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基于Sagnac环梳状滤波编码的全光模数转换
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摘 要:提出一种基于多个并行Sagnac环梳状滤波器实现波长编码的方法,可用于孤子自频移全光模

数转换的光学编码.仿真结果表明:该方法在1601nm~1707nm孤子自频移波段成功实现了5bits的

光学编码,最大微分线性误差和积分线性误差分别为0.088LSB和0.482LSB.与其他波长编码方式相比,
该方法结构简单、工作波长范围宽,并且具有非常好的编码位数扩展性.
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Abstract:AnovelopticalcodingschemeemployingparallelSagnac-loopsisproposedforall-optical
analog-to-digitalconvertersbasedonsolitonself-frequencyshifteffect.Theproposedcodingschemeis
numericallydemonstratedina5-bitSSFS-basedall-opticalADCwithawavelengthrangeof1601nmto
1707nm,wheretheresultsshowthatthemaximumdifferentialnonlinearityerrorandtheintegral
nonlinearityerrorare0.088and0.482LeastSignificantBit(LSB),respectively.Comparedwithother
wavelengthcodingcounterparts,theproposedopticalcodingschemehasasimplearchitectureandabroad
operationwavelengthrange,andiseasytoachievealargercodingbit.
Keywords:Analog-to-digitalconversion;Photonics;Opticalcoding;Solitonself-frequencyshift;Sagnac-
loop-filter
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0 Introduction
AnAnalog-to-DigitalConverter(ADC),whichconvertsanaloguesignalsintodigitalones,isan

essentialinterfacecomponentintheapplicationssuchascommunication,radarandinstrument.Recently,
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electronicADCsarewidelyusedinpracticalapplications[1-2].However,duetotheelectron mobility
limitation,thesamplingrateandtheanalogbandwidthofelectronicADCscannotmeettherapidlygrowing
requirementsoftheadvancedultra-widebandapplicationssuchas5Gwirelesscommunication,synthetic
apertureradar,backboneopticalfibercommunicationandultra-high-speedreal-timemeasurement[3].

Inthepastfewyears,photonicADCssprunguptobethepromisingcandidatestoprovidesuperior
performanceoveritselectroniccounterparts[4-7].Inparticular,all-opticalADCshaveattractedintensive
interestbecauseofitssuperioritiessuchasultra-highspeed,broadbandwidth,andfreeofaserial-to-
parallelconversionarchitecturetomatchtheultra-highspeedofthesampledopticalpulsetraintothe
relativelyslowresponseoftheelectronicADCscomparedwithotherphotonicADCschemes[8].Identicalto
itselectroniccounterpart,anall-opticalADCisbasicallycomposedofsampling,quantizationandcoding.
Opticalsamplingisgenerallyachievedthroughtheintensitymodulationofanultra-shortpulsetrainviaa
broadbandMach-Zehnderelectro-opticmodulator.Todate,opticalsamplingofradiofrequency (RF)
signalswithfrequenciesupto40GHzcanbeachievedwithasamplingrateofmulti-tensofGS/sanda
timeaperturejitterlessthan50fs,wheretheperformanceisdefinitelysuperioroverthestate-of-the-art
electronicADCs[9].Opticalquantizationcanberealizedbytheultrafastpower-dependentnonlinearoptical
effectsinanopticalfiberoranopticalwaveguidesuchasSelf-PhaseModulation (SPM),cross-phase
modulation(XPM),supercontinuumgeneration,high-ordersolitonformationandSolitonSelf-Frequency
Shift(SSFS)[10].Amongtheseeffects,SSFSisregardedasaneffectiveonetorealizehigh-speedpower-to-
wavelengthmapping,andfinallyachievehigh-resolutionquantizationinthewavelengthdomain[11].SSFS-
basedquantizationisfirstlyproposedbyT.Konishietal.in2002,whichutilizesintrapulseRaman
scatteringinaspoolofhighnonlinearfiberwithanomalousdispersiontoredshiftthewholepulse
spectrumaccordingtoitsenergy[12].Theresolutionofthequantizationschemeisdeterminedbytheratioof
themaximumcentralwavelengthshifttothespectralwidth.Insilicafibers,thecentralwavelengthshiftis
saturatedaround1700nmduetothelargeabsorptionlossbeyondthiswavelength.Hence,spectral
compressionisanefficientwaytoimprovethequantizationresolution,whichisrealizedviacompensating
negativechirpintheopticalpulsewiththepositivechirpinducedbynonlinearopticaleffectssuchasSPM
andelectro-opticphasemodulation[13].FortheSSFS-basedall-opticalADCs,opticalcodingisachieved
throughidentificationofthewavelengthinformation,whichcanberealizedbasedontwomethods,i.e.,
opticalinterconnectionandinterleavedopticalfiltering.A100GS/sall-opticalADCschemewitha4-bit
quantizationwasreportedbyTakashiNishitanietal.in2008,whichemploysopticalinterconnectionto
outputbinarycodeinabit-parallelformat[14].However,thestructuralcomplexityoftheoptical
interconnectionmethodincreasesexponentiallywithquantizationresolution,anditisextremelydifficultto
compensatethepulsedelayintroducedbytheanomalousGroupVelocityDispersion(GVD)intheoptical
quantizationprocess.Tosolvetheabove-mentionedproblem,interleavedopticalfilteringisrecognizedasa
promisingmethod,whichcanberealizedbyusingeitherfiberBragggratingarraysorawaveshaper.Upto
date,waveshaperisthemostgenerallyusedfilteringmethodforwavelengthseparation.In2015,M.
Hasegawaetal.experimentallyrealizeda10GS/s3-bitphotonicADCemployingawaveshaperforcoding,
inwhich,theresolutionislimitedbytheoperationbandwidthofthewaveshaper[15].

Inthispaper,anewopticalcodingschemebasedonparallelSagnac-loopcomb-likefilterswithawide
wavelengthrangeisproposed.A5-bitSSFS-basedall-opticalADCusingtheproposedcodingschemeis
numericallydemonstrated.Themaximumdifferentialnonlinearity(DNL)andintegralnonlinearity(INL)
arecalculatedtobe0.088and0.482LeastSignificantBit(LSB),respectively.

1 Operationprinciple
Figure1presentstheschematicdiagramofaSSFS-basedall-opticalADCsystememployingthe

proposedSagnac-loop-basedopticalcodingscheme.Inthesamplingstage,theinputRFsignalismodulated
ontotheultra-shortopticalpulsetrainoutputfromaMode-LockedLaser(MLL)viaanelectro-opticMach-
ZehnderModulator(MZM),wherethepeakpower(orenergy)oftheoutputopticalpulserepresentsthe
samplingvalueatthecorrespondingmoment.Inthequantizationstage,thesampledultra-shortoptical
pulseswithvariouspeakpowerpropagateinahighnonlinearfiberwithananomalousGVD(i.e.,HNLF0
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inFig.1),whereSSFSoccursandthepulsespectrumisred-shiftedaccordingtoitspeakpower.The
subsequentthreesectionsofSingle-ModeFibers(SMFs)andHNLFsareemployedtocompressthepulse
spectruminordertoenhancethequantizationresolution.Inthecodingstage,asectionofDispersion
CompensationFiber(DCF)isusedtocompensatethewavelength-dependentpulsedelayoccurringinthe
quantizationstage.Then,theopticalpulsetrainwithcorrecttimesequenceisequallydividedintoN
streams,eachofwhichissenttoaSagnac-loop-basedcombfilterwithaFreeSpectralRange(FSR)2n-1

timesofthatofchannel1tobecoded(nisthesequencenumberofthechannel).

Fig.1 SchematicdiagramofaSSFS-basedall-opticalADCemployingtheproposedSagnac-loop-basedcodingscheme
  ASagnac-loopfilter,whichisemployedforasingle-bitopticalcoding,consistsofaPolarization
Controller(PC),asectionofPolarizationMaintainingFiber(PMF),anda2×2OpticalCoupler(OC)
whosecouplingratiois50/50.Port3andport4oftheOCareconnectedwiththePCandthePMF.The
wavelength-shiftedopticalpulsetraininjectsintotheSagnac-loopfilterthroughport1,andoutputsfrom
port2oftheOC,respectively.ThetransmissionspectrumoftheSagnac-loopfiltercanbewrittenas

t=1-(cos4ψ+sin4ψ+2cos2ψsin2ψcosΔφ)=t0·sin2(Δφ/2) (1)
wheret0isaconstantpeaktransmissioncoefficient.Δφ=2πBL/λ+φisthephasedifferencebetweenthe
linearlypolarizedlightalongthetwoprincipalaxesofthePMF,whereλisthewavelengthinvacuum,φis
thephasedifferenceintroducedbythePC,andBandLarethebirefringencecoefficientandthelengthof
PMF,respectively.Therefore,thetransmissionpeakoftheSagnac-loop-basedcombfiltercanbetunedby
varyingthePCstatus,andtheFSRΔλiscalculatedas

Δλ≈λ2/(BL) (2)
whereΔλisdeterminedbythebirefringenceBL ofthePMFintheloop,andcanbevariedthrough
changingthelengthofthePMF.Additionally,itshouldbenotedthatthefiberlengthineachSagnac-loop
shouldbesettobeequalthroughaddingadditionalSMFinordertomaintainthetimesequenceoftheN
streams.

2 Resultsanddiscussion
2.1 Simulationresults

Inthissection,numericalsimulationisimplementedtoverifythefeasibilityoftheproposedSagnac-
loop-basedopticalcodingschemeinaSSFS-basedall-opticalADC.Thepropagationoftheultra-short
opticalpulsesinthefibersaredescribedbytheGeneralizedNonlinearSchrödingerEquation(GNLSE),
whichisnumericallysolvedusingthesplit-stepFouriermethod[16].Inthequantizationstage,thesampled
opticalpulseissettobeahyperbolicsecantonewithaFull-WidthatHalf-Maximum(FWHM)of200fs
andacentralwavelengthof1550nm.Theparametersofthefibersemployedforquantizationarelistedin
Table1.
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Table1 Fiberparameters

α/(dB·km-1) β2/(ps2/·km-1) β3/(ps3·km-1) γ/(W-1·km-1) L/m
HNLF0 1.3 -3.826 0.026 10 1000
SMF1 0.2 -21 0.49 2 2.8
HNLF1 0.9 -3 0.036 11.5 60
SMF2 0.2 -21 0.49 2 20
HNLF2 0.9 -3 0.036 11.5 100
SMF3 0.2 -21 0.49 2 10
HNLF3 0.9 -3 0.036 11.5 120

  Fig.2showstheoutputspectraafterquantizationundervariousinputpeakpower,andtherelationship
betweentheoutputcentralwavelengthandtheinputpeakpower,respectively.ItcanbeseenfromFig.2
thatthecentralwavelengthoftheopticalpulseincreasesalmostlinearlywiththeinputpeakpowerinthe
rangeof40Wto67.9 W,andatleast32independentcoloredlevelsforidentificationaresuccessfully
provided,whichisabletoachieveatleast5-bitopticalquantizationandcoding.Itshouldalsobepointed
outthatthespectralwidthonthelongerwavelengthsideisslightlylargerthanthatontheshorter
wavelengthside,whichattributestotheinsufficientchirpcompensationinthespectrumcompression
process.Boththedeviationfrom alinearpeak-power-to-wavelength mappingrelationshipandthe
nonuniformspectralwidthmayinducecodingerrorinthefollowingopticalcodingstage.

Fig.2 Simulationresultsforopticalquantization
  Inthecodingstage,firstly,thewavelength-shiftedpulsetrainisfedtoasectionofDCFwithatotal
dispersionof-4.84ps/nm,whichcaneffectivelycompensatethewavelength-dependentpulsedelay
occurringinthequantizationstage.Aftercompensation,themaximumamountofpulsedelayis90ps,
whichissufficienttoguaranteeasamplingrateof10GS/s.Then,a5-bitopticalcodingarchitecture
employingfiveSagnac-loopfiltersisdesignedtocodethewavelength-shiftedopticalpulse.Itisshownin
Fig.2thatthewavelengthintervalvariesintherangeof2.9nmto3.8nm,whichmakesitdifferentto
chooseappropriateFSRsoftheSagnac-loop-basedcombfilters.Inordertoobtainminimumcodingbit
errorrate,thePMFlengthisoptimized.Afteroptimization,thelengthsofPMFs(B=3.1×10-6)inthe
fiveSagnac-loopsaresettobe1.295m,0.648m,0.324m,0.162mand0.081m,correspondingtoFSRs
of6.8nm,13.6nm,27.2nm,54.4nm,and108.8nm,respectively.Fig.3presentsthetransmission
spectraofthefiveSagnac-loops,where5-bitcodingcanberealizedthroughsettingappropriatejudgement
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Fig.3 TransmissionspectraofthefiveSagnacloops
thresholds.Fig.4exhibitstheoutputpulsesandthecodingresultsforthewavelength-shiftedoptical
pulseswithcentralwavelengthsof1604.597nm,1626.396nm,1663.659nmand1699.968nm,
respectively.ItcanbeconcludedthatthecodingresultsinFig.4agreewiththetheoreticalresults.
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Fig.4 Outputpulsesandcodingresultsfordifferentcentralwavelengths
2.2 Discussion

DNLandINLareemployedtoevaluatetheperformanceoftheproposedSagnac-loop-basedcoding
schemeintheSSFS-basedall-opticalADC,whichcanbecalculatedas

DNL=
Mi-LSB
LSB

(3)

INL(k)=∑
k

0
DNL(i) (4)

whereLSBistheleastsignificantbit(i.e.,theidealstepsize),andMiistheactualstepsize.Fig.5
presentstherelationshipbetweeninputpowerandoutputlevel,andthecalculatedDNLandINL,
respectively.Themaximum DNLandINLare0.088LSBand0.482LSB,respectively,whichare
comparabletothoseofcommercialelectronicADCs.Thus,thefeasibilityoftheproposedcodingapproach
inaSSFS-basedall-opticalADCisnumericallydemonstrated.Inaddition,itshouldbepointedoutthatthe
proposedcodingschemecanbeflexiblyextendedtoahigherquantizationresolutionthroughsimplyadding
moreSagnac-loopssinceitsoperatingwavelengthrangeisbroad.

Fig.5 Simulationresultsforopticalcoding

3 Conclusion
Insummary,anewopticalcodingschemebasedonparallelSagnac-loopcomb-likefiltersisproposed

forSSFS-basedall-opticalADCs.Theproposedcodingschemeisnumericallydemonstratedina5-bitSSFS-
basedall-opticalADCwithawavelengthrangeof1601nmto1707nm.Simulationresultsshowthatthe
maximumDNLandINLare0.088LSBand0.482LSB,respectively,whichiscomparabletocommercial
electronicADCs.Ahigherquantizationresolutioncanbeflexiblyachievedthroughfurthercompressingthe
spectralwidthofthewavelength-shiftedopticalpulsesandsimplyaddingmoreSagnac-loopsinthecoding
stagesincetheoperatingwavelengthrangeoftheSagnac-loopisultra-broad.
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