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Abstract

This paperaddressesthesuitability of WDM coarsepacket switchingsolutionsfor IP traffic. Our findingsshow
thatthecombinationof traffic groomingat thehigherlayersandcoarsepacket switchingat theopticallayerprovides
at leastthesameperformanceasmoresophisticatedanddifficult to realizephotonicpacket switchingsolutions.We
proposeanetwork architecturenamedfiles-over-lightpathsthatnotonly simplifiesthenetwork opticalandelectronic
designby makinguseof coarsepacket switching,but alsoservesto thepurposeof decreasingtheTCPtransaction
latency in comparisonto aflat or split Internetorganizationwith finegrainphotonicpacket switching.

1 Intr oduction and Moti vation

Theopticalbackbonesareexpectedto bringnear-infinite bandwidthusingtheemerging(Dense)WavelengthDivision
Multiplexing (WDM) techniques[13, 1], with announcedproductsoffering1.28Tbpsonasinglefiber. Wedistinguish
threephasesin thedevelopmentof theall-opticalInternet:in a first stage,staticWDM backboneswill providepoint-
to-pointwavelengthspeedchannels(lightpaths).Suchstaticlightpathswill belinking gigabitrouters,ascurrentATM
or FrameRelaypermanentvirtual circuitsdo, thatwill performcell or packet forwardingin theelectronicdomain.

In asecondgeneration,theWDM layerprovidesdynamicallocationfeatures,by offeringon-demandlightpathsor
coarsepacket switchingsolutions.Theformerprovidesa switchedpoint-to-pointconnectionservicewhile the latter
providesburst switchingservice[15]. We notethata majorbenefitof burstswitchingis higherthroughput.Oneof
themajordrawbacksin opticalnetworking is packetheaderprocessing,which is performedin theelectronicdomain.
Thus,themaximumnumberof packetspersecondis limited by thenodeelectronics,which becomethebottleneck.
Sinceon thecontrarytheopticalbandwidthis abundantthroughputwill bemaximizedif thepacketpayloadis large,
so that relatively large chunksof dataaretransmittedin the optical domainwith a singlepacket headerprocessing
operationin theelectronicdomain.Thatis preciselytheprincipleof opticalburstswitching.

The third generationof opticalnetworkswill provide photonicpacket switching,thuseliminatingtheelectronic
bottleneck.As far astheoptical transmissionitself, thechallengeis to provide ultra-narrow optical transmittersand
receivers. Evenmorechallengingis thedevelopmentof all-optical routersthatperformpacket headerprocessingin
theopticaldomain.

Thedeploymentof anall-opticalpacket switchingtechnologywill not only dependon technologicalfactorsbut
alsoon cost-effectivenessissues.Indeed,the IP layerrequirementsshouldbecarefullyexamined,so that theWDM
layeris designedin a cost-effectivefashion.Thesuccessof theWDM asa transfermodefor IP will basicallydepend�
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on theadequateintegrationof both layers,so that thequality of servicefor theend-useris providedwith a realistic
network infrastructure.Thelessonlearnedfrom theATM standard,which is beingquestionedasthetransportmode
for IP today, is thatover-engineeringthelink layerwith unnecessaryfeaturesbecomesaninefficientsolution.In fact,
we arewitnessingtheclimbing of thePacket-over-Sonetstandardasthe transfermodefor IP, thatprovidesa simple
andmoreefficient link layeralternative [14].

While it is clear that the commerciallyavailablefirst generationstaticWDM networks will not suffice for the
provision of IP over WDM service,due to the inherentburstinessof Internettraffic, a secondgenerationWDM
networks wave, bringing coarsepacket switching capabilitiesmay very well satisfy the QoS requirementsof the
Internet. In this paperwe focuson the integrationof IP andWDM dynamiclink layer in the forthcomingsecond
generationoptical Internetwith coarsepacket switching granularity. The objective of our researchis to simplify
bandwidthallocationat theWDM dynamiclink layerthuskeepingtheopticalnetwork complexity ataminimum.We
proposea files-over-lightpathsnetwork modelthat not only providesan ”optical-friendly” input to the WDM layer
but alsoservesto the purposeof reducingthe end-to-endlatency for TCPconnections.Furthermore,suchnetwork
architectureprovidesa framework in whichbilling, pricinganddifferentiatedQoSfor IP flowscanbeprovidedin an
efficientmanner.

1.1 WDM Network Ar chitecture

Figure1 shows theWDM network architectureunderanalysis.TheWDM wide areanetwork servesasan Internet
backbonefor the differentaccessnetworks, which are assumedto be large Internetadministrative domains. The
geographicalspanof theWDM ring canbemetropolitanor regional,coveringareasup to thousandmiles.TheWDM
network input traffic comesfrom themultiplex of a largenumberof users(in thethousands)at eachaccessnetwork.
Examplesof accessnetworksin our architecturearecampusnetworksor Internetserviceprovidernetworks. Access
and WDM backbonewill be linked by a domainbordergateway that will perform the necessaryinternetworking
functions.Suchdomainbordergatewaywill typically consistof a high-speedIP router.

Access networkServer

Gateway access-backbone

WDM backbone
Clients

Optical burst

Figure1: Network architecture

Thescenarioshown in figure1 is themostlikely network configurationfor futureall-opticalbackbones,thatwill
surelyhave to coexist with a numberof significantlydifferenttechnologiesin theaccessnetwork suchasEthernets,
wireless,HFCandxDSL networks.Thedeploymentof fiberopticsto theend-usersitecanbeincompatiblewith other
userrequirements,suchasfor instancemobility, eventhoughthereis a trendtowardsproviding high-speedaccessin
theresidentialaccesses.In any case,theaccessnetwork will besubjectto packet lossanddelaydueto congestionor
physicallayerconditionswhicharenot likely to happenin theopticaldomain.Onthecontrary, thehighspeedoptical
backboneswill provide channelswith high transmissionrates(in the10 Gbps)andextremelylow bit error rates(in
the10� 15).

2 Challengesand Open Issuesfor IP over WDM

Thenetwork architecturedepictedin figure1 presentsa numberof problemswhich will betakeninto accountin the
proposalof anefficient IP overWDM transfermode.Suchproblemscanbeclassifiedasfollows:
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� Input traffic burstinessat theaccessnode� Accessandbackboneopticalnetwork adaptation� MAC protocolsadequationto IP overWDM transport

2.0.1 Input traffic burstinessat the accessnode

A majorchallengefor IP overWDM transmissionfrom theopticalnetwork pointof view comesfrom thefactthatthe
input traffic hasnotbeenadequatedto theparticularcharacteristicsof theIP overWDM dynamiclink layer. In fact,a
pureper-packetswitchingschemein thesourceopticalnetwork accessnodeimpliesthatthenodewill berequesting
accessto theWDM network severaltimesfor thesameIP flow. This is dueto theflow packet arrival process,which
is nearlyrandom,dueto the following observations: (i) sincea large numberof sourceswill be multiplexedat the
gateway, different connectionswill be subjectto interleaving at the packet level, (ii) the TCP window dynamics
introduceadditionalrandomnessto the packet interarrival times,(iii) the accessnetwork may introducesignificant
delayjitter. Theaboveobservationsareconfirmedby theexperimentalmeasurementsshown in figure2 thatplotsthe
distribution of packet interarrival timeswithin thesameTCPconnectionfrom a largetraffic sampleat theuniversity
campusnetwork [4], an exampleof accessnetwork in the scenariodepictedin figure 1. We notethat the orderof
magnitudefor thepacket interarrival timesin thesameconnectionis beyondthemillisecondsrange,severalordersof
magnitudelargerthanthepacket transmissiontime in theopticalnetwork 1.
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Figure2: Packet interarrival times(in thesameTCPconnection)

On the otherhand,the averagepacket length in the traceis 500 bytesin the downstreamfrom server to client
andonly 150bytesin theupstream.Shortpacketsaremainly dueto acknowledgments,sinceIP servicesaremostly
asymmetricin the server to client direction. Furthermore,we notethat the accessnetwork MaximumTransmission
Unit (MTU) is necessarilysmallerthanthe optical domainMTU, sincefor examplein a wirelessaccessnetworks
packetsizeis limited dueto bit errorrate.

As a conclusion,wenotethatthetransmissionof IP packetswith noshapingatall originatesa numberof packets
perconnectionwhicharemostlyshortin sizeandarrivein anearlyrandommannerfor theopticalnetwork timescale.
Thatis aworstscenariofor a twofold reason:first shortpacketscomplicatemattersfor theopticalandelectroniccom-
ponentswhoseoperatingfrequency is increased.Secondly, theoccurrenceof nearlyrandomarrivalsat thebackbone
network routers,eitherelectronicor optical, makespacketizationdelay increaseheavily sincethe optical network
minimum transmissionunit maybe significantlylarge thanthe packet size. We notethat an adequatesortingof IP
packetsat theopticalbackboneedgesresultsmostbeneficialin orderto lower thepacketprocessingburden.Indeed,
for someproposalsof end-to-endpackettransportin opticalbackbonesthesortingof IP packetsat theopticalnetwork
edgesis of fundamentalimportance[8].

1Thetransmissiontime for a1,500bytespacket (EthernetMTU) at1 Gbpsis equalto 12µs.
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2.0.2 Accessand optical backbonenetwork adaptation

Bridgingthegapbetweenaccessandbackbonenetworkalsobecomesanopenissue.A flat architecturebasedonauser
end-to-endTCP/IPconnection,althoughsimpleandstraightforward,maynot bea practicalsolution. TheTCPslow
startalgorithmseverelyconstrainstheuseof thevery largebandwidthavailablein thelightpathuntil thesteady-state
is reached.Evenin suchsteady-stateregimetheuser’s socket buffer maynot be largeenoughto provide thestorage
capacityneededfor thehugebandwidth-delayproductof thelightpath.Furthermore,anempiricalstudyconductedby
theauthorsin a Universitynetwork [4] showedthatnearly30%of thetransactionlatency wasdueto TCPconnection
setuptime,whichposestheburdenof theroundtriptime in a three-wayhandshake.

However, TCPprovidescongestionandflow control featuresneededin theaccessnetwork, which lackstheideal
transmissionconditionsthatareprovidedby theopticalsegment. We mustnoticethatheterogeneousnetworksalso
exist in otherscenarios,suchasmobileandsatellitecommunications.In orderto adaptto thespecificcharacteristics
of eachof thenetwork segmentssplit TCPconnectionmodels, anevolutionaryapproachof theTCPend-to-endmodel,
have beenrecentlyproposed[7, 9]. We notethatTCPsplitting is not anefficient solutionfor opticalnetworks,since
dueto the wavelengthspeed,in the orderof Gbps,the useof TCP in the optical segmentcanbe questioned.For
example,consideringa 10 Gbpswavelengthbandwidthand10 mspropagationdelayin theopticalbackbone(2000
km) thebandwidthdelayproductequals25MBytes.File sizesin theInternetareclearlysmallerthansuchbandwidth-
delayproduct[11, 4]. As a result,theconnectionis alwaysslow-starting,unlesstheinitial window sizeis very large
[10]. However, sincethepathsfrom gateway to gateway in theopticalbackbonehave differentroundtripdelayswe
notethat the bandwidthdelayproductis not constant.For example,a 1 ms. deviation in roundtriptime makesthe
bandwidth-delayproductincreasein 1.25Mbytes.Therefore,it becomesdifficult to optimizeTCPwindows to truly
achievetransmissionefficiency in thisscenario.Furthermore,theextremelylow lossratein theopticalnetwork makes
retransmissionsvery unlikely to happenandsincethe network canoperatein a burst-switchedmodein the optical
layerwe notethat thereareno intermediatequeuesin which overflow occurs,thusmakingmostof theTCPfeatures
notnecessary.

2.0.3 Optical MAC protocolsadequationto IP over WDM traffic

Currentopticalnetwork architecturesarebasedin tree,busor ring topologies.Theaccessgateway in figure1 will be
normally facinga feedernetwork, mostlikely anaccessring aswith thecurrentSONETimplementations.Thering
topologyhasa numberof advantagessuchasfastlink restorationin caseof failure. Laboratoryprototypesof feeder
ringsarecurrentlybeingdeveloped[12] andthereis anactive relatedongoingresearch[12, 6]. A numberof MAC
protocolshave beenproposedfor suchaccessrings,thatcanbeclassifiedascentralizedor distributed.A centralized
MAC protocolis basedon a centralresourceallocator, which grantsaccessto thenetwork on-demand.Suchaccess
to thenetwork consistsof a wavelengthallocation(lightpath)from sourcenodeto destinationnodefor a giventime,
after which the lightpathis released[12]. As an alternative, several time slots in the TDM framecanbe assigned.
Distributedschemesarenormally token-based,so that the nodecangrab the token in order to gain accessover a
certainwavelengthfor a givenholdingtime [6].

Wenotethatthefundamentalproblemin high-speedringsis thattheaccesslatency dominatesoverthetransmission
latency, sincethe transmissionspeedis in theorderof Gbps. andbeyond. In otherwords,the transmissionslot for
the accessnodecannothave an arbitraryduration,but shouldbe kept within a reasonablerange. If the allocated
transmissionslot is too smallthentheaccesslatency dominatestheend-to-endlatency. Theaccessnodetransmission
slot canbe viewed eitheras the token holding time in a token-basedMAC or as the lightpathholding time in the
centralizedscheme.For bothof themthelatency is stronglyrelatedto thedurationof thetransmissionslotashasbeen
demonstratedin severalstudies[6].

2.1 Conclusions

¿Fromthe above considerationswe notethat the groupingof IP packetsto the samedestinationnodein the source
accessnodeis mostconvenient.Sinceseveralpacketsareforwardedto thesamedestinationIP addressthey canbeen-
capsulatedin thesamecontainerthatcanbeswitchedin theopticaldomain,avoidingrandompacketarrivalsfrom the
sameflow anddecreasingtheroutingcomplexity. Both transmitterandreceiveropticalswitchingspeedrequirements
arerelaxed, while the electroniclayer is alsogreatlysimplified sincethe packet headerprocessingoperationstake
placeat a ”burst” level insteadof ”packet” level. Consequently, if theupperlayersprovide ”optical-friendly” traffic
to thedynamicWDM link layera higherefficiency, throughputandcost-effectivenesscanbeachieved. In orderto
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realizethis objective,we now proposea files-over-lightpathsarchitecturethatprovidestraffic groomingto theWDM
layer, while maintainingcompatibilitywith thecurrentTCP/IPprotocolsuite.

3 The Files-over-Lightpaths Ar chitecture

The typeof network architecturethatwe areseekingnecessarilydemandsgateway functionalityat theedgesof the
opticalbackbone,sothattraffic groomingfor theopticalnetwork canbeachieved,whilekeepingTCP/IPcompatibility
andbridgingthemismatchbetweenaccessandbackbone.A TCPsplitting architectureproviding concatenatedTCP
connections,althoughsimpleandstraightforward,is notanadequatesolutionasnotedbefore.In suchscenario,what
is clearlyneededis a departurefrom theTCPscheme,andnot anevolutionarysolutionproviding concatenatedTCP
connections.Suchchangeof paradigmin thedatatransmissionschemein theopticalnetwork is basedonthefollowing
fundamentalfact:

At wavelengths’speedof gigabitspersecond,filesfor theopticalnetworkare likepacketsfor theaccessnetwork.

In fact,theratiobetweenpacketsize(Kbytes)andtransmissionspeedin theaccessnetwork (Mbps)is in theorder
of thousands.In the optical network the ratio betweenthe file size (Mbytes)and transmissionspeed(Gbps)is in
the sameorder. While bit-by-bit switchingin the accessnetwork would be completelyinefficient the sameapplies
to packet-per-packet switchingin the optical segment. Being theopticalnetwork not limited by raw bandwidthbut
for packetprocessingat theintermediatenodes,ourproposedarchitecturenotonly simplifiesdramaticallytheoptical
network processingrequirements,but also serves to the purposeof decreasingthe overall end-to-endconnection
latency.

3.1 Optimizing transmissionwith file-switching

Theconceptpresentedin this papergoesonestepfurtherby proposingtheuseof a burst-switchedsolutionto handle
theend-to-enddatatransferover theopticalsegment.At theboundariesof theopticalbackbonetheuserend-to-end
connectionis split into multiple segments,i.e., theuser-to-gateway segmentsandthegateway-to-gatewaysegments.
Theservergateway retrievesthefile (e.g.,image,movie) from theInternetserverusinga TCPconnection.Thefile is
thentransmittedfrom theservergatewayto theclientgatewayusinga burst-switchedsolutionin theopticalsegment.
Oncethefile transferhasbeencompleted,theclient gateway deliversthefile to thefinal client usinga distinctTCP
connection.Figure3 showsthethreedatatransmissionphasesin thefiles-over-lightpathsnetwork architecture.

Theadvantageof usinga files-over-lightpathsarchitectureis many-fold. Containedend-to-enddelayandefficient
bandwidthutilization areachievedthroughtheconcatenationof file transfermechanismsthatareoptimizedfor each
network segment. The transfermechanismusedin the optical backboneis consistentwith the emerging second
generationall-opticalnetwork architectures.Theenduser’sTCPmechanismis left unchanged,thusmakingit possible
to transparentlyintroducethe burst-switchedtransportmechanismwhereneeded,i.e., in all-opticalnetwork islands
subjectedto high traffic loads. The fact that the network designrelieson hugedatastoragedeviceslocatedin the
network edgesis consistentwith a widely acceptedtrendin today’s telecommunications[5].

Finally, we notethat theuseof files-over-lightpathsprovidesa numberof advantagesotherthanoptimizationof
theopticalsegmenttransmission.Thefirst andforemostis theavailability of cachingspacein theaccessgateways,as
with a proxy, thatdecreaseslatency dramaticallyin caseof cachehit. Furthermore,theTCPconnectionis effectively
split by thecache,sothatend-to-endconsistency is preserved.Secondly, schedulingat thefile level canbeperformed,
allowing for differentiatedqualityof serviceandbilling andpricingin theopticalbackbone,amostinterestingfeature
for InternetServiceProviders[16]. Providing differentiatedQoSby meansof schedulingat thepacket level becomes
a difficult taskto accomplishin a very high speedenvironment,possiblycreatingbottlenecksin high loadsituations.
Nonetheless,schedulingat thefile level is moresimpleandefficient,sinceclearlythenumberof schedulingdecisions
decreasesdramatically. Indeed,thereis an increasinginterestin flow switchingsolutionsfor Internethigh-speed
routers. Suchsolutionsarebasedon assigninga tag to the packetsbelongingto the samestreamprior to entering
the backbone,so that the routing tasksaregreatlysimplified in the routers[2]. The proposedfiles-over-lightpaths
architectureprovidesa truly circuit-switchedsolutionfrom theopticalnetwork edges,basedonburst-switchingin an
all-opticalbackbone.As aconsequence,theelectronicbottleneckis circumvented,thenetwork reliability is improved
andthevarianceof theconnectionlatency is minimized.
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Figure3: File transmissionin thefiles-over-lightpathsnetwork architecture

4 Performanceevaluation of the FilesOver Lightpaths architecture

4.1 Methodology

Weusebothanalyticalperformanceevaluationandsimulationin ordertostudythereferenceWDM architectureshown
in figure3. Thens2 simulatoris selectedasa simulationtool sinceanaccurateTCPimplementationis available.We
chooseasimplenetwork topologyconsistingof anopticalchannel(1 Gbps)whichconnectsacoupleof accessrouters
locatedat the boundariesof the optical network, as shown in figure 4. Regardingthe accessnetwork two access
links provide connectivity betweenthe accessroutersandclient andserver respectively. We simulatea numberof
network conditionswith varyingnetwork parameters,namelylink capacities,propagationdelayandlossprobability.
Theobjective is to evaluatecandidatetransfermodeswith theperformancemetricbeingTCPconnectionthroughput.
Thetransfermodesunderanalysisare:� End-to-EndPhotonicPacketSwitching(EE-PPS):An endto endTCPconnectionis establishedandnosplitting

is performed.Theopticalnetwork is a purepacket switchingnetwork at Gbpsspeed.This scenarioresembles
thecurrentInternet,in which end-to-endconnectionsto server/proxyareestablishedregardlessof thenetwork
segmentsbeingtraversed.� Split PhotonicPacket Switching(STCP-PPS):Theend-to-endTCPconnectionis split into two separatecon-
nectionsfor accessandbackbonenetwork. In the accessnetwork, we adoptthe TCP connectionparameters
whichareusualfor mostPCsin theInternet,i.e. 32Kbytesmaximumtransmissionwindow sizeandslow start
activated.Ontheotherhand,thebackboneTCPconnectionusesTCPextensionsfor speed,asdescribedin [10].
SuchTCPextensionsarelarger transmissionwindow (500Kbytes)andno slow start,i.e. initial window size
equalto 500Kbytes.Wechoosenot to evaluatesplit TCPconnectionswith standardTCPin theopticalsegment
sinceit makesnosenseto usesmallwindow sizesandslow startin suchopticalsegment,which is RTT-limited.� Files-over-lightpath(FOL): A standardTCPconnectionis usedbetweenclient/serverandaccessrouter(32KB
window sizeandslow start).Weconsiderthattheopticalnetwork providesburst-switchingcapabilities.Optical
burst transmissionrequiresa setuptime andis subjectto blockingprobability. Both parameterswill be taken
into accountin theanalysis.

2http://www-mash.cs.berkeley.edu/ns/
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In orderto evaluatethecandidatetransfermodesa numberof network parameters(delay, bandwidth,lossproba-
bility) needto beselectedthataccuratelyportraythecaseof opticalnetworks. We provide a summaryof simulation
parameters,alongwith theirvaluesin thedifferentsimulationrunsin table1. Thesimulationoutputis a plot showing
meanthroughput(i.e. total bytesdividedby total duration)for file sizesin the interval � 0 � 5� MBytes. A numberof
100simulationrunsis performedpereachfile sizevalueandtheaveragethroughputcurve is presented.In orderto
simulatea real situationof clientsaccessinga numberof differentdestinationsin the Internetpropagationdelayin
theopticalbackboneis modeledasan uniform randomvariablein the range � 0 � 30� ms. Consideringa propagation
speedin theopticalfiberof 5 µs	 perkilometerthebackbonediameteris in therangeof � 0 � 6000� Km., not takinginto
accountintermediaterouterpropagation.Ontheotherhand,delayin theaccessnetwork accountsfor propagationand
queueingdelay. We notethat thepropagationdelayin theaccessnetwork dependsheavily on theaccesstechnology
beingused. For example,a commercialADSL network suffersa one-way delayfrom modemto modemheaderof
55 ms. aproximmately. Thus,we consideraccessdelayvaluesof 25,50 and100msin orderto analyzea numberof
differentaccessnetwork configurations.On theotherhand,weconsideranaccessnetwork bandwidthof 8.448Mbps
(E3), 34 Mbps(STS-1)and100Mbps. Lower bandwidthvaluesmake theTCPconnectionbebandwidthlimited in
theaccessandit makesnosenseto connectsuchlow bandwidthaccessnetworksto a Gbpsopticalbackbone.

Parameter Value
BW of backbonelink 1Gbps

Backbonelink propagationdelay 0 
 30ms
BW of accesslink 8 	 4Mbps� 34	 4Mbps� 100Mbps

Accesslink propagationdelay 25ms� 50ms� 100ms

Table1: Summaryof simulationparameters

4.2 Resultsand discussion

We first evaluatesplit (STCP-PPSandFOL) versusnon-split(EE-PPS)transfermodes.The resultsshow that split
transfermodesprovidebetterperformance.Then,wecompareSTCP-PPSwith FOL.

4.2.1 Split versusend-to-endtransfer modes

Figure 5 shows throughputversusfile size for EE-PPS,STCP-PPSand FOL with the accessnetwork parameters
shown in table1. We notethat throughputgrows with file sizetowardsa valuewhich is independentof accessBW,
thelessRTT themoresteady-statethroughput.For smallfile sizestheconnectiondurationis dominatedby setuptime
andslow start,which doesnot allow thewindow sizeto reachansteady-statevalue. For largefiles theTCPreaches
steady-stateandthe throughputis equalto window sizedividedby round-triptime. Suchbehavior is expectedin a
largebandwidth-delayproductnetwork, in whichconnectionsareRTT-limited ratherthanbandwidth-limited.

An analyticalsubstantiationof theaboveplotscanbeobtainedby modelingtheTCPconnectionasaseriesof RTT-
slots.We proceedto evaluatetheconnectiondurationandthenobtainthethroughputastheratio betweenconnection
sizeandduration.First, let b denotethemaximumnumberof bytestransmittedperRTT. We notethatb is equalthe
minimumof thenegotiatedflow controlTCPwindow maxcwinandthebandwidth-delayproductof thepath:
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Figure5: Averagetransferthroughput

b � min
 maxcwin� BW � RTT � (1)

SinceanACK from theclient servesto increasethewindow sizein onesegmentin theserver, anerror-freeTCP
connectionwill transmit2i packets(with MTU byteslength) in the i-th slot during the slow-startphase.The total
numberof packetstransmitteduntil slot i in theslow startphaseequals∑i

j � 12 j � 1 � 2i 
 1 Suchwindow exponential
increasephasewill lastuntil theBW � RTT productof thechannelis reached,namely, until thenumberof packets
transmittedperRTT-slot is equalto b

MTU . Thus,thei-th slot is in theslow-startphaseof theconnectioniff:

2i � 1 � b
MTU

or i � log2

�
2b

MTU � or i � log2

�
b

MTU ��� 1 (2)

And thenumberof packetsneededto completeslow startis givenby:

2log2 � 2b
MTU � 
 1 � 2

b
MTU


 1 (3)

Let k be the total numberof packetsperconnectionands the total numberof bytes,suchthat s � k � MTU . If
k � 2 b

MTU 
 1 the connectionis in steadystateandthe total numberof RTT-slotsuntil transmissionof packet k is
equalto thesumof two terms:log2 � 2b

MTU � slotsfor theslow-startphaseplustheslotsneededto sendk 
 � 2 b
MTU 
 1�

remainingpacketsatarateof b
MTU packetsfor slotin thesteady-statephase.Thetotalconnectiondurationin RTT-slots

for aconnectionsizes, whichwecall n � s� b� , is equalto.

n � s� b� ��� log2 � s
MTU � � 1 i f s

MTU � 2 b
MTU 
 1

s
MTU � 2 b

MTU � 1
b

MTU � log2 � b
MTU � � 1 i f s

MTU � 2 s
MTU 
 1

(4)

If insteadwe usethehigh-speedTCPextensions,which avoid enteringslow-startphaseby usinga greaterinitial
window of startcwinbytes,with startcwin � maxcwin, thenumberof packetstransmittedin slot i areequalto 2i � 1 �
startcwinandaslot i is in theslow startphaseiff:

8



i � log2

�
2b

startcwin � (5)

Thenumberof packetsneededto completeslow startis now givenby:

2b 
 startcwin
MTU

(6)

Thus,thetime it takesfor transmissionof a file of sizes, measuredin RTT slots,which we call nf s � s� b� is given
by:

nf s � s� b � startcwin� ��� log2 � s
startcwin � � 1 i f s

MTU � 2b � startwin
MTU

s
MTU � 2b � startcwin

MTU
b

MTU � log2 � s
startcwin � � 1 i f s

MTU � 2b � startwin
MTU

(7)

Theaboveformulationcanbeusedto calculatetransfertimesasafunctionof b, startcwinandRTT of thenetwork
underanalysis.Denotingby RTToptical the roundtriptime of the optical backbonepathandRTTaccessthe roundtrip
timeof anaccessnetwork, thetransfertimesfor afile sizes in theend-to-endscenariois givenby:

tee� s� � � n � s� bend� to � end� � 2� � 2RTTaccess� RTToptical � (8)

tstcp � s� � � 2 � n � s� baccess� � 2�!� RTTaccess� � nf s � s� boptical � startcwin� � 2� RTToptical (9)

t f ol � s� � � 2 � n � s� baccess� � 2�!� RTTaccess�#" s
loptical � 1$ RTToptical (10)
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the file request

Optical burst

Optical burst

Optical burst

Last optical 
burst

Control channel 
messages to reserve 
and confirm bursts

Figure6: FOL protocol(stopandwait)

In theabove expressionswe take into accountthat two additionalRTTs areconsumedfor theconnectionestab-
lishmentandterminationphase(SYN-SYN andFIN-FIN handshakes)andmustbeaddedto thenumberof minislots
givenby n � s� b� for a givenconnection.

On theotherhand,equation10 accountsfor thenumberof RTToptical slotsusinga simplestopandwait protocol
andsendingdatain loptical sizedburstsplusoneRTToptical slot for therequestmessage(figure6). Wechooseasimple
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stop-and-wait protocolin theopticalsegmentasaconservativereferencefor comparativeperformanceevaluation.We
assumethatsendinganopticalbursttakesonlyoneRTToptical. Followingfigure6 weconsiderthataburstrequestmust
besent RTT

2 secondsbeforesendingtheburst itself. Thus,new requestsaresentassoonasanACK of theprevious
burstis receivedsothatbothtransmissionof anew burstandACK of thepreviousburstareconcurrent.

Besides,beingbaccess, boptical andbend� to � end arethemaximumburstsizesgeneratedby TCPin anaccess,optical
or end-to-endpath,weconsiderequation1 andobtain:

baccess� min 
 32Kbytes� BWaccess� RTTaccess� (11)

boptical � min % 500Kbytes� BWoptical � RTToptical & (12)

bend� to � end � min % 32Kbytes� BWaccess�'� RTTaccess� 2RTToptical � & (13)

Finally, theconnectionachievedthroughputcanbecalculatedby simplydividing file sizepertotal transfertimeas
follows:

thrscenario � s� � s
tscenario � s� (14)

wherescenario is in theset 
 ee� stcp � f ol � . Figure7 shows theconnectionthroughput,obtainedanalytically(in
solid lines)andby thesimulation(points).We considerthefollowing parametervalues:

Parameter Value
BW of backbonelink 1Gbps

Backbonelink propagationdelay 0 
 30ms
RTToptical 0 
 60ms

BW of accesslink 8 	 4Mbps� 34	 4Mbps� 100Mbps
Accesslink propagationdelay 25ms� 50ms� 100ms

OpticalsegmentTCPstartcwin 500Kbytes
OpticalsegmentTCPmaxcwin 500Kbytes
AccesssegmentTCPmaccwin 32Kbytes

Opticalnetwork maximumburstsize(FOL) 500Kbytes

Table2: Simulationparameters

First,wenotethattheanalyticalresultsfollow closelythesimulationresults,thusindicatingthatTCPconnections
in suchhigh BW � RTT productbehave asa seriesof mini-cyclesof RTT duration,in which a numberof packetsb
(equation1) is transmittedin the steady-statephase.¿Fromfigure5 we alsoobserve that for a givenaccessdelay,
proxy-basedstrategies,eitherSTCPor FOL, get similar resultsandoutperformPPS. If file sizesarelargeenoughto
make TCPreachsteady-statethenSTCPandFOL areconstrainedby thespeedof accessloopsonly, thusproviding
similar results.This canbeseenin equation10 for theFOL scenarioandin equation9 for theSTCPscenario.Since

nf s � s� b� is muchlowerthann � s� b� and ( s
loptical ) is lowerthannf s � s� b� thentheaccesscontributionto latency is always

muchhigherthanthatof thebackboneandbothsplit methodbehave like

tstcp * f ol � s� � 2 � n � s� baccess� � 2� RTTaccess (15)

RegardingEE-PPS,we note that an end-to-endTCP loop hasa higher round trip time than that of the access
network thusproviding a largervaluefor n � s� b� . Equation15 giveslower latency valuesthanequation8 andsuch
valuesarelower the lower is RTToptical comparedto RTTaccess. This effect canalsobeappreciatedin thesimulation
resultsplottedin fig 5. We notethattheaccessbandwidth(thebottleneckbandwidth)showsnoeffect in theobtained
throughput.Sincethemaximumadvertisedwindow is not largerthantheBW � RTT productof thepathandthedata
transferrateis limited by suchmaximumadvertisedwindow value(equation1), whichshouldnotbeincreased.While
in theopticalbackboneit seemsreasonableto useTCPwith largewindow sizesandno slow startthesamedoesnot
apply to theaccessnetwork since: i) theaccessnetwork is bandwidth-limitedin comparisonto theopticalnetwork.
Largebuffer sizesproduceincreasedtraffic burstiness,leadingto potentialcongestion;ii) buffer sizeatbothclientand
server is limited by memoryresources.
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Figure7: Theoreticalvssimulation

We notethatsplit solutions,namelySTCPandFOL, providebetterperformancein comparisonto theend-to-end
PPS.BothSTCPandFOL provide fasttransmissionin theopticalbackbone,with negligible transfertime,sothatthe
TCPconnectiontime is mainly dueto theaccessnetwork. Sinceslow startgrowsmuchfasterin theaccessnetwork,
in comparisonto theend-to-endcase,it turnsout thatthesplit connectionsoutperformend-to-endconnections.While
theresultsin this sectionhavebeenobtainedassumingidealconditions(packet/burstdropprobabilityequalzero)we
notethatthis is actuallythebestpossiblescenariofor end-to-endtransfermodes.If packet lossoccurstheretransmis-
sion loop for an end-to-endconnectionencompassesthe whole network (access+ backbone),thusimplying severe
performancedropin comparisonto split methods.However, in orderto compareSTCP-PPSandFOL weintroducethe
burstblockingprobabilityandpacketblockingprobabilityasa parameterof theopticalsegmentin thenext section.

4.2.2 STCPversusFOL

For simplicity, weassumethatopticalswitcheshavenoqueuesand,therefore,packetsor burstscanbeblockeddueto
contentionfor thesameoutputport from differentinputports(figure8).

Let � λpack � tpack � and � λburst � tburst � bethearrival ratesandtransmissiontimesfor packetandburstarrival processes
respectively. We assumethatboththepacketandburstarrival processto theswitcharePoisson.By doingsowe can
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Figure8: Backboneopticalswitch

makedropprobabilityfor apacket in photonicpacketswitchingbeequalto burstblockingprobabilityin opticalburst
switching.

The packet drop probability is given by the probability that one or more packetsarrive during the vulnerable
interval of a givenpacket:

Pdrop � 1 
 e� λpacktpack (16)

Conversely, theburstblockingprobabilityis givenby:

Pblock � 1 
 e� λbursttburst (17)

Let n bethenumberof packetsperburst.We verify thatλburst � λpack + n andtburst � tpackn. Thus:

λpacktpack � λbursttburst (18)

andthepacket droppingandburstblockingprobabilitiesareequal.We now proceedto evaluateFOL andSTCP
underlossconditionsin theopticalnetwork. Thenumberof burstsperfile (nburst) is givenby:

nburst � B
loptical

(19)

Assuminga simplestopandwait protocol(seefigure6) theaveragetransmissiontime for a burstis equalto

E , Tburst �-� 1
1 
 Pburst

RTT � RTT
1 
 Pburst

(20)

andthethroughputis givenby:

ThrFOL � B
nburstTburst

� B � 1 
 Pburst �
nburstRTT

� Lburst

RTT
� 1 
 Pburst � (21)

On the otherhandTCP throughputwill alsobe affectedby packet drop probability. The occurrenceof packet
dropsin anongoingTCPflow will triggereitherTCPcongestionavoidancemechanismsor slow-start,asshown in
figure9. In low lossprobabilityenvironmentthepacket losswill bedetectedby a duplicateACK sentby theserver.
Congestionavoidancefollows, which halvesthe window sizesandswitchesthe TCP agentto linear growth in the
congestionwindow. In a high lossenvironmentthepacket losswill bedetectedby timeout.Thecongestionwindow
dropsto 1 segmentandtheslow-startalgorithmis activateduntil half theoriginal rateis reachedandat thatpoint the
TCPagentswitchesto congestionavoidancemode.

Theestimationof thethroughputof a TCPconnectionwith randomlosshasbeenextensively treatedin thelitera-
ture.We follow [3] andobtain:

ThrTCP � min� cwmax
RTT

� 1

RTT . Pdrop
3

� (22)
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Figure9: ErrorsduringSTCPtransfer

wherecwmaxis thenegotiated(flow control)window size. Figure10 shows theachievedthroughputwith error
probabilitieslower than0.1, for both FOL (differentburst sizes)andSTCP-PPS.Resultsfor STCP-PPShave also
beenvalidatedby simulation. We observe thatTCPcongestionavoidanceseverely limits transferefficiency. If loss
probability is equalto 0.01thethroughputobtainedwith TCPis half thethroughputobtainedwith a simplestopand
wait protocol in FOL. This servesto illustratethat the throughputpenaltyimposedby the TCP congestioncontrol
mechanismsis rathersignificant.
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Figure10: Throughputcomparison

The main differencebetweena simpleFOL protocolandTCP is the way both protocolsinterpretcongestion.
While TCP considersthat loss is producedby queueingoverflow FOL is awarethat loss is dueto blocking. In a
losssituation,TCP will lower the transmissionwindow, which resultsin no effect at all sincecongestionis dueto
blocking,andthemoreblockingprobabilitythemorenumberof accessesto theopticalnetwork. Furthermore,since
theBW � RTT productis extremelylargetheTCPwindow sizetakeson a veryhighvalue.As a result,theslow start
or congestionavoidancephasewhich follow a packet losstake thelongesttime to complete.
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5 Conclusions

In thispaperwehavereportedonanew architecturethatefficiently tacklesthechallengesimposedby TCP/IPservices
over optical backbones.The proposedfiles-over-lightpathssolutionprovidesbetterperformancewith lessstringent
requirementsin the optical layer, which is not requiredto perform all-optical packet switchingbut coarsepacket
switching.We notethatthegroomingof traffic at theupperlayersis fundamentalin orderto reducecomplexity at the
optical layer, that leadsto a moreefficient andcosteffective network design.While theend-to-endandsplit model
providedaneffectiveframework for thedevelopmentof thecurrentInternettheforthcominghigh-speedopticalback-
bonesclaimfor adifferenttransferparadigm,thattranslatestheavailability of gigabitbandwidthinto user-perceivable
qualityof service.
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