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To increasethe transmissiorcapacityof future communicatiometworks is becomingvery
critical. This taskcanonly be accomplishedy taking advantageof optical networks where
multiplexing techniquesuchasDenseWavelengthDivision Multiplexing (DWDM) andOp-
tical Time Division Multiplexing (OTDM) areemplo/ed. To avoid electronicbottlenecksa
whole newv generatiorof ultrafastdevicesis needed. To fulfill theseneedsa new classof
all optical deviceshasheenproposedanddeveloped. By taking advantageof the nonlinear
dynamicsin semiconductopptical amplifiersin combinationwith the fiber interferometers
a new generatiorof ultrafastall-optical demultiplexers andwavelengthconvertershasbeen
demonstrated.Other switching technologiesare also promisingfor the future. The latest
technologiedn the areaof micro-machininghave createdvery attractve low costMEMS.
Recentlyannouncediseof bubbletechnologyfor all-optical switchingmight alsoleadto the
developmentof next generationarge scaleswitchingfabrics. This paperis an overviev of
therecentdevelopmentin theseareas.

PACS: 42.79.5242.79. &

1 Intr oduction

The explosive growth of the Internethasplacednen demand®on the bandwidthof the physical
transportayerof the backbonenetwork. While opticaltechnologyhasbegunsatisfyingthe de-
mandwith high bandwidthdensevavelengthdivision multiplexed(DWDM) point-to-pointlinks,

switchingandroutingpacletshasbeenperformedisingelectronichardware. Althoughelectron-
icsis sufiicientfor pacletroutingtoday the tremendougrowth in datatraffic predictedoverthe
next 5 yearswill pushelectronicgo its fundamentalimits. Currentelectronicghat switch and
route pacletson the Internetrely uponintegratedsilicon (Si), gallium arsenidg GaAs),andin-

dium phosphidgInP) devices. Froma physicsperspectie, it is notlik ely thatthesetechnology
will achieve terahertzspeedneededfor switchingin the future Internet. New techniquesare
neededo alleviate the potentialelectronicbottleneck. It appearghat optical technologywill
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be the only technologycapableof achiezing multi-terabit/secondommunications.For future
generationsf opticalnetworksto utilize thefull bandwidthof opticalfiber, we expectdatarates
on eachindividual channelin DWDM networksto exceedthe practicalbit-rate of the driving

electronics.To accommodateuchhigh datarates,individual wavelengthchannelsnaybe com-
posedof modulated picosecondnode-locled laserpulsesfrom eachdatasource. Thesenew

systemawill optically aggreatetraffic from mary usersnto unique closelyspacedime slotsto

achiese extremelyhigh datarateson eachwavelength. By utilizing opticaltime division multi-

plexing (OTDM) technologiesthe continuedgrowth in capacityof fiber optic networks canbe
assuredReceniadwancesn OTDM have proventhistechnologystremendousgbility to perform
high bandwidthswitchingamongalargenumberof portswhile offeringaggreyatecapacitieshat
exceedcurrentelectronicswitchedrouters. Researctgroupsthroughoutthe world have begun
exploring OTDM all-optical switchingtechniques.

2 All-optical devices

All-optical switchesand demultiplexers are fundamentalbuilding blocks for enablingfuture
OTDM systemd1]. Semiconductopptical nonlinearitieswith long recovery times(> 100 ps)
have beenusedto demonstratefficient interferometricall-optical devicesthat promiseto de-
liver switchinganddemultiplexing on terabit/sdatastreams.Thesenonlinearitiesare typically
basedupona resonangexcitationin actively-biasedoptical amplifiersor passve semiconductor
nonlineawaveguides.Extensve experimenta[2-7] andtheoreticabnalysiq7-11] hasbeenper
formedon variousinterferometricconfigurationof thesedevices. Dueto their compactdesign,
mary of theseswitch architectureshave beenintegrated,indicating their feasibility for future
communicatiorsystemg12-17]. Optical nonlinearitiesn semiconductorarea very promising
areafor developingultrafastandefficient optical switches[1]. Optical switchesusingactively-
biasedsemiconductopptical amplifiers(SQAs) asthe nonlinearswitchingelementhave been
usedto demonstratswitchingin systemaisinglow controlpulseenegy (250fJ) [18]. Although
passve devices have demonstratedhe shortestswitching windows to date (~200fs) [3], the
passie bandfilling effect typically requiresmore optical control enegy than actively- biased
SQAs. Gainsaturationinducedbandfillingin active SQAs is enhancedy stimulatedemission
andthereforerequireslower control pulseenegy to generatesufficient nonlinearityfor switch-
ing [16]. Also othersub-picosecondonlinearitiesn semiconductorsanbeexploitedto achiere
ultrafastswitching[1] andall-opticalmodulation[19].

2.1 Interfer ometric devicesfor all-optical processing

Interferometriadevicesfor optical processindnave beenof greatinterestto theresearclcommu-
nity for sometime [20] andgainedmomentumin theresearcttcommunitywith the development
of nonlinearoptical loop mirrors (NOLMs) [21-23]. Thesedevices,which simply consistof a
2x2 couplerandalongloop of fiberformedby joining thetwo fibersof oneof the couplersends
togetheyrely uponweaknonlinearinteractionsdetweera controlanda signalpulseasthey both
co-propagataroundthe loop. If the nonlinearinteractionis sufficiently large, a phaseshift in

the signal pulsepropagatingwith the control pulsecanbe inducedwith respecto the counter

propagatingsignalpulsewhich doesnottravel with the controlpulse. Thechangen phasealters
theinterferenceconditionat the baseof theloop whenthe signalsrecombineat the couplerand
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switchesthe signalto the outputport. Signalsenteringthe loop in the absencef the control
pulse,do notexperienceanappreciablgghasechangeandarereflectedbacktowardthe source.

The switchingwindows for NOLMs canbe madevery shortasthey typically only depend
uponthecharacteristicsf the controlpulseandtherespons®f the nonlinearity Indeed switch-
ing experimentswith temporalwidths of 620 fs have beenachieved [24]. However, NOLMs
dependuponaweaknonlinearinteractionin thefiber which usuallyrequireshigh control pulse
enegies(>1 pJ)andlong fiber loop lengths(>100m) to generatea significantphaseshift. Al-
thoughtherearemary techniquego reduceboththe controlpulseenegy requirementsindloop
lengthg[23, 25], practical,compactdevicesfor commerciabpticalcommunicatiorsystemsave
yetto berealized.

Findingatechniqueto reducethe control pulseenegy andfiber lengthsrequiredin NOLMs
relieduponusinga nonlinearmaterialotherthanfiber. Many groundbreakingxperimentswith
semiconductooptical amplifiers (SQAS) insertedinto the loop demonstratedhat low enegy
optical pulsescould changethe gain of the amplifierssufficiently to producesignificantphase
shiftsin subsequemulsegassinghroughtheamplifier[26]. As thesdantegratedsemiconductor
amplifierswereveryshort(<1 mm)they becamea practicalalternatve to generatinganoptically
inducednonlinearity Additionally, the temporalonsetof the phaseshift was nearly asfastas
therising edgeof the control pulse[27]. Unlike non-resonantiber nonlinearity however, this
resonantinterbandnonlinearityin the semiconductomaterialhasalong relaxationtime (100to
500 ps). Efforts weresoonundervay to form a new classof switchingdevicesbaseduponthe
efficient resonannonlinearityin SQAs to inducea differential phasechangebetweenthe two
signalpulsescounter propagatingn thefiber loop. Thefirst device developedwasknown asa
semiconductolaseramplifierin aloop mirror (SLALOM) andwasusedto investigaté'’contrast
enhancemerdandoptical correlation”[28]. Althoughthe rising edgeof the temporalswitching
window wasafew picosecondghewindow’sfalling edgedependedponthegainrecoverytime
of the SQA which wasapproximately400ps[28].

Thelastinnovationto producepicosecondswitchingwindows with SQAs wasan architec-
tural realization.It wasdiscoveredthatthe temporaldurationof thewindow could be controlled
by changingthe asymmetrigplacemenbf the SQA. Due to the dynamicsof this configuration,
the switchingwindow actuallyclosesearlier thanthe recovery time of the SQA asthe SQA is
moved closerto the midpoint. Fig. 1 shavs a schematiaiagramof this device known asa Ter
ahertzOptical AsymmetricDemultiplexer (TOAD) [2]. In the absencesf a control pulse,data
pulsesenterthe fiber loop, passthroughthe SQA at differenttimesasthey counterpropagate
aroundthe loop, and recombineinterferometricallyat the coupler Sinceboth pulsesseethe
samemediumasthey propagateroundtheloop, thedatais reflectedbacktowardthe source.In
the presencef the control pulse,switchingcanoccur Whena controlpulseis injectedinto the
loop, it saturateshe SQA andchangests index of refraction. As a result, a differentialphase
shift canbeachievedbetweernthetwo counter propagatinglatapulsesto switchthe datapulses
to the outputport. Only the pulseghatco-propagatevith andtravel justbehindthe controlpulse
by up to twice the optical pathlength of the SQA offset are switchedto the outputport. All
subsequenpulseswill eitherseean unsaturatedmplifier or a slowly recoveringamplifierand
will bereflectedbacktowardthesource A polarizationor wavelengthfilter is usedat the output
to rejectthe controland passthe switcheddatasignal. The temporaldurationof the switching
window is determinedby the offset of the SQA, Ax, from the centerpositionof theloop. As
this offsetis reducedthe switchingwindow sizedecreasesThe size of the nominalswitching
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window duration, ., is relatedto the offsetpositionby 7,,;, = 2Ax/cfiper (Wherecspe, is
the speedodf light in fiber).

| —— -
N p | TOAD Data 2x2 SOA: ‘ Control
o AX [T Ax = [T
. - SOA
SOA 5 ‘ Control
CPMZ Output

Output
Filter |— -

Control 2 SMZ

a) b)

Fig. 1. Schematidiagramof ultrafastall-opticaldemultiplecers:a) The TOAD; b) CPMZ andSMZ.

By preciselycontrolling the offset position of the SQA, very shortswitchingwindows can
be achiered. Demultiplexing of a singlechannefrom a 250-Gb/sdatastreamhasbeendemon-
strated[29]. The practicalcontrol and datapulseenegy requirementsnale it well-suitedfor
typical communicationsignal powers. As the size of the device only dependauponthe SQA
lengthandoffsetfrom the centerpositionin theloop, compacfTOADs basedipondiscretecom-
ponentshave beenconstructedwvith loop lengthsof lessthan0.5 meter The TOAD is robust
to temperaturevariationsandcanbereliably operatedvithout 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 variety of techniquedhat arediscussedn this Section2.2. Thefirst
experimentsto evaluatethe performanceof the TOAD consistedof aggr@atingseveral pulses
in time to form an ultrafastOTDM frame. Typically onepulsein the middle of the framewas
modulatedwith a pseudorandordatapatternwhile the neighboringoulseswereall setto 1. The
demultiplexerwasusedto selectedhe modulateddatasignalfrom the ultrafasttime frame. The
first experimentdemonstratedhe TOAD's ability to switch pulsesfrom a 50 Gb/stime frame
to a basebandate of 1.25Gb/s[2]. This was subsequentlyollowed by a 250 Gb/s demulti-
plexing experiment{29] anderrorfreedemultiplexing from a continuousl60- Gb/sdatastream
[33]. Notablein all of thesedemonstrationgvasthelow controlpulseenegy (< 1 pJ)neededo
performthedemultiplecing function.

Althoughthe TOAD is basedupona Sagnadnterferometerotherinterferometricconfigura-
tionsarepossibleusinga similar operatingprinciple. Thesearchitectureémprove theintegrata-
bility andperformancef thedevice althoughthey mayrequireactive stabilizationif constructed
from discretecomponentsTwo variationsof the switchin a Mach-Zehndemterferometercon-
figuration are shavn in Fig. 1b. In the absenceof the control signals,the Mach-Zehndeiis
balancedso that datasignalsare rejectedat the outputport. When control pulsesareinjected
into the interferometera differential phaseshift is briefly introducedbetweenthe two armsof
theinterferometercausinga datapulseto be switchedto the outputport. Similar to the TOAD,
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subsequerdatapulsesthat passhroughthe switch seethe slow recovery of both SQAs andare
rejected.Thedifferencedbetweerthetwo Mach-Zehndegeometrieshovnis with respecto the
propagatiordirectionof controlanddatasignals.In the Colliding PulseMach-Zehnde(CPMZ)
shavnin Fig. 1b, the dataandcontrol signalscounterpropagatehroughthe interferometerAs
aresult,afilter is not neededat the outputto rejectthe control,andthe control canbe coupled
into the interferometemwithout introducingadditionalcouplinglosses. The nominal switching
window for the CPMZ is determinedby the distancebetweenthe midpointsof the SOAs such
that 7in = 2Ax/criver. The otherarchitectureknown asthe SymmetricMach-Zehnde(SMZ)
shawvn in Fig. 1b requiresa filter at the outputport to rejectthe control from the switcheddata
signal sincedataand control signalsco-propagate. Assumingthe SQAs are positionedin the
samerelative locationwithin the interferometerthe nominalswitchingwindow for the SMZ is
determinedby the temporalcontrol pulseseparationAt, of Control 1 and Control 2 prior to
enteringthe interferometeisuchthat r,;,, = At. Althoughthe nominalswitchingwindow size
providesanestimateof theswitchingwindow temporalduration,it doesnotaccounfor thefinite
lengthof the SQAs. While the SQA lengthhaslittle effect onthe SMZ geometrythe minimum
achievableswitchingwindowsfor boththe TOAD andCPMZ areconstrainedby thelengthof the
SQAs [7, 8]. Many theoreticaimodelshave beendevelopedto understandhe ultrafasttemporal
responsef SOQAs [27, 30-32]andthe characteristicef theseoptical switcheq7-11].

With the successfutlevelopmentof all-optical demultiplexing, mary new techniqueshave
beenusedto enhancehe performanceof thesedevices. As the optical switching function is
basedupon gain saturationin an SQA, the repetitionrate of the demultiplexing operationis
someavhatlimited by the recovery time of the amplifier Novel optical biasingtechniquesising
CW light have significantly reducedthe recovery time [34]. It hasbeenestimatedthat these
techniquesnay enablethe optical switch to function at repetitionratesapproachingl00 GHz
[35]. Otherdemonstrationfave shavn thatthe TOAD canbe successfullyusedto demultiplex
mary wavelengthssimultaneouslyrom anaggreyatedOTDM/WDM datastrean36].

Gain-Transparent SOA-Switch Dual wavelengthoperationof the TOAD/SLALOM config-
urationknown asthe Gain- TransparenSQA-Switch (GT SOA-Switch) hasbeenproposedand
demonstratef37]. This device (Fig. 2) usesadatasignalatalongerwavelength(1.55;m) than
thecontrolsignal(1.3 um) sothatit is far from the bandedgeof the opticalamplifier Thetech-
nigueenhanceshe signal-to-noiseatio of the device andcanimprove the switchingcontrastat
the output. The GT SQA-switch hasbeensuccessfullyappliedasan add/dropmultiplexer [37]
andto simultaneousiemultiplexing of severalwavelengthchanneldrom anOTDM/WDM data
stream[38]. On otherhanddual wavelengthoperationof sucha switch could be to difficult to
implementin therealopticalnetwork.

Ultrafast Nonlinear Interferometer (UNI), developedat MIT Lincoln Labs,is anotherultra-
fastall-optical OTDM switch usingan SQA asthe nonlinearelementin a single-arminterfer
ometer{4] (Fig. 3). By usingalonglengthof Birefringent(PM) Fiberto separaterthogonally
polarizedcomponent®f datapulsesn time,acontrolpulsecanbeintroducedpreciselybetween
the component®f a datapulse. Whenthesecomponentpassthroughthe SQA, only the data
pulsewhosecomponentgreseparatedby the control pulsewill experiencea differentialphase
change As aresult,whenthe pulsesarerealignedby anotherdong lengthof PM fiber, the com-
ponentswill interferewith eachother Only the pulsewhich experienceghe differentialphase
changeinducedby the control pulsewill be passedo the Outputthroughthe PolarizationFil-
ter (PM Filter). Althoughthe TOAD/SLALOM andthe UNI sharesereral characteristicsthe
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Fig. 3. Schematidiagramof UltrafastNonlinearinterferometeUNI).

integratability and practicalityof the UNI arelimited by thelong lengthsof PM fiber neededo
inducethe polarizationwalk-off.

The switchingwindow of the UNI is determinedorimarily by the birefringenceof the PM
fiber usedto separaterthogonallypolarizedcomponent®of the datapulsesin time. Enough
walk-off is requiredto inserta controlpulsebetweerthesetwo pulses.At aminimum,thewalk-
off shouldbe longerthanthe control pulsewidth. Like arny other SQA basedswitch, the UNI
is limited by intrabandcarrierdynamicsand carrierheating. Switchingwindows of about1 ps
canbe expected.The switchingrepetitionratecanbe limited by the carrierrecombinatiortime
in the SQA. However, 100 GHz repetitionratesfor bitwise logic functionshave beenreported
[39]. Aswith any SOA-basedswitch,theUNI alsohasanoisebackgroundaddedo theswitched
signaldueto spontaneousmissionfrom the SOA. Noisefiguresin therangeof 6 dB aretypical
for SQAs. Filtering and othertechniquescan be usedto reducethe accumulationof noisein
the signalfor cascadedlevices. Sincethe UNI requiresat least15 m of PM fiber to produce
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the switchingwindow [4], it is not likely thatit will be easyto integrate. Sincethe UNI is
dependentiponbirefringenceto achieve switching, the systemmustuseextensie polarization
controlthroughouthe network to maintainreliability.

Nonlinear Waveguide (NLWG) Switch. Recordbreakingoptical demultiplexing hasrecently
beenreportedby agroupat NEC Researchvorking onadevice known asanonlinearwaveguide
(NLWG) switch. Thegroupachiered 1.5 Th/sdemultiplexing with a 200fs switchingwindow at
arepetitionrateof 10 GHz [3]. Thedevicesusesa Mach-Zehndeinterferometerconfiguration
and passve semiconductomwaveguidesspatially offset within the armsto produceswitching.
This approachis very similar to the SMZ-TOAD configurationexceptthat the semiconductor
nonlinearwaveguidesare not actively biased. The NLWG switch usesdataand control pulses
sufiiciently separateih wavelengthto producea bandfillingeffectin the semiconductowaveg-
uide. First, aninterferometeris built using NLWGs in the arms (this may include a Sagnac,
Mach-Zehnderor even single-arminterferometetik e the UNI). Whena control pulseis intro-
ducedinto the device atanappropriatevavelengthit is absorbedy the NLWG. Theabsorption
createsan instantaneousefractive index changein the materialthroughthe bandfilling effect.
Subsequentlydatapulseswhich traversethe NLWG immediatelyafterthe control pulsecanex-
periencea differentialphasechangeneededo produceswitchinganddemultiplexing. Thedata
andcontrol pulses which have differentwavelengths are separatect the outputof the device
usinga bandpaséilter. The switchingwindow achievedin the mostrecentdemonstratiorof the
NLWG switchis the shortesto date(~200fs). The smalltemporalwindow is a resultof the
nearlyinstantaneoumdex changeof the semiconductomaterialfrom the controlpulse.Unlike
active SQA-baseddemultiplexers,the NLWG is a passie structurewhich doesnot exhibit in-
trabandcarrierdynamicsor carrierheating. The nonlinearresponseanbe almostasfastasthe
rising edgeof the control pulse. The control pulseenegy requiremenbf the NLWG device is
oneof its majorlimitations. Sincethe NLWG is passve, a significantamountof photonsmust
be absorbedn the materialto achieve an adequatghaseshift for switching. For the InGaAsP
waveguidesat 1.55um, a control pulseof nearly5 pJis required(afteraccountindiber-to-chip
couplinglosses).To date,coupling efficienciesof only 10% have beenachieved. As aresult,a
systembuilt with NLWG demultiplexerswould requirecontrol pulseenegiesof almost50 pJ.
Sincethe NLWG is passve, it is not likely that the control pulseenegy canbe reducedmuch
beyonda few tensof picojoules.This greatlylimits the device applicationto practicalsystems.
Noisefigure of a passve switchis typically notaproblemandestimatedo belessthan2 dB for
thesedevices. Switchingrepetitionratesof 40 GHz have beenexperimentallydemonstratety
theNEC group[40].

2.2 Integration of All-Optical devices

We briefly review the progresghat hasbeenmadein this area. While all of discussedlevices
presentedanbe constructedrom discretecomponentspractical,high performanceall-optical
switchesfor commercialsystemswill mostlikely take advantageof photonicintegrationtech-
nology.

Integrated all-optical switches. The SagnacMach-Zehnderand Michelsoninterferometer
all-optical switchgeometriedave beenintegratedby variousgroups.In orderto fabricatethese
devices,bothmonolithicandhybrid technologiehave beenused. The first monolithically inte-
gratednonlinearSagnadnterferometeicapableof demultiplexing from 20 Gb/sto 10 Gb/sor 5
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Gb/swasdemonstratedby the Heinrich Hertz Institute (HHI) in 1996[12]. Both the colliding
pulseMach- Zehnder(CPMZ) and symmetricMach-Zehnde{SMZ) geometriehave beenin-
tegratedand subsequentlylemonstrate@ashigh-speedlemultiplexersby mary groups[13-16].
AlthoughtheMach-ZehndeconfiguratiorrequiresadditionalSQAs andcouplersascomparedo
the Sagnadevice, the Mach-Zehndestructuresaremorepracticalto fabricatesincethey do not
requirea large loop radiuswhich may leadto bendinglossesin the waveguides. Furthermore,
the SMZ hasthe inherentadvantagethat it exhibits the shortestswitchingwindow in the co-
propagatingconfiguration.Finally, an SQA-basedoptical switch usinganintegratedMichelson
interferometemwasusedto demonstratelemultiplexing from 20to 5 Gb/s[17]. The Michelson
configurationmay be a practicalapproacho integratedswitching as anti-reflectioncoatingis
only appliedto onesideof the device andonly two fiber-to-chip couplingsarenecessaryor its
operatiorasa demultiplexer[17].

Thehighestperformancdor demultiplexing hasbeendemonstratedsingthe Mach-Zehnder
structuresBoththe CPMZ fabricatedoy HHI andthe SMZ fabricatedy Alcatel have beenused
to optically demultiple< from 40to 10 Gb/s[13, 14]. The Alcatel monolithic SMZ is an all-
active device asall waveguidescontainanactive SQA elemenfabricatecon the samesubstrate.
This device improvesthe optical power requirementsy providing additionalgainto account
for fiber-to-chip couplinglosses.A high performancemonolithically integratedSMZ wasalso
demonstratedby a collaborationamongthe SwissFederallnstitute of Technology University
of Denmark,and FranceTelecom. This group achieved reliable demultiplexing from 80 to 10
Gb/s[15]. The highestperformancédor an integratedSMZ to datehasbeenachieved usinga
hybrid technigueemployed by NEC [16]. Fiber guidesand passve silica waveguidesarefirst
fabricatedonto a silicon planarlightwave circuit (PLC). The active SQA arraychip is thenflip
chip mountedontothe PLC. Recently NEC usedthis chip to demonstratelemultiplexing from
168Gb/sto 10 Gb/s[16]. Asintegrationtechnologyin this areacontinuego mature deployment
of high performanceptical switchesn commerciakystemecomegpossible.

Integrated all optical wavelength converter. Wavelengthcorversionis oneof the key func-
tionswhich mustbe performedn existing DWDM opticalnetworks. In currentopticalnetworks
in orderto perform corversionfrom wavelength\; to wavelength\,, an optical signalat \;
mustbe first detectedoy a photoreceier, thencorvertedinto an RF signal. This RF signalis
now usedto modulatea cw DFB laserto generatehe requireddataat the new wavelength,.
This processs relatively slow andcreateslectronichottlenecksn existing systemsThis canbe
avoidedif wavelengthcorversionis doneall-optically for exampleusingnewly developedinte-
gratedAll-Optical WavelengthCorverter1901ICM from Alcatel. Fig. 3 is aschematiaiagram
of suchadevice. This corverterexploits cross-phaseodulationin anintegratedMach-Zehnder
(M2) interferometeibasedon anall-actve MZ-SOA structure.An input modulatedsignalat a
wavelength\; modulateghe carrierdensityin the SQA insideof theinterferometerproducing
a modulationof its refractve index. Thisin turn leadsto phasemodulationof aninjectedCW
beamat the desiredoutputwavelength)s, which is corvertedto amplitudemodulationvia the
MZ interferometerThe signaldatapatternis thereforetransferredo the new wavelength\,.

Thenonlineattransferfunctionof thedeviceallowsbothenhancemerdf thesignalextinction
ratioandcompressiorf the opticalnoiseamplitude.
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Fig. 4. All-Optical InterferometricWavelengthConverter- schematiaiagram.

3 Opto-mechanicalswitching devices

While the previousanalysisin Chapter2 only considerednterferometricbasedall-optical swit-
ches,othermechanismsor optical switchingarealsobeingpursuedvigorously Themostcom-
monopticalswitchingfabricthatis currentlybeingintegratedinto commercialpaclket switching
systemss baseduponmicro-electro-mechanicalystemor MEMS. Simpleembodimentsf the
MEMS technologyinclude movable micro-mirrorsthat route beamsof light accordingto their
destination. Early this year Agilent Technologieggaineda lot of attentionby announcingts
capabilityto usea bubbletechnologyfor optical switchingandrouting. Thesetwo promising
technologiegrediscussedn this section.

3.1 Movable Mirr or Ar chitectures

Oneof theleaderin MEMS technologytodayis LucentTechnologiesLucentis poisedto offer
their first all-optical routing systemthis year called the WaveStarLambdaRouter The Lamb-
daRouterusesa 256x256array of movable mirrors to direct light from one fiber to another
Advantagesof the MEMS architectureinclude scalability low power consumptionJow loss,
compactsize, and protocoltranspareng Lucent’s currentsystemcan supportsingle channel
dataratesas high as40 Gb/s. MEMS offers a simple solutionto the optical switching prob-
lem andavoids the electroniccorversionrequiredin standardroutersbut the applicationsarea
is somavhatlimited. SinceMEMS areinherentlymechanicalthey arelimited in speed.The
LucentLambdaRoutecan move its mirrors only on a time scaleof 10 ms. While this is ap-
propriatefor optical circuit switchingandopticallayerrestoratiorprotectionswitching, it is not
nearlyfastenoughto supportswitchingon a paclet-by-pacletbasisrequiredby IP routing. Fur-
thermoreelectronichardwaremuststill be usedto obtainthe routing informationto controlthe
switch. Due to the mechanicahatureof MEMS, long-termreliability and packagingare still
critical issuesin thesesystemsthat will be proved over time. Additional advancesin MEMS
will mostlikely beableto upgradethe speedf theseswitches. The MEMS basedswitcheswill
mostlikely interconnecterviceprovidersandlarge cities wherecontinuoustraffic streamsare
establishedor longerperiodsof time betweerfixedlocations.

3.2 Bubble Technology

Agilent Technologie$hasbeena pioneerof ink-jet technologyfor low-costcolor printers. This
sametechnologyhasnow beenappliedto an all-optical switch fabricand commercialsystems
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are expectedby the end of year 2000. The currentprototypedemonstratioris a 32x32 all-

optical switching matrix. Thesenew photonic switchesare basedon technologythat usesa
combinationof reliable inkjet and planarlightwave circuit technologies.They accomplishthe
task of re-directinglight without the help of mirrors or ary other moving parts. This switch
is composedof a vertical and horizontalarray of permanentlyalignedwaveguides. Light is

transmittedacrossa horizontal path from the input to output port until a switch commandis

issued Whencommandeda bubbleis createdat theintersectiorof appropriatevaveguidesand
thelight is reflecteddown a vertical pathto the switchedport. This bubbleis formedusingthe
samereliabletechnologynow usedin inkjet printers. Like MEMS, bubbletechnologyhaslow

loss, format and protocol transpareny, and compactsize. The bubble technologymay prove
to be morereliablethanMEMS basedswitchessincethereis lessmoving partsinvolvedin the
switchingoperation Little informationis availableaboutthe capabilitiesof this new, proprietary
technology It is estimatecbaseduponthe ink-jet printing technology that switching latengy

will fall in the millisecondrange. The Agilent switch might find applicationsin optical circuit

switchingandopticallayerrestoratiorprotectionswitching.

4 Conclusions

Althoughelectronicshasmadegreatstridestoward satisfyingthe switchingbandwidthof future
communicatiometworks, it doesnot appeathatelectronicswitcheswill reachthetargetedter-
abit/secondegime even with the highestdegreeof parallelism. However, basedon presented
resultsthesenewly developingtechnologiesnight provide a revolutionarybreakthroughn scal-
ability, bandwidth, reliability, and speed. In conclusion,Table| summarizegshe key device
parametersf thetechnologiepresentedn this paper

Tablel. Comparisorof four typesof optical switches.

Device Switching | Repetition | Control Pulse Noise Integrat.
Time Rate Energy (pJ) | Figure(dB)
TOAD/SLALOM <1ps 100+GHz 0.25 6 YES
UNI <1ps 100+GHz 0.25 6 NO
NLWG 0.2ps 40+GHz 50 low YES
NOLM 0.8ps 100+GHz 50+ low NO
MEMS 10ms < 1kHz N/A N/A YES
Bubble 10ms < 1kHz N/A N/A YES
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