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100km光纤远端复现超窄线宽激光

马超群1,2,陈国庆1,2,李磊1,2,辜姣1,2,朱纯1,2,朱焯炜1,2

(1江南大学 理学院 光电信息科学与工程系,江苏 无锡214122)
(2江南大学 江苏省轻工光电工程技术研究中心,江苏 无锡214122)

摘 要:介绍了一种在光纤远端复现超窄线宽激光的方法.将两段50km的光纤线路通过中继站级联在

一起.用锁相跟踪 法 将 中 继 站 中 的 激 光 器 频 率 锁 定 在50km光 纤 远 端 传 输 光 信 号 上,跟 踪 精 度 达 到

3.5×10-19.为了保持高光谱纯度,两个光纤噪声补偿模块独立工作,用于补偿每段50km光纤引入的相

位噪声.这种级联方案能够确保噪声补偿具有较大的动态范围.经补偿后,100km光纤引入的频率不稳

定度达到5.9×10-17(1s平均时间),10000s后达到6.8×10-19.实现了在100km光纤远端复现超窄线

宽激光,附加线宽低至1mHz.
关键词:光学频率;超窄线宽激光;精密传输;光纤相位噪声;中继站

中图分类号:O43   文献标识码:A   文章编号:1004-4213(2018)12-1214001-6
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Abstract:Itisdemonstratedthatanultranarrowlinewidthlaserisrecoveredaftertransferthrougha
100kmfiberlink.Thefiberlinkconsistsoftwo50kmspolledfiberscascadedbyarepeaterstationwhere
atransceiverlaserisphase-lockedtothetransferredlightofthe50kmfiberwithtrackingprecisionof
3.5×10-19.Tomaintainthehighspectralpurity,twofibernoisecompensationmodulesareemployedto
compensateforthefiber-inducedphasenoiseineach50kmfiber.Thecascadedschemeenablesalarge
dynamicrangeforthenoisecompensation.Thefractionalfrequencyinstabilityforthestabilized100km
fiberis5.9×10-17at1saveragingtime,reaching6.8×10-19at10000s.Theultranarrowlinewidthlaser
isrecoveredattheremoteendofthe100kmfiberwithadditionallinewidthof1mHz.
Keywords:Opticalfrequency;Ultranarrowlinewidthlaser;Precisiontransfer;Fiberphasenoise;
Repeaterstation
OCISCodes:140.0140;120.3930;120.5050;230.2285;300.3700

0 Introduction
Ultranarrowlinewidthlasersareindispensabletoolsinavarietyofapplicationsincludingoptical

atomicclocks[1],highresolutionspectroscopy[2],testsoffundamentalphysics[3],gravitationalwave
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detection[4],andcoherentopticalfrequencytransfer[5].Recentyears,lasersystems withsubhertz
linewidthhavebeenestablishedindifferentcountries[6-10].Toachieveultranarrowlinewidth,thelasersare
oftenservo-lockedtotheresonanceofanultrastableFabry-Pérotreferencecavitywithhighfinesseby
usingPound-Drever-Halltechnique[11-12].However,thecomplexityandexpensivenessofthelasersystem
limititslarge-scaleuse.

Anextremelypromisingalternativeforobtainingaspectrallynarrowlightsourceistodistributea
ready-madeultranarrowlinewidthlasertodifferentsitesviafiberlinks.Thechallengeindistributionofthe
ultranarrowlinewidthlaserliesinthepowerlossandfiber-inducednoisewhichcanbroadenthelinewidth
oflaserlightanddecreasethespectralpurity.Boththetwoproblemsneedtoberesolvedtorecoveran
ultranarrowlinewidthlaserattheremoteend.Conventionalapproachtothecompensationforpowerlossis
basedontheErbium-DopedFiberAmplifier (EDFA)[13-15].However,boththesignalandnoiseare
amplifiedsimultaneouslyintheEDFA,andthepoweraswellassignal-to-noiseratiooftheinputlightare
requiredinrestrictedranges.Forthefiber-inducednoisecompensation,manyeffortshavebeenmadeto
establishactivelystabilizedfiberlinksinthecoherentopticalfrequencytransferinthelastdecade[15-22].
Severalresearchershavereportedtherecoveryofthetransferredlightwithabsolutelinewidthathertz
level[23-24].However,therecoveryofspectrallynarrowlaserlightthoughlong-distancefiberlinkisstilla
challengingworkbecausetheservobandwidthforsuppressingfiber-inducednoiseislimitedbythedelay
effect[25].

Inthispaper,itisdemonstratedthatanultra-narrowlinewidthlaserisrecoveredviaa100km
cascadedfiberlink.Arepeaterstationisinstalledattheintermediatenodetodividethefiberlinkintotwo
segments.Eachsegmenthasastabilized50kmspooledfiberequippedwithindependentFiber-induced
NoiseCompensation (FNC)module,whichensuresabroaderservobandwidththantheconventional
method.Thetransceiverlaserintherepeaterstationisphase-lockedtotheoutputlightfromthefirst
50kmtransferwithtrackingprecisionof3.5×10-19at1saveragingtimeandusedasalightsourceforthe
next50kmtransfer.AstheFNC moduleswork,itpresentsaresolution-bandwidth (RBW)-limited
additionallinewidthof1 mHzattheremoteendsofboththe50kmfiberand100kmfiber.The
performanceoftheFNCmodulesandrepeaterstationisalsoevaluatedinthetermsoffrequencyinstability
andfiberphasenoise.

1 Experimentalsystemsetup
Fig.1(a)showsthesystemlayoutforrecoveryofultranarrowlinewidthlaseroverthe100kmfiber

linkwhichconsistsoftwo50kmsingle-modespooledfibers.Acavity-stabilizedlaseroperatingat1557nm
withsubhertzlinewidth[10]istakenasthelightsourcefortransfer.AsdepictedintheFig.1(a),thetwo
spooledfibersareconnectedwithanintermediaterepeaterstation.Thetransfersystemexceptthetwo
50kmfibersissetupinsealedacrylicboxestoprotecttheopticsinthetwoFNCmodulesandrepeater
stationfromairflow.

Asthelighttransfersthroughthefiberlink,thevibrationaldisturbanceandtemperaturefluctuation
resultinphasenoiseonthecarrierofthelaserlightwhichbroadensthelinewidthofthelaser.Tomaintain
spectralpurity,theFNC module,whichisa Michelsoninterferometerinessence,isintroducedto
compensateforthefiber-inducednoise.AsdescribedintheFig.1(b),thelaserlightissplitintotwo
orthogonallightsbyaPolarizationBeamSplitter(PBS).Andahalf-waveplateisusedtoadjustthelight
powerdistributioninthetwopaths.Thelightintheshortarmactsasthelocalreference.Itisreflectedby
thePBSandmirror(M1)successively,andgoesthroughthePBSbyplacingthequarter-waveplatewith
opticalaxisata45-degreeangletothepolarizationdirectionoftheinputlight.Thelightinthelongarmis
frequency-shiftedby+80MHzonanAcousto-OpticModulator(AOM1)andcoupledintoa50kmspooled
fiberlink.Acouplerwithcouplingratioof30∶70isconnectedtotheremoteendoffiberlinktodistribute
thelightintotwoparts.Onepart(30%)issenttoaFaradayMirror(FM)whichreflectsthelightbackto
thefiber.Thebeat-notesignalisobtainedonaPhotoDetector(PD1)byheterodyne-beatingthereflected
lightagainstthereferencelight.AOM2(-110MHz)servestodiscriminatethelightreflectedbyFMfrom
theback-scatteringlightalongthefiber.Thus,thebeat-notesignalindicatingfibernoisecanbeobtained
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onthePD1atfrequencyof60MHz.Meanwhile,theFMrotatesthepolarizationdirectionoflightby90°
foradouble-passwhichensuresamaximumbeat-notesignalwithoutpolarizationcontroller.Thenoise
signalisextractedbycomparingthebeat-notesignalwithaRadioFrequency(RF)standardsignalina
DoubleBalancedMixer(DBM).AndthentheerrorsignalfromtheDBMissenttoaPhase-LockLoop
(PLL)togenerateacalibrationsignalappliedontheAOM1.Assumingthatthefiber-inducednoiseis
identicalinbothforwardandbackwardpaths,itcanbecompensatedbythenegativefeedbackcontrolof
thedrivingfrequencyofAOM1.Becausethephasevariationaccumulatedalongthe50kmfibercanpass
acrossπandDBMcanonlydistinguishphasevariationinrangeof±π,aFrequencyDivider(FD)is
employedtodividethe60MHzbeat-notesignalby64toimprovethedynamicrangeandrobustnessofthe
PLL.

Fig.1 Systemlayoutforrecoveryofultranarrowlinewidthlaseroverthe100-kmfiberlink

2 Resultsanddiscussions
Theadditionallinewidthsofthetransferredlightthrough50kmtransferwithandwithoutFNCare

respectivelymeasuredonaspectrumanalyzerbybeatingthetransferredlightagainstthelocallightona
photodiode.Fig.2(a)showsthatthe50kmtransferinducesalinewidthbroadeningof391Hz.Whenthe
FNCmoduleworks,theadditionallinewidthcanbesignificantlynarroweddownto1mHzlimitedbythe
resolution-bandwidth(RBW)of0.5 mHz,asshownintheFig.2(b).Comparingwiththesubhertz
linewidthofthelasersource,the1mHzadditionallinewidthisnegligible.

Besidesthelinewidthmeasurement,theperformanceevaluationoftheFNCmodulearealsocarried
outbasedonthemeasurementsofresidualphasenoisePowerSpectralDensity (PSD)andfractional
frequencyinstabilityofthetransferredlight.TheresidualphasenoisePSDismeasuredonaFastFourier
Transform(FFT)spectrumanalyzerbydemodulatingthebeat-notesignalbetweenthetransferredlight
andthelocallightwithastandardRFsignal.AsillustratesintheFig.3,whentheFNCmoduleisoff,the
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Fig.2 Linewidthmeasurementsoftheout-of-loopbeat-notesignal

Fig.3 ThephasenoisePSDoftheout-of-loop
beat-notesignals

Fig.4 Thefractionalfrequencyinstabilityofthe
out-of-loopbeat-notesignals

residualphasenoisePSDfollowsthepower-lawdependenceonFourierfrequencyash/f2belowthecut-off
frequencyof1kHz,wherefistheFourierfrequency,hisacoefficientvariesfordifferentfiberlinksand
equalsto2500here.WhentheFNC moduleworks,theresidualphasenoisePSDissignificantly
suppresseddownto10-3rad2/Hzlevelwithinthecut-offfrequency,whichconfirmstheresultthatthe
highspectralpurityismaintainedatthecarrierofthetransferredlight.Moreover,thefrequencyofthe
out-of-loopbeat-notesignalisdown-convertedto100kHzandthenrecordedonaΛ-typecounter(Agilent
53132A)withagatetimeof1s.Thefractionalfrequencyinstabilityisobtainedbycalculatingthemodified
Allandeviation(ModADEV)basedontherecordeddata.AsshownintheFig.4,thefrequencyinstability
ofthefree-running50kmfiberis3.5×10-14at1saveragingtimeandthefrequencyinstabilityofthe

4-1004121



MAChao-qun,etal:RecoveryofanUltra-narrowLinewidthLaserover100kmFiberLink

stabilizedlinkis2.0×10-17at1swhichaveragesdownto2.4×10-19after10000s.Thenoisefloorofthe
transfersystemismeasuredbyreplacingthe50kmfiberwitha2mfiber.Itpresentsafrequencystability
oneorderofmagnitudelowerthanthatofthestabilizedlinkwhichensurestheavailabilityoftransfer
system.

Consideringthefiberlosscoefficientof0.2dB/km,thepowerattenuationofthetransferredlightafter
50kmtransfermakesitinadequateforfurthertransfer.Toaddressthisproblem,arepeaterstationis
installedattheremoteendofthe50kmfibertoregenerateaspectrallypuresignalwithsufficientpower.
Fig.1(c)showstheschematicdiagramofrepeaterstation.Aportionoflightfromthetransceiverlaser
beatsagainstthetransferredlightonPD2andthenthebeat-notesignaliscomparedwithastandardradio
frequencyintheDBM2.TheerrorsignalfromDBM2issenttoPPL2toadjustthecurrentmodulationof
laser,trackingthetransceiverlaserwiththetransferredlight.Tocompensateforthefrequencyshift
inducedbytheAOM1(+80 MHz)andAOM2(-110 MHz),thetransceiverlaseroperatesatthe
frequency30MHzhigherthantheincomingtransferredlight.

Asthefunctionofrepeaterstationistoregenerateandamplifytheincomingsignalfromtheprecious
segment,thetransceiverlasershouldinheritallthephasecharacteristicsoftheincomingsignal.Aseriesof
evaluationexperimentsarecarriedoutbycomparingthetransceiverlaserwiththetransferredlight.The
beat-notesignalbetweenthetwolightsstillexhibitsanadditionallinewidthofRBW-limited1mHz.It
indicatesthatacomparablesubhertzlinewidthlasersourcecanberecoveredattheremoterepeaterstation.
Moreover,theadditionalphasenoiseofthetransceiverlasercomparingwiththeoriginallaserismeasured.
AsshownintheFig.3,theadditionalphasenoiseofthetransceiverlaseroverlapsmostlywiththatofthe
transferredlight.Itprovesthatthetransceiverlasercompletelyinheritsthehighspectralpurityfromthe
transferredlight.Thebeat-notesignalbetweenthetransceiverlaserlightandtransferredlightisalso
down-convertedandrecorded.TheModADEVdemonstratesthattherepeaterstationperformsexcellently
andprovidesaremarkabletrackingprecisionof3.5×10-19(1s),oneorderofmagnitudelowerthanthe
noiseflooroftheFNCsystem.

Afterbeingphase-lockedtothetransferredlight,thetransceiverlaseractsasanopticaloscillatorfor
thenext50kmtransfer.AnotherFNC moduleisusedtosuppressthefiber-inducenoise.Forafree-
running100kmfiber,thefiber-inducednoiseleadstoanadditionallinewidthof724Hz,asshownin
Fig.2(c).WhilethetwoFNCmodulesaswellastherepeaterstationworksimultaneously,thelinewidth
broadeningcanbedramaticallyreducedto1mHz(RBW-limited),asshowninFig.2(d).Itisprovedthat
theultranarrowlinewidthlasercanberecoveredthroughthe100kmcascadedfiberlink.

Inaddition,thephasenoisesPSDofthe100kmfiberlinkwithandwithoutcompensationare
respectivelymeasured,asshowninFig.3.AstheFNCmodulesandrepeaterstationwork,thephasenoise
iseffectivelysuppressedwithin1kHz.Inthehigher-frequencyrange,thephasenoisesPSDrollsdownand
contributeslittletothelaserlinewidthbroadening.

Thebeat-notesignalbetweenthelocallightandthetransferredlightofthe100kmfiberlinkis
recordedonafrequencycounterwithgatetimeof1sformorethan15hours.Forthefree-running100km
fiberlink,thefractionalfrequencyinstabilityofthefiberlinkis3.9×10-14at1saveragingtime.Asthe
fiber-inducednoiseissuppressed,theModADEVis5.9×10-17at1saveragingtime,andscalesdownto
6.8×10-19at10000saveragingtime.

3 Conslusion
Insummary,therecoveryofasubhertzlinewidthlaserthrougha100kmcascadedfiberlinkis

demonstrated.Atransceiverlaserisemployedattheintermediatenodetoconnectthetwo50kmspooled
fibersbyphase-lockingtothetransferredlightfromtheremoteendwithtrackingprecisionof3.5×10-19at
1saveragingtime.Tomaintainthehighspectralpurityinthetransferredlight,twoFNCmodulesare
introducedtosuppressthefiber-inducedphasenoiseindependentlyforeachspooledfiber.Thecascaded
schemeenablestheFNCmodulestoworkinalargerdynamicrangethantheconventionalapproach.Thus,
theadditionallinewidthcanbesuppressedtobeRBW-limited1mHzattheremoteendsofboth50kmand
100kmfiberlinks.TheperformancesoftheFNCmodulesandrepeaterstationareevaluatedbasedonthe
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residualphasenoisePSDandfractionalfrequencyinstability.Thefiber-inducednoisecanbesignificantly
reducedwithinthedynamicrangewhichremainsmostoflightpowerinthecarrier.Theresidualfrequency
instability(ModADEV)of5.9×10-17(1s)isachievedoverthe100kmfiberlink.
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