figure4.2.

Tofind the ASDE, wefind theasymptoticefficiency of afixed-thresholdletectomvhose
thresholdis fixed at A?/4 as SNR increases.Sincethe optimal detectors thresholdcon-
vergesto A?/4, thetwo detectordhave the sameasymptoticefficiengy.

For this fixed-thresholdletectoywe have

A2 A, A
P (o) = %exp (_8012) + % [1 -Q (;, %)] (4.54)




whereQ(a, b) is theMarcusQ-functiondefinedin [28] andl — @ (4, 21) = @ (4, &) —

o’ 20

exp ( ) Iy ( ) from (A-3-1) in [54]. It is easyto show that

Q20 R (4:55)

using(3.45)and(3.46)in [28], while

. exp(—A7/80%) _
M Q(A/20)

(4.56)

by using(4.14)asdonein theproofof Lemma4.2. Thus,thefirst termof (4.54)dominates
overthesecondermaso — 0 andn,; < 1 becauséim,_, P;;(c)/Q(A;/20) = 0o. On
theotherhand,we canshow thatn, ; > 1 by applyingLemmad.2with F'(y) = exp(—y/2),

y=A?/40c? andM = 1. Then,if 0 <t < 1,

exp(—A2%/80?)

o O (ViAy20) (4.57)

andn,; > 1 follows. Thus,n;,; = 1 for the optimal single-usedetectorin the absencef

userinterferencaundera y2-distribution.
4.3.4 ASDE: with User Interfer ence

For a fair comparison,we needto find the asymptoticefficiencgy of the square-lav

single-usedetectorunderuserinterferenceandtheresultis

Ns; = | min
by .b;

Without userinterferencewe have m; , = 0 or A; andn,; = 1.

M =08, — ™ibi=1,

/Ai> . (4.58)

Proof: In this casethelik elihoodfunctionis

Ty (ylbi) = 2M - ZN i, +20% 40*(m? My, + %)) (4.59)

)
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for b; = 0 or 1 whereN (i, s?) is the Gaussiarprobability densityfunction of meany and
variances?.

Let So = {m; o3} andSy = {m,,._,; } bethe setscomposef meansfor user:
undereachhypothesig beforethesquare-lav receverif b; = 0 or 1 is sentrespectiely.

(). If Sy S1 # 0, thatis, somem;, _,; is equalto somem,, _, ; , thenthesingle-
userdetectothaszeroasymptoticefficiency becausehe correspondingnypothesesrenot
distinguishableno matterhow largethe SNRis. For this case(4.58)alsogivesn; ; = 0.

(i). If Sy and.S; are disjoint, then we have nonzeroasymptoticefficiengy for the
single-useretector Let S = S,|JS; andrearrangehe componentsn S in the order
from smallto large asmy, mo, ..., mom. We thendiscardall the componentsn, in S
whoseadjacenineighborgmy_1, my.1) arefrom the samesub-setgS, or S;) asm, and
denotethe remainingcomponentsas S = {11, My, ...,my} from small to large with
M to be the numberof remainingcomponents.As ¢ — 0, it is easyto show thatthe
thresholdbetweenn andr; , , dependsolelyontermN (m} + 202, 402 (1 + 0?)) and
N(mi,, + 20%, 40%(m},, + 0?)) in (4.59)dueto the exponentialdecayof the Gaussian
distribution. As a result, the thresholdscan be found from a quadraticequation,that s,
N (g + 202,40 (M + 0°)) = N (g, + 202, 40° (g, + 0?)).

We give anexampleof 3 usersin Figure4.3to clarify the above discussion.Suppose
thereareeight hypothesign total andthey areshowvn in Figure4.3(a)asblack dotswith
So = {mao,000, Mo,001, Mo,010, Mo,011 } aNASt = {m 100, M1,101, M1,110, M1,111 }- Notethat
weincludethecasethatm, 111 < mg 11 Whichmayoccurfor sufficiently largecorrelation.
In this case,multiple thresholdsmay exist for the optimal single-userdetectorand the

crossesn Figure4.3(a)representhe possiblethresholddor this signalconstellation.For
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My, 001
o0 —0 < e < —e X ——e —eo —e ————— =
m0,000 IrnO,OZLO ml,lll m0,0ll Irnl,llo ml,lOl ml,lOO
€Y
m m m m

0,010 1,111 0,011 1,110

(b)

Figure4.3: An exampleon how to calculatethe asymptoticefficiency of single-userde-
tector (a). Signalconstellationpointsin S, and S;; (b). Signal constellationpointsin
S.

this example, S = {mo,010, M1,111, Mo 011, M1,110 } @reshavn in Figure4.3(b) becausall
otherpointshave neighbordrom the samesubsetasthemseles. Thethresholdsase — 0
arealsoshown in Figure4.3(b)by crosses.

With the thresholdsdetermined,P; ;(o) canbe written as sumsof @)-functionsasis
donein the proof of Theorem4.1in Section4.3.1. As 0 — 0, thedominatingtermis the
onewith the slowvestdecayrate and the asymptoticefficiency of the optimal single-user

detectoris givenby (4.58)for this casealso. &
4.4 Applications

In this section,we first studythe square-lav multiuserdetectorfor a simplecasewith
2 usersof equaluserenegy. Thenthe square-lav multiuserdetectoris appliedto more

practicaloptical WDM systems.
4.4.1 2-UserCase

Usingtheresultsin Section4.2ontheerrorprobabilityboundsunderGaussairapprox-

imation, we comparethe square-lav multiuserdetectorwith the square-las single-user
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Linear Correlation

Error Probability
=
o|

—*— single-user detector
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Figure4.4: Error performanceomparisorfor single-useandmultiuserdetectorfor 2-user
casewith linearcorrelation.Userenegiesareequalandp = —0.4.

detectorunderinterferencewith both linear and nonlinearcorrelationsin Figure4.4 and
4.5, respectrely. Thecorrelationis setto be symmetricandequalto -0.4. The usershave
equalenepies. The advantageof the multiuserdetectoris clearly seenfor bothlinearand
nonlinearcorrelationcases. We also confirm that the nonlinearcorrelatedsystemsufer
lessfrom interferenceahanthelinearcorrelateccase Notethata correlationof -0.4is used
which givesasignal-to-interferenceatio (SIR) of 8 dB for linearcorrelationand14 dB for
nonlinearcorrelation.Consequentlythe single-usedetectorhasa very poor performance
even at the asymptoticallyhigh SNR we usedin the plot becausénerethe detectorerror
performances dominatedyy theinterference.

From Figures4.4 and 4.5, we seethat the lower and upperboundsdo not coincide

even at the high SNR that we use. Moreover, we cannot prove whetherthe lower- and
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Figure4.5: Error performanceomparisorfor single-useandmultiuserdetectorfor 2-user
casewith nonlinearcorrelation.Userenegiesareequalandp = —0.4.

upperboundsareexponentiallyequivalentor not. To give anideaof which boundis closer
to thetrue performancewe includetheerrorprobabilityfrom numericalintegrationfor the
2-D casein Figures4.4 and4.5. The lowerboundis closerto the true error probability
for low SNR andthe upperboundis closerto the true error probability for high SNR, as
expected.

Anothersignificantdifferencebetweerthe multiuserdetectowith alinearreceverand
asquare-lav recever is thatwith the square-lav recever a correlationwith positive value
alwayshelpsto reducethe error probabilitywhile a correlationwith negative valuealways
worsengheerrorperformanceHowever, positve andnegative correlationsareequivalent
for thelinearrecever dueto symmetry

Following thediscussionn theprevioussectionontheasymptoticefficiency, theupper
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andlower-boundsonthe AMDE of eitheruserfor the 2-usemultiuserdetectoris foundto

be
: 2 2 2 2 H
< m?n{1+p,(1+2p) +p%2(1+ p)*} itp<0, (4.60)
min{1 + p?,2(1 — p)?} if p>0
for linearcorrelationand
min{1, (1 + p)*} <7 <min{l, (1+p)* + p*,2(1 + p)*} (4.61)

for nonlinearcorrelation. Numericalcomputationis neededfor the lower boundin the

linearcorrelationcase Meanwhile,the ASDE is foundto be:
ns = min{1, (1 + p)2} (4.62)
for nonlinearcorrelationand

(1 p)? if p>0 (4.63)

- {min{(l +0)% (1+20P) if p <0,
for linearcorrelation.

Figures4.6 and4.7 comparethe upper andlower-boundsto the AMDE togetherwith
the ASDE for linearandnonlinearcorrelationgespectrely. For systemswith linearcorre-
lation, thelower boundto the AMDE is largerthanthe ASDE. An interestingobsenation
is madearoundp = —0.5. Whenp = —0.5, the square-lav single-useidetectorhaszero
asymptoticefficiengy becausehe hypotheseg0,1) and(1,1) both have meanof A/2 for
userl for equaluserenegy which makesthe detectionerror persistno matterhow large
the SNRis. Thisis anexampleof case(i) in the proof of (4.58). However, for the square-

law 2-userdetectorcorrectdetectioncanbe madevia the obsenationstatisticfrom user2.

This alsoexplainswhy the lower- andupperboundcoincideat p = —0.5.
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Figure4.6: Asymptoticefficiency of square-lav multiuserandsingle-usedetectorunder
linearinterferencdor 2-usercase.

Note thatfor nonlinearcorrelation,the lower boundof the AMDE is the sameasthe
ASDE.As aresult,weonly know thattheactualAMDE liessomeavherebetweertheupper
boundto the AMDE andthe ASDE, andit is likely to bevery closeto the ASDE because
theactualerrorprobabilityof thesquare-lav multiuserdetectois closerto its upperbound
while SNRincreases.

We alsoincludetheasymptoticefficiency of themultiuserandsingle-usedetectomwith
alinearreceverin Fig.4.8from equationg4.65)and(3.122)of [28]. Notethatthedetector
for asquare-lav recever behaesquite differently from the detectomwith alinearrecever
underlinearcorrelation.Thedetectorwith alinearrecever have symmetricbehaior with

respecto p.
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Figure4.7: Asymptoticefficiency of square-lav multiuserandsingle-usedetectorunder
nonlinearinterferencdor 2-usercase.

4.4.2 Optical WDM Systems

In this section,we apply the square-lav multiuserdetectorto optical WDM systems.
A simplemultiple spanfiber systemis illustratedin Figure4.9. M channeldransmiton-
off modulatedpulsestreamsover M frequenciegnultiplexed (MUX) onto a singlefiber.
Thepulsepropagatiorthroughthefiber obeys thenonlinearSchroedinge(NLS) equation.
Following eachspanof fiber is a dispersioncompensato(DC) which removesall phase
shift due to materialdispersion,and a fiber amplifier (G) to compensatdor all power
loss. The optical amplifiersalsoadd amplified spontaneousmission(ASE) noisewhich
can be modeledas wide-bandGaussiamoise. The resultingsignal plus noiseis passed

througha WDM demultiplexer (DEMUX), which is effectively an optical filterbank, to



79

091 . . . -

Asymptotic Efficiency
o o o o
o [o2] ~ oo
T T T T
1 1 1 1

o
~
T
i

0.3f —*- single-user detector 7
-O- 2-user detector
0.2f n
0.1F n
| | | | | | | | |
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1

Correlation

Figure4.8: Asymptoticefficiency of multiuserandsingle-usedetectowith corventional
linearreceverunderlinearinterferenceandequaluserenegy for 2-usercase.

separatehe signals.In eachbranchthe signalis photodetectedndsampledat the bit rate
T. Then,multiuserdetectorsare usedto decidethe transmittedbits of multiple channels

simultaneouslynsteadof usingmultiple single-usedetectorsasin Figurel.l.

T
A

b1— Laserl \ / "2 — — bl

0 Multi- | o

: 0

0 WM | @D DC Other spans | WDM 0 user | 0
MUX : DEMUX

0 / : ‘ \ 0 T |Detector 0

b M— LaserM "2 — Z& —DbN

Figure4.9: WDM fiber communicatiorsystem.

One span

Modernfiber communicatiorsystemsoperateusingtensor hundredsof WDM chan-

nels. Given that optimal multiuserdetectorshave complexity thatis NP completein the
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numberof userswe restrictour detectionschemedo N outof atotal of A channelsOther
channelaremodeledasproviding additionalcorrelatechoise.If four-wave mixing (FWM)
is consideredaswell ascross-phasenodulation(XPM), the correlationbetweenusersfor

channelj mustbewritten as

M
pi0) = D promibkbebm ArA; Ar, (4.64)

k,l,m=1

becausef three-channeinteraction. The channelleakagedue to imperfectfiltering in-
troducedinear correlationwhile XPM resultsin nonlinearcorrelationbetweenchannels.
FWM canintroducebothlinearandnonlinearcorrelations.The optimal detectoris easily
modifiedto thistype of correlation.

Figure 4.10 shows upperand lower boundsfor the error probability for A/ = 3 and
5 usersusing a Gaussiamapproximation. The meanand varianceare estimatedfrom a
WDM channekimulation,thenthe upper andlower-boundsareappliedto studytheerror
performanceThefigureshavsthatfor M = 3 theadwantageof usingmultiuserdetection
over corventionaldetection(M = 3, N = 1) is on the orderof 4dB at an error rate of
10719, For M = 5, theresultis evenmoredramaticsincethe eye-openings entirelyclosed
if multiuserdetections notemployed. In thesimulation,the WDM signalsaretransmitted
through 10 spansof 80km non-zerodispersion-shiftedibers (NZ-DSF) with dispersion
compensatiorusedatfter eachfiber span. Eachchannelis modulatedindependentlyby
return-to-zero(RZ) pulsesat 10Gb/s. The channelspacingis only 25GHz. Multiuser
detectionis the only known way to achieve WDM transmissionsvith suchlong distances
andsmallchannekpacing.

Note thatthe single-usedetectorusedin this caseis a simple singlethresholddetec-

tor, which is whatis donein practice. The thresholdand the error probability are both
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Figure4.10: Probability of error boundsfor total M users,N usersmodeledin the mul-
tiuserdetector

calculatedusinga Gaussiarassumption.
4.5 Chapter Summary

In this chapteythe multiuserdetectorfor a square-lav recever hasbeenstudiedbased
on the upper andlower-boundsto the error probability and asymptoticefficiengy using
the Gaussiarapproximation.The square-law multiuserdetectoris thenappliedto optical
communicationsystemswherethe nonlinearity introducescorrelationbetweenchannels
(users). The advantageof the multiuserdetectorover the single-usermetectoris clearly
shawvn for opticalcommunicatiorsystemsvherenonlineareffectsdominate.

A fiberoptic multiusersystemwith dominantASE noisecanbe modeledto have -

distributed obsenationsbecausef the square-lav detector We approximatethe x? dis-
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tribution with a Gaussiardistribution which givesa closeerror performanceestimate put
givesthresholdsor decisionboundariedor 1-D and2-D caseswhich arevastly different
from optimal undery? statistics. We study the performanceusing a Gaussiamapproxi-
mationby deriving lower andupperboundsto the error probability We find that, unlike
thelinearrecever for a symmetricGaussiarchannelthe lower andupperboundsdo not
coincideat high SNRfor the square-lav multiuserdetector

The square-lav multiuserdetectoris studiedthoroughlyfor the 2-usercaseandcom-
paredwith the corventionalsquare-lav single-userdetectorfor both linearandnonlinear
correlation.Greatadvantagefrom the multiuserdetectoris obsened whenthe correlation
is large enough.Theasymptotichehaior of boththe square-lav multiuserandsingle-user
detectorss studiedbasedon the asymptoticefficiency comparedwith the corventional
single-usedetectorfor thelinearreceverin theabsencef interferenceTheerrorperfor
mancesarequite differentfor the square-lav multiuserdetectorswith linearandnonlinear
correlation.

Significantdifferencedetweerthedetectordasedn a square-la receverandacon-
ventionallinear recever arefound for the linear correlationcase. For the detectorwith a
linearrecever, positve andnegative correlationsareequivalentdueto symmetry;however,
for thesquare-lav recever, positive correlationalwayshelpsto reducetheerrorprobability
while negative correlationincreaseshe error probability of the multiuserdetector

Undera Gaussiarapproximationthe ML detectorcanbe simplifiedto a quadraticde-
tectorwhich simplifiesthe detectordesignandsazescomputation.This is very important
for optical communicatiorsystemsoperatingat 10Gb/sor higherwherea simple detec-

tor with little computationis required. The optimal y2-statistic detectordoesnot have
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sucha simpleform. Sincethe Gaussiarapproximationcannotbe usedto derive theform
of a detectorfor the x?2-statistic,deriving implementablesuboptimaldetectorss still an
openquestion. A suboptimalquadraticdetectorwith coeficientsoptimizedto the actual
statisticsis feasible but we do notknow how it would performundery?-distributedobser
vations.The coeficientsshouldbe quite differentfrom thosecalculatedwith the Gaussian
approximation.Anotherpossibility is finding an optimal linear detector This problemis
nontrivial dueto the presencef signal-dependentoise.

Throughoutthis chaptey synchronoussystemsare assumedand studied. However,
WDM networks with add/dropoperationsare examplesof asynchronousystems. How
to apply the square-lav multiuserdetectorgo an asynchronousystemandhow well the
multiuserdetectorgperformarestill openquestions.

Theabove analysisof thesquare-lav detectobasednthe Gaussiarapproximatiorcan
bedirectly appliedto detectorswith othertypesof signal-dependemioise,suchasoptical

systemausingavalanchephotodiodegAPD).



Chapter 5

NoiseNonlinear Amplification by Signal

In the previous chapterswe have focusedon the systemperformancealegradationdue
to thesignalwaveformdegradationandICl in WDM systemsln this chapterwe focuson
the ASE noiseintroducedby the opticalamplifiers,the otherperformance-limitingsource
in along-haulopticalfiber transmissiorsystem.The noisecharacteristicsnustbe known
in orderto computethe bit errorrate (BER) of the system.For mostof theworkson BER
computationthe ASE noiseis assumedo propagatahroughthe fiber without the effect
from fiber nonlinearity-inducednteractionwith the signal. In this case,the noiseafter
transmissions still white Gaussiamoisewhich simplifiesthe BER analysissignificantly
([55] andreferenceserein). However, the nonlinearinteractionbetweenthe signaland
the noisemay significantlychangethe noiseprocessin this chapterwe presenta method
basedon perturbatve approacho analyzethe nonlinearinteractionbetweerthe noiseand
thesignalwhenthey co-propagat¢hroughthefiber.

The noise nonlinearamplificationby the signal, or parametricgain due to the fiber
nonlinearityhasbeenfoundto changethe noisesignificantly First, the noiseis nolonger
stationaryor white after its interactionwith the time-varying signal; secondthereis an

enegy transferbetweerthein-phaseandout-of-phaseomponent®f thenoise.Thenoise

84
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nonlinearamplificationhasbeenstudiedindependentlyn [56] and[57] with the assump-
tion of a continuous-vave (CW) pumpsignal; the noiseprocesgemainsstationaryat the
outputunderthis assumption.Theresultin [57] is further usedto derive the BER perfor
manceof optical fiber communicatiorsystemswvherethe transmittedsignal pulseis long
enoughto beapproximatedy a CW signal[58]. The CW pumpsignalapproximatiorlim-
its the previousanalysigsto systemof low bit rate. However, asstatedn [58], the extension
of CW approximatiorto arbitrarily modulatedsignalis a difficult problem.We presenin
this chapterthefirst resulton theanalysisof noisenonlinearamplificationandcoloring by
anarbitrarily modulatedsignalbasedn perturbatiortheory

Thesignalis assumedo be pseudo-randomwith finite periodandarbitrarymodulation
in this chapter Underthis assumptionthe outputnoiseprocesds non-stationaryandwe
characterizét by the useof correlationfunctionsbetweenits frequeny components\We
first find the nonlineartermsfrom the noisenonlinearamplificationusing a perturbatve
approachn thefrequeny domain.We thencomputethe noisecorrelationfunctionswhich
are kept up to the second-ordein fiber nonlinearityfor computationalsimplicity. We
checkour resultsagainstan estimatednoise correlationfunction using the SSFmethod
with multiple realizationof the amplifier noise. The valid rangeof our approximationis
alsodiscussedn this chapter Our resultsgive a new analyticalmethodto computethe
systemperformancewith a more accuratenoise modelfor ASE dominatedoptical fiber
communicatiorsystems.

The chapteris organizedasfollows. Section5.1 is a brief discussionof the system
modelwe studyin this chapter We thenintroducethe first- and second-ordenonlinear

effectsin Section5.2. Section5.3is dedicatedo the studyof the noisecorrelationmatrix



86

in thefrequeny domainandis themainresultof thischapter Sectionbs.4 extendsourresult
to multi-spansystemsandit alsoincludesa discussioron the computationcompleity of
our results. As a specialcase,we apply our methodto the caseswith CW signalsand
compareour resultswith the previous resultsin Section5.5 We validate our resultsby
numericalsimulationand studythe valid rangeof our methodin Section5.6. We give a
simpleapplicationof our resultsto find the probability distribution function of thedetector

statistican Section5.7. Section5.8 concludeghe chapter
5.1 SystemModel

The systemthatwe studyin this chapters shavn in Fig. 5.1. In this section,we fo-
cuson the noisenonlinearamplificationin a single fiber spanandwe extendthe results
into multi-spansystemdaterin SectionV. Within eachspan bi-enddispersiorcompensa-
tion (DC) [38] with both pre- and post-dispersiorcompensations usedand we model
the pre- and post-dispersiorcompensatorsvith transferfunctionsexp(jD,,.w?/2) and
exp(j D,ostw?/2) respectiely, wherew is the baseban@ngularfrequeng. D,,.. and D,
aretheamountof dispersiorcompensatiofrom the pre-andpost-dispersiosompensators
respectiely. In thisstudy weassumehatD,,. + D,,s: = 2L wheres, is thesecond-order
dispersiorof thefiberandL is thespanlength,thatis, thefiberdispersioris perfectlycom-
pensatedby thepre-andpost-dispersiosompensatiomwithin eachspanascommonlyused
in practice.A lumpedopticalamplifier providesgain G = exp(aL) to compensatéor the
fiber transmissioross. We have ngglectedthe possiblenonlineareffectsin the dispersion
compensatiocomponentsn this simplified systemmodel.

Theinputto thesingle-sparsystems thesumof amodulatedsignalandthe ASE noise.
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Figure5.1: Simplified systemmodelfor single-sparsystem.DC is thedispersiorcompen-
sator

The ASE noiseis modeledascomplex white Gaussiamoisewith power spectraldensity
¥y = (G — 1) x NF x hv, whereh is Plancks constanty is the opticalcarrierfrequeny

and N F is theopticalamplifiernoisefigure[52]. In this chapterwe characterizéhe noise
processn thefrequeny domainandwe write the obsened noiseprocessn thefrequeny

domainasN (w) = U(w) + jV(w), i.e.,U(w) andV (w) aretherealandimaginaryparts
of the noiseprocessat frequeny w. The noiseis alsoassumedo be much smallerthan
thesignalto obtainareasonablyoodsystemperformanceThenonlineareffectsfrom the
noiseon the signalarethereforenegglected.

In previousstudiesonthenonlinearinteractionbetweemoiseandsignal,thesignalwas
assumedo be CW [56, 57]. With a CW signal,the noiseis still stationary experiencing
only a changein the power spectrumanda correlationbetweenthe in-phaseand out-of-
phasecomponents.However, with a modulatedsignal, the noiseis no longer stationary
sincethe noiseis signal-dependerdfter its interactionwith the signal. In this case,the
power spectrumcanno longerbedefined.

In this chapteywe usean arbitrarily modulatedsignalwith a pseudo-randormput bit
sequencandfinite window lengthasusedin any SSFsimulation.To fully characteriz¢he

outputnoiseprocessyve find the correlationfunctionsbetweerthe frequeng components
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of the noiseat the outputand we definethe correlationfunctionsof the noisefrequeng

componentss
SXY(OJl,CUQ) = E{X(wl)Y(wg)} (51)

X (w) andY (w) couldeachbeU(w) or V(w). E{-} is the expectationoperationover the
randomnoise.WhenX = Y, we call thecorrelationfunctionanauto-correlatioriunction;
otherwise,we call it a cross-correlatioriunction. In the above definition, we have used
thefactthatboth U (w) andV (w) have zeromeans.Sincethe perturbatve approachgives
a naturaldescriptionof the outputsignalin the frequeng domain,we focushereon the
noisecorrelationfunctionin the frequeny domaininsteadof in thetime domain. Fourier
transformatiorcanbe usedif the noisecorrelationfunctionin thetime domainis needed.
In the above definition of noisefrequenyg componentcorrelationfunction, real and
imaginarypartsof the noise processare usedinsteadof in-phaseand out-of-phasecom-
ponentsof the noiseasin [57] dueto the presenceof a time-varying phaseon the sig-
nal. At the outputof the fiber, the signalgainsa time-varying phasedueto nonlinearity-
inducedself-phasenodulation(SPM). Supposéhatthe signalat the outputcanbe written
asy/P(t) exp(j0(t)) whereP(t) is its time-varyingpower andd(t) is its phasethenthein-
phaseandout-of-phaseoisecomponentsare R{ N (t) exp(—;0(t))} andS{N(¢) exp(—j
6(t))} respectiely. ® standgor therealpartandS standgfor theimaginarypart. Unfortu-
nately #(¢) cannotbewritten outin closedform dueto the complicatechatureof the SPM
processtherefore the correlationfunctionsbasedon U (w) andV (w) cannot bereplaced
by the in-phaseandout-of-phasecomponent®f the noise. As aresult,in this chaptemwe
describethe noiseby its real andimaginarypartsso that the correlationfunctionscanbe

written in closed-form.
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5.2 Nonlinear Effects

In Chapter3, we have definedthe SPM, XPM and FWM termsbasedon the VSTF
method.In this chapteywe follow a perturbatve approachwherewe assumehatthe non-
linearity is smallenoughfor the nonlineartermto be treatedasa perturbation.Following
the perturbationapproachwe divide the fiber spaninto mary infinitesimal segmentsof
length Az andthe small contribution of nonlineareffect from a small piece of fiber at

locationz is foundto be
AAnp(t,2) = —j7]A(t, 2) PA(L, 2) Az. (5.2)

This small contrikbution thenpasseshoughthe remainderof thefiber from z to L without
nonlinearity It alsopasseshroughthe post-DCandthe opticalamplifierasshavn in Fig.
5.1. Thetotal nonlineartermat the outputis the sumof thesesmall contributions.

Tofind AAyz(t, ), we approximateA(t, z) = A,(t,z) + N(t, z) with
As(t,z) = Aspt,z) +Asi(t,2) + Asa(t,2) + ... (5.3)
N(t,z) = No(t,2z) + Ni(t,2z) + No(t,2) + ... (5.4)
A, o(t, 2) is simply the linear transmissiorpart of the signalup to distancez, thatis, the

signalthat passeshroughthefiber up to distancez without consideratiorof nonlinearity

It is easyto shaw that
A, o(w, 2) = exp(—az/2) exp(—7B2w?2/2) exp(j Dprew?/2) Ay i (w) (5.5)

whereA, ;(w) is the signalinput. Ny(¢, z) is similarly defined. A, ; (¢, z) and Ny (¢, z) are
the first-ordernonlineartermsin v for the signal and noiserespectrely. A, (¢, z) and

Ns(t, z) aresimilarly definedasthe second-ordenonlineartermsin .
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5.2.1 First-Order NoiseNonlinear Effects

SubstitutingA, (¢, z) andN (¢, z) into (5.2),we getthefirst-ordernonlineartermin y as

AAs,l(t, Z) + ANl(t, Z) = —jAZ[lAS,O(t, Z)|2A5,0(t, Z) + 2|A5,0(t, Z)lzNo(t, Z)

+ A%,(t,2)N;(t,z) + HO.T.]. (5.6)

H.O.T. standsfor higherordertermsof Ny(t,z) andthey are neglectedin the follow-
ing basedon the assumptiorthat the noiseis much smallerthan the signal. The first
term on the right side of (5.6) is AA; (¢, z), the SPM effect on the signal. The second-
andthird-term on the right side of (5.6) are the first-ordernoise nonlinearamplification
from the signaldueto cross-phasenodulation(XPM) andfour-wave mixing (FWM) ef-
fects, respectiely, betweenthe signaland noise. Accordingly, we defineANx (t, z) =
—372|As0(t, 2)?No(t, 2) Az and ANk (t, z) = —jyA2,(t, 2) Ng (t, 2) Az, thus AN, (2, z)
= ANx(t,z) + ANg(t, z). Thesmallnonlineartermsgeneratedt distancez thenpropa-
gatedinearly throughtheremainderof thefiber, the post-DCandthe opticalamplifier, and

atthe outputwe have in thefrequengy domain

«

AN, (@, 2) = exp(3 L) exp(L Dyots?) exp(— 5 (L—2)) exp(~ L o (L—2)) AN (w0, 2).

(5.7)
Defining Lp as D,,. = B2Lp, and D,,ss = [o(L — Lp), we can simplify (5.7) to
AN, (w,z) = exp(az/2) exp(—jBew?(Lp — 2)/2) AN;(w,z2) Sinc€ Dy.e + Dpost =
B2 L. Now, we obtainthe first-ordernoise nonlinearamplificationterm at the outputas

Noi(w) = [ AN, (w, z), wheretheintegralis takeneffectively over Az from O to L.

Notethat N, ; (w) consistf two terms.Oneof thetermscomesfrom the XPM effect
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andis foundto be

NO’X(CL))
L .
_ /O exp(%z) exp(—%ﬂQwQ(LD — 2)) (=) 2F { Aot 2) A2 (t, 2) No(t, 2) }dz
(5.8)
= /0 exp(%z) exp(—%ﬂng(LD - z))(—%)Q//AS,O(w, z) A5 o (w, 2)
No(w — w1 + ws, 2)dwidwsdz. (5.9)

F(-) standsfor the Fouriertransform.The otherterm comesfrom the FWM effect andis

foundto be

Nor(w) = [ exp(G2) exp(=3 s (L = ) (=3 F(Acalt, )N (1,2 4301, )}

(5.10)
Note thatin (5.9), if we do the integrationover z first, we will getexactly the same
expressiorasthoseobtainedfrom the truncatedhird-orderVSTF methodasdescribedn

Chapter2.

5.2.2 Second-OrderNoiseNonlinear Effects

Similarto thefirst-ordercase we getthe noisenonlinearamplificationof second-order
termin v as
ANy(t,z) = —jyAz[AS (¢, 2) Ny (t, 2) + 24,(t, 2) Ay (L, 2) No(t, 2)
+2A5,0(t, 2)Ng (8, 2)As 1 (8, 2) + 2A50(t, Z)A:,o (t,2) N1 (t, 2)
+2A4,,1(t, 2) AL o(t, 2)No(t, 2) + HO.T. (5.11)

Note that A, ; (¢, z) is the SPM term for the signal generatedn the fiber from 0 to z as

definedabove. Similarly, NV (t, z) is thefirst-ordernonlineartermfor the noisegenerated
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in thefiberfrom 0 to z. SubstitutingV, (¢, z) = Nx(t, z) + Ng(t, 2) into (5.11),we have 7

termsin total andwe definethemas

ANg(t,z) = (—jv7)Aso(t,2)Nx(t,2)As0(t, 2) Az (5.12)
ANi(t,z) = (—77)Asp(t, 2)Ni(t, 2)Aso(t, 2) Az (5.13)
ANs(t,2) = (=§7)2A50(t, 2)AL(t, 2) Nx (£, 2) Az (5.14)
ANg(t,z) = (=J7)24s0(t, 2) A5 (t, 2)Np(t, 2) Az (5.15)
ANp(t,z) = (=77)2No(t, 2) A% o(t, 2)As 1 (t, 2) Az (5.16)
ANy (t, z) = (—=j7)2450(t, 2)Ni(t,2)As (L, 2) Az (5.17)
ANy(t,z) = (=J7)24s0(t,2) A%, (t, 2) No(t, 2) Az (5.18)

The correspondingermsat the outputof the fiber, AN, y(w, z) to AN, x(w, z) canbe
definedsimilarto (5.7).
Finally, we obtainthe second-ordenoise nonlinearamplificationterm at the output

throughintegrationover Az as

No2(w) = No,u (w)+No,r(w)+No,s (W) +No, i (w) + No, (W) +Noavr(w) +Nov (w) (5.19)

and

Ny(w) = Nyo(w) + No1(w) + Npo(w) (5.20)
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with N, o(w) is thesameastheinputnoiseN;(w) dueto the 100%dispersiorcompensation

used.

Notethateverytermin (5.20)is composedf bothrealandimaginaryparts,U(w) and
V(w). In the next section,we focuson the computationof the auto-correlatiorfunctions

Svv(wi, we) andSyy (wq, ws), andthe cross-correlatiofunction Sy (wy, ws).
5.3 NoiseFrequencyCorr elation Functions

To computethe noisefrequeng correlationfunction,we substitute/, (w) ~ U, o(w) +

Up,1(w) +Uspa(w), Vo(w) = V,o(w)+ Vo1 (w) + V,2(w) into (5.1) andwe have for example,

E{Uo(w1)Us(w2)}

Q

E{(Uo0(w1) + Uo,1(w1) + Uo2(w1))(Uso(w2) + Vo (w2) + Vo (w2)) }

= E{Usp(w1)Usp(w2)} (5.21)
+ B{Uoo(w)Uo(w2)} + E{Uo,1 (w1)Usp(w2) } (5.22)
+ E{Usp(w1)Usz2(w2)} + E{Uo(w1)Us1(w2) } + E{Usp(w1)Usp(w2)} (5.23)

+ HO.T.

(5.21)is the zeroth-ordemnonlineartermin ~ in the noisefrequeny correlationfunctions,
andwe call it Sypo(wi,ws). Similarly, we definethe first- and second-order nonlinear
termsin the noisefrequeng correlationfunctionsSyy. 1 (w1, w2) andSyyq(wi, wo) defined
in (5.22)and(5.23)respectrely.

With ourassumptionghatthe ASE noiseis Gaussiamwhite noisewith independenteal

andimaginarypartsat theinput, we have

SUU,O(wlaWZ) = E{Uo,o(wl)Uo,o(w2)} = E{Vo,o(wl)Vo,o(wz)} = SVV,O(WI:W2)
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0.2

= 7w5(w1 — wa) (5.24)
whereo? = 27¥, becausdrequengy componentsor thenoiseareindependenand
Svv,o(wi, wa) = E{Ugp(w1)Vop(wa)} =0 (5.25)

because¢herealandimaginarypartsareindependent.
In theremaindeiof this section we concentraten studyingthefirst-orderandsecond-

ordernonlineartermsin the noisefrequeng correlationfunctions.

5.3.1 First-Order Nonlinear Term for the Noise FrequencyCorr ela-
tion Functions

To computethe first-ordernonlineartermin the noisefrequeng correlationfunctions,
we have Syy,1 (w1, ws) = E{Uso(w1)Us1(wa)} +E{Us1(w1)Uspo(wa)}, Svvi(wi,we) =
E{Voo(w1)Vor(wa)} +E{V,1(w1)Voo(w2)}, Suvi(wi,wa) = E{ Usp(wi) Vor(wa)} +
E{U,1 (w1) Vop(we)}. After substitutingl,, s (w) = (Nog(w) + N; . (w))/2 andV, 4 (w) =
(Nox(w) — Nji(w)) /27 for k = 0,1 into the above equationswe find that Sy, (w1, w2),
Syvi(wr,ws) andSyy; (wy, we) areall composedf thefour termsE{N, o(w;1) N, 1(w2)},

E{NO,O(wl) NO*J(LUQ)}, E{N:}O(wl)No,l(wz)}, andE{N:,O(wl)N:,l (Ldz)}. For example,
E{Us0(w1)Us,1(w2)} = %E{(No,o(wl) + Noo(w1)) (No(w2) + Ng 1 (w2))} (5.26)
For E{NO,O(wl)No,l (UJQ)}, we have

E{Noo(w1)No1(w2)} = E{(No,o(w1)(No,x (w2) + Nop(w2))} = E{(Noo(w1) No,r(w2)}
(5.27)
with E{N,o(w1)No x(w2)} = 0 becauseE{N,(w;)No(ws,2)} = 0 for ary z. After

substitutingin the expressiorfor N, r(w) andsomemathematicamanipulationsyve find
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that

E{No,o(wl)No,1(w2)} = / exp ——ﬁ2w2 D —Z))(_ji)ai/As o(v, 2)
Aso(wr + w2 — v, 2)dvdz (5.28)

£ T, (wla w2).
Similarly, we obtainthat

BNy ()} = [ ep(-36008 ~d)(bo - D102 [ 24,000

472
AL o (v + w1 — wy, 2)dvdz (5.29)
S TZ(wlu w2),
E{N;o(w1)Nox(w2)} = T (w1, wa), (5.30)
E{N:,O(WI)N:J(CU?)} = T} (w1, wy). (5.31)

With theseexpressionsye arenow readyto obtainthefirst-ordernonlineartermin the
noisefrequeng correlationfunction. Thefirst-orderreal noisefrequeng auto-correlation

function E{U,(w1)U,(wy)} is

1
SUU,l (wl, LUQ) = 5 {Tl (wl, w2) + Tl*(wl, wz)} (532)

1 L '
= S (e +ad) (Lo — )0 + a2
0

In above equationwe have usedthe definition

Cw,z) = Py /As,o(v, 2)Aso(w — v, z)dv (5.34)

™

OrC(t, Z) = Aio(t, Z) andthefactthatT1 (LUQ, wl) =T (w1, U)Q), T, (wg, w1) = —TQ* (U)l, U)Q).
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Similarly, thefirst-orderimaginarynoisefrequeng auto-correlatioiunction, E{V,(w,)
Vo(wz)}, is

1
Syv(wi,wa) = —3 {T' (w1, wa) + T (wy, wa) } - (5.35)

The first-orderreal-imaginarynoise frequeng cross-correlatiorfunction, E{U,(w)
Vo(we)},is

Svv,(wr, ws) = —% {1 (w1, wa) — T (w1, w2) } - (5.36)

Oneinterestingobsenationaboutthefirst-ordernonlineareffectin the noisefrequeny

correlationis thattheits complex noisevariance E{N,(w) N} (w)}, is
E{Noo(w)Ng1(w) + Nop(wW)Nyo(w)} = Syva(w,w) + Syva(w,w) =0 (5.37)

Thatis, thefirst-ordernonlineareffect hasno amplificationover the complex noise,but it
introducesan enepy transferbetweenthe real and imaginarypartsplus correlationsbe-
tweentherealandimaginaryparts.

Anotherinterestingobsenationis thatthe XPM effect doesnot contributeary effectto
thenoisefrequengy correlationfunctionsup to thefirst-ordersincetheterm7’ (w;, wo) that

comesform the XPM effect cancelsut.

5.3.2 Second-OrderNonlinear Termsfor the NoiseFrequencyCorr e-
lation Functions

From(5.23),we have Syp .o (w1, w2) = E{Upso(w1)Usa(w2)} + E{Us1(w1)Up1(wa)} +
E{U,2(w1) Uyp(we)} andsimilar expressiondor Sy v2(wi,ws) andSyya(ws, ws). After
substitutinglU, x (w) = (Nox(w) + Ny (w))/2 andV, i (w) = (Nog(w) — Ny p(w))/2; for
k = 0,1, 2 into theseequationswefind thatSyp 2 (w1, w2), Syva(wr, we) andSyy.e(wr, w2)

areall composeaf two groupsof terms.Onegroupof thesetermsis of form E{U, o(w1)
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U, 2(w2)} andthe othergroupis of form E{U,(w1)U,1(w2)}. We first study thesetwo
groupsof termsseparatelyn the following two subsectionsandwe combinethemin the

third subsectiono obtainthe second-ordetermsin the correlationfunctions.

Terms of the form E{U, o(w1)Us2(w2)}

From (5.23), the first term of Sy y2(wi,w2) IS E{Uso(w1)Usa(ws)} = $E{(Noo(wr) +
Nyo(w1))(Noz(ws) + Nyo(ws))}. Note that N, (w) is composedof seven termsfrom

Ny u(w) to N, n(w). Welist theresultsfrom eachof thesetermssuccessiely.

First,we derive E{N, o(w1) N, u(w2)} andtheresultis

bt j j
E{No,o(wl)No,H(WZ)} = 2’7203/0 / exp(—iﬂwf(LD—y))exp(—§ﬁ2w§(LD—z))
Yy

X

(%ﬂ_z / C(wy + v, 2)B(ws — v,y) exp(%ﬁgqﬂ(z - y))dv) dzdy
(5.38)

£ TH(wla wz)

wherewe have usedthedefinitionof C(w, z) from (5.34)andanew definitionof B(w, z) =
o [ Aso(v,2) A% o (v — w, 2)dv or B(t, z) = Ay (t, 2) .

Equation(5.38) hasa clear physicalmeaning. We would expecta factor of C(t, z)
from the FWM effectin (5.12). We alsoexpecta factorof B(t,y) from the XPM effect
for Nx(t,z). C(t,z) and B(t,y) arethe nonlineartermsgeneratedt positionsz andy
respectiely andthefactorexp(j 5.v?(z — ) /2) is thedispersion-induceghasenteraction
betweerthem. Theothertwo dispersiorfactorsaresimply thelineartransmissiorafterthe
nonlineartermsaregenerated.

The othertermfor N, i (w) is of form E{N,(w1)N; z(w2)} = 0 since E{N,(w1)

No(we, 2)} = 0 for ary z.
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No,i(w2) : 29202 [} [ exp(—4Bawi(Lp — y)) exp(— 4 fawd(Lp — 2))
Ty (wri,ws) (4 > fC’ w2 + v, 2) B(ws — v,y) exp(LBv*(z — y))dv) dzdy
Ni () o [ T7 exp(— 3523 (Lo — 1)) exp(b53 (Lo — 2))
Tr (w1, w2) (471'2 JCW+wi,y)C* (v + wy, 2 )eXP(—%52U2(Z — y))dv) dzdy
Ny j(we) : —47%0? [ fy exp(—35owi (Lp — y)) exp(§fows (Lp — 7))
Ty(wi,wa) | X (g [ Bwi = 0,y)B*(v = ws, 2) exp(=4 20> (2 — y))dv) dzdy
Nosc(wn) - =220 [ [ exp(=§paw(Lo — y)) exp(=§ ot (L - 2))
T (wi,ws) | % (5 fC wi + v, y)B* (w2 — v, 2) exp(—1 Bov?(z — y))dv) dzdy
Ny p(w2) : —2v%02 [, [, exp(—§Bwi(Lo — 2)) exp(§Bow3 (Lo — 2))
Tr (w1, ws) (47r2 J D*(v,y)As (w1 — w2 + v, 2) exp(%ﬂﬂﬂ(z — y))dv)
x exp(—5(z — y))dzdy
Nor(ws) : ~2920% [y J, exp(=1xi (Lo — 2)) exp(=§Bad (Lp = 2))
Tar(wi,we) | X (2 [ D(v,y)As0(wi +ws — v, 2) exp(—L 0% (2 — y))dv)
X exp(—%(z —y))dzdy
Ny (w2) : 29202 [ |7 exp(—4Bowi(Lp — 2)) exp(}Bowd(Lp — 2))
Ty(wi,ws) | X (25 [ D(v,y)ALo(we — w1 + v, z) exp(—LBv? (2 — y))dv)
x exp(—5(z — y))dzdy

Table5.1: Second-ordenonlineartermsin the noisefrequeng correlationfunctionsfrom
the second-ordenonlinearterms, N, i (w) to N, n(w) or their conjugates.

Similarly, we obtainothernon-zeratermsfor E{U, o(w1)U,2(w2)} andwe list themin
Table5.1. A new expressionD(t, z) = A, o(t, 2) A o(t, 2) As 0 (1, 2) is usedandit originates
from the SPMof thesignal. All othertermsarezero. It is easyto provethat7y (w;, ws) =

=T (w1, we) simply by substitution.

Terms of the form E{U, i (w1)Us,1(w2)}

The secondterm of Syp2(wi,ws) is of form E{U, 1 (w1)U,1(w2)} Or E{( Noq(wr) +
Ng1(wi)) (Noji(w2) + Njy(w2))}. Notethat N, ;(w) is composedf two terms, Ny, x (w)
andN, r(w). We list thenon-zeratermsin Table5.2

Notethatin thetable,theintegrationfor z andy arebothfrom 0 to L. Now, wetry to

useTy (w1, ws) 10 Ty (w1, wy) to expresshesethreetermsby dividing [, [ into two parts
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Nox (@) Nor(wa) | =29202 [y fy exp(=1B:03 (Lo — 2)) exp(= {23 (Lo — v))

X (22 [ Bwi —v,2)C(ws + v,y) exp(—%ﬁgzﬂ(z —y))dv) dzdy
Noyx (wi) Ny x (wa) | =49%02 [ [y exp(—=§Bow?(Lp — 2)) exp(§Bow3 (Lp — y))

X (422 [ B(w1 —v,2)C(v — wy, 2) exp(—%ﬂﬂﬂ(z —y))dv) dzdy
Nor(wi) Ny o(w2) | 7202 Jy [y exp(=§Bawi(Lp — 2)) exp(§Bow2(Lp — v))

X (& [ Clw +v,2)C* (w2 + v,y) exp(LBov2(2 — y))dv) dzdy

Table5.2: Second-ordenonlineartermsin the noisefrequeng correlationfunctionsfrom
the beatingof thefirst-ordernonlinearterms,N, x (w) and N, (w) andtheir conjugates.

I fyL and [V [. After carefulmathematicamanipulationwe obtain

E{NO,X(M)NO,F(WQ)} = TK(W, w1) - TH(wla wz) (5.39)
E{N,x (wl)No*,X (w2)} = —Ty(wi,ws) — Tj(wa,w1) (5.40)
E{No,p(wl)N:,F ((,UQ)} = Tf(wl, LL)Q) + TI* (OJQ, wl) (541)

Combined second-ordernonlinear terms in the correlations

Now we combinetheresultsin the previoustwo sub-section$o obtainthe final resultson
thesecond-ordenonlineareffectsonthenoisefrequeng correlationfunctions.Theresults

arethefollowing:

Svva(wi,ws) = R{Tr(wi,ws) + Tr(we, wi)} + R{(Tk (w1, w2) + Tk (wa, w1)}

+%§R{TM(UJ1,U)2) +TM(U)2,UJ1)}, (542)

SVV,Q(WI: w2) = §R{TI(wl, wz) + TI(CU?awl)} - §R{TK(wl, w2) + TK(W2; wl)}

—%%{TM(M,M) + T (wa, wi) }, (5.43)
Svva(wi,we) = =S{Tr(wi,w2) — Tr(wa, wi)} + S{Tk (w1, w2) + T (wa, w1)}
+1%{TM(w1, wa) + T (wa, wr) }- (5.44)

2
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Comparingwith the first-ordernonlineareffects, we find that the second-ordeeffect

for the comple noisefrequeny domainvarianceis
SUU,Q(W, LU) + SVV,Q((A), w) = 2[T1(w, w) + Tl*(w, w)] 7é 0. (545)

Thatis, unlike thefirst-ordereffect, the second-ordenonlineareffect hasnon-zercamplifi-
cationoverthe complex noise.Moreover, it alsointroducesnegy transferandcorrelation

betweerntherealandimaginaryparts.
5.4 Extensionto Multiple Spans

In this sectionwe extendour resultson the noisenonlinearamplificationto multi-span
systems.We alsodiscussthe computationakompleity associateavith our methodand

compardt with the SSFmethod.
5.4.1 NoiseCorrelationsfor Multiple Spans

For usualmulti-spansystemswe have both multiple fiber spansand multiple optical
amplifiers.EachopticalamplifierintroducesASE noiseindependentf eachotherandthe
ASE noisefrom eachoptical amplifier experiencesionlinearamplificationby the signal
duringthetransmissionthroughthefollowing fiber spansafterits generation.

As afirst stepto studythenoisenonlinearamplificationin multi-spansystemsye study
thefollowing systemshawvn in Fig. 5.2whereonly oneASE noisesourcess included.The
input to the multi-spansystemis still the sumof the modulatedsignalandthe ASE noise
from the previous optical amplifier All following optical amplifiersare assumedo be
noiselessWith the correlationfunctionsfoundfor this case the correlationfunctionscan

be easilyextendedo the caseof multi-spansystemswith multiple ASE sourcesdueto the
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factthatthe ASE noisesourcedgrom differentamplifiersareindependentThe extensionis
includedat the endof this subsection.

_Onespan ... OtherSpans

S(t) : Pre- m Post-

T DC DC

N(t)

Figure5.2: Simplified systemmodelfor multi-spansystem.

Since 100% dispersioncompensatiorand perfectloss compensatiorare usedwithin

eachspan,we have thefollowing relationship
As,O(ta zZ+m X L) = As,O(ta Z)a (546)

No(t, z+m x L) = Ny(t, 2), (5.47)

for differentspannumberm = 1, 2, ... for boththe modulatedsignalandthe noise. It is

theneasyto shaw that
No xm(w) =mN, x(w), Nopm(w) = mN, p(w) (5.48)

whereN, x ., (w) andN, r,(w) arethefirst-ordemoisenonlinearamplificationtermsfrom
the XPM andFWM effectsrespectrely for m spansandN, x (w) andN, r(w) arethecor
respondingermsfrom the single-sparcase.As aresult,we have the first-ordernonlinear

termsfor the noisefrequeng correlationfunctionsas

1
Suvim(wi,ws) = im{Tl (w1, wa) + T (wr,wa)}, (5.49)
1
SVV,l,m(wlaw2) = _im{Tl(wlyw) + 17 (w1, w2) }, (5.50)
SUV’l,m(wl, (.L)Q) = —lm{Tl (wl, wg) - Tl* (wl, (JJQ)}. (551)

2
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Thefirst-ordernoisenonlineartermsN, x (w) and N, r(w) contribute notonly to thefirst-
ordernonlineartermsin the noisefrequeng correlationfunctions,i.e., termsof the form
E{N,,o(w1)N,1(w2)}, but alsothe second-ordenonlineartermsfor the noisefrequeny
correlationfunctionsthroughtermsof theform E{N, ; (w1) N, 1(w2) }. It is easyto seethat
their contributionsto the second-ordenonlineartermsfor the noisefrequeng correlation
functionsarethe sameasthosefrom the single-sparexceptafactorof m? from (5.48).
Now we studythesecond-ordenonlineartermsin thenoisefrequeng correlationfunc-
tions (thatis, termsof the form E{N, ¢(w1)N,2(w2)}) from the second-ordenoisenon-
linearterms, N, g, (w) 10 N, n»(w). For multi-spansystemswe have N, g ,,,(w) asan

integrationover [0, m L], thatis,

mL .
Nogm(w) = /0 exp(%,%)exp(—%BQwZ(LD—z 47r2 // s0(v3, 2

Aol =3+ 1,2) [ etz — i) epl(-5 - ) 2

472

2 //AS,O(UI: Y)Aso(v2, y)Ng (va — v1 + vy, y)d4vdydz (5.52)

with Z = z—floor(z/L) x L, §j = y—floor(y/L) x L asthetransmissiordistanceafterthe
lastopticalamplifier. Using (5.46)and(5.47)andintegratingfirst over the four frequeny
variablesn (5.52),(5.52)canbe separatedhto two termswith integrationlimits of fOL foz

and )" [ andtheresultis

2 L pz 2 _ L prL
Nostm(w) = 2 ;m/o /0 ANy (w,y, 2)dydz + = 5 m/O / ANy (w,y,z)dydz

(5.53)

with ANy (w, y, z) asthetotalintegrandin (5.52),includingintegrationoverthefrequengy
variables For othertermsfrom N, ; ,,(w) t0 N, n,, (w), Similar thingscanbe done.

Thefirst doubleintegrationin (5.53)is simply N, x (w); thesecondermis anew term,
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which we nameas N; ;;(w). We substitute(5.53) into E{N,¢(w1) No rm(w2)} for the

second-ordenonlineareffectsfor the noisefrequeng correlation we obtain

m?+m m? —m

TH(wl,wg) + 9

E{N,o(w1)Nogm(w2)} = Ty (wr,ws) (5.54)

with T, (w1, ws) definedsimilarly as Ty (w1, ws) in (5.38) usingthe secondterm on the
right sideof (5.53). Notethatin theabove equationwe have usedthefactthat N, o ,, (w) =
N, o(w) for ary spannumberm dueto the 100%dispersioncompensatioper span.With

somemathematicamanipulationwe canshaow that
Ty (wi,ws) = =T (wo, wr). (5.55)

For othertermsfrom N, ; ,,(w) t0 N, n . (w), we obtainsimilar resultssummarizedis

Tiwi,ws) = Tf(wa,wr) (5.56)
Ti(wi,we) = Tj(we,wr) (5.57)
Ti(wi,we) = Ty(ws,wi) (5.58)
T] (w1, ws) = —Tp(we,wi) (5.59)

Following the sameproceduressthatfor the single-sparcasewe obtain

1 ~ - .
Svvem(wi,w) = 1 X {QmQTI(wl, wy) — (m2 —m)Ty(wy,ws) + (m2 —m) Tk (w1, ws)
24m - 2 _m -
+ T . " (w1, ws) + LQmTI'V[(wl,wg)} (5.60)
1 ~ - .
Svvom(wi,ws) = 1 X {QmQTI(wl, wy) + (m2 —m)Ty(wy,ws) — (m2 —m) Tk (w1, ws)
m?+m - m?—m -
— TM(wl,wg) — T;\/[(wl,wg)} (561)
Suvem(wi,w) = % X {2m2T1(w1,w2) + (m2 — m)’fH(wl,wg) — (m2 — m)TK(wl,wg)
m?2+m = m? —m =
— 9 TM(wl, OJQ) — TT]I\/I(wl’ (JJQ)} (562)
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with the simplifying notations

Ti(wi,we) = Ti(wr,ws) + T (w1, wa) + Ti(wa,wi) + T (we,wr),i = I, H, K, M, M’

(5.63)

T[(wl, UJQ) = TI(wl, LUQ) — Tj—k(wl, w2) — TI(WQ, wl) + TI*((UQ, UJ]_) (564)

H(wi,we) = Ti(wr,ws) — i (wr,wa) + Ti(wa, wr) — T;f (wa, w1),4 = H, K, M, M’

(5.65)

For thesecond-ordemonlineareffectsonthecomple noisevariance E{ N,(w) N(w)},

we still have

Svv2,m(w,w) + Syvem(w,w) = m2TI(w, w). (5.66)

That s, the noise nonlinearamplificationis simply a factor of m? larger, but the noise
enegy transferandcorrelationsaremorecomplicated.

Now we are readyto computethe noisefrequeng correlationfunctionswith multi-
ple ASE noisesources.With the fact that the ASE noisefrom eachoptical amplifier is

independendf eachother we canshaw that
Np—1
SSxvng (Wi, wa) = Y Sxving—w(wi,wa), i =0,1,2, (5.67)
k=0
for asystemwith N spansgn total. X andY canbeeitherU or V. Notethatwe have used
notationSxy,;m (w1, we) asthei-th ordernonlineartermfor thenoisefrequeng correlation
functionswith single ASE noisesourcepassinghroughm spansof fiberswith the signal.

The double S notation SSxy,; m (w1, ws) is for the noisefrequeny correlationfunctions

with multiple ASE noisesources.
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5.4.2 Computational Complexity

To build the correlationmatrix for the noisefrequeny componentsywe needto com-
putethe following terms: T} (w1, wa), Tr (w1, wa), Th (w1, ws), Tk (w1, wa), Tar(wr,ws) and
T}, (w1,ws). We discussherethe computationalcompleity associatedvith computing
theseterms.

We first re-write 73 (wy, wy) asfollows

T (wy,ws) = /OL exp(—%ﬂgwg(LD—z))x(—%)oi/AS,O(U,Z)AS,O(w1+w2—v,z)dvdz.

(5.68)
Note thatin the above equation, A, (w, z) is the linear propagatiorof the signal up to
distancez andit canbe easilycomputedin the frequeng domain. In the following dis-
cussionwe assumehatboth A, o(¢, z) and A, o(w, z) areavailablefor every z we usein
thenumericalintegration. ThenC(t, z) = A2 ,(t, z) canbeeasilycomputed Notethatthe

innerintegral in (5.68)is a corvolution resultingin C(w; + ws). Now, for eachw; andz,

we canwrite theintegrandin (5.68)as
f{f‘l{exp(—%ﬂgwg(Lp —2))} x FYC (w1 +w2)}} (5.69)

with the help of the FastFouriertransform(FFT) andinverseFFT (IFFT). As aresult,we
need3N,N, FFT or IFFT to computeT; (wy,ws), with N, andN,, definedasthe number
of stepsn thetransmissiordistanceandfrequeng respectiely.

For the second-ordenonlinearterms, we first look at 77(wy,ws). If we compute
Tr(wy,we) in the sameway asT; (w;, wy), we needaboutN?N,, FFT or IFFT dueto the

doubleintegrationover the transmissiordistance.However, we cando muchbetter For
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eachw; andz, weintegrateovery first, thatis, we rewrite 77 (w;, ws) as

L : 1 :
Tr(wi,ws) = 7203,/ exp(%ﬂgwg(LD—z))4—7T2/C*(U—|—w2,z) exp(—%ﬂgqﬂz)
0

X / eXp(—%ﬁzwf(LD ) exp(%ﬁQO?J)C (v +wi,y)dydvdz  (5.70)
0

Note that [’ exp(—% ww?(Lp — y)) eXp(%ﬁQ’UQy)C(U + wy, y)dy is simply a function of
v if wq Is fixed, thenwe can combineit with exp(—%ﬁngZ) and convolve the product
with C*(v + we, z) asfor the T (w1, wo) term. Supposinghatthe FFT and IFFT arethe
mosttime-consumingmnanipulation,we only needthe samenumberof FFT andIFFT as
T: (wy,wy) andthe computationatostis similar with someextra computatiorfor addition.

For all otherterms,we have confirmedthatevery second-ordenonlineartermcanbe
computedn asimilarway with thenumberof FFT or IFFT about3 N, N,,.

Now, we take a look at how mary FFT or IFFT are neededfor the SSFsimulation
asa comparison.At eachstep,we needat leastone FFT to transformthe signalto the
frequeng-domainand computethe linear effect. Then,onelFFT is neededo transform
the signal backto the time-domainand add the nonlineareffect. As a result,eachSSF
simulationneed2 N, FFT or IFFT.

However, to obtainthe noisefrequeng correlationfunction, simulationwith differ-
entrealizationof the noisemustbe used. To getanideaof how mary noiserealizations
areneededye studythe estimationconfidenceof estimatingthe varianceof a zero-mean
Gaussiarrandomvariable. Supposehe varianceof the Gaussiarrandomvariableis o2,

andthe numberof randomobsenationsis N, thenthe unbiasedestimationfor the vari-

1

anceis y-—

> 42, wherey, is oneindependenbbsenation. For large Npg, NLR S~ y2 can



0=0.9 0=0.95 0=0.99
£=0.1 542 768 2,170
8 =0.05 2,170 3,070 8,660
£ =0.01 54,000 77,000 216,000
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Table5.3: Numberof randomobsenationsneededor differentestimationconfidencdev-
els.

beusedinstead.Now, we needto solve for Nr from thebound

P (|NLRZy,% -0’ < 502> >0 (5.71)

with fixed (J, 5). The parameteis givesthe tolerablefluctuationrangeof our estimation.
The smallerg is, the lessfluctuationis tolerableand more obsenationsareneeded.The
parameteb givesthe estimationconfidenceThelarger/ is, the moreconfidenceve have
in our estimationandmoreobsenationsareneeded Theresultis includedin TABLE 5.3.
Fromthetable,we know thatover threethousand®bsenationsareneededn orderto get
the varianceestimationbelown 5% fluctuationwith a confidenceof only 95%. Practically
we needmuchmoresimulationsto geta goodenoughestimationfor the entirecorrelation
function.

Thereareotherwaysto reducehecomputationatostfor ourmethod.First,anadaptve
stepsizecanbeusedasin theadaptve SSFmethod[1]. Secondwe don'’t needto compute
thewholefrequeng rangesincethe noiseamplificationis band-limitedasin the CW pump
case. As a result, we only needto computethe noisefrequeng correlationfunctionin
the frequeng rangewherethe nonlinearamplificationis significant. For thosefrequeng
componentsutsidetherange we cansimply assumehatthey arenotaffectedby thesignal
andthey arestill independentrom all otherfrequeny components.

Basedntheabovediscussioronthecomputationatompleity of ourmethodwe con-
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cludethat our methodprovidesa more practicalway to estimatethe correlationfunctions

of the outputnoiseprocesghanusingsimulationbasedn the SSFmethod.
5.5 SpecialCaseof CW-PumpedNonlinear Noise

In thissectionwe applyourmethodgo thespeciakasevherethenoiseis co-propagating
throughthefiberwith a CW pumpsignal. Onedifferencebetweera CW pumpsignalanda
modulatedoumpsignalis thatthe CW pumpsignalassumptiorsimplifiesthe expressions
for the nonlineartermssignificantlyanda transfemrmatrix for the noiseprocessannow be
found. Anotherdifferencewith a CW pumpsignalis thatthe SPM effect of the CW pump
signalis simply a constanphaseandconsequentlyhe in-phaseandquadraturenoisecan
be easilydefinedand studied. We first find the transfermatrix betweenthe in-phaseand
guadraturenoiseattheinputandtheoutput.We thencompareour resultswith the previous
resultsonthe CW pumpsignalin [57] andvery goodagreemenis foundwhile our method
is muchsimplerto usethanthe previousmethod.

With the CW pumpsignalassumptionthe signalis modeledas A, ;(t) = /P, atthe
inputand A, o(t, z) = /P, exp(—%2) becausehefiber dispersiordoesnot affectthe CW

pumpsignal.In this casewe have the outputnoiseprocessafteronefiber spanas

2vF, V2 P? 272 P2
No = ]\/vZ 1 — ( _
@ = {2y
x . 7R 272 P} o i ,
— N (— o, g,
i (=) {]a — jBow? + (20 — jByw?) exp( 5 ) exp( 252 w?)
exp(%Dch)G. (5.72)

N,(w) andN;(w) referto thenoiseprocesobsenedin thefrequeny domainattheoutput

andinputrespectirely. Unlike previousanalysiswith modulatedsignals,we have included
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explicitely the amplifier gain G andthe fiber loss. We alsoassumedhat only a optional
post-DCwith D,,s; = D, is usedfor this casein orderto compareour resultswith previous
resultslater.

Dueto the CW pumpsignalassumptionthe outputnoiseatfrequeng w is only related

with thenoiseinput atfrequeny w and—w. Similarly, we canwrite N (—w) as

2P V' F 291§
N (—w) = 4N*(=w) |1 _
sew) = (N [ T T

7 = 2v2P? « j )
— N _ ——L =By L
iw) [ ]a + jBow? + a(2a + jPaw?) exp! 2 )eXp(252 w’)

exp(—%Dch)G. (5.73)

Now we canwrite (5.72)and(5.73)in matrixform as

No(w) _ Nl(w)
) =M (574
with
_ o Jiar e (1 25 N R 2 8 51
My = exp( 2L)G exp( 2(5211 D.)w®) (1 J o + 20(c — j Bow?) a2
(5.75)
— _g _Z . 2 . ’}/P() _ 2’}/2P02
Mg = exp(=5 L)G exp(=5(FoL — De)w”) ( B aa— ) (5.76)
VN Jiar ey (. P 2°F
MZI - eXp( 2L)G6Xp(2(ﬁ2L DC)w ) (]O! +j/82w2 a(2a +]B2(JJ2) (577)
_ _ ¢ J _ 2 2Py i _ 29 P§
M22 - exp( 2L)Gexp(2(/82L DC)w ) (1 +] a + 20{(05 _'_]52&)2) a2 -

(5.78)

The abore matrix shows clearphysicalmeaningson dispersiorandnonlinearityandtheir

interactionupto second-ordein fibernonlinearity Thefactorexp(—1 8, Lw?) andexp(£ D,
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w?) andtheir conjugatesomefrom the fiber dispersionandthe dispersionrcompensation.
Otherfactorsarecomposedf the lineartransmissiorpart of the noise,andthe nonlinear

amplificationof thenoiseup to first- andsecond-ordein fiber nonlinearityor signalpower.

For example theterm —j@ and—j a]j’;‘;wz arefrom the XPM andFWM effectsrespec-
tively. Fromthe noisetransfermatrix, it is clearthatthe nonlinearamplificationdecreases
asw increasesndtheinteractionbetweerthefiberlossandthefiber dispersiordetermines
the noiseamplificationbandwidth.

To find thein-phaseandthe quadraturenoiseat the fiber output, first notethatthe CwW

pumpsignalatthe outputcanbewritten as+/ P, exp(jfspar) exp(—aL)G with

_h
«

P,
Ospr = ———(1 = exp(-al)) ~ (5.79)

asexp(—al) < 1 for mostsystemsThenthein-phaseandquadraturenoiseare

Nio(t) = R{N,(t) exp(—jOspm)} = %{No(t) exp(—70spum) + No* (t) exp(j0spu Xp-80)
and

Nq,o(t) = S{No(t) exp(—jbspum)} = %{No(t) exp(—j0spa) — No™ (t) exp(jfspafp-81)

respectrely whereR and< standfor realandimaginaryparts.We canalsowrite theabove

equationsn matrixform as

[Nl,o(t)} _ [%GXP(—jesPM) 3 exp(jfspar) } [No(t)] (5.82)

Noo(t)] ~ |z exp(=i0spm) —z; exp(i8spa)] [No™(1)]

At theinput, we have

Ni(t) = Np;(t) + jNgi(t), Nj (t) = Nii(t) — jNg,i(t), (5.83)
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or

{NN(%)} N E —jg} [z%((:))} : (5.84)

Now we canwrite outtherelationshipbetweerthein-phaseandquadratureoiseatthe

inputandthe outputin theformatof atransfermatrix as

Nio(w)| _ 4 [ Nii(w)
[NQ,O(W)] =T [NQ,i(w)} (5.85)
with
_ [5exp(—jbspm) 5 exp(jOspu) 1
T = [% exp(—jOspum) —2%. exp(j@SPM)] [1 —j] : (5.86)

To extendtheresultsinto systemswith m spanswe cansimply write
[%Tn ((Z))} = k]:[l T, wﬁ; ((Z))} . (5.87)
wherethe total transfermatrix is the productof the transfermatrix from eachfollowing
span.With thenoisetransferfunctiondefined we canfollow the sameprocedureasin [57]
to find the power spectraof the enhanced®SE noisewith thetransfemrmatrix 7'.
Notethattheabove analysisassumesa singleASE noisesourceattheinput. Theresult

canbe easilyextendedto the casewith multiple ASE noisesourcedrom differentoptical

amplifiers.In this casethe outputnoiseafter Ny spansanbe characterizedby

Nt
NIoNT(w):| Z — [Num(w)]
)0y — Tm i) 588
[NQ,o,NT W) £ [Ngim(w) (5.58)
whereT,, = ,]cV:T;;}rl T}, is the total transfermatrix for the noiseintroducedby the m-th

opticalamplifierandT}, is the noisetransfermatrix from the k-th fiber span.Note thatthe
transfemmatrix for the Np-th opticalamplifieris simply anidentity matrix sinceit doesnot

propogatehroughary fiberspanthus, Ty, = T,41 = Irxo Wherel,,, isa2 x 2 identity
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matrix. Basedon the factthatthe noisefrom differentamplifiersareindependenof each
other theoutputnoisespectrunmatrix Sy, afterthe Ny spanss
Nr

o,m T2 > + [Ton 12| Trngi1 T2t + T2 2o
Sy = S 2o | ATt P Do T Tonat + Tz T, 5.89
e Z 2 [Tm,nTm,21+Tm,12Tm,22 | Ton21|? + T 22| (5:89)

m=1
where¥, ,,/2 is thepowerspectrabiensityof them-th noisesourceandT;,, ;; is the (i, j)-th
entryof matrix 7},,.

Now, we comparehegainspectrarom [57] andthatfrom our methodin Figs.5.3and
5.4. The sameparameterareusedasthosefor Fig. 1 and2 in [57]. The systemstudied
is madeup of 60 spansof 50km each.The amplifiershave a noisefigure of 6dB andtheir
gainsareindividually adjustedso thatthe total power (noise+ signal)is presered along
the chain. Otherparametersrea = 0.22dB/km, v = 2W—tkm~1, 3, = +2ps’/km and
Py = 1mW. No dispersioncompensations usedhere,i.e., D, = 0. Fromthe plot, it is
clearthat our resultsagreewith the previous resultsin [57] very well while our method
is muchsimplerto useandhasa clearerphysicalmeaningthanthe previous methodwith
Hankel’s functions.

Dispersioncompensatiorhasbeenwidely usedto improve the systemperformance.
However, its effect on the noisenonlinearamplificationhasnot beenshovn before. We
showv herea comparisorof the in-phaseand quadratureASE noisegain spectrabetween
dispersiorcompensatedystemswvith anomalouslispersiorandnormaldispersionn Fig.
5.5. The sameparametersare usedas above except 100% dispersioncompensations
usedafter eachfiber spanto fully compensat¢he fiber dispersiornwithin eachspan,i.e.,
D. = B, L. For bothcasesthenoisegainspectrawith dispersiorcompensatiomresignif-

icantly differentfrom the correspondingneswithout dispersioncompensationvherethe

dispersiorcompensatiotroadenshe bandwidthof the gainspectrum.
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Figure5.3: In-phaseand QuadraturéASE noisegain spectracomparisorbetweenour re-
sults(solid) andthe previousresults(dotted)in anomalouslispersion.

5.6 Simulation Validation and Validation Range

5.6.1 Validation via Simulation

In this section,we compareour analyticalresultsfor the noisefrequeng correlation
functionwith the one estimatedusingthe SSFsimulation. The simulationparametersve
useare: B, = —2.6ps/km, v = 2.2W-tkm~!, o = 0.25dB/km, anda two-spansystem
with spanlength . = 50km. The signalwe useis a streamof Gaussiarpulsesat a rate
of 40Gb/swith pulsewidth T, = 9ps. The peakpower is setto 5SmW at the input. Here,
a high input power is usedto magnify the noisenonlinearamplificationeffect. A random
sequenc®f 64 bits is usedwith 8 sampleger bit; our resultsshov that8 sampleger bit

is enoughto coverthe noisenonlinearamplificationrangeatthis rate.
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Figure5.4: In-phaseand QuadraturéASE noisegain spectracomparisorbetweenour re-
sults(solid) andthe previousresults(dotted)in normaldispersion.

Thenoisefrequeng correlationfunctionsareestimatedrom simulationusing

SN(wl,wQ = NR Z N w1 w2 jle ZNZ(MI))(NLR Z NZ(LUQ))*(SQO)

for the complex noiseprocessesand

Sxy(wl,WQ) = NRZX w1 CL)Q NRZX w1 (NLRZY;(MQ))(SQJ.)

for therealandimaginarynoiseprocessith X andY representing/ and/orV. Bothof the
above estimatordor the noisefrequeny cross-correlatioriunctionsare thennormalized
with respecto o2. In theabove equations Ny = 12, 000 is thenumberof simulationtrials
used.

We first show Sy (w,w) in Fig. 5.6 which is the normalizedvariancefor the comple
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Figure5.5: In-phaseand QuadraturéASE noisegain spectracomparisorbetweendisper
sioncompensatedystemsn anomalouglispersiorandin normaldispersion..

noiseat eachfrequeny. Fromour previousdiscussionSy (w,w) = 47 (w,w), a second-
ordertermin thenonlinearity It canbeseerfrom theplot thatouranalyticalresultmatches
the estimationgquite well. The fluctuationof the estimationfrom the simulationis also
clearlyseenevenfor suchalarge numberof differentnoiserealizations.

We thenshov Sy (w,w) and Syy (w,w) in Fig. 5.7 and we clearly seethe enegy
transferbetweerthe realandimaginarypartsof the noiseandthe nonlinearamplification
onthenoise.

In Fig. 5.8, we thenfocus on the offset auto-correlatiorfunctions, S;,; (w1, ws) =
Svv(wi, ws) — %5(% — ws), Sty (w1, w2) = Syv (w1, ws) — %5(% — wy) andthecross-

correlationfunction Sy (wy, we) With fixedw; = 0 anddifferentw,. Note thatwe have
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Figure5.6: Comple noisevarianceat eachfrequeng.

subtractedhelinearcontributionfrom Sy (w1, we) andSyy (w1, we) in orderto emphasize
the nonlinearity-inducectorrelation. Our analyticalresultsfit the estimatedresultsvery

well in thewholefrequeng range.
5.6.2 Parameter RangeValidation

It is known that the auto-correlatiormatrix is always positve semi-definitefor any
noise,thatis, the eigervaluesof this matrix shouldall be non-ngyatve. However, asthe
spannumberor signalpower increasespur approximatedoisefrequeng correlationma-
trix might have negative eigervalues. In Fig. 5.9 and5.10, we show the eigervaluesof
the approximatechoisefrequeng correlationmatrix for the previous 2-spancaseandits

extensionto 4-span. In the 2-spancase all the eigervaluesof the correlationmatrix are
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Figure5.7: Noisevarianceat eachfrequeng for realandimaginaryparts.

non-ngative andthis agreeswith our previous finding that our analyticalresultsin this
casematchthe estimatesvell from the previous sub-sectionHowever, someof the eigen-
valuesare nggative in the 4-spancaseand consequenthour analyticalresultscannot be

usedto approximategherealnoisefrequeng correlationfunctionsin this case.

The reasonfor this failure is our assumptiorthat, as signal power or the numberof

spangncreasesthe nonlinearterm canno longerbe treatedasa small, perturbatve term.
We shaowv herea simpleanalysison the valid rangeof perturbatiortheoryfor a simplecase
with B = 0 whereclosed-formexpressiongor the signalatthefiber outputexist. Assume
thattheinputis A;;(t) = V/Pyg(t) whereP, is the peakpower attheinputandg(¢) is the

normalizedpulseshapethenthe outputsignalafterm spanss

Aym(t) = v/Pog(t) exp (j%'g“)'?(l ~ep(-a)). (692
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Perturbatiortheorytriesto approximateA; ,,,(¢) by alinearexpansionas

P,
Asm(t) = Ay i(D) {1 4 j 1m0

g0 - 3Rl - 2 g +

(5.93)
wherewe have usedthe simplificationthatexp(—aL) < 1. WhenmP, is small, the ap-
proximationworksvery well while theapproximatiorfails asm P, increasesEventhough
exp(j0) canbe expandedinto "> (j0)"/n! for ary 6, the dominatingtermscertainly
arenot the first two termsif @ is large enough. For our simulationparametersywe have
myPy/a = 0.6 for the4-spancasewhichis quitealargevalue.

Note thatthe above analysisis for the SPM effect. We know thatthe XPM andFWM
effectsaremoreefficient thanthe SPM effect, thus, the failure of the perturbatiortheory
up to second-ordefor the noisenonlinearamplificationanalysiss entirely predictablefor
theinput power thatwe areusing.

As asimplerule, we will limit thevalid rangeto wherem~yP,/a < 0.3 holdsfor the
systemsstudiedin this chapter Notethatsystemswith 100%dispersiorcompensatioper
spanrepresentshe worst-casan nonlineareffectssincethe nonlineartermsaccumulates
mostefficiently. For othertypesof systemsperturbationtheory canbe appliedto more
spansor higher powersasindicatedfrom the discussionn Chapter2 on the VSTF and

MVSTF methods.
5.7 Application

We showv a simple applicationof our analysison the noisenonlinearamplificationin
this section.With thenoisefrequeng correlationmatrixon hand,it is possiblefor usto use

Monte-Carlo(MC) simulationto find the probabilitydensityfunction(PDF) of thedetector
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statisticsthatis not possibleto obtainby SSF-basedIC simulationbecause very large
numberof simulationtrials would be necessaryn orderto estimatethetail behaior of the
PDFs.

As an example,we shav the PDFsfor the detectorsampleswvheneitherbit O or 1 is
sendfor a 2-spansystem. The parametersisedare the sameas beforeexcepta higher
noiselevel. Our inputis the sum of signalandnoiseandbothin-line optical amplifiers
in the 2-spansystemare assumedo be noise-free. The signalto noiseratio is given by
10log Paye /¥y = 5dB. We pickedarelatively high noiselevel in orderto shav thecross-
over of thetwo PDFsfor bit 0 and1 respectrely sothatwe canreadthe optimalthreshold
from theplot.

To dothe MC simulation,we first usethe SSFmethodto find the signaloutputwithout
noise. Then,we generatéGaussiamoisein the frequeng domainaccordingto the noise
frequeny correlationmatrix and cornvert it into the time-domain. The sumof the output
signalandnoiseis thenpassedhroughan opticalfilter, a photo-detectoandan electrical
filter. Both the opticalandelectricalfilters aremodeledasButterworth filters of 5-th order
with bandwidthof 50GHz and 32GHzrespectrely. About 1.5 million trials are usedto
generateahe PDFsby histogramanda pseudo-randornbit sequencef 64 bits is usedfor
eachtrial. Theresultis shavn in Fig. 5.11togetherwith the approximated®DFsbased
on a Gaussiarapproximationusinga bit sequencef length K = 1 and3. The Gaussian
approximated®DF's for the detectorstatisticakinginto accounthe effect of intersymbol

interferencg1SI) from a differentnumberof adjacenbits canbewritten as

Fy(ylbo = 0) = 2](1_1 S N(m(bo = 0,5;), 0%(b = 0,,)) (5.94)

506{011}K71
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1 - -

Frllbo=1) =g 3 N(mlbo=1,b)),0%(bp = 1, b)) (5.95)
boe{0,1}K-1

for both bit 0 and1 respectiely. b = ..., b_y, by, by, ... € {0,1}¥ is the bit sequencef

lengthK, b, is the centralbit we arestudyingandb, is the bit sequencexcludingb,. The
notation\ (m(by = 1,b;), 0%(by = 1,b,)) represents GaussiarPDFwith meanm(b) and
variances?(b) whenp is send. The meansandvariancedor the Gaussiarapproximation
areestimatedrom the simulations.

The discrepanciedetweenthe true PDFsbasedon MC simulationandthe Gaussian
approximatiorareclearlyseenespeciallynearthetails of the PDFs.Thethresholdgor the
maximum-likelihood(ML) detectorassociateavith the differentPDF approximationsare
alsodifferent. The MC-basedPDFsgive an optimalthresholdof 1.1mW while the Gaus-
sianapproximationsvith 1-bit and 3-bit give a thresholdof 0.8 and 0.6mW respectrely.
This indicatesthat one mustbe carefulin applyingthe Gaussiarapproximationin such
typesof fiber opticcommunicatiorsystems.

Anotherobsenationis thatthe MC-basedPDFslook like Chi-squaredistributionsas
if the noisebeforethe photo-detectowas Gaussiarwhite noiseandno electricalfiltering
waspresentHoweverin our study the noisebeforethe photo-detectors modeledasnon-
stationaryand coloreddueto the nonlinearinteractionbetweenthe noiseandthe signal,
andopticalandelectricalfiltering arealsopresent.A closerinvestigationis neededandis

the subjectof futurework.
5.8 Chapter Summary

An accuratedescriptionof the noiseis essentiafor the studyof systemperformance.

For this purpose we have introduceda perturbationtheory basedmethodto analyzethe



121

noise nonlinearamplification and coloring in an optical amplified fiber systemusedto
transmitanarbitrarily modulatedsignal. Dueto thenonlinearinteractionbetweerthenoise
andthesignal,thenoisebecomesignal-dependenthusnot stationary To describesucha
noiseprocesswe canno longerusethe concepiof a power spectrum.Instead we usethe
noisecorrelationfunctionsbetweerfrequengy componentsthe noisecorrelationfunctions
betweerarny time samplesanbefoundby Fouriertransformaccordingly

Theanalyticalresultspresentedh this chapterarevalidatedby comparingwith numer
ical simulationandits rangeof validity is discussed.Our methodis accuratewithin the
rangewhereperturbatiortheoryholdsbut fails for large signalpower or large numberof
spansHowever, our methodbasedn the perturbatiortheorystill givesanideaof how the
noiseinteractswith anarbitrarily modulatedsignal. A simpleapplicationis demonstrated
to shaw the probability densityfunction of the detectorstatistics,which is impossibleto
obtainby numericalsimulationwith the SSFmethod.

Even thoughthis chapterfocuseson a specifictype of systemwith 100% dispersion
compensatioperspanandlumpedopticalamplifiers,theanalysiscanbeextendedwithout
muchdifficulty to othersystemswith differentconfigurationsof dispersioncompensation
and/ordistributedamplificationfrom Ramaramplifiers.Boththedispersioranddistributed
amplificationcanbetakencareof by modifying theintegrandsof thenonlinearterms.The
analysiscanalsobeappliedto WDM systemsandpolarizationmultiplexedsystemssimilar
to theworksin [59] and[60]. Otherstudieson the effect of differenttypesof filtering can
alsobe conductecefficiently usingour results.

This study on noisecorrelationis a first steptowardsaccuratelyevaluatingfiber op-

tic communicatiorsystemperformance.The next stepis to understandhe effect of the
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photo-detectoon the non-stationaryandcolorednoise.Thesquare-lav operatiorfrom the
photo-detectomtroducesaninteractionbetweerthesignalandthesignal-dependemtoise.
However, the noiseprocessafter the photo-detectois no longerGaussiardistributedand
thuscannot be describeduniquelyby its correlationfunction. Anothermethodshouldbe

usedssuchasthe Karhunen-Loge (K-L) expansionasusedin [58].
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Chapter 6

Optimal DispersionCompensation

As fiber opticcommunicatiorsystemsvolvesfrom 10Gb/sto 40Gb/s thenonlinearin-
teractionbetweemulsesntroducessignificantlSI. In this chapteywe studyhow to achiese
bettersystemperformancdy optimizingthedispersiorcompensatioschemeof asystem.
We alsoshaw the variationof optimal dispersioncompensationvith the differentsystem
anddevice parameters.

DispersioncompensatiorfDC) or dispersionmanagemenhasbeenstudiedandused
for several yearsandit is one of the essentiatechniqueghat make 40Gb/sand higher
rate fiber-optic transmissiorpossible. Much researchhasbeendone on the fabrication
of betterdispersioncompensatiorevicesand schemeg62, 63, 64] andon the effect of
dispersionrcompensatiommn the systemperformancd21, 38, 22, 65]. However, therestill
exist importantquestionsnot yet answeredor 40Gb/ssystemsdueto the complexity of
suchsystems.

Among the differentdispersioncompensatiotiechniqueshi-end dispersioncompen-
sationintroducedin [38] is one of the mostcomprehensie. In suchsystemspotha pre-
dispersiorcompensataainda post-dispersiocompensatoareusedto compensatehefiber

dispersionwithin eachspan.As thebit rateof the systemsavolvesto 40Gb/s we find that
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significantsystenmperformancemprovementcanbeachiezedby optimizingthe bi-endDC
aswe show in this chapter

To characterizéheperformancef adigital communicatiorsystemik e theopticalfiber
systemstudiedin this chapterwe usuallyneedto know its bit errorrate (BER). For com-
plex systemswvhereno analyticalmethodexists to computethe BER, Monte-Carlo(MC)
simulationis oftenused.However, onedifficulty with the applicationof MC simulationto
optical fiber communicatiorsystemds the low BER requiredfor suchsystemsMC sim-
ulation cannot estimateefficiently a BER of 10~ or below evenfor the simplestsystem.
Anotherdifficulty with the applicationof MC simulationto optical fiber communication
systemscomesfrom the modelingof the fiber channel.The very time-consumingiumer
ical method(SSFmethod)is the only widely-acceptednethodto solve the light signal
transmissionn afiber channelf the complicatednteractionbetweerfiber dispersiorand
nonlinearityis included. As aresult,BER analysisbasedon MC simulationandthe SSF
methodis not feasiblefor systemsstudiedin this chapter Thereexist analyticalmethods
to computethe BER of opticalfiber communicatiorsystemswith the assumptiorthatthe
noisepropagateshroughthe fiber with the signalwithout nonlinearinteractionbetween
them([66] andreferencesherein).[58] extendedheanalysidn [66] by approximatinghe
noisenonlinearinteractionwith a continuous-vave (CW) signal,thuslimited the analysis
to systemswith low transmissiomate.We show laterin this chaptetthatthenonlineaiinter-
actionbetweerthe noiseandthe modulatedsignalmustbe carefullymodeledfor 40-Gbps
systemsandabove.

Otherfiguresof merit (FOM) insteadof BER areusedin practiceaswell. Oneof them

is the eye-openingpenalty (EOP),which indicatesthe signalwaveform degradationafter
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signaltransmissiorandprocessingThe EOPIis fastto obtainsinceit neglectsthe effect of

opticalamplifiernoiseandtheinteractionbetweerthe noiseandthe signal. Consequently
it is only limited to systemswherethe erroris dominatedby the signalwaveform degra-

dation. AnothercommonlyusedFOM is the Q-factor basedon the assumptiorthat the

recever statisticds Gaussiamlistributed. Eventhoughthevalidity of the Gaussiarapprox-
imationis in question[58], mary works still usethe Q-factorto characterizeéhe system
performancessa compromisebetweeraccurag andcomputationatompleity.

Undera Gaussiarapproximationpnly the meanandvarianceareneededo character
ize the probability distribution functions(PDF) andthey canbe accuratelyestimatedoy a
reasonablenumberof SSFsimulationwith randomoptical amplifier noise,randominput
bit sequencandrandominput channelphasestc. To take into accounthe importantlSI
effectsbetweerpulsesfor the systemsstudiedhere,a bit-sequence@aussiarapproxima-
tion is usedin thiswork.

An opticalfiber communicatiorsystemconsistsof mary componentsncluding trans-
mitter, fiber, opticalamplifier, recever, synchronizatiortircuits,coupler etc; every device
mustbe carefully modeledto obtainaccurateperformanceanalysisof suchcomplex sys-
tem. With thediversetechniqueswailable,adevice canoftenbemodeledn differentways
with differentparametersk-or example thetransmittethasbeenmodeledo sendout pulse
trains of GaussiansuperGaussiaror raised-cosingulse shapesn previous works [1].
Therecever optical andelectricalfilters of differenttypesanddifferentbandwidthsand
dispersiorcompensatiofibers(DCF) with andwithout nonlinearityhasalsobeenusedin
differentworks[55, 66, 69, 70]. Our goalin this chapteris to studythe robustnesof the

DC optimizationwith respecto systemsanddeviceswith differentparameters.
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This chapteris organizedas follows. We first introducethe systemswe study and
the bit-sequence@Gaussiarapproximationin Section6.1. In Section6.2, we studythree
possiblemethod4o modeltheopticalamplifiernoiseandits interactionwith thesignal. We
thenstudythe effectsof thedifferentdevice parametersn the DC optimizationin Section

6.3. We summarizeéhe conclusionof this chapterin Section6.4.
6.1 SystemModel

A schematiof thesystemghatwe studyin this chaptelis shavnin Fig. 6.1. Thetrans-
mitter sendsoutanon-off keying (OOK) intensity-modulategulsetrain with the specified
pulseshape After the optical signalhaspropagatedhroughmultiple identicalfiber spans
with the additionof opticalamplifier noise,an optical low-passfilter (LPF) is usedto cut
the noiselevel beforethe signaland the noiseenterthe photo-detectqrwhich is simply
modeledasa perfectsquare-las detectorin this chapter After the electricalsignalfrom
the photo-detectopasseshroughan electricallow-passfilter andis sampleda threshold
devicedecidesvhethera O or 1 is sentbasednthesamplesThereceveris assumedo be
synchronizedindthe samplesaretakenatthebit center

In Fig. 6.1, bi-enddispersiorcompensatiowith bothpre-andpost-dispersiosompen-
sationis usedwithin eachspan. The pre-andpost-dispersiortompensatorare modeled
aslinear deviceswith transferfunctionsexp(jef, Lw?/2) andexp(j(1 — €)B2Lw?/2) re-
spectvely, where 3, is the second-ordedispersionof the fiber and L is the spanlength,
thatis, the fiber second-ordedispersionexp(—j3;Lw?/2) is perfectly compensatedby
the pre- and post-dispersiortompensationwithin eachspan. The parametek represents

the percentagef fiber dispersioncompensatetdy the pre-DCandwe call it the normal-



129

ized pre-DC value. A lumpedopticalamplifier provideslineargainto compensatéor the
fibertransmissioosswithin eachspanwhile introducingamplifiedspontaneousmission
(ASE) noise.The ASE noiseis modeledaswide-bandcomplex white Gaussiamoisewith

power spectradensityl, = (G—1)NF x hv [71,52]. G = exp(aL) istheamplifiergain
for the signalpower with « asthe fiber attenuatiorfactor A is Plancks constantyp is the
opticalcarrierfrequeng andN F is theopticalamplifiernoisefigure. Thenoiseintroduced
by the differentopticalamplifiersareassumedo beindependentNote thatothertypesof

losslike connectionossandcouplinglosshave beenngglectedin this work. The system
parametersirekeptthe samefrom spanto spanin our study To find the optimal DC, we

vary e from O to 1 to achiere the bestsystemperformanceasindicatedby the lowestBER.

One span Other spans

. Pre- m Post- ! ! .
Transmitter ¢ oS ] — LPF Mz LPF JE Received Bits
DC DC ' !

T N(Y)

Information Bits
011

Figure6.1: Simplified systemmodelsfor multi-spansystemwith bi-enddispersioncom-
pensation.DC is the dispersioncompensatorG is the optical amplifier LPF standsfor
low-pasdilter.

To characterizéhe performancef anopticalfiber communicatiorsystemjn thiswork
we useBER analysisbasedon a bit-sequencedsaussiarapproximationof the recever
statisticsas a compromisebetweenaccurag and computationalcomplexity. Note that
the conventional Gaussianapproximationis not suitablefor 40Gb/ssystemswherethe
systemperformanceamight be seriouslydegradedby ISI from two main sources:the ISI

from nonlinearinteractionbetweenpulsesandthe ISI from signalfiltering. To take into
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accounthelSI, weintroducea bit-sequence&aussiarapproximatiorwith a bit sequence
of variablelength K'; we write the Gaussiarapproximated®DF’s for the detectorsamples

whenbit by = 0 and1 aresendas

Flo=0)= g Y Nimlb=05),0%t =0.5)),  (61)

bye{o,1}K 1

Pl =1 =5 Y Nl =1E).0%0=1L)  (62)

b;€{0,1}K~1

wheretheinterferencdrom K — 1 neighboringpulsesareconsideredThetwo PDF’'s are
definedthesameasin the Applicationsectionof thepreviouschapter To computethe BER

of theoptimalthresholddetectoywe first find the optimalthresholdl” numerically we then

calculatethe BER using
1 1
BER = §P(y > Tlby =0) + §P(y < Tlby =1) (6.3)
1 T—m(b():(],é) m(bozl,é)—T
= = 3, Q( . ’>+Q( = (6.4)
2% EjE{O,l}K*1 O'(bo = O’Qj) J(bO = 1;@9’)

whereQ(z) istheGaussiarnail integralfunction. NotethattheapproximatedER from the
cornventionalQ-factoris very closeto the BER from an optimal recever with a Gaussian
approximatiorbasednasinglebit.

As a first step,we needto know what K shouldbe usedin our BER performance
analysis.To obtainareasonablyaccurateestimate®f themeanandvariancewe alsoneed
to know the numberof SSFsimulationrealizationsandthe numberof bits per simulation.
Thelarger K, themoresimulationrealizationsandthelargernumberof bits persimulation
we use,the more accuratehe computedBER performancas, but the more computation
time is necessaryOneshouldbearin mind thatsincethe meanandvarianceareestimated

from the simulation,the BER performancesomputedasedn theseestimationdluctuate
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fromtrial totrial. In thefollowing study we have usedatotal of 100realizationsf different
randomamplifier noisewith a fixed pseudo-randonmput signal bit sequencef length
256. Otherpseudo-randormput signalbits andhighernumbersof simulationrealization
arealsousedto confirmthattheinputbit lengthandthe numberof differentrealizationsof
noisethatwe usearelarge enoughto avoid large fluctuationsin the BERsobtained.

To find outwhat K is enoughfor our BER analysiswe shav the BER’s approximated
basedon a Gaussiardistribution with variablebit sequencdengthsof 1, 3, 5, and7 in
Fig. 6.2. The systemwe studyis a 40-span40Gb/ssystemwith a pulsetrain of Gaussian
pulseshapeattheinput. The pulsewidth Tj is 8.8psandthe peakpower of the pulseis set
to 5mW. Other parametersisedarefiber spanlength L = 50km, fiber attenuatiorfactor
a = 0.25dB/km, second-ordedispersions, = —2.6ps/km and nonlinearitycoeficient
v = 2.2W~km~!. Theopticalandelectricalfilters areboth modeledasfourth-orderBut-
terworth filters with bandwidthof 50GHzand 32GHzrespectrely. The recever thermal
andshotnoisearengglectedheresincetheaccumulateapticalamplifier ASE noisedomi-
natedor systemof suchlength.Fromtheplot, it is clearthatsignificantBER performance
improvementcanbe achieved by optimizing the normalizedpre-DCvalue. However, the
optimal pre-DCvalue might be differentfor different K. The hugeerrorwith the single-
bit sequencesaussiamapproximationis also clearly seenin the plot, consequentlythe
single-bitsequencé&aussiarapproximationcannot be usedto predictthe systemperfor
mance While the 3-bit sequenc&aussiampproximatioris goodenoughfor BER analysis
at small normalizedpre-DCvalue, it lossests accurag asthe normalizedpre-DCvalue
increasedecausehigh normalizedpre-DC value introduceslarge pulse broadeningand

overlappingat the fiber input wherethe pulseshave the highestpower and consequently
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the nonlinearity-inducedulseinteractionand ISI increases.The resultsfrom the 5-bit
and 7-bit Gaussiarapproximationarevery closeto eachotherfor the whole rangeof the
normalizedpre-DCvalue. Thus,we usethe 5-bit sequencé&aussiarapproximationn the

following discussions.
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Figure6.2: BER comparisorbasedn Gaussiarapproximatiorwith differentbit sequence
lengthof 1, 3,5 and7.

6.2 NoiseModels

We have discussedhe effect from ISl in the previous section.In this sectionwe focus
ontheotherphenomenothatlimits thesystenperformancethe ASE noise.Thermalnoise
andshotnoisefrom the photo-detectoareneglectedhereasthe ASE noisedominatedor
the systemsstudiedin this chapter

Thereexist differentmodelsfor the ASE noiseprocessafter its transmissiorwith the
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signalthroughthe fiber. The first andthe simplestway to modelthe output noiseafter
its co-propagatiorwith the signalis to neglectthe nonlinearinteractionbetweenhe ASE
noiseandthesignal;the noiseat theoutputis thensimply theaccumulatiorof independent
noisefrom the differentoptical amplifiers. With this model,we canwrite the fiber output
signalasthe sumof two parts,A,(t) and N (t) respectiely. A(t), whichis the outputof
the signalwhenthe signalis transmittedalonewithout the noise,canbe computedoy the
SSFmethod. N(t) is the linearly accumulated\SE noiseandits power spectraldensity
canbe easilycomputed.We call this noisemodelthe linear noisemodel. Note that only
oneSSFsimulationfor thesignalis neededwith this noisemodel.

To obtain more accurateresultson the BER performancethe nonlinearinteractions
betweerthesignalandthenoisemustbe carefullymodeled However, thisisin itselfahard
problemnotfully solvedyet. Analyticalresultsontheinteractionbetweerthenoiseandthe
signal,or thenoisenonlinearamplification,usuallyassumehatthe signalis a continuous-
wave (CW) pump[56, 57, 73]. In orderto usetheseanalyticalresults,we proposeto
approximatehe outputnoiseprocessasif thethe ASE noisewastransmittecdthroughthe
fiber spanswith a CW signal of the sameaveragepower asthe modulatedsignal. With
this model, we canagainwrite the fiber outputasthe sumof two parts, A (t) and N(¢)
whereA,(t) is theaveragesignalof thefiber output. Becausehe noiseis smallin orderto
obtaina reasonablygoodsystemBER performanceA;(t) canbe safelyapproximatedy
the outputof the signalasif the signalis transmittedalonewithout the noiseandit canbe
computedby the SSFmethod.The power spectrunof N(t) is computedanalyticallywith
the CW signalapproximation.We call this noisemodelthe CW pumpapproximatiorand

it needonly oneSSFsimulationasfor thelinearnoisemodel.
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The mostcomprehensie noisemodelis to includethe nonlinearinteractionbetween
the noiseandtherealmodulatedsignal. We have proposecdananalyticalnoisemodelwith
modulatedsignalin the previous chapterandintendedto apply it here,but the proposed
modelfailed for systemsstudiedin this chapterdueto the high power andlarge number
of spansused. Without ary suitableanalyticalnoisemodelin hand,we have to studythe
noiseprocesdy simulatingthe transmissiorof the signalandthe noisetogetherusingthe
SSFmethod.Notethatthe outputnoiseis no longerstationaryafterits interactionwith the
modulatedsignal.lt is clearthatthis noisemodelneedsanuchmorecomputatiortime than
the othertwo noisemodelsas multiple SSFsimulationswith differentrealizationsof the
ASE noiseareneededo calculatethe statisticsat the photo-detector

To computethe BER performanceusing the bit-sequencedsaussiarapproximation,
we needto estimatethe meanand varianceof the recever samplesfor eachbit pattern.
We first generatamultiple realizationof the randomASE noiseat the input andwe then
find the outputnoiseusingthethreedifferentnoisemodels. The sumof the outputsignal
andtheoutputnoisethenpasseshroughthe opticalfilter, the photo-detectqithe electrical
filter andis sampledat the bit center With all the sampleghat are available, the mean
andvarianceare estimatedor eachbit patternandthe BER is computedusingthe 5-bit
Gaussiarapproximatiorasdiscussedn the previoussection.

In Fig. 6.3, we comparethe BER performancebasedon the three noise modelsas
the normalizedpre-DCvaluevaries. Unfortunately the BER performance$rom boththe
linear noisemodelandthe nonlinearnoisemodelbasedon CW pumpapproximationare
quite differentfrom the BER performancdrom the full simulationmodel. The optimal

normalizedpre-DCvaluealsovariessignificantlyfor the threenoisemodels. As aresult,
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we concludethatthe nonlinearinteractionbetweenthe noiseandthe modulatedsignalis
significantandshouldbecarefullymodeledor 40Gb/ssystemsThefull simulationmodel

is adoptedn thefollowing discussion.
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Figure6.3: BER comparisorwith differentnoisemodels.

Dueto the nonlinearinteractionwith the signal,the noiseis expectedto be amplified
by the signalandthe noiseoutputwith thefull simulationmodelis expectedo have larger
variancethan that from the linear noisemodel. Consequentlywe expectthat the BER
performancdérom thefull simulationmodelshouldbeworsethanthatfrom thelinearnoise
model. On the contrary the plot indicatesthatthe BER from the full simulationmodelis
lowerthanthe BER from the CW pumpnoisemodelfor all normalizedpre-DCvaluesand
is evenlower thanthe BER from thelinearnoisemodelat low normalizedpre-DCvalues.
The reasonfor this behaior might be the noisesqueezingvherethe in-phasepart of the

noisehasreducecpower afterthetransmissionHowever, theinteractionbetweerthenoise
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andthe signalis socomplicatedthatno analyticalexpressiorhasyet beenderivedfor the

optimalnormalizedpre-DCvalueandthe BER performance.
6.3 Robustnessof Optimal DispersionCompensation

In this sectionwe studythe effectsof differentdevice parametersnthe DC optimiza-
tion usingthenoisefull simulationmodeltogethemwith the 5-bit Gaussiarapproximation.
The devices studiedhereinclude transmitterswith differentpulseshapesreceverswith
differentfilter bandwidthsandfilter types,fiberswith differentdispersionfiberswith dif-

ferentuncompensatethird-orderdispersiorand DCFswith andwithout nonlinearity
6.3.1 Transmitter PulseShape

We first considerthe effect from using transmitterswith differentpulseshapes.We
have consideredhe following four modelson the input pulseshapesi(1) Raised-Cosine;
(2) Gaussiarwith T, = 8.8ps; (3) Gaussiarnwith T, = 7ps; and (4) superGaussiarof
order3 with T, = 7ps. Thefirst two input pulseshapesarecommonlyusedto represent
the non-return-to-zergNRZ) pulseswhile the lasttwo input pulseshapesare commonly
usedto representhereturn-to-zerdRZ) pulses.To give anideaon how the pulseshapes
from thesemodelsdiffer in time, we show pulsetrainswith eachpulseshapen Fig. 6.4.
Note thatwe have choserto usethe samepeakpower of 5mW at theinput for eachpulse
shapeinsteadof the sameaveragepower. All otherparameterarekeptthe sameasthose
in Fig. 6.2andwe comparehe BER performancesthe normalizedpre-DCvariesin Fig.
6.5 for thesefour differentpulseshapes.Fromthe plot, we seesignificantdifferencesn
both the BER performanceand the optimal dispersioncompensatioramongthe chosen

pulseshapesWe believe thatonemajor sourceof the differencestemsfrom the different
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bandwidthf thesepulseshapesAmongthefour pulseshapesthe Raised-Cosinbasthe
smallestbandwidth,followed by Gaussiarwith 7, = 8.8ps, Gaussiarwith T, = 7psand
superGaussianThehigherbandwidththe signalhas,thehigherlSI thesignalexperiences
from filtering. In orderto keepthetotal ISI down, thesignalwith higherbandwidthprefers
alower normalizedpre-DCvalueto lower the ISI from the nonlinearinteractionsetween
the overlappingpulses. From the plot and the above discussionwe concludethat the
optimizationof DC mustbe studiedin practicewith carefulattentionto transmitterpulse
shape. The plot also shaws that the BER performancdor the superGaussiamulsehas
multiple local minimum asthe normalizedpre-DC valuevaries. In orderto explain this
behaior, athoroughstudyshouldbe conductedncludingthe effectsfrom averagepower,
pulsewidth, rise time, extinction ratio andtheir interactions;this is beyond the scopeof

this chapter
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Figure6.4: Pulsetrainin thetime domainwith differentpulseshapes.
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Figure6.5: BER comparisorwith differentinput pulseshapes.

6.3.2 Recever Design

We considerthe effect from receverswith differentfilter bandwidths.As indicatedin
our systemschematicshowvn in Fig. 6.1, a wide-bandopticalfilter is usedfollowed by a
narrav-bandelectricalfilter. The bandwidthsof both the optical andelectricalfilters are
importantparametersn the systemdesign. Generally a narrawv filter cancut morenoise
while introducingmorelSI andsignalpower loss;a compromisenustbe madeto achieve
theoptimumsystemperformanceFilterswith optimalbandwidthshave beenfoundto im-
prove the systemperformancesignificantlyfor 10Gb/ssystemg72]. Ourfocushereis on
the robustnessof DC optimizationto the choiceof filter bandwidths,so we comparethe
BER performanceversusthe normalizedpre-DCvaluefor differentoptical andelectrical

filter bandwidthgn Fig. 6.6. In eachof the threeplotsin Fig. 6.6, the opticalfilter band-
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width variesfrom 30 GHz to 100 GHz while the electricalfilter bandwidthis fixed at 26
GHz, 32 GHz, and40 GHz for plots (A), (B), and(C) respectiely. Both filters aremod-
eledasfourth-orderButterworth filters asbeforeand otherparametergor the simulation
arekeptthesameasthoseusedin Fig. 6.2. Fromthecomparisonn theplots,it is clearthat
differentoptimal normalizedpre-DCvalueis neededor differentfilter bandwidths.One
preliminary guidelineis thatfor a fixed electricalfilter bandwidth,the optical filter with
smallerbandwidthusuallyneedsa smalleroptimalnormalizedpre-DCvalueto lower the
ISI contribution from the nonlinearinteractionbetweenoverlappingpulsesandthuskeep
thetotal ISI low. Notethatthe bestperformanceof BER< 10~!# is obtainedusingoptical
andelectricalfilters with bandwidthof 45 GHz and26 GHz respectiely.

The secondrecever parameterve consideris the orderof the opticalfilter, wherethe
optical filter is assumedo be a Butterworth filter of varying orderswith a fixed 3-dB
bandwidthof 50GHz. Notethata Butterworth filter of first orderis simply a Lorentzfilter
which is often usedto modelopticalfilters [52]. Fig. 6.7 shovs the BER performanceas
the normalizedpre-DC value variesfor filters with ordersvarying from 1 to 5 and other
parametershe sameasbefore. Fromthe plot, it is clearthatthe optimal pre-DCvalueis
muchmorerobustwith respecto thefilter orderthanwith respecto thefilter bandwidth.
Eventhoughwe expecta bestBER performancdor the fifth-order filter sincethe higher
the orderis, the sharpertransitionthe filter hasand the more noiseis cut by the filter,
the second-ordefilter is found to give the bestBER performanceamongthe five filters.
This indicatesthat the interactionbetweenthe filter responseandthe signalalsoplaysan
importantrole in the systemperformance This is fortuitoussinceopticalfilters of higher

orderaredifficult to design.
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6.3.3 Fiber DispersionParameters

Fiber dispersionis animportanteffect in the systemdesignandit is known to affect
the systemperformancesignificantly To give anideaof how fiber dispersionaffectsthe
optimal pre-DC value,we shaw in Fig. 6.8 the systemperformancevs. the normalized
pre-DCvaluefor 3, = £2.6, and+5ps’/km. Otherparameterarekeptthe sameasbefore.
Fromthe plot, we find thatthe sign of the fiber dispersiondetermineghe optimal pre-DC
value; the systemswith normaldispersionfiberswith g, > 0 needsan optimal pre-DC
valueabout0.1 while the systemswith abnormaldispersionfiberswith 3, < 0 needsan
optimal pre-DCvalueabout0.4. The differencebetweenthe BER performanceébehaior
for normalandabnormalfibersoriginatesfrom theinteractionbetweerthefiber dispersion
andthenonlinearity

In all previoussimulationswe have notincludedtheeffectsfrom uncompensateithird-
orderdispersiorwhich mightbeimportantafterfull compensationf the second-ordedis-
persion. The resultsare shovn in Fig. 6.9 with several differentthird-orderdispersion
values,3; = 0, 0.066, 0.132 and 0.264ps’ /km respectiely, with a fixed second-order
dispersionof 5, = —2.6ps’/km. As the signalpropagate$rom spanto span,the uncom-
pensatedhird-orderdispersionaccumulatesndthe signal pulsegetswider accordingly
As aresult,alower pre-DCvalueis expectedwith uncompensatethird-orderdispersion
to lowerthenonlinearity-inducedSI. Fromtheplot, theuncompensateithird-orderdisper

sionis alsofoundto degradethe systemperformancesa resultof the pulsebroadening.
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6.3.4 Nonlinearity of DCF

Thelastdevice we consideris the dispersionrcompensatowith andwithout nonlinear
ity. Two maintypesof dispersioncompensatorbave beendemonstrate@xperimentally
Oneof themis basedon the designof opticalfilters with the correctphasepropertiesand
thistypeof dispersiorcompensatocanbe modeledasa lineardevice within the appropri-
atefrequeny range. DCF is anotherwidely-usedtype of dispersioncompensatorEven
thoughthe DCF is usuallymuch shorterthanthe normalfiber, its smallerdimensionen-
hancests nonlinearitywhich might be importantto systemdesign.We comparethe BER
performancespre-DCvaluevariesfor severaldispersionrcompensatoraith andwithout
nonlinearityin Fig. 6.10. Sameparameterssin Fig. 6.2 areusedandno third-orderdis-
persionis included.Fromthe plot, the nonlinearityof the DCF not only lowersthe optimal
pre-DCvalue,but alsodegradeghe systenperformanceThehighernonlinearitythe DCF

has,thelower the optimal pre-DCvalueis andtheworsethe systemperformances.
6.4 Chapter Summary

In thischapterwe have studiedthe effectsof differentdevice parametersntheoptimal
DC for a40Gb/shi-enddispersiorcompensatedpticalfiber communicatiorsystemup to
40 spans.

We startby checkingthe accurag of BER computationbasedon Gaussiarapproxi-
mationwith variablebit lengthwherewe have foundthatthe conventionalQ-factoris not
accurateenoughfor a 40Gb/ssystemdueto the large ISI associatedvith suchsystems.
Instead we usethe bit-sequence®aussiarapproximatiorwith 5-bitswherethe ISI from

the4 neighboringpulsesaretakeninto account.
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Differentnoisemodelsarealsochecledin thischapter Boththenoisemodelneglecting
noisenonlinearinteractionwith thesignalandthenoisemodelwherethenoiseis propagat-
ing throughthe fiber with CW signalarefoundto be inaccuratdfor 40Gb/ssystemseven
thoughthey requiremuchlesscomputatiortime. Full simulationby the SSFmethodwith
multiple realizationof the ASE noiseis adoptedn this work.

The robustnesof optimal dispersioncompensatioris studiedfor several differentde-
vice: (1) transmitterswith differentpulseshapes:(2) receverswith differentoptical and
electricalfilter bandwidth;(3) receverswith differentopticalfilter orders;(4) fiberswith
differentsecond-andthird-orderdispersion|5) dispersiorcompensator&ith andwithout
nonlinearity In mostcasesthe optimal DC is not robustandvariessignificantlywith de-
vice parametersConsequentlyone mustbe carefulwhenextendingthe resultsfrom one
studyto anothemwith differentdevice parameters.

The studyalsoshavs someunexpectedresult. An opticalfilter with higherorderdoes
not necessarilygive the bestsystemBER performanceat leastfor Gaussiarpulses).The
reasorfor thisunexpectedbehaior needto be studiedandtheresultmight have significant
impacton systemdesign.

Numericalsimulationwith the SSFmethodandmultiple realizationsof amplifier ASE
noiseis usedin thiswork eventhoughit is very time-consumingnddifficult to be applied
to morecomplex systemsOn theotherhand,analyticalstudiesavailableall have stringent
limitationsasthebit rateof thesystemsncreaseso 40Gb/sor higher New analyticaltools
or extensionof old analyticaltoolsto systemswith 40Gb/sor higherbit rateare essential
for efficient systemperformanceanalysisand systemdesignin the future as all optical

networksbecomemoreandmorecomple.
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Figure6.9: BER comparisorwith on uncompensatefiber third-orderdispersiorwith dif-

ferentvalues.

Figure6.10: BER comparisorwith the nonlinearitycoeficientfrom the DCE
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Chapter 7

Conclusionsand Futur e Work

Fibernonlinearityhasbeenfoundto beoneof thelimiting factorsfor opticalfibercom-
municationsystemsaschannelcapacityrequirementontinueso grow. This dissertation
contributesto understandinghe effect of fiber nonlinearityon the performanceof optical
fiber communicatiorsystems. For this purpose we have studiedthe following different

nonlineareffectsin detail:

e NLS equationandits analyticalsolutions;

XPM- andFWM-inducedintensityfluctuationsn WDM systems;

Application of multiuserdetectionin nonlinearity-limitedWDM systemdor better

performance;

Nonlinearinteractionbetweersignalandopticalamplifiernoiseduringco-propagation

throughfibers;

Interactionbetweendispersionand nonlinearity for 40Gb/ssystemsand the opti-

mizationof dispersiorcompensation.

We summarizeour resultsin Section7.1andthenproposesomefuturework in Section

7.2
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7.1 Summary

To efficiently studyopticalfiber communicatiorsystemsthefiber channeimodelbased
on the NLS equationmustbe correctly andefficiently solved. However, the complicated
interactionbetweenfiber dispersionand fiber nonlinearitymalke it a challengingtaskto
solve the NLS equation.Despitethefactthatthe SSFmethodis the mostwidely-usedool
in presentstudieson optical fiber systemsan analyticalsolutionto the NLS equationis
preferablevhenstochastiqatureof the systemis takeninto account.To take advantageof
theanalyticalnatureof thetruncatedhird-orderVSTF methodandkeepingts computation
efficiengy while reducingits enepgy divergencethe modified VSTF methodis proposed
andusedto studythe signalpropagation.Comparedwith the truncatedthird-orderVSTF
method,the modified VSTF methodsignificantlyreduceghe enegy divergenceandthus
extendsthe applicationrangeof suchanalyticaltools.

WDM hasbeenan efficient way to increasethe systemcapacitywith channelsheing
moreandmoretightly pacled. In suchsystemsXPM- andFWM-inducedntensityfluctua-
tion areknown to betwo limiting degradationsourcesln this dissertationywe have applied
the VSTF methodto studythoroughlythesetwo nonlineareffects,taking advantageof its
efficiengy on modeling stochasticsystemparametersncluding randominformation bits
andrandomchannelphases.Our work also extendsprevious theoreticalworks on XPM
andFWM effectssignificantly It leadsto a bettermodelfor the studyof the two nonlin-
ear effectsunderwhich the two nonlineareffects can be correctly compared. The other
importantextensionis in the analysisof the effectsof XPM and FWM on complex opti-
cal networkswhereboth networks with andwithout synchronizatiortanbe studiedby the

varianceof the intensityfluctuations. Several methodsto reducethe intensity fluctuation
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arealsodiscusse@ndvalidatedin this dissertation.

As XPM andFWM effectsintroduceinterferencdrom channeto channelthecorrela-
tion betweerthe channelsalsoallows the possibility of achieszing bettererror performance
by usingmultiuserdetection.Consequentlywe proposethe useof multiuserdetectionin
WDM systemswherethe error performanceof suchsystemss studiedusinga validated
Gaussiarapproximationwith lower andupperbounds. Significantdifferencesarefound
betweerourproposednultiuserdetectorfor optical WDM systemandacornventionallinear
detectordueto the presencef the photodetectowhich is a nonlineardevice with square-
law operationon the signal. Asymptoticbehaior of the multiusersquare-las detectoris
also carefully studiedand comparedwith the linear detectorcase. Multiuser square-la
detectionis alsoappliedto a practicalWDM systemwith very narrav channekpacingand
the multiuserdetectorshavs promisingperformancehat is impossiblefor a single-user
detectomwith suchnarrov channekpacing.

Error performanceof optical fiber communicatiorsystemshasbeenstudiedsincethe
adwent of thesesystemawith significantimprovementmadethroughouttheseyears. But
most of the theoreticalanalyseson the error performanceare basedon the omissionof
the nonlinearinteractionbetweenthe ASE noise and the modulatedsignal during their
co-propagatiothroughthe fiber. In this dissertationwe have usedperturbatiortheoryto
studythis nonlinearinteractionbetweerthe ASE noiseandthe signal. Unlike for previous
studieswhich usethe assumptiorof a CW signal,the outputnoisein our studyis signal-
dependenandnon-stationaryln this case we have foundthe noisefrequeng correlation
functionsusing perturbationtheory keepingup to the secondorderin nonlinearity for

computationsimplicity. Our resultsare shavn to be accuratewherever the perturbatve
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approachs applicableto solve the NLS equation.With the noisecharacteristicin hand,
the detectorstatisticscan be obtainedby the Monte Carlo simulation. The resultsshow
PDF's thatresembley? distribution, suggestinghatthe noiseis nearGaussiarbeforethe
photodetector

As an alternatve to more and more channelsbeing usedin WDM systemswe see
significantimprovementon the transmissiorcapacityof a single channelwith the optical
fiber communicatiorsystemsavolving from 10Gb/sto 40Gb/sandabove perchannel . At
a bit rateashigh as40Gb/s,the effectsfrom both fiber dispersionandfiber nonlinearity
are pronouncediueto the high power andlarge signalbandwidthused. As a result,the
complicatednteractionbetweenthe fiber dispersionandfiber nonlinearitymustbe care-
fully studiedandthenonlineaiinteractionbetweerpulseds foundto bethelimiting system
degradationsource. To studythis nonlineareffect, previous studieshave assumediffer-
entsystemanddevice parametersWe focuson the robustnes®f systemperformancend
dispersiorcompensatioptimizationwith respecto differentdevice parametereé Chap-
ter 6. The differentdeviceswe considerincludetransmitterswith differentpulseshapes;
receverswith differentopticalfilter andelectricalfilter bandwidth;receverswith optical
filters of differentorders;fiberswith differentsecond-ordedispersionfiberswith different
uncompensatettird-orderdispersionanddispersiorcompensator&ith andwithoutnon-
linearity. First, we find thatsignificantsystemperformanceanbe achiezed by optimizing
thebi-endDC. Seconda significantdifferences foundfor bothsystemerror performance
and optimal dispersioncompensatiorior differentdevice parametersn mostcases.The
resultsindicatethatthe dispersiorcompensatiomustbe carefully optimizedusingdevice

parameterascloseto the practicalsystemsaspossible.
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With theseseparatestudieson several differentnonlineareffects, this dissertatiorhas
identified and studiedthe mostimportantnonlineareffectsfor modernlong-hauloptical
fiber communicatiorsystems.The goal of this dissertations to find accurateandefficient
toolsfor thesystenperformancestudyinsteadof studyingaspecificsystem.Theproposed
analyticaltools have all beencarefully validatedand numerousapplicationsto specific

systemdhave alsobeengivenasexamples.

7.2 FutureWork

Approximationshave beenusedthroughoutheworksin thisdissertatiorio simplify the
problems.For example,in the studyof XPM- andFWM-inducedintensityfluctuationswe
have useda CW probechannelreducethe computationatompleity which assumeshat
theprobechannektaysatits peakpower. Eventhoughthe VSTF methodcanbeappliedto
thecasewhenamodulatedorobechannels neededit is impracticalfor thecomputatiorof
thefluctuationvariancedueto the multiple-dimensionntegrationin thefrequeng domain.
A computationallyefficientway to do the frequeng-domainintegrationis the key to solve
this problem.

Anotherapproximatiorusedin this dissertations the Q-factorand Gaussiarapproxi-
mationusedin the studyof multiusersquare-lav detectionin Chapter4 andthe BER per
formancean Chapte6. The Gaussiampproximations popularin researchbutits accurag
hasbeenquestionechnd moreaccurategechniquesarealways preferred.Recently an ex-
tensionof theK-L expansiorwith colorednoisehasbeenusedo find theBER performance
for opticalfiber communicatiorsystemsTo move forward,the colored,but still stationary

noiseshouldbereplacedoy the morerealisticsignal-dependemntoise. On the otherhand,
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all known techniquego approximateghesystemBER performancearevery complicatedo
useandhave stringentlimitations on the systemchannelmodels. Consequentlywe need
to compromisebetweenaccurag and computationakfficiengy. One possibleway is to
replacethe Gaussiarapproximationby a x? distribution wherethe parametergor the 2
distribution areestimatedasedn the SSFsimulation.

In thisdissertationywe have studiedsereralimportantnonlineareffectsseparatelyMost
of theworksaredoneby the VSTF methodor its equivalent,the perturbatiormethod.All
of thesenonlineareffects contrikbute to the systemperformancedegradationand should
be consideredogetherfor a practicalsystem. A systematidool including eachof these
nonlineareffectsshouldbe developed.

Fromour studyon the multiusersquare-la detectoywe seesignificantsystemperfor
manceimprovementfor WDM systemsbasedon the Gaussiarapproximation.A similar
studywith the x? distribution shouldalsobe conducted.Moreover, the Gaussiarapprox-
imation cannot be usedto designthe detectorwith the correctthresholdor boundary In
orderto apply the multiusersquare-lav detectorin practicalsystemsa methodto design
theoptimalor sub-optimabletectorandstudyits performanceindery distributionis essen-
tial. Otherthanthe nonlinearity-inducectorrelationspthersourcesof correlationshould
be includedwhich might includethefiltering leakageandcorrelatednhoiseetc. Similar to
the multiuserdetectorin a ICI-limited systemsa ISI-limited systemcanalsobenefitfrom
agroupdetectowheremultiple bits aredetectedasa group.

As optical fiber communicatiorsystemsshift from point-to-pointlong-haultransmis-
sion to more intelligent transportnetworks, mary new problemsneedto be studiedand

answered.One especiallyimportantoneis how to designan optical network efficiently.
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The presenimostwidely-usednetwork designcriteriais basedon the worst-casescenario
wherethe worst-casepath is identified first and then designedto meetthe specification
requirement.However, this methodis clearly inefficient if this pathis only a very small
portion of the whole network. To achiere betteruseof the scarcesourcesve have, better
designcriteriashouldbe usedwhile meetingthe performanceequirementor every chan-
nel. For this purpose somethingsimilar to the channelcapacitycould be definedfor the
network asthe network capacity thenwetry to achieve this network capacityby allocating
thechannelwavelengthandchannepower etc. Otherthanthe staticnetwork, adaptve net-
work is anotheroptionwhich canusuallymake betteruseof the network sourceghanthe

staticnetwork. In this caseto find theworst-casgathmightitself be a challengingask.
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