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Abstract. A communicatiorschemebasedon the synchronizatiorof two chaoticsemiconductor
lasersis experimentallytested.The Chaosin the single-modesemiconductotasersis generated
by meansof an optoelectronicfeedback.Synchronizationof the chaosis achiered by coupling

a fraction of the transmitters output power into the driving currentof the receiver. We present
experimentakesultson therouteto chaosandthe synchronizatiorof GHz chaoticsignals We then

testa proposeccommunicatiorschemeby successfullftransmittingmessages.

INTRODUCTION

Communicationsisingchaoticwaveformsas"carriers"of informationpromisepossible
advantagesover traditional communicationsstratgies in the achiazementof power
efficiengy gainsandbetteruseof broadbanaapability Opticalcommunicationutilizing
synchronizedchaotic laserswith optoelectronicfeedbackhas beendemonstratedor
quite slow dataratesby usingchaoticwavelengthfluctuationg1]. Thefirst high speed
optical chaoticcommunicationhas beenachiesed using fiber ring laserswith a rare
earthdopedfiber sgmentasactive element2]. We foundin our earlierwork on such
erbiumdopedfiberring laserd3] that,althoughobseredbit ratesup to 250 Mbits/sare
interestingin principle, the changeof the chaoticwaveformin thesetypesof lasersis
slow comparedo thetime it takesthe light to make oneroundtrip in a standardaser
composeaf tensof metersof passve opticalfiber. For practicalapplicationsyherebit
ratesof gigabitspersecondaredesirablepnehasto considedifferentactive elementsn
thelasercavity, which giveriseto fastchaosin this papemwe investigatesemiconductor
laserswith optoelectronideedback This is oneway to generatéhigh-frequeng chaos
andhasin comparisoro opticalfeedbackhe advantageof beingphasensensitve.
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FIGURE 1. Schematiexperimentaketupfor thesynchronizatiorof two chaoticsemiconductolasers
with delayedoptoelectronideedbackLD: laserdiode;PD: photodetectorA: amplifier;T: feedbacldelay
time; T: transmissiorime.

CHAOSIN OPTOELECTRONIC FEEDBACK LASERS

A schematiof ourexperimentabketupfor theinvestigatiorof semiconductolaserswith
optoelectronideedbackcanbeseenn Fig. 1. In this sectionwe areonly concernedvith
thedynamicsof thetransmittenin Fig. 1. Thelaserdiodeis drivenby a DC biascurrent
andlasesin a singlemode.The outputlight is receved and corvertedto a currentby
a photodetectorThe currentis subsequentlamplified and addedto the bias current,
resultingin a delayedpositive feedback The delaytime canbe variedby changingthe
distancebetweenhelaserdiodeandthe photodetector

In our numericalinvestigation®f thedelaydifferentialequationswhich describethe
dynamicsof the optoelectronideedbacKaser we find arich bifurcationdiagramasthe
delaytime andthe feedbackstrengthare varied[4, 5]. In generalchaoticregions are
interspersedavith periodicand quasi-periodiconesand multistability of differenttypes
of attractorse.g.fixed pointsandlimit cycles,area commonfeature.We find thatthe
optoelectronideedbacKkaserenterschaosthroughthe quasi-periodigoute. Thisagrees
well with resultsfrom analytic bifurcationanalyseof the delaydifferentialequations
modelingthe system[6, 7].

In the experimentswe use a single mode DFB laserdiode with a wavelengthof
1.3 um from Rockwell. The thresholdof the laseris 34 mA andthe laseris biasedat
45.5 mA. The light is corvertedto a currentby a high-speednGaAs photodetector
(6 GHz bandwidth). The amplifier in the experimentis composedof two stagesof
AvantekSSF86amplifiers(0.4 - 3 GHz bandpass)The small signalgain of this two-
stageamplifier is about 60 dB. The optical output detectedby the photodetectolis
obsenredwith anHP Agilent 54845AInfiniium oscilloscopewith a 1.5 GHz bandwidth
andanupto 8 GSa/ssamplingrate. The power spectrunis measuredavith anHP 8592A
RF spectrumanalyzerTheexperiments performedoy changinghedelaytime through
varyingthedistancebetweerthe laserdiodeandthe photodetector

Fig. 2 shaws the experimentallyobsered time seriesof the laseroutput,the corre-
spondingpower spectraandthecorrespondindPoincaé sectionatdifferenttime delays.
The Poincaé sectionis obtainedin a delay-embeddingpaceusing the experimental
time series.The datashown in Figs. 2(a)-(c) were taken at measuredielay times of
T~ 7.47ns,7.09nsand6.92ns,respectiely. Thetime seriesin Figs.2(a)-(c) shov a
cleartransitionfrom regularlimit cycle oscillationsto quasi-periodicmscillationswith
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FIGURE 2. Experimentalresults:time series,power spectraand Poincaé sectionsat differentdelay
times.Fromtopto bottom:(a) limit cycle oscillationsatt ~ 7.47 ns;(b) two-frequeng quasi-periodicity
atT ~ 7.09 ns; (c) chaosat T ~ 6.92 ns. The broadbandyackgroundn (c) is muchhigherthanin (b),
indicatedby the dashedeferencdinesat-70dBm.

intensity amplitudesmodulatedat a certainsecondfrequeng, andfinally to a chaotic
statewheretheintensitiesvary irregularly. As limited by the samplingrateof the oscil-
loscope the pulsesareundersampledfesultingin large digitizing errors.To avoid the
digitizing errors,the power spectraare measuredvith an RF spectrumanalyzer From
thepower spectraijt is clearthatin Fig. 2(a)thereis only onefundamentafrequeng at
f1 ~ 650MHz. The smallripplesin the spectrunmindicatethatthereis smallinstability
in thelaser Thenin Fig. 2(b),asecondrequeny at f, ~ 140MHz, which corresponds
to the inverseof the delaytime, is as significantas f;. The two frequenciesf; and
f, areincommensuratandthe systemis in a two-frequeng quasi-periodicoscillating
state Finally in Fig. 2(c), the spectrunis broadenedsthe systementersa chaoticpuls-
ing state.Thoughsomeof the sharpspectralpeaksremainin Fig. 2(c), the broadband
backgrounda characteristiof chaos,is muchhigherin Fig. 2(c) thanin Fig. 2(b), as
indicatedby the dashedeferencdinesat-70 dBm. The big dotin the Poincaé section
in Fig. 2(a) correspondso regular oscillations.The size of the dot is an indication of
thenoisein thedata.Despitethe noiseandthe undersamplingthetoroidalnatureof the
attractorfor T ~ 7.09 ns canclearly be seenasa diffusedclosedcurwe in Fig. 2(b). In
Fig. 2(c) the spreadbf the Poincaé plot indicatesthetransitionto chaos.

Overall the numericalandexperimentalresultsshov goodagreementThe predicted
quasi-periodicouteto chaodss experimentallyobsered.
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FIGURE 3. Experimentakesultof chaoticsynchronizatiorwith c=0.6.(a) Time seriesof transmitter
andrecever. (b) Correlationdiagramof the transmitteroutputvs. the recever output.

CHAOS SYNCHRONIZATION

The schematicsetupof the synchronizationexperimentis shovn in Fig. 1, wherea
fraction of the transmitters chaoticoutputintensityis detectedamplifiedand coupled
into the driving currentof the recever. The recever is itself a delayedoptoelectronic
feedbacKaser Asin ourwork onthesynchronizatiorof dopedfiberring laserg8, 9] we
includethefactorc, with 0 < ¢ < 1, to indicatethepercentagef thetotal feedbaclsignal
in thereceverwhichis from thetransmitteywhile 1 — c correspondso thefractionfrom
therecever. Whenc = 1 thereis nofeedbacksignalin thereceverandwe call thisopen
loop. When ¢ = 0 the transmitterand recever are completelydecoupled We denote
by T thetransmissiortime; the time associateavith the propagatiorof the signalthru
the openair 'channel’ to the recever system.When the transmitterand recever are
identical,a statewherethe dynamicalvariablesof bothareequalin time is asolutionfor
the coupledsystemWe found numerically thatfor c roughly0.4 or larger, this solution
is stableand synchronizatiorof the electricfield andthe carrierdensityin transmitter
andreceveris accomplishedbothwith andwithout spontaneousmissiomoise[5]. We
furthermoreshavedin [5] thatsynchronizations mostsensitve to parametemismatch
in the delay time, with small synchronizationerrorsfor mismatchesf up to a few
percentfor arny otherparameter

To achiere synchronizationthe laserparametersre matchedoy carefully choosing
apair of lasersrom the samebatchwith the closesicharacteristicendthenfine-tuning
their operatingconditions.Fig. 3 shavs the experimentalresultsfor synchronization
with ¢ = 0.6, a configurationwhere the feedbackloop in the recever is closed.A
comparisonof the time seriesin Fig. 3(a) shavs that they are almostidentical. Note
that the time seriesin Fig. 3(a) are shifted in time by the transmissiontime T (see
Fig. 1) to bettershav the synchronizationThe correlationplot Fig. 3(b) is obtainedby
plotting the transmitteroutputvs. the recever output. The datais distributedalongthe
45° line, indicatingidenticalsynchronizationThe quality of synchronizations limited
by both the intrinsic laser noise and the finite bandwidthand samplingrate of the
oscilloscopeWe calculatethe correlationcoeficient p of the transmitterandrecever
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FIGURE 4. Schemati@xperimentabetupfor thechaoticcommunicatiorschemelLD: laserdiode;PD:
photodetectorA: amplifier;m(t): message

outputto quantify the quality of synchronizationFor the dataof Fig. 3 the correlation
coeficientis p = 0.82.

In [10] we find thatthe quality of synchronizationincreasesapidly for ¢ > 0.4 and
is largestfor the openloop configuration.The quality of synchronizationdropsfast
whenthe mismatchof the delaytime is largerthana few percent.Sincethe openloop
configurationwith ¢ = 1 doesnot have the problemof delaytime mismatchandshows
the highestquality synchronizationc = 1 is the preferredconfigurationfor chaotic
synchronizatiormandcommunicatiorwith this delayedoptoelectronideedbacksystem.

CHAOSCOMMUNICATION

Theachievementof synchronizatiorof two chaoticsemiconductolaserswith optoelec-
tronic feedbackallows us to emplogy communicatiorschemesn which the messagés

putinto thetransmitterdynamicsvia a reversibleoperationg.g.additionor multiplica-

tion. Thetransmittedsignalis thena combinationof the messagandthe chaoticoutput
of the transmitter Sinceon the recever side we know the expectedchaoticoutput of

the transmittey dueto the identicalsynchronizationywe canusethe expectedoutputto

extractthe messagdrom the recevedsignal.In [5] we evaluatednumericallythe per

formanceof a multiplicative communicatiorschemeandfoundfavorablebit errorrates
for awide rangeof the c factor Herewe reportthe resultof anexperimentin whichthe
reversiblefunctionis addition[11].

The schematicexperimentalsetupis shovn in Fig. 4, wherewe usethe openloop
configurationc = 1. It is importantto notethatthe messageignalm(t) entersthe dy-
namicsof thetransmittewia thefeedbacKkoop. Thereforehe combinedsignalof output
plusmessagenterssymmetricallyboththetransmitterandrecever, which ensureghat
synchronizations maintainedvhenwe transmitinformation.

Fig. 5 shaws the resultsof an encoding/decodingxperimentof narrav pulseswith
100 MHz repetitionrate. The time seriesof the pulseencoding/decoding shavn in
Fig. 5. The top traceis the receved signal with the messagesncoded.The second
traceis the local recever laseroutput, which is due to the synchronizationequalto
the transmitteroutput before the addition of the messageThe messages therefore
recovered by subtractingthe recever output (secondtrace)from the receved signal
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FIGURE 5. Encoding/decodingf digital pulseswith 100 MHz repetitionrate. Time seriesof receved
signal (top), recever laser output (middle), recovered digital messagethird), and original message
(bottom).

(top trace). The recovered messageshowvs good quality of decodingas indicatedby
the recoveredpulsetrain in the third trace,which is to be comparedwith the original
‘message’whichis a setof periodicpulsesjn the bottomtrace.

In conclusionwe demonstratethat optoelectronideedbacKasersexhibit high fre-
queng chaotic oscillationsand enter chaosvia a quasi-periodicroute. We achiesed
chaossynchronizatiorof two suchsystemsWe furthermoredemonstratedhata high-
speedoulsingmessageanbe successfullylencodecanddecodedSincethe transmitter
andrecever remainsynchronizedvhena messagés transmittedthe bit rate of the en-
codedmessagecan be possiblyas high asthe repetitionrate of the chaoticpulsing,
which is about600 MHz at presentime. With even fastercomponentshe bit ratecan
beimprovedto multigigabits persecond.
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