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注入锁定半导体锁模激光器的时序抖动特性

徐玉兰1,2,林中晞1,林琦1,陈景源1,2,苏辉1

(1中国科学院福建物质结构研究所,福州350002)
(2中国科学院大学,北京100049)

摘 要:采用简化的孤子微扰模型方程组,研究了注入锁定时被动锁模半导体激光器的时序抖动噪声特

性.研究发现,当注入锁定的耦合系数为10-3ps-1时,在100kHz到10GHz的频率范围内,从锁模激光

器的时序抖动噪声可从自由运转情况下的皮秒量级(3.83ps)下降至几十飞秒.还讨论了主从锁模激光

器的稳态相位差、注入耦合系数、线宽增强因子等参数对时序抖动噪声特性的影响.计算结果表明,时序

抖动对稳态相位差不敏感,而耦合系数的变化对其则有显著影响;此外,线宽增强因子越小,时序抖动噪

声越小.
关键词:时序抖动噪声;注入锁定;被动锁模;半导体激光器
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TimingJitterinPulsedInjectionLockingofaPassivelyMode-locked
SemiconductorLaser

XUYu-lan1,2,LINZhong-xi1,LINQi1,CHENJing-yuan1,2,SUHui1
(1FujianInstituteofResearchontheStructureofMatter,ChineseAcademyofScience,Fuzhou350002,China)
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Abstract:Theeffectsofinjectionlockingonthetiming-jitternoisepropertiesofapassivelymodelocked
semiconductorlaserareinvestigatedtheoreticallyviaasetofsimplifiedsolitonperturbationequations.We
findthat,withinjectioncouplingcoefficientof10-3ps-1,thetiming-jitternoiseoftheslavemode-locked
lasercanbereducedfromafewpicoseconds(3.83ps)toafewfemtosecondsinthefrequencyrangefrom
100kHzto10GHz.Wealsodiscusstheimpactsofthesteadystatephasedifferencebetweentheinjection
andslavepulses,couplingcoefficient,andlinewidthenhancementfactoronthetiming-jitternoise.
Calculationsshowthattimingjitterisinsensitivetothephasedifferencewhilecouplingcoefficienthasa
strongeffectonthetimingjitter,andasmallerlinewidthenhancementfactorleadstobettertimingjitter
performance.
Keywords:Timing-jitternoise;Injection-locking;Passivelymode-locking;Semiconductorlasers
OCISCodes:140.4050;140.4050;140.5960;250.5960;270.2500

0 Introduction
Mode-lockedsemiconductorlaserscanprovidecompactopticalsourcesofstablepulsetrainswithhigh

repetitionrate[1]foropticalcommunicationsandsignalprocessing.Examplesofapplicationsincludehigh
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speed opticalsampling[2],analog to digitalconversion[3] and opticaltime division multiplexed
transmission[4].Amongalltheseapplications,highqualitymode-lockinglaserswithlowtiming-jitterare
required,becausetimingjitterisrelatedtothephasenoiseintheopticalfrequencycomponentsofthepulse
train,whichcouldinducethedeviationofthetemporalpulsepositionsfromthoseinafullyperiodictrain.
Inrecentyears,thetimingjitterinpassivelyMode-LockedLaserDiodes(MLLDs)hasattractedlotsof
attentionandreportsonafewpicoseconds(ps)orhundredsoffemtoseconds(fs)magnitudejitterhave
beenpublished[5-6].

Jiang[7]noticedthatthecarrierdynamicshaveagreateffectontimingjitterof mode-locked
semiconductorlasersandderivedtheanalyticalexpressionfortheamplitude,frequency,timingandcarrier
phasenoiseof MLLDs.Inexperiment,hedemonstratedatimingjitterof1.7psina monolithic
semiconductorwithhybrid mode-lockingscheme,while4.7ps withpassive mode-locking.Another
efficientandinexpensiveapproachtoreducetimingjitterisbasedonall-opticalfeedbackfromanexternal
cavity,whichcanreducetheaveragepulse-to-pulseRoot-Mean-Squared(RMS)timingjitterfrom295fsto
32fspercycle[6].Recently,therearearticlesproposingthatthetiming-jitterofapassivelymode-locked
femtosecondfiberlasercanbefurtherimprovedthroughtheopticalinjection-lockingtechnique[8].The
theoreticalexplanationofthistechnique wasgivenby Margilit[9]usingsolitonperturbation model.
However,sofar,thereislackingofsimilaranalysisonusinginjection-lockingtoreducethenoisein
passivelymode-lockedsemiconductorlasers.

Inthispaper,wefocusonthetimingjitterofpulsedinjectionlockedpassivelyMLLDs.Insection1,
weintroducetheevolutionofelectric-fieldinsidethelasercavityanddeducethesolitonperturbationmodel
withpulseinjectionterms.Throughalinearstochasticanalysis,wederivetheanalyticalexpressionofthe
noisecontributionsfrom thefluctuationsofenergy,carrierphase,frequency,timingandcarrier
population.Insection2,anumericalanalysisofthenoisespectraandthepulse-to-clockroot-mean-squared
timingjitteroftheinjectionlockedpassivelyMLLDsisgiven.Wealsodiscusstheimpactsofthesteady
statephasedifference,couplingcoefficientandlinewidthenhancementfactoronthenoisespectrumof
timingjitter.

1 Model
Thetimingjitterofamode-lockedlaserislimitedbyquantumnoise,butinmostcasesitisdominated

byvibrationsanddriftsofthelaserresonator.Sowebeginouranalysiswiththeevolutionofelectric-fieldof
thecirculatingpulseinthecavity.Theelectricfieldaftertheintracavitytransmissioncanbeexpressedas

An+1t( )=eEL(t)An t( )+Sn t( ) (1)
inwhich,nisthenumberofround-tripsthepulsepropagatedinthecavity,tisusedtoexpressthe
temporallaserdynamicsintheshorttimeperiods,An(t)isthenthelectric-fleldinthelasercavity,EL(t)
representsalltheinteractionsbetweenthecavitymediumandtheopticalelectricfield,includingloss,
gain,opticalbandpassfiltering,saturableabsorption,groupvelocitydispersionandKerreffect,the
quantitySn(t)isthenoiseoftheelectric-fleld.SubtractingAn(t)frombothsidesofEq.(1)yields

An+1t( )-An t( )= e( EL(t)-1)An t( )+Sn t( ) (2)
SupposingthatTdescribesthelongtermvariableofthelaserdynamicsduringtheround-trips,TRis

theroundtriptimeofthecavity,thenn=T/TR.BymakingthesubstitutionsAn(t)→A(t,T)andSn(t)
→S(t,T),wecanconvertthediscreteequationofmotionintoacontinuoustimeequation.Utilizingthe
approximationeEL(t)≈1+EL(t),Eq.(2)becomes

TR
dAt,T( )

dT =ELt( )At,T( )+TRSt,T( ) (3)

whereA(t,T)isthenormalizedelectricfieldamplitude.ToagreewiththenotationinHausandMecozzi's
paper[10],werescalethenoisetermS(t,T)byTRS(t,T).TheconcreteexpressionEL(t)hasbeen
addressedbyHuasandMecozzi.Usingtheirformula,thedifferentialequationforamode-lockeddiode
laserbecomes

TR
dAt,T( )

dT = -l+g+
1
Ω2
f

d2

dt2+jD
d2

dt2+γ-jδ( ) At,T( ) 2é

ë
êê

ù

û
úúAt,T( )+TRS(t,T) (4)
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inwhich,landgarethetotalcavitylossandgainperpass,Ωfisopticalfilterbandwidthwhichinduce
wavelength-dependentphaseshiftsduetodielectriccoatings,Disthegroupvelocitydispersioncoefficient,
γisthesaturableabsorbercoefficientwhichcanbecreatedbyareversedbiaseddiodelaser,δistheself-
phasemodulationcoefficientduetoKerreffectwhichwillproduceaphaseshiftinthepulse.

AnadditionaltermkI(t,T)isusedtoreplacethetermS(t,T)inthemasterequationtostudythe
dynamicsofthepulseinjectionlockingpassivelymode-lockedsemiconductorlaser.Theinjectionsheme
bringsanothertwoelementst0andp0,whicharetheinitialdifferencesinroundtriptimeandcenter
opticalfrequencybetweentheinjectedsignalandthefreerunningpassivemodelockinglaserrespectively.
AccordingtoMargalit's[9-11]analysis,underthetwofollowingassumptions:1)thedifferencebetweenthe
harmonicsoftherepetitionratesofthefreerunninglaserandtheinjectedpulsestrainismuchsmallerthan
eitheroftheabovetworepetitionrates;2)themaximumdifferencebetweeninteractinginjectedfrequency
componentandcavity modesisnomorethanhalfofthecavity modespacing,theinjectionlocking
characteristicsofapassivelyMLLDcanbedescribedas

TR
dA(t,T)
dT = j(w0-wi)TR-l+g+

1
Ω2
f

d2

dt2+jD
d2

dt2+
(γ-jδ)|A|2+t0

d
dt+j

2P0

Ω2
f

d
dt

é

ë
êê

ù

û
úú·

 A(t,T)+TRkI(t,T)

(5)

wherew0isthecenterfrequencyofthegainspectrum,wiistheinjectedpulsecarrierfrequency.Whenthe
frequencydiscrepancy(w0-wi)isoffsetbytheinjectionterm,thephasedifferencebetweentheinjected
andslavepulseremainsconstant,lockingisexpected.kisthenormalizedcouplingcoefficientofthe
injectedsignal.Iftheinjectedsignalisnormalizedsothat|I(t,T)|2isequaltopower,thenitwas
shown[12]thatthecouplingcoefficientkisinaunitofs-1.

Withalinearanalysis,theexternalnoise,comparedtotheintrinsicnoiseoftheslavepulseitself,
comesfromarandomvariationoftheinjectedpulseparameters,whichcanbedescribeas

I(t,T)=I0(t,T)+ΔωsIω(t,T)+ΔθsIs(t,T)+ΔpsIp(t,T)+ΔtsIt(t,T) (6)
whereI0(t,T)isadeterminedinjectedpulse,Ix(x=ω,θ,p,t),istheexpansionfunctionwhich
describestheprojectionoftheinjectedpulsenoiseparameters[9]andthefourparametersΔωs,Δθs,Δpsand
Δtsaresmallvariationsofthecorrespondingpulseparameters,whichrepresentenergy,phase,center
frequency,andtemporaldifferencesrespectively.Theprojectionfunctionfor0thand1stexpansionis
evaluatedby

Ix(Δω,Δθ,Δp,Δt)=Ix(Δω,Δθ,Δp,Δt)|I0+y

y
{I(t-Δts,T)ej(Δpst+Δθs)}|I0

 y=Δωs,Δθs,Δps,Δts

(7)

Tosimplifytheanalysis,weassumethatthefreerunningpassivelyMLLDandtheinjectedsignalhas
thesamepulseshapeandpulsewidth,andpulseinjectionpowerislowenoughthattheenergyprojection
oftheinjectedsignalcanbeneglected.Wefurtherassumethatthedeviationsfromthesteadystateofthe
laseraresmallandtheinitialfrequencydetuningp0iszero.

Usingtheaboveassumptionsand(7),wecanobtainthedetailexpansiontermoftheinjectedsignal
I(t,T)

Ip=Ip|I0+IppsΔps+IptsΔts=cos(Δθ0)(Δp+Δps)+
2
3τ2sin

(Δθ0)(Δt+Δts)

Iθ=Iθ|I0+IθθΔθs=cos(Δθ0)(Δθ+Δθs)

It=It|I0+IttsΔts+ItpsΔps=cos(Δθ0)(Δt+Δts)-
π2τ2

6 sin
(Δθ0)(Δp+Δps)

ì

î

í

ï
ï
ï

ï
ï
ï

(8)

Inwhich,Δθ0isthesteadystatephasedifferencebetweentheinjectionandslavepulses,τisthe
pulsewidth.Theotherexpansionfunctionsequaltozerobecausetheyareanti-symmetric.

Withoutinjection,thesteadystatesolutionto(5)isanunchirpedsoliton[10].Thenoisedrivenby
AmplifiedSpontaneousEmission (ASE)canbetreatedasaperturbationtothesolitonsolution.The
perturbationanalysisleadstofourorthogonalfluctuations:energy(Δω),carrierphase(Δθ),frequency
(Δp),timing(Δt).Sincethecarrierdynamicsareimportantindescribingthenoiseinsemiconductor
mode-lockedlasers,afifthequationforcarrierpopulation(ΔN)whichisrelatedtothefluctuationsofgain
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andgrouprefractiveindex[13]isadded.Puttingtheprojectionsoftheinjectedsignaltothe motion
equations,wegetthefollowingfiveequationstodescribetheevolutionoftheperturbationsforpulsed
injectionlockedpassivelyMLLDs

d
dTΔω=AωωΔω+AωNΔN+Sω (9)

d
dTΔθ=AθωΔω+Aθθs(Δθ+Δθs)+AθNΔN+Sθ (10)

d
dTΔp=AppΔp+Apps(Δp+Δps)+Apts(Δt+Δts)+ApNΔN+Sp (11)

d
dTΔt=AtωΔω+AtpΔp+Atps(Δp+Δps)+Atts(Δt+Δts)+AtNΔN+St (12)

d
dTΔN=ANωΔω+ANNΔN+SN (13)

withAωω=
-2g
TR

-
2

3Ω2
fτ2TR

+
ω0Y

τTR
,AωN=σNp0hv,Aθω=

-δ
2τTR

,Aθθs=kcos(Δθ0),AθN=
-ασ
2
,App=

-4
3Ω2

fτ2TR
,Apps=kcos(Δθ0),Apts=

2k
3τ2sin

(Δθ0),ApN=
-ασ
2TR

,Atω=
Cg

TR
-

1
ω0ΩfTR

,Atp=
-2D
TR

,

Atps=
-kπ2τ2

6 sin(Δθ0),Atts=kcos(Δθ0),AtN=
-ασ
4πv

,ANω=
-N0σ
hv

,ANN=-σNp0+
1
τN

æ

è
ç

ö

ø
÷.

Inwhichω0istheaveragepulseenergy,Np0=ω0/hvisthesteady-statephotonpopulation,N0isthe
steady-statecarrierpopulation,σisthecarrier-photoncouplingcoefficient,τNisthecarrierlifetime,αis
referredtothelinewidthenhancementfactor,Cgisenergy-timingcouplingcoefficient.Si(i=ω,θ,p,t,N)
aretheinternalnoisesourcesofthepassivelyMLLD,andcanbegivenby[7,13]

<Si(T)Si(T')>=Diδ(T-T') i=ω,θ,p,t,N (14)
whereDiisdiffusionconstants.

2 Calculationanddiscussion
WeanalyzetheabovemodelgivenbyEq.(9)~(13)withalltheparameterspresentedinTable1[7].

Table1 Parameterlist
Parameter Symbol Value
Pulsewidth τ 1.3ps
Carrierlifetime τN 2ns

Opticalfilterbandwidth Ωf 1.5×1013rad/s
Carrierfrequency v =p0/(2π) 2×1014Hz

Carrierphotoncouplingcoefficient σ 4.22×104s-1

Netgroupdelaydispersion D 1×10-26s2

Energy-timingcouplingcoefficient Cg 8×103

Gainperpass g 11m-1

Round-triptime TR 22ps
Carrierpopulation N0 3×108

Photonpopulation Np0=ω0/(hv) 4.5×105

Energydiffusioncoeffciment Dω 9.48×10-20J2/m/s
Frequencydiffusioncoeffciment Dp 5.26×1030s-3/m
Timingdiffusioncoeffciment Dt 1.18×10-17s/m
Carrierdiffusioncoeffciment DN 3×1017s-1

ThenoisespectraisobtainedbytakingtheFouriertransformofaboveEqs(9)~ (13)with
d
dT→jΩ.

ThetimingnoisespectradensityforpulsedinjectionlockingofpassivelyMLLDis

<Δt(Ω)2>=
Dt[Ω2+(App+Apps)2]+Dp(Atps+Atp)2+

DN<DET2Ω( ) 2>+Dω<DET3(Ω)2>
<DET1(Ω)2>

<DET(Ω)2> (15)
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where
DET(Ω)=(jΩ-Atts)(jΩ-App-Apps)-(Atps+Atp)Apts,DET1(Ω)=(jΩ-ANN)(jΩ-Aωω)-AωN,

DET2(Ω)=-AtN(jΩ-Aωω)(jΩ-App-Apps)-AωNAtω(jΩ-App-Apps)-(Atps+Atp)ApN(jΩ-Aωω),
DET3(Ω)=Atω(jΩ-ANN)(jΩ-App-Apps)+ANωAtN(jΩ-App-Apps)+(Atps+Atp)ApNANω.

Eq.(15)showsthatthetimingjitterspectrumhasacomplexexpressionwhichincludesfourterms:
timingnoisecontribution(Dt),frequencynoisecontribution(Dp),energynoisecontribution(Dω),and
carrierdynamicscontribution(DN).
2.1 Noisespectrumwithoutinjection
  Tobetterunderstandtheeffectofpulsed
injection,wefirstillustratethenoisespectrum
withoutinjection.It'safree-runningpassively
modelockedlaserwhenthecouplingcoefficientk
issettozero.Todiscusstheimpactofeach
contributionterm,the noisespectrum ofthe
timingjitterforafundamentallypassive mode
lockedsemiconductorlaserisplottedinFig.1.The
verticalaxisshows10log|Δt(Ω)|2indB,rather
thandirectlyas|Δt(Ω)|2ins2.Atlowfrequencies
(under30MHz),it'sobviousthatthefrequency
noisesourcemakesthedominantcontributionto
thetotaltimingjitter noise spectrum density
throughstrongdispersion,andthesecondmajor

Fig.1 Noisespectraldensityofthetimingjitterforafree
runningpassivelyMLLD

influencecomesfromthecarrierdynamicsterm.Comparedtotheabovetwonoisesources,thetiming
fluctuationaffectsonlyasmallpartoftimingjitter.Ingeneral,thegaindynamicscontributionistherefore
insignificantinthiscase.Athighfrequencies(above30MHz),thefrequencynoisecontributiondecreases
duetothelimitofopticalfilterbandwidthΩf.Becauseenergyfluctuationhasminimalimpactontiming
jitter,weignorethisterminfollowingsimulation.
2.2 Stabilityanalysisunderpulsedinjection

ThenoiseofaninjectionlockedpassivelyMLLDisusuallyattributedtotwouncorrelatedsources,the
internalnoiseandthenoiseaccompanyingwiththeinjectedsignal.Butthestabilityoftheinjectionlocked
passivelyMLLDonlydependsontheinternalparameters.SettingEqs.(9)~(13)tozero,thesteady-state
solutionisobtainedas

Aθθs(ANNAωω-AωNANω)Atts(App+Apps)-Apts(Atp+Atps)[ ]>0 (16)
  Thestabilitydiagram asafunctionofthe
coupling constant k and steady-state phase
differenceΔθ0isshowninFig.2.Thestablelocking
regime(grayarea)isasymmetryandthelocking
rangeshrinkswiththeincreasingofthecoupling
constant.Theasymmetryisattributedtothatthe
timingparameterdecouplesfrom thefrequency
variationswhenΔθ0isanintegermultipleof2π,
whilethefrequency parameter may affectthe
frequencytermthroughthedispersionevenlacking
ofinjection.Thissimulationresultisconsistent
withourassumptionthatlowinjectedpoweris
neededtomaintainthesteady-statecondition.

Fig.2 Stabilitydiagramforaninjectionlocked
passivelyMLLD
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2.3 Noiseanalysis
Assumingthattheinjectedsignalhaslownoisecontent,thedominantnoiseoftheinjectionlocked

passivelyMLLDisdependingontheinternalparametersitselfwithinthestablelockingregime.According
toFig.2,thestablerangereliesonthecouplingcoefficientkandsteadystatephasedifferenceΔθ0,thuswe
emphasizedonanalysingtheinfluencesofthesetwofactors.

AsshowninFig.3,weshowthespectralnoisedensityofthetimingjitter,whenthesteadystatephase
differenceΔθ0operatesatdifferentradians,whilethelinewidthenhancementfactoris5andtheinjection
coefficientis10-3.Thetimingjitternoisespectraldensityhasadifferentresponseshapeunderdifferent
phase,whilethevaluedifferenceattheidenticalfrequencyisnormallylessthan10dBwhichismuch
smallercomparedtothehugedifferenceof70dBbetweenthefreerunninglaserandtheslavelaser.The
sameresultisobtainedfordifferentvaluesofαandk.Allofthesecalculationresultsrevealthatthetiming
jitterspectrumisinsensitivetosteady-statephasedifference.Thisresultwillhaveagreatguiding
significancefortheexperiment.

Thenwemakeafurtherdiscussionabouttheeffectofcouplingcoefficientonthetimingjitterspectral
noisedensitywithinthestablerange.FromFig.4,wefindthattimingjitterdecreasessignificantlywith
increasingk.Atzerocouplingcoefficient,thefreerunningpassivelyMLLDshowsacharacteristicslopeof
f-4,whichmainlycontributedbyfrequencynoisetermandhasbeenillustratedinFig.1.Atthemaximum
allowablecouplingcoefficient8×10-3ps-1,thenoisedensityhasareductionof90dBat100kHz.

Fig.3 SpectralnoisedensityofthetimingparameterΔtfor
differentΔθ0andα=5,k=10-3ps-1

Fig.4 Theeffectofinjectingcouplingcoefficientkonthe
noisespectraldensityoftimingjitterforaninjection
lockingpassivelyMLLDswithΔθ0=1.5πandα=5

  Duringthesimulation,wealsofindthatthreecontributiontermshavethedifferentweightonthe
timingjitterspectrumunderdifferentΔθ0andk,whichisdistinctfromthecasewithoutinjection(Fig.1).
Insomecases,thespectrummainlydependsonthefrequencynoisesources,whileinothercases,timing
noisesourcesplayaleadingrole.ComparedtotheothertwoASEnoise,thecarrierpopulationfluctuation
whichisdrivenbyshotnoisedoesn'tdominatethetimingjitterspectruminallcases.

Toevaluatethemean-squaredtimingjitterfromthenoisespectrum,thepulse-to-clockrmstiming
fluctuationsinthefrequencyrangefromflowtofhighcanbeeasilyobtainedbyusingtherelationship[14]

σt,pc =
1
π∫

fhigh

flow
<Δt(Ω)2>dΩé

ë
êê

ù

û
úú

1/2

(17)

Thevalueoftimingjitterinthefrequencyrange100kHz~10GHzunderdifferentΔθ0andkislisted
inTable2.Forfreerunningpassivelymodelockedlaser,thepulse-to-clockrmstimingjitteris3.83ps,
whichreducetoafewfsorhundredsoffsmagnitudeunderinjection.Theminimumvalueoftimingjitter
wecalculatedwithinthestablerangeis13.9fswithcouplingcoefficientequalingto4.7×10-3ps-1and
phasedifferenceoperatingat1.96π.Weshowthatthetimingjitterisinsensitivetosteadystatephase
differenceasgiveninTable2.However,thetimingjitterdecreasesrapidlywithincreasingcoupling
coefficient.Theseareconsistentwiththeanalysisofspectralnoisedensitygiveninprevioussections.
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Table2 Thepulse-to-clockrmstimingjitterinthefrequencyofinterestfrom100kHzto10GHz

Δθ0/radianσt,pc/fs

k/ps-1
1.2π 1.4π 1.6π 1.8π 2π 2.1π

0 3830 3830 3830 3830 3830 3830
2*10-5 1150 521 446 513 898 2510
1*10-4 627 187 148 189 609 1510
1*10-3 34.2 59.7 77.7 35.3 33.9 40.6

2.4 Influenceoflinewidthenhancementfactorontimingjitter
  Theanalysis given above is under the
conditionthatthelinewidthenhancementfactorα
equalsto5.Practically,thelinewidthenhancement
factorαhasastrongeffectonthetimingjitter
throughthecarrierpopulationcontributionterms
whicharerelatedtothefluctuationsofgainand
grouprefractiveindexandhencethechangesofthe
pulsetiming.It'snecessarytofurtherexplorethe
influenceofα.Thuswecomparetheeffectof
linewidthenhancementfactorinFig.5.Itreveals
thatsmallerlinewidthenhancementfactorleadsto
lowertiming jitter spectral noise density.In
QuantumDot(QD)semiconductors,αissmall
andapproximatelyequalstozero[15],whileinother
quantum materials,αistypicallybetween2and

Fig.5 Theeffectofαonthespectraldensityofthetiming
jitterforaninjectedlockingpassively MLLD with
Δθ0=1.5πandk=10-3ps-1

6[16].Therefore,QDlasersgenerallyhaveabetterperformanceowingtotheirlowlinewidthenhancement
factor.

3 Conclusion
Basingonasimplifiedsolitonperturbationequationmodel,thenoisepropertiesofinjection-locked

passivelyMLLDhavebeeninvestigatedtakingintoaccounttheinfluencesofthecarrierpopulation
fluctuations.ThestabilityconditionisanalyzedforaninjectionlockingpassivelyMLLDwhichisstrongly
dependentonthevalueofthesteadystatephasedifferenceandcouplingcoefficient.Calculationsshowthat
timingjitterisinsensitivetothephasedifferencewhilethecouplingcoefficienthasastrongeffectonthe
timingjitter.Comparetothefree-runningpassivelyMLLD,calculationresultspointoutthatthenoise
spectraldensityofthetimingjitterdecreases90dBunderpulsedinjectionatfrequencieslowerthan
100kHz.Itisdemonstratedthatthepulse-to-clockroot-mean-squaredtimingfluctuationsinthefrequency
rangefrom100kHzto10GHzcanbereducedfrom3.83pstoafewfs,whenthepassivelymodelocked
laserissubjecttoinjectionlocking.Wealsofindthatthetimingjitterdecreaseswithdecreasinglinewidth
enhancementfactor,implyingQDlaserscouldhaveperformanceadvantages.
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