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To increasethe transmissioncapacityof future communicationnetworks is becomingvery
critical. This taskcanonly beaccomplishedby takingadvantageof opticalnetworkswhere
multiplexing techniquessuchasDenseWavelengthDivisionMultiplexing (DWDM) andOp-
tical Time Division Multiplexing (OTDM) areemployed. To avoid electronicbottlenecksa
whole new generationof ultrafastdevices is needed.To fulfill theseneedsa new classof
all optical deviceshasbeenproposedanddeveloped. By taking advantageof the nonlinear
dynamicsin semiconductoroptical amplifiersin combinationwith the fiber interferometers
a new generationof ultrafastall-optical demultiplexersandwavelengthconvertershasbeen
demonstrated.Other switching technologiesare also promisingfor the future. The latest
technologiesin the areaof micro-machininghave createdvery attractive low costMEMS.
Recentlyannounceduseof bubbletechnologyfor all-opticalswitchingmightalsoleadto the
developmentof next generationlargescaleswitchingfabrics. This paperis an overview of
therecentdevelopmentin theseareas.

PACS: 42.79.Sz,42.79.Ta

1 Intr oduction

Theexplosivegrowth of theInternethasplacednew demandson thebandwidthof thephysical
transportlayerof thebackbonenetwork. While optical technologyhasbegunsatisfyingthede-
mandwith highbandwidthdensewavelengthdivisionmultiplexed(DWDM) point-to-pointlinks,
switchingandroutingpacketshasbeenperformedusingelectronichardware.Althoughelectron-
ics is sufficient for packet routingtoday, thetremendousgrowth in datatraffic predictedover the
next 5 yearswill pushelectronicsto its fundamentallimits. Currentelectronicsthatswitchand
routepacketson theInternetrely uponintegratedsilicon (Si), gallium arsenide(GaAs),andin-
dium phosphide(InP) devices.Froma physicsperspective, it is not likely that thesetechnology
will achieve terahertzspeedneededfor switching in the future Internet. New techniquesare
neededto alleviate the potentialelectronicbottleneck. It appearsthat optical technologywill
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be the only technologycapableof achieving multi-terabit/secondcommunications.For future
generationsof opticalnetworksto utilize thefull bandwidthof opticalfiber, weexpectdatarates
on eachindividual channelin DWDM networks to exceedthe practicalbit-rateof the driving
electronics.To accommodatesuchhighdatarates,individualwavelengthchannelsmaybecom-
posedof modulated,picosecondmode-locked laserpulsesfrom eachdatasource. Thesenew
systemswill opticallyaggregatetraffic from many usersinto unique,closelyspacedtimeslotsto
achieve extremelyhigh datarateson eachwavelength.By utilizing optical time division multi-
plexing (OTDM) technologies,thecontinuedgrowth in capacityof fiber optic networkscanbe
assured.Recentadvancesin OTDM haveproventhis technology’stremendousability to perform
highbandwidthswitchingamongalargenumberof portswhile offeringaggregatecapacitiesthat
exceedcurrentelectronicswitchedrouters. Researchgroupsthroughoutthe world have begun
exploringOTDM all-opticalswitchingtechniques.

2 All-optical devices

All-optical switchesand demultiplexers are fundamentalbuilding blocks for enablingfuture
OTDM systems[1]. Semiconductoropticalnonlinearitieswith long recovery times( � 100ps)
have beenusedto demonstrateefficient interferometricall-optical devicesthat promiseto de-
liver switchinganddemultiplexing on terabit/sdatastreams.Thesenonlinearitiesaretypically
basedupona resonantexcitation in actively-biasedopticalamplifiersor passive semiconductor
nonlinearwaveguides.Extensiveexperimental[2-7] andtheoreticalanalysis[7-11] hasbeenper-
formedon variousinterferometricconfigurationsof thesedevices.Dueto their compactdesign,
many of theseswitch architectureshave beenintegrated,indicating their feasibility for future
communicationsystems[12-17]. Opticalnonlinearitiesin semiconductorsarea very promising
areafor developingultrafastandefficient opticalswitches[1]. Opticalswitchesusingactively-
biasedsemiconductoropticalamplifiers(SOAs) asthenonlinearswitchingelement,have been
usedto demonstrateswitchingin systemsusinglow controlpulseenergy (250fJ) [18]. Although
passive deviceshave demonstratedthe shortestswitching windows to date( � 200 fs) [3], the
passive bandfilling effect typically requiresmore optical control energy than actively- biased
SOAs. Gain saturationinducedbandfilling in active SOAs is enhancedby stimulatedemission
andthereforerequireslower controlpulseenergy to generatesufficient nonlinearityfor switch-
ing [16]. Also othersub-picosecondnonlinearitiesin semiconductorscanbeexploitedto achieve
ultrafastswitching[1] andall-opticalmodulation[19].

2.1 Interfer ometric devicesfor all-optical processing

Interferometricdevicesfor opticalprocessinghavebeenof greatinterestto theresearchcommu-
nity for sometime [20] andgainedmomentumin theresearchcommunitywith thedevelopment
of nonlinearoptical loop mirrors (NOLMs) [21-23]. Thesedevices,which simply consistof a
2x2couplerandalong loopof fiber formedby joining thetwo fibersof oneof thecoupler’sends
together, rely uponweaknonlinearinteractionsbetweenacontrolandasignalpulseasthey both
co-propagatearoundthe loop. If the nonlinearinteractionis sufficiently large,a phaseshift in
thesignalpulsepropagatingwith the controlpulsecanbe inducedwith respectto the counter-
propagatingsignalpulsewhichdoesnot travel with thecontrolpulse.Thechangein phasealters
theinterferenceconditionat thebaseof theloop whenthesignalsrecombineat thecouplerand
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switchesthe signal to the outputport. Signalsenteringthe loop in the absenceof the control
pulse,do not experienceanappreciablephasechangeandarereflectedbacktowardthesource.

The switchingwindows for NOLMs canbe madevery shortasthey typically only depend
uponthecharacteristicsof thecontrolpulseandtheresponseof thenonlinearity. Indeed,switch-
ing experimentswith temporalwidths of 620 fs have beenachieved [24]. However, NOLMs
dependupona weaknonlinearinteractionin thefiber which usuallyrequireshigh controlpulse
energies( � 1 pJ)andlong fiber loop lengths( � 100m) to generatea significantphaseshift. Al-
thoughtherearemany techniquesto reduceboththecontrolpulseenergy requirementsandloop
lengths[23,25], practical,compactdevicesfor commercialopticalcommunicationsystemshave
yet to berealized.

Findinga techniqueto reducethecontrolpulseenergy andfiber lengthsrequiredin NOLMs
relieduponusinga nonlinearmaterialotherthanfiber. Many groundbreakingexperimentswith
semiconductoroptical amplifiers(SOAs) insertedinto the loop demonstratedthat low energy
optical pulsescould changethe gain of the amplifierssufficiently to producesignificantphase
shiftsin subsequentpulsespassingthroughtheamplifier[26]. As theseintegratedsemiconductor
amplifierswereveryshort( � 1 mm)they becameapracticalalternativeto generatinganoptically
inducednonlinearity. Additionally, the temporalonsetof the phaseshift wasnearlyasfastas
the rising edgeof the control pulse[27]. Unlike non-resonantfiber nonlinearity, however, this
resonant,interbandnonlinearityin thesemiconductormaterialhasa longrelaxationtime(100to
500ps). Efforts weresoonunderway to form a new classof switchingdevicesbaseduponthe
efficient resonantnonlinearityin SOAs to inducea differentialphasechangebetweenthe two
signalpulsescounter- propagatingin thefiber loop. Thefirst device developedwasknown asa
semiconductorlaseramplifierin a loopmirror (SLALOM) andwasusedto investigate”contrast
enhancementandopticalcorrelation”[28]. Althoughtherising edgeof the temporalswitching
window wasafew picoseconds,thewindow’sfalling edgedependeduponthegainrecoverytime
of theSOA whichwasapproximately400ps[28].

The last innovationto producepicosecondswitchingwindows with SOAs wasanarchitec-
tural realization.It wasdiscoveredthatthetemporaldurationof thewindow couldbecontrolled
by changingtheasymmetricplacementof theSOA. Due to thedynamicsof this configuration,
theswitchingwindow actuallyclosesearlier thanthe recovery time of the SOA asthe SOA is
movedcloserto themidpoint. Fig. 1 shows a schematicdiagramof this device known asa Ter-
ahertzOptical AsymmetricDemultiplexer (TOAD) [2]. In the absenceof a control pulse,data
pulsesenterthe fiber loop, passthroughthe SOA at differenttimesasthey counter-propagate
aroundthe loop, and recombineinterferometricallyat the coupler. Sinceboth pulsesseethe
samemediumasthey propagatearoundtheloop, thedatais reflectedbacktowardthesource.In
thepresenceof thecontrolpulse,switchingcanoccur. Whena controlpulseis injectedinto the
loop, it saturatesthe SOA andchangesits index of refraction. As a result,a differentialphase
shift canbeachievedbetweenthetwo counter- propagatingdatapulsesto switchthedatapulses
to theoutputport. Only thepulsesthatco-propagatewith andtravel justbehindthecontrolpulse
by up to twice the optical path lengthof the SOA offset areswitchedto the outputport. All
subsequentpulseswill eitherseean unsaturatedamplifieror a slowly recoveringamplifierand
will bereflectedbacktowardthesource.A polarizationor wavelengthfilter is usedat theoutput
to rejectthe controlandpassthe switcheddatasignal. The temporaldurationof the switching
window is determinedby the offset of the SOA, ��� , from the centerpositionof the loop. As
this offset is reduced,theswitchingwindow sizedecreases.Thesizeof the nominalswitching
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window duration,�
	��� , is relatedto the offsetpositionby �
	����������������������� � (where �!�"����� � is
thespeedof light in fiber).

∆

Fig. 1. Schematicdiagramof ultrafastall-opticaldemultiplexers:a) TheTOAD; b) CPMZandSMZ.

By preciselycontrolling the offsetpositionof the SOA, very shortswitchingwindows can
beachieved. Demultiplexing of a singlechannelfrom a 250-Gb/sdatastreamhasbeendemon-
strated[29]. The practicalcontrol anddatapulseenergy requirementsmake it well-suitedfor
typical communicationsignalpowers. As the sizeof the device only dependsupon the SOA
lengthandoffsetfrom thecenterpositionin theloop,compactTOADs basedupondiscretecom-
ponentshave beenconstructedwith loop lengthsof lessthan0.5 meter. The TOAD is robust
to temperaturevariationsandcanbereliably operatedwithout stabilizationasdatasignalsprop-
agatingin both directionsaroundthe loop experiencethe sameeffective medium. This device
and its other variationsmay prove to be a practicalapproachto all-optical switching as they
canbe integratedusinga varietyof techniquesthat arediscussedin this Section2.2. The first
experimentsto evaluatethe performanceof the TOAD consistedof aggregatingseveral pulses
in time to form an ultrafastOTDM frame. Typically onepulsein the middleof the framewas
modulatedwith apseudorandomdatapatternwhile theneighboringpulseswereall setto 1. The
demultiplexerwasusedto selectedthemodulateddatasignalfrom theultrafasttime frame.The
first experimentdemonstratedthe TOAD’s ability to switch pulsesfrom a 50 Gb/stime frame
to a basebandrateof 1.25 Gb/s [2]. This wassubsequentlyfollowed by a 250 Gb/sdemulti-
plexing experiment[29] anderror-freedemultiplexing from a continuous160-Gb/sdatastream
[33]. Notablein all of thesedemonstrationswasthelow controlpulseenergy ( � 1 pJ)neededto
performthedemultiplexing function.

AlthoughtheTOAD is basedupona Sagnacinterferometer, otherinterferometricconfigura-
tionsarepossibleusinga similar operatingprinciple.Thesearchitecturesimprovetheintegrata-
bility andperformanceof thedevicealthoughthey mayrequireactivestabilizationif constructed
from discretecomponents.Two variationsof theswitchin a Mach-Zehnderinterferometercon-
figuration are shown in Fig. 1b. In the absenceof the control signals,the Mach-Zehnderis
balancedso that datasignalsarerejectedat the outputport. Whencontrol pulsesare injected
into the interferometer, a differentialphaseshift is briefly introducedbetweenthe two armsof
theinterferometercausinga datapulseto beswitchedto theoutputport. Similar to theTOAD,
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subsequentdatapulsesthatpassthroughtheswitchseetheslow recoveryof bothSOAs andare
rejected.Thedifferencesbetweenthetwo Mach-Zehndergeometriesshown is with respectto the
propagationdirectionof controlanddatasignals.In theColliding PulseMach-Zehnder(CPMZ)
shown in Fig. 1b, thedataandcontrolsignalscounter-propagatethroughtheinterferometer. As
a result,a filter is not neededat theoutputto rejectthecontrol,andthecontrolcanbecoupled
into the interferometerwithout introducingadditionalcouplinglosses.The nominalswitching
window for the CPMZ is determinedby the distancebetweenthe midpointsof the SOAs such
that � 	��� �#��������� �"����� � . Theotherarchitectureknown astheSymmetricMach-Zehnder(SMZ)
shown in Fig. 1b requiresa filter at theoutputport to rejectthecontrol from theswitcheddata
signalsincedataandcontrol signalsco-propagate.Assumingthe SOAs arepositionedin the
samerelative locationwithin the interferometer, thenominalswitchingwindow for theSMZ is
determinedby the temporalcontrol pulseseparation,��$ , of Control 1 andControl 2 prior to
enteringthe interferometersuchthat � 	��� ����$ . Althoughthenominalswitchingwindow size
providesanestimateof theswitchingwindow temporalduration,it doesnotaccountfor thefinite
lengthof theSOAs. While theSOA lengthhaslittle effect on theSMZ geometry, theminimum
achievableswitchingwindowsfor boththeTOAD andCPMZareconstrainedby thelengthof the
SOAs [7, 8]. Many theoreticalmodelshavebeendevelopedto understandtheultrafasttemporal
responseof SOAs [27, 30-32]andthecharacteristicsof theseopticalswitches[7-11].

With the successfuldevelopmentof all-optical demultiplexing, many new techniqueshave
beenusedto enhancethe performanceof thesedevices. As the optical switching function is
basedupon gain saturationin an SOA, the repetitionrate of the demultiplexing operationis
somewhatlimited by therecovery time of theamplifier. Novel opticalbiasingtechniquesusing
CW light have significantly reducedthe recovery time [34]. It hasbeenestimatedthat these
techniquesmay enablethe optical switch to function at repetitionratesapproaching100 GHz
[35]. Otherdemonstrationshave shown that theTOAD canbesuccessfullyusedto demultiplex
many wavelengthssimultaneouslyfrom anaggregatedOTDM/WDM datastream[36].

Gain-Transparent SOA-Switch Dual wavelengthoperationof the TOAD/SLALOM config-
urationknown asthe Gain-TransparentSOA-Switch (GT SOA-Switch) hasbeenproposedand
demonstrated[37]. Thisdevice (Fig. 2) usesadatasignalata longerwavelength(1.55 % m) than
thecontrolsignal(1.3 % m) sothatit is far from thebandedgeof theopticalamplifier. Thetech-
niqueenhancesthesignal-to-noiseratio of thedevice andcanimprove theswitchingcontrastat
theoutput. TheGT SOA-switch hasbeensuccessfullyappliedasanadd/dropmultiplexer [37]
andto simultaneousdemultiplexing of severalwavelengthchannelsfrom anOTDM/WDM data
stream[38]. On otherhanddualwavelengthoperationof sucha switchcouldbe to difficult to
implementin therealopticalnetwork.

Ultrafast Nonlinear Interferometer (UNI), developedat MIT Lincoln Labs,is anotherultra-
fastall-optical OTDM switch usingan SOA asthe nonlinearelementin a single-arminterfer-
ometer[4] (Fig. 3). By usinga long lengthof Birefringent(PM) Fiber to separateorthogonally
polarizedcomponentsof datapulsesin time,acontrolpulsecanbeintroducedpreciselybetween
the componentsof a datapulse. Whenthesecomponentspassthroughthe SOA, only the data
pulsewhosecomponentsareseparatedby thecontrolpulsewill experiencea differentialphase
change.As a result,whenthepulsesarerealignedby anotherlong lengthof PM fiber, thecom-
ponentswill interferewith eachother. Only the pulsewhich experiencesthe differentialphase
changeinducedby the control pulsewill be passedto the Outputthroughthe PolarizationFil-
ter (PM Filter). Although the TOAD/SLALOM andthe UNI shareseveral characteristics,the
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Fig. 2. GT SOA-Switch in Sagnac-interferometerTOAD/SLALOM configuration.

Fig. 3. Schematicdiagramof UltrafastNonlinearInterferometer(UNI).

integratabilityandpracticalityof theUNI arelimited by thelong lengthsof PM fiber neededto
inducethepolarizationwalk-off.

The switchingwindow of the UNI is determinedprimarily by the birefringenceof the PM
fiber usedto separateorthogonallypolarizedcomponentsof the datapulsesin time. Enough
walk-off is requiredto insertacontrolpulsebetweenthesetwo pulses.At aminimum,thewalk-
off shouldbe longerthanthe control pulsewidth. Like any otherSOA basedswitch, the UNI
is limited by intrabandcarrierdynamicsandcarrierheating.Switchingwindows of about1 ps
canbeexpected.Theswitchingrepetitionratecanbelimited by thecarrierrecombinationtime
in the SOA. However, 100 GHz repetitionratesfor bitwise logic functionshave beenreported
[39]. As with any SOA-basedswitch,theUNI alsohasanoisebackgroundaddedto theswitched
signaldueto spontaneousemissionfrom theSOA. Noisefiguresin therangeof 6 dB aretypical
for SOAs. Filtering andother techniquescanbe usedto reducethe accumulationof noisein
the signal for cascadeddevices. Sincethe UNI requiresat least15 m of PM fiber to produce
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the switching window [4], it is not likely that it will be easyto integrate. Sincethe UNI is
dependentuponbirefringenceto achieve switching,thesystemmustuseextensive polarization
controlthroughoutthenetwork to maintainreliability.

Nonlinear Waveguide (NLWG) Switch. Recordbreakingopticaldemultiplexing hasrecently
beenreportedby agroupatNECResearchworkingonadeviceknown asanonlinearwaveguide
(NLWG) switch.Thegroupachieved1.5Tb/sdemultiplexing with a200fs switchingwindow at
a repetitionrateof 10 GHz [3]. Thedevicesusesa Mach-Zehnderinterferometerconfiguration
andpassive semiconductorwaveguidesspatiallyoffset within the armsto produceswitching.
This approachis very similar to the SMZ-TOAD configurationexcept that the semiconductor
nonlinearwaveguidesarenot actively biased.The NLWG switch usesdataandcontrol pulses
sufficiently separatedin wavelengthto producea bandfillingeffect in thesemiconductorwaveg-
uide. First, an interferometeris built using NLWGs in the arms(this may include a Sagnac,
Mach-Zehnder, or evensingle-arminterferometerlike theUNI). Whena controlpulseis intro-
ducedinto thedeviceatanappropriatewavelength,it is absorbedby theNLWG. Theabsorption
createsan instantaneousrefractive index changein the materialthroughthe bandfilling effect.
Subsequently, datapulseswhich traversetheNLWG immediatelyafterthecontrolpulsecanex-
periencea differentialphasechangeneededto produceswitchinganddemultiplexing. Thedata
andcontrol pulses,which have differentwavelengths,areseparatedat the outputof the device
usinga bandpassfilter. Theswitchingwindow achievedin themostrecentdemonstrationof the
NLWG switch is the shortestto date( � 200 fs). The small temporalwindow is a resultof the
nearlyinstantaneousindex changeof thesemiconductormaterialfrom thecontrolpulse.Unlike
active SOA-baseddemultiplexers,the NLWG is a passive structurewhich doesnot exhibit in-
trabandcarrierdynamicsor carrierheating.Thenonlinearresponsecanbealmostasfastasthe
rising edgeof the control pulse. Thecontrol pulseenergy requirementof theNLWG device is
oneof its major limitations. SincetheNLWG is passive, a significantamountof photonsmust
beabsorbedin thematerialto achieve an adequatephaseshift for switching. For the InGaAsP
waveguidesat 1.55 % m, a controlpulseof nearly5 pJis required(afteraccountingfiber-to-chip
couplinglosses).To date,couplingefficienciesof only 10%have beenachieved. As a result,a
systembuilt with NLWG demultiplexerswould requirecontrol pulseenergiesof almost50 pJ.
Sincethe NLWG is passive, it is not likely that the control pulseenergy canbe reducedmuch
beyonda few tensof picojoules.This greatlylimits thedevice applicationto practicalsystems.
Noisefigureof a passiveswitchis typically not aproblemandestimatedto belessthan2 dB for
thesedevices. Switchingrepetitionratesof 40 GHz have beenexperimentallydemonstratedby
theNEC group[40].

2.2 Integration of All-Optical devices

We briefly review the progressthathasbeenmadein this area.While all of discusseddevices
presentedcanbeconstructedfrom discretecomponents,practical,high performanceall-optical
switchesfor commercialsystemswill most likely take advantageof photonicintegrationtech-
nology.

Integrated all-optical switches. The Sagnac,Mach-Zehnder, andMichelsoninterferometer
all-opticalswitchgeometrieshave beenintegratedby variousgroups.In orderto fabricatethese
devices,bothmonolithicandhybrid technologieshave beenused.Thefirst monolithically inte-
gratednonlinearSagnacinterferometercapableof demultiplexing from 20 Gb/sto 10 Gb/sor 5
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Gb/swasdemonstratedby the HeinrichHertz Institute(HHI) in 1996[12]. Both the colliding
pulseMach- Zehnder(CPMZ) andsymmetricMach-Zehnder(SMZ) geometrieshave beenin-
tegratedandsubsequentlydemonstratedashigh-speeddemultiplexersby many groups[13-16].
AlthoughtheMach-ZehnderconfigurationrequiresadditionalSOAs andcouplersascomparedto
theSagnacdevice, theMach-Zehnderstructuresaremorepracticalto fabricatesincethey donot
requirea large loop radiuswhich may leadto bendinglossesin the waveguides.Furthermore,
the SMZ hasthe inherentadvantagethat it exhibits the shortestswitching window in the co-
propagatingconfiguration.Finally, anSOA-basedopticalswitchusinganintegratedMichelson
interferometerwasusedto demonstratedemultiplexing from 20 to 5 Gb/s[17]. TheMichelson
configurationmay be a practicalapproachto integratedswitchingasanti-reflectioncoatingis
only appliedto onesideof thedevice andonly two fiber-to-chipcouplingsarenecessaryfor its
operationasademultiplexer [17].

Thehighestperformancefor demultiplexing hasbeendemonstratedusingtheMach-Zehnder
structures.BoththeCPMZfabricatedby HHI andtheSMZ fabricatedby Alcatelhavebeenused
to optically demultiplex from 40 to 10 Gb/s [13, 14]. The Alcatel monolithic SMZ is an all-
activedeviceasall waveguidescontainanactiveSOA elementfabricatedon thesamesubstrate.
This device improvesthe optical power requirementsby providing additionalgain to account
for fiber-to-chipcouplinglosses.A high performancemonolithically integratedSMZ wasalso
demonstratedby a collaborationamongthe SwissFederalInstituteof Technology, University
of Denmark,andFranceTelecom. This groupachievedreliabledemultiplexing from 80 to 10
Gb/s[15]. The highestperformancefor an integratedSMZ to datehasbeenachieved usinga
hybrid techniqueemployedby NEC [16]. Fiber guidesandpassive silica waveguidesarefirst
fabricatedontoa silicon planarlightwave circuit (PLC). Theactive SOA arraychip is thenflip
chip mountedonto thePLC. Recently, NEC usedthis chip to demonstratedemultiplexing from
168Gb/sto 10Gb/s[16]. As integrationtechnologyin thisareacontinuesto mature,deployment
of high performanceopticalswitchesin commercialsystemsbecomespossible.

Integrated all optical wavelength converter. Wavelengthconversionis oneof thekey func-
tionswhichmustbeperformedin existingDWDM opticalnetworks.In currentopticalnetworks
in order to performconversionfrom wavelength &�' to wavelength &)( , an optical signalat &�'
mustbe first detectedby a photoreceiver, thenconvertedinto an RF signal. This RF signal is
now usedto modulatea cw DFB laserto generatethe requireddataat the new wavelength &�( .
Thisprocessis relatively slow andcreateselectronicbottlenecksin existingsystems.Thiscanbe
avoidedif wavelengthconversionis doneall-optically for exampleusingnewly developedInte-
gratedAll-Optical WavelengthConverter1901ICM from Alcatel. Fig. 3 is aschematicdiagram
of suchadevice. Thisconverterexploitscross-phasemodulationin anintegratedMach-Zehnder
(MZ) interferometerbasedon anall-active MZ-SOA structure.An input modulatedsignalat a
wavelength& ' modulatesthecarrierdensityin theSOA insideof theinterferometer, producing
a modulationof its refractive index. This in turn leadsto phasemodulationof an injectedCW
beamat the desiredoutputwavelength & ( , which is convertedto amplitudemodulationvia the
MZ interferometer. Thesignaldatapatternis thereforetransferredto thenew wavelength&�( .

Thenonlineartransferfunctionof thedeviceallowsbothenhancementof thesignalextinction
ratioandcompressionof theopticalnoiseamplitude.
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Fig. 4. All-Optical InterferometricWavelengthConverter- schematicdiagram.

3 Opto-mechanicalswitching devices

While thepreviousanalysisin Chapter2 only consideredinterferometricbasedall-opticalswit-
ches,othermechanismsfor opticalswitchingarealsobeingpursuedvigorously. Themostcom-
monopticalswitchingfabricthatis currentlybeingintegratedinto commercialpacketswitching
systemsis baseduponmicro-electro-mechanicalsystemsor MEMS. Simpleembodimentsof the
MEMS technologyincludemovablemicro-mirrorsthat routebeamsof light accordingto their
destination. Early this yearAgilent Technologiesgaineda lot of attentionby announcingits
capabilityto usea bubbletechnologyfor optical switchingandrouting. Thesetwo promising
technologiesarediscussedin this section.

3.1 Movable Mirr or Ar chitectures

Oneof theleaderin MEMS technologytodayis LucentTechnologies.Lucentis poisedto offer
their first all-optical routing systemthis yearcalledthe WaveStarLambdaRouter. The Lamb-
daRouterusesa 256x256array of movable mirrors to direct light from one fiber to another.
Advantagesof the MEMS architectureinclude scalability, low power consumption,low loss,
compactsize,andprotocol transparency. Lucent’s currentsystemcansupportsinglechannel
dataratesashigh as40 Gb/s. MEMS offers a simplesolution to the optical switchingprob-
lem andavoids the electronicconversionrequiredin standardroutersbut the applicationsarea
is somewhat limited. SinceMEMS areinherentlymechanical,they are limited in speed.The
LucentLambdaRoutercanmove its mirrors only on a time scaleof 10 ms. While this is ap-
propriatefor opticalcircuit switchingandopticallayerrestorationprotectionswitching,it is not
nearlyfastenoughto supportswitchingon apacket-by-packetbasisrequiredby IP routing.Fur-
thermoreelectronichardwaremuststill beusedto obtaintherouting informationto control the
switch. Due to the mechanicalnatureof MEMS, long-termreliability andpackagingarestill
critical issuesin thesesystemsthat will be proved over time. Additional advancesin MEMS
will mostlikely beableto upgradethespeedof theseswitches.TheMEMS basedswitcheswill
mostlikely interconnectserviceprovidersandlargecities wherecontinuoustraffic streamsare
establishedfor longerperiodsof timebetweenfixedlocations.

3.2 Bubble Technology

Agilent Technologieshasbeena pioneerof ink-jet technologyfor low-costcolor printers.This
sametechnologyhasnow beenappliedto an all-optical switch fabric andcommercialsystems
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are expectedby the end of year 2000. The currentprototypedemonstrationis a 32x32 all-
optical switching matrix. Thesenew photonicswitchesare basedon technologythat usesa
combinationof reliableinkjet andplanarlightwave circuit technologies.They accomplishthe
task of re-directinglight without the help of mirrors or any other moving parts. This switch
is composedof a vertical and horizontalarray of permanentlyalignedwaveguides. Light is
transmittedacrossa horizontalpath from the input to output port until a switch commandis
issued.Whencommanded,abubbleis createdat theintersectionof appropriatewaveguidesand
the light is reflecteddown a verticalpathto theswitchedport. This bubbleis formedusingthe
samereliabletechnologynow usedin inkjet printers. Like MEMS, bubbletechnologyhaslow
loss, format andprotocol transparency, andcompactsize. The bubble technologymay prove
to bemorereliablethanMEMS basedswitchessincethereis lessmoving partsinvolvedin the
switchingoperation.Little informationis availableaboutthecapabilitiesof thisnew, proprietary
technology. It is estimatedbaseduponthe ink-jet printing technology, that switching latency
will fall in the millisecondrange.TheAgilent switchmight find applicationsin optical circuit
switchingandopticallayerrestorationprotectionswitching.

4 Conclusions

Althoughelectronicshasmadegreatstridestowardsatisfyingtheswitchingbandwidthof future
communicationnetworks,it doesnot appearthatelectronicswitcheswill reachthetargetedter-
abit/secondregime even with the highestdegreeof parallelism. However, basedon presented
resultsthesenewly developingtechnologiesmight providea revolutionarybreakthroughin scal-
ability, bandwidth,reliability, and speed. In conclusion,Table I summarizesthe key device
parametersof thetechnologiespresentedin this paper.

TableI. Comparisonof four typesof opticalswitches.

Device Switching Repetition Control Pulse Noise Integrat.
Time Rate Energy (pJ) Figure(dB)

TOAD/SLALOM � 1 ps 100+GHz 0.25 6 YES
UNI � 1 ps 100+GHz 0.25 6 NO

NLWG 0.2ps 40+GHz 50 low YES
NOLM 0.8ps 100+GHz 50+ low NO
MEMS 10 ms � 1 kHz N/A N/A YES
Bubble 10 ms � 1 kHz N/A N/A YES
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