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Abstract

theofcontrolhigh-frequencysimultaneousa(bylaserssemiconductorofmodulationdualofanalysissignalLarge
currentpumping I relaxationthesuppressingallowsmethodthethatshowsparameter)intrinsicadditionalanand

signalcurrentpumpingtheofshapearbitraryanforoscillations I (t ) informationofratethethat,ofBecause.
abouttoenhancedbecancoding 80 maintaintoallowsmodulationdualthatdemonstrateweMoreover,Gbit/sec.

a linear betweenrelationship I (t ) band.frequencywideainpoweropticaloutputtheand

Introduction

thecontroltoisideakeyThelasers.semiconductorofradiationoutputmodulatingformethodnewadiscussWe
currentpumpingthewithsimultaneouslyvariedsignal,inputhigh-frequencyadditionalanwithlaser I The.

cavity,laserainwaveopticaltheinfluencingparametersphysicalseveraltheofoneanybecansignaladditional
gaintheassuch g factorconfinementthe, Γ lifetimephotonthe, τph wavelengththe, λ controllingAlthoughetc.,

current,pumpingthemodulatingasnaturalandstraightforwardtechnologicallyasbenotmayparameterssuch
importantcertainforindispensablebeevenmayandtroubletheworthcertainlyisitthatbelowargueshallwe

communications.opticalingoals
parameterawithmodulationlaserDual X withtogethervaried I (theastoreferredbewill X&I dual)

requiredtheofmostsincedoubt,innotisschemessuchseveraloffeasibilityTechnicalscheme.modulation
isitcommunications,opticalcoherentforlasersDBRIncontext.differentaindemonstratedbeenhaveelements

theimplementingthuscurrent,pumpingthewithsimultaneouslycavitytheinpathopticalthevarytopossible
( &I λ (theofFeasibilityscheme.dual) &I τph electro-opticdemonstratedrecentlythefromfollowsscheme)

lasers.microcavitysurface-emittinginreflectivitymirrorDBRofcontrol 1 usedbecancontrolelectro-opticSimilar
(theofimplementationthefor &I Γ modaltheofmodulationHigh-frequencylasers.edge-emittinginscheme)

demonstratedbeenhasgain 2 ofdistributionlateralthewheredesign,specialofstructurelaserfour-terminalain
Anprofile.intensitywaveopticalthetorelativeshiftedrapidlybecancavitytheofcross-sectionaincarriers

(theimplementingtoapproachfeasiblequiteopinion,ourinand,attractive g&I ancontroltoisschemedual)
temperatureeffective T e bye.g.,ways,ofvarietyaindonebecanThisregion.activelasertheincarriersof

frominjectedholes,orelectronsthatpowertheofusemakingbyorfield,electriclateralabycarrierstheheating
layer.activenarrow-gapainensemblecarriertheintobringlayer,claddingwide-gapa

([casesspecialtwoconsideredwePreviously, g&I scheme) 3 (and &I τph scheme) 4 abyshowedand]
modulationtheenhanceoscillations,relaxationeliminatetoallowsmodulationdualthatanalysissmall-signal

weworkthisInradiation.outputlasertheofregimesmodulationFMpureorAMpureachieveandfrequency,
dualofanalysislarge-signalapresentandsystemlinearsmall-signalaofassumptionthewithdispense

ofshapearbitraryanforoscillationsrelaxationthesuppressingallowsitthatshowWegeneral.inmodulation
signalcurrentpumpingthe I (t abouttoenhancedbecancodinginformationofratethethat,ofBecause.)

amaintaintoallowsmodulationdualthatdemonstrateshallweMoreover,Gbit/sec.80 linear relationship
between I (t poweropticaloutputtheand) P (t frequencies.modulationofbandwideain)
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ModulationDualofAnalysisSignalLarge

densitycarriertheforequationsrateofsystemstandardabylaserthedescribeshallWe n photontheand
density S layer:activethein

dt
dn___ = J − gS − nB 2 (1a);

dt
dS___ = S ( Γg τ− ph

− 1 ) Γβ+ nB 2 (1b),

where J ≡ I ⁄eV act volumeunitperfluxelectrontheis V act layer,activetheof g layer,activetheingainopticalthe
Γ intensity,radiationtheforfactorconfinementthe β factor,emissionspontaneousthe τph inlifetimephotonthe

cavity,the B = (n τsp) − 1 andcoefficient,radiativebimoleculartheis τsp (n oflifetimerecombinationradiativethe)
carriers.

parameters,*itsofoneanyofmodulationfrequencyhighathat(1)systemfromevidentisIt J , g , Γ or, τph ,
bothofvariationabyaccompaniedis S and n bymodulationlaserconventionalainthatevidentalsoisIt.

variationsalone,currentpumping δn modulationhigh-frequencyanyaccompanying, δS nature.parasiticofare,
varyingsimultaneouslybyinfluencedislaserthewhenobvioussonotisoutcomeThe two abovetheof

suppressingofpossibilitythediscusswesectionnexttheInparameters. δn ofmodulationdualawith J oneand
parametersthreeothertheof g , Γ or, τph .

oscillationsrelaxationofElimination

varycanweit)ofindependently(andcurrentpumpingthewithsimultaneouslywheresituationthefirstConsider
gainopticalthe g general,In. g parameters,severalondepends g = g ( Ω , n , T e , S where,) Ω opticaltheis

considershallWefrequency.** T e than(otherparameterindependentonlythebeto J (1)Eqs.re-writeusLet).
dconditiontheunder n ⁄dt = :0

0 = J − J th − gS (2a);

dt
dS___ Γ= ( J − J th ) τ− ph

− 1 S (2b),

where J th ≡ nB th
2 and n th theneglectedhavewesimplicity,ofsaketheForconcentration.carrierpinnedtheis

typicallysince(2),intermemissionspontaneous β ∼∼ 10 − 4 aestablishes(2b)Equation. linear betweenrelationship
S and J formtheof

S =
0
∫
t

G (t − t′ e)
− t τ⁄′ ph dt =′ e

− t τ⁄ ph

0
∫
t

G (t′ e)
t τ⁄′ ph dt′ (3),

where G (t ) Γ≡ [ J (t ) − J th theofLinearity.] S [ J (t communicationopticalforvaluegreatofisrelationship])
simultaneousaofhelpthewith(2a)Eq.satisfymustwehold,topropertythisfororderinHowever,systems.

ofvariation T e viz.,

g [ Ω , n th , T e (t ,) S ] =
S

J (t ) − J th_________ . (4)

__________________

varyingofpossibilitythewithhereconcernedbenotshallWe* β ofcontexttheinonlyinterestofbemaywhich,
havinglasersmicrocavityfuture →β 1 .

microresonator,single-modeaIn** Ω (dueindexrefractivetheinvariationsbyinfluencedrange,wideainvarymay
varyingto n and T e reflection.mirrortheofphasetheinand) 4
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dependencetimethefor(4)Eq.solvedHaving T e (t anfromsignalpowerheatingrequiredthedeterminecanwe),
equation.balanceenergyappropriate

poweropticalthebetweenrelationshiplinearainresultingsuppression,oscillationrelaxationofeffectSimilar
varyingbyobtainedbecancurrent,pumpingtheandsignal Γ (or τph thanrather) g nowisgaintheSince.

constant, g ( n th ) = g 0 betweenrelationtheoflinearitycasesthesein, S and J (2a),Eq.fromdirectlyfollows

S =
g 0

J − J th_______ . (5)

currentthebetweenrelationshipfollowingthemaintaintoneedsone(5)Eq.fulfiltoorderIn J secondtheand

Γ0

Γ___ = 1 τ+ ph
(0)

dt
(lnd J − J th)___________ ;

τph

τph
(0)

____ = 1 τ− ph
(0)

dt
(lnd J − J th)___________ . (6)

dconditiontheundermodulation,dualatolasertheofresponsesmall-signalaconsidernowusLet n ⁄dt = .0
(theofsignalsFor g&J type,)

J (t ) = J 0 δ+ J e i ωt (7a);

g (t ) = g 0 δ+ g e i ωt (7b),

function:responsefollowingtheyields(3)equation

δS =
g 0 (1 + i τω ph)

δJ_____________ (8a),

inputsdualthebetweenrelationrequiredthewhile δg and δJ formtheofis

δg =
1 + i τω ph

i τω ph__________
S 0

δJ___ . (8b)

thethatremarkWe " conditiontarget " forfrequency-independentpracticallyis(8b) τω ph > thethatand1
toproportionalinverselyisinputmodulationdualrequiredtheofmagnitude S 0 .

(typetheofmodulationdualaFor &J Γ (or) &J τph responsefrequency-independentaobtainwe)

δS =
g 0

δJ___ (9a),

ratiorequiredthewhile δΓ⁄Γ0 (or, τδ ph τ⁄ ph
(0) frequency:thewithincreases)

Γ0

δΓ___ =
S 0 g 0

i τω ph
(0) δJ________ . (9b)

(inputmodulationdualrequiredtheofmagnituderelativethethatseeWe δΓ⁄Γ0 or τδ ph τ⁄ ph
(0) inverselyagainis)

toproportional S 0 .
evidentisItschemes.modulationdifferentforfunctionsresponselasertheofcomparisonashows1Figure

electron-noshowsItbandwidth.dB3largersubstantiallyahas4)(curveresponsemodulationdualthethat
1asonlydropsresponsethefrequencieshighatandpeakresonancephoton ⁄ω.



----

4LuryiandGorfinkel

GFstart

GFend1.ps

1Figure response.laserSmall-signal.
conventional1: δI modulation,

modulationsingle2: δg ,
modulationsingle3: δΓ (or τδ ph),

bymodulationDual4: δ &I δg
(equivalently, δ &I δΓ or δ &I τδ ph).

indicateslinefatBroken − 3 level.dB

parameters:Laser
250 µm × 1 µm × A70:QW7 ˚ ,
Γ0 = 0.075 , gn

′ = 5 × 10 − 16 cm2,
I th = mA10 , =η 40 %.

codinginformationdigitalfrequencyHigh

formtheofpulsesGaussianofseriesaofconsistcodedbetosignaltheLet

J (t ) = J 0 + J A
n = 0
Σ
∞

δn e − ( t − n T )2⁄2∆t2

(10),

where J A amplitude,pulsetheis ∆t halfwidth,its δn = andcode,theis)1,0( T = 1⁄f (periodtheis f thebeing
atbeginstrainpulsethethatAssumingrate).repetitionpulse t > (3)Eq.fromfindwe,0

S (t ) = S 0 + S 1 τph

∆t____ e
∆t2⁄2 τph

2

n = 0
Σ
∞

e
( n T − t ) τ⁄ ph

×



Φ



 ∆t √ 2

n T + ∆t 2 τ⁄ ph_____________




Φ+


 ∆t √ 2

t − (n T + ∆t 2 τ⁄ ph)_________________








(11),

where S 0 ≡ ( J − J th )⁄g 0 , S 1 ≡ J A δn ⁄g 0 and, Φ [integralerrortheis Φ (x ) → for1 x >∼ ,1 Φ (−x ) Φ−= (x sumThe],)
twoof Φ withdecreasesbracketssquarethein’s n (expthanfastermuch − n T τ⁄ ph convergessumoveralltheso,)

rapidly.very
responselaserthewithtogether(10)pulsescodingoftrainpseudo-randomashows2Figure

P (t ) η= S h_Ω V act⁄g τph gainofvariationtheaswellas, g (t temperaturecarrierand) T e (t maintaintotargeted)
concentrationcarrierconstanta n = n th amplituderequiredThe. δg decreasingwithincreases S 0.
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2Figure responseLaser. P (t ) pulsescurrentpseudo-randomofseriesato I (t ) accompaniedGbit/sec,80ofratecodingaat,
gainofvariationdualaby g (t ) carriertheshowsalsofigureTheconcentration.carrierconstantamaintaintotargeted,

variationtemperature T e (t ) 1.Fig.inasparametersLaservariation.gainrequiredtheprovideswhich

Conclusion

methodthisthatdemonstratedandmethodmodulationlaserdualtheofanalysislarge-signalapresentedhaveWe
10ashighasratesbitatcodingdigitalallows 11 controldualthethatassumedweexampleillustrativeourInGb/s.

used.bealsocanschemesdualotherthatclearisitalthoughscheme,heatingcarrierausingbyachievedis
Forbad.sonotisitreallybutconsumingpowerratherappearsschemeheatingcarriertheglance,firstOn

long,ratheristimerelaxationenergythewhereInGaAsinexample, τε >∼ carriersheattorequiredpowertheps,1
1by ˚ onlyisK <∼ 1.4 . 10 − 11 250ofdimensionslayeractivethewithlaseraInW/carrier. × 1 × 0.1 µm3 carrierand

concentration n = p = 1018 cm− 3 ofvariationasInasmuchmW/K.0.7aboutispowerheatingrequiredthe, T e by
asbemaypoweradditionalnecessarytheapplications,manyforabove)shown(assufficientisdegreesseveral

mW.10aslow
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