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Abstract. A communicationschemebasedon the synchronizationof two chaoticsemiconductor
lasersis experimentallytested.The Chaosin the single-modesemiconductorlasersis generated
by meansof an optoelectronicfeedback.Synchronizationof the chaosis achieved by coupling
a fraction of the transmitter’s output power into the driving currentof the receiver. We present
experimentalresultson therouteto chaosandthesynchronizationof GHzchaoticsignals.We then
testa proposedcommunicationschemeby successfullytransmittingmessages.

INTRODUCTION

Communicationsusingchaoticwaveformsas"carriers"of informationpromisepossible
advantagesover traditional communicationsstrategies in the achievementof power
efficiency gainsandbetteruseof broadbandcapability. Opticalcommunicationutilizing
synchronizedchaotic laserswith optoelectronicfeedbackhasbeendemonstratedfor
quiteslow dataratesby usingchaoticwavelengthfluctuations[1]. Thefirst high speed
optical chaoticcommunicationhasbeenachieved using fiber ring laserswith a rare
earthdopedfiber segmentasactive element[2]. We found in our earlierwork on such
erbiumdopedfiber ring lasers[3] that,althoughobservedbit ratesup to 250Mbits/sare
interestingin principle, the changeof the chaoticwaveform in thesetypesof lasersis
slow comparedto the time it takesthe light to make oneroundtrip in a standardlaser
composedof tensof metersof passiveopticalfiber. For practicalapplications,wherebit
ratesof gigabitspersecondaredesirable,onehasto considerdifferentactiveelementsin
thelasercavity, whichgiveriseto fastchaos.In thispaperweinvestigatesemiconductor
laserswith optoelectronicfeedback.This is oneway to generatehigh-frequency chaos
andhasin comparisonto opticalfeedbacktheadvantageof beingphaseinsensitive.
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FIGURE 1. Schematicexperimentalsetupfor thesynchronizationof two chaoticsemiconductorlasers
with delayedoptoelectronicfeedback.LD: laserdiode;PD:photodetector;A: amplifier;τ: feedbackdelay
time;T: transmissiontime.

CHAOS IN OPTOELECTRONIC FEEDBACK LASERS

A schematicof ourexperimentalsetupfor theinvestigationof semiconductorlaserswith
optoelectronicfeedbackcanbeseenin Fig. 1. In thissectionweareonly concernedwith
thedynamicsof thetransmitterin Fig. 1. Thelaserdiodeis drivenby a DC biascurrent
andlasesin a singlemode.The output light is received andconvertedto a currentby
a photodetector. The currentis subsequentlyamplifiedandaddedto the biascurrent,
resultingin a delayedpositive feedback.Thedelaytime canbevariedby changingthe
distancebetweenthelaserdiodeandthephotodetector.

In ournumericalinvestigationsof thedelaydifferentialequations,whichdescribethe
dynamicsof theoptoelectronicfeedbacklaser, wefind a rich bifurcationdiagramasthe
delay time and the feedbackstrengtharevaried[4, 5]. In generalchaoticregionsare
interspersedwith periodicandquasi-periodiconesandmultistability of differenttypes
of attractors,e.g.fixedpointsandlimit cycles,area commonfeature.We find that the
optoelectronicfeedbacklaserenterschaosthroughthequasi-periodicroute.Thisagrees
well with resultsfrom analyticbifurcationanalysesof the delaydifferentialequations
modelingthesystem[6, 7].

In the experimentswe usea single modeDFB laser diode with a wavelengthof
1.3 µm from Rockwell.The thresholdof the laseris 34 mA andthe laseris biasedat
45.5 mA. The light is convertedto a currentby a high-speedInGaAs 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 photodetectoris
observedwith anHPAgilent 54845AInfiniium oscilloscopewith a1.5GHzbandwidth
andanupto 8 GSa/ssamplingrate.Thepowerspectrumis measuredwith anHP8592A
RFspectrumanalyzer. Theexperimentis performedby changingthedelaytimethrough
varyingthedistancebetweenthelaserdiodeandthephotodetector.

Fig. 2 shows the experimentallyobserved time seriesof the laseroutput,the corre-
spondingpowerspectra,andthecorrespondingPoincaŕesectionatdifferenttimedelays.
The Poincaŕe sectionis obtainedin a delay-embeddingspaceusing the experimental
time series.The datashown in Figs. 2(a)� (c) were taken at measureddelay timesof
τ � 7 � 47 ns,7.09nsand6.92ns,respectively. Thetime seriesin Figs.2(a)� (c) show a
cleartransitionfrom regular limit cycle oscillationsto quasi-periodicoscillationswith
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FIGURE 2. Experimentalresults:time series,power spectraandPoincaŕe sectionsat differentdelay
times.Fromtopto bottom:(a) limit cycleoscillations,atτ � 7 � 47ns;(b) two-frequency quasi-periodicity,
at τ � 7 � 09 ns; (c) chaos,at τ � 6 � 92 ns.The broadbandbackgroundin (c) is muchhigherthanin (b),
indicatedby thedashedreferencelinesat -70dBm.

intensityamplitudesmodulatedat a certainsecondfrequency, andfinally to a chaotic
statewheretheintensitiesvary irregularly. As limited by thesamplingrateof theoscil-
loscope,thepulsesareunder-sampled,resultingin largedigitizing errors.To avoid the
digitizing errors,thepower spectraaremeasuredwith anRF spectrumanalyzer. From
thepowerspectra,it is clearthatin Fig. 2(a)thereis only onefundamentalfrequency at
f1

� 650MHz. Thesmallripplesin thespectrumindicatethatthereis small instability
in thelaser. Thenin Fig. 2(b),asecondfrequency at f2

� 140MHz, whichcorresponds
to the inverseof the delay time, is as significantas f1. The two frequenciesf1 and
f2 areincommensurateandthesystemis in a two-frequency quasi-periodicoscillating
state.Finally in Fig. 2(c), thespectrumis broadenedasthesystementersachaoticpuls-
ing state.Thoughsomeof the sharpspectralpeaksremainin Fig. 2(c), the broadband
background,a characteristicof chaos,is muchhigherin Fig. 2(c) thanin Fig. 2(b), as
indicatedby thedashedreferencelinesat -70 dBm.Thebig dot in thePoincaŕe section
in Fig. 2(a) correspondsto regular oscillations.The sizeof the dot is an indicationof
thenoisein thedata.Despitethenoiseandtheunder-samplingthetoroidalnatureof the
attractorfor τ � 7 � 09 nscanclearly beseenasa diffusedclosedcurve in Fig. 2(b). In
Fig. 2(c) thespreadof thePoincaŕeplot indicatesthetransitionto chaos.

Overall thenumericalandexperimentalresultsshow goodagreement.Thepredicted
quasi-periodicrouteto chaosis experimentallyobserved.
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FIGURE 3. Experimentalresultof chaoticsynchronizationwith c=0.6.(a) Time seriesof transmitter
andreceiver. (b) Correlationdiagramof thetransmitteroutputvs. thereceiveroutput.

CHAOS SYNCHRONIZATION

The schematicsetupof the synchronizationexperimentis shown in Fig. 1, wherea
fractionof the transmitter’s chaoticoutputintensityis detected,amplifiedandcoupled
into the driving currentof the receiver. The receiver is itself a delayedoptoelectronic
feedbacklaser. As in ourwork onthesynchronizationof dopedfiberring lasers[8, 9] we
includethefactorc, with 0

�
c

�
1, to indicatethepercentageof thetotalfeedbacksignal

in thereceiverwhichis from thetransmitter, while 1 � c correspondsto thefractionfrom
thereceiver. Whenc � 1 thereis nofeedbacksignalin thereceiverandwecall thisopen
loop. When c � 0 the transmitterand receiver are completelydecoupled.We denote
by T the transmissiontime; the time associatedwith thepropagationof thesignalthru
the openair ’channel’ to the receiver system.When the transmitterand receiver are
identical,astatewherethedynamicalvariablesof bothareequalin timeis asolutionfor
thecoupledsystem.We foundnumerically, thatfor c roughly0 � 4 or larger, thissolution
is stableandsynchronizationof the electricfield andthe carrierdensityin transmitter
andreceiver is accomplishedbothwith andwithoutspontaneousemissionnoise[5]. We
furthermoreshowedin [5] thatsynchronizationis mostsensitiveto parametermismatch
in the delay time, with small synchronizationerrors for mismatchesof up to a few
percentfor any otherparameter.

To achieve synchronization,the laserparametersarematchedby carefully choosing
apair of lasersfrom thesamebatchwith theclosestcharacteristicsandthenfine-tuning
their operatingconditions.Fig. 3 shows the experimentalresultsfor synchronization
with c � 0 � 6, a configurationwhere the feedbackloop in the receiver is closed.A
comparisonof the time seriesin Fig. 3(a) shows that they arealmostidentical.Note
that the time seriesin Fig. 3(a) are shifted in time by the transmissiontime T (see
Fig. 1) to bettershow thesynchronization.Thecorrelationplot Fig. 3(b) is obtainedby
plotting the transmitteroutputvs. the receiver output.Thedatais distributedalongthe
45� line, indicatingidenticalsynchronization.Thequality of synchronizationis limited
by both the intrinsic laser noise and the finite bandwidthand samplingrate of the
oscilloscope.We calculatethe correlationcoefficient ρ of the transmitterandreceiver
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FIGURE 4. Schematicexperimentalsetupfor thechaoticcommunicationscheme.LD: laserdiode;PD:
photodetector;A: amplifier;m(t): message

outputto quantify thequality of synchronization.For thedataof Fig. 3 thecorrelation
coefficient is ρ � 0 � 82.

In [10] we find that thequality of synchronizationincreasesrapidly for c � 0 � 4 and
is largest for the openloop configuration.The quality of synchronizationdropsfast
whenthemismatchof thedelaytime is larger thana few percent.Sincetheopenloop
configurationwith c � 1 doesnot have theproblemof delaytime mismatchandshows
the highestquality synchronization,c � 1 is the preferredconfigurationfor chaotic
synchronizationandcommunicationwith this delayedoptoelectronicfeedbacksystem.

CHAOS COMMUNICATION

Theachievementof synchronizationof two chaoticsemiconductorlaserswith optoelec-
tronic feedbackallows us to employ communicationschemesin which the messageis
put into thetransmitterdynamicsvia a reversibleoperation,e.g.additionor multiplica-
tion. Thetransmittedsignalis thenacombinationof themessageandthechaoticoutput
of the transmitter. Sinceon the receiver sidewe know the expectedchaoticoutputof
thetransmitter, dueto the identicalsynchronization,we canusetheexpectedoutputto
extract themessagefrom the receivedsignal.In [5] we evaluatednumericallytheper-
formanceof a multiplicativecommunicationschemeandfoundfavorablebit errorrates
for awide rangeof thec factor. Herewe reporttheresultof anexperimentin which the
reversiblefunctionis addition[11].

The schematicexperimentalsetupis shown in Fig. 4, wherewe usethe openloop
configurationc � 1. It is importantto notethat the messagesignalm(t) entersthe dy-
namicsof thetransmittervia thefeedbackloop.Thereforethecombinedsignalof output
plusmessageenterssymmetricallyboththetransmitterandreceiver, which ensuresthat
synchronizationis maintainedwhenwe transmitinformation.

Fig. 5 shows the resultsof an encoding/decodingexperimentof narrow pulseswith
100 MHz repetitionrate.The time seriesof the pulseencoding/decodingis shown in
Fig. 5. The top trace is the received signal with the messageencoded.The second
traceis the local receiver laseroutput, which is due to the synchronizationequal to
the transmitteroutput before the addition of the message.The messageis therefore
recoveredby subtractingthe receiver output (secondtrace) from the received signal
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FIGURE 5. Encoding/decodingof digital pulseswith 100MHz repetitionrate.Timeseriesof received
signal (top), receiver laser output (middle), recovered digital message(third), and original message
(bottom).

(top trace).The recoveredmessageshows good quality of decodingas indicatedby
the recoveredpulsetrain in the third trace,which is to be comparedwith the original
‘message’,which is asetof periodicpulses,in thebottomtrace.

In conclusion,we demonstratedthatoptoelectronicfeedbacklasersexhibit high fre-
quency chaoticoscillationsand enterchaosvia a quasi-periodicroute. We achieved
chaossynchronizationof two suchsystems.We furthermoredemonstratedthata high-
speedpulsingmessagecanbesuccessfullyencodedanddecoded.Sincethetransmitter
andreceiver remainsynchronizedwhena messageis transmittedthebit rateof theen-
codedmessagecan be possiblyas high as the repetitionrate of the chaoticpulsing,
which is about600MHz at presenttime. With evenfastercomponentsthebit ratecan
beimprovedto multigigabits persecond.
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