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Abstract

This paperaddressethe suitability of WDM coarsepaclet switchingsolutionsfor IP traffic. Our findingsshav
thatthecombinatiorof traffic groomingatthehigherlayersandcoarsepaclet switchingat the opticallayerprovides
atleastthe sameperformancessmoresophisticatednddifficult to realizephotonicpaclet switchingsolutions.We
proposea network architecturenamediles-over-lightpathsthatnot only simplifiesthe network opticalandelectronic
designby makinguseof coarsepaclet switching,but alsosenesto the purposeof decreasinghe TCP transaction
lateng in comparisorto aflat or split Internetorganizationwith fine grain photonicpaclet switching.

1 Intr oduction and Moti vation

Theopticalbackbonesireexpectedo bring nearinfinite bandwidthusingtheemeging (DenseWavelengthDivision
Multiplexing (WDM) technique$13, 1], with announcegroductffering 1.28 Thpson asinglefiber. We distinguish
threephasesn thedevelopmenbf theall-optical Internet:in afirst stage staticWDM backbonesvill provide point-
to-pointwavelengthspeedchannelglightpaths).Suchstaticlightpathswill belinking gigabitroutersascurrentATM

or FrameRelaypermanentirtual circuitsdo, thatwill performcell or pacletforwardingin the electronicdomain.

In asecondyenerationthe WDM layerprovidesdynamicallocationfeaturespy offeringon-demandightpathsor
coarsepaclet switchingsolutions. The former providesa switchedpoint-to-pointconnectiorservicewhile the latter
provideshburst switchingservice[15]. We notethata major benefitof burstswitchingis higherthroughput.One of
themajordravbacksin opticalnetworkingis paclet headeprocessingwhichis performedn the electronicdomain.
Thus,the maximumnumberof pacletsper seconds limited by the nodeelectronicswhich becomethe bottleneck.
Sinceon the contrarythe optical bandwidthis alundantthroughputwill be maximizedif the paclet payloadis large,
so thatrelatively large chunksof dataaretransmittedn the optical domainwith a single paclet headerprocessing
operationin theelectronicdomain.Thatis preciselythe principle of opticalburstswitching.

Thethird generatiorof optical networkswill provide photonicpacket switching,thuseliminatingthe electronic
bottleneck.As far asthe optical transmissioritself, the challenges to provide ultra-narrav optical transmittersand
recevers. Evenmorechallengingss the developmentof all-optical routersthat performpaclet headerprocessingn
theopticaldomain.

The deploymentof an all-optical paclket switchingtechnologywill not only dependon technologicafactorsbut
alsoon cost-efectivenessssues.Indeed the IP layerrequirementshouldbe carefully examined,so thatthe WDM
layeris designedn a cost-efective fashion. The succes®f theWDM asatransfermodefor IP will basicallydepend
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on the adequatentegrationof both layers,sothatthe quality of servicefor the end-useiis provided with a realistic
network infrastructure.The lessonlearnedfrom the ATM standardwhich is beingquestionedsthe transporimode
for IP today is thatover-engineeringhelink layerwith unnecessarfeaturedbecomesninefficientsolution. In fact,
we arewitnessingthe climbing of the Packet-over-Sonetstandardasthe transfermodefor IP, thatprovidesa simple
andmoreefficientlink layeralternatve [14].

While it is clearthat the commerciallyavailablefirst generationstatic WDM networks will not suffice for the
provision of IP over WDM service,due to the inherentburstinessof Internettraffic, a secondgeneration’WDM
networks wave, bringing coarsepaclet switching capabilitiesmay very well satisfy the QoS requirementof the
Internet. In this paperwe focuson the integrationof IP and WDM dynamiclink layerin the forthcomingsecond
generationoptical Internetwith coarsepaclet switching granularity The objective of our researchis to simplify
bandwidthallocationatthe WDM dynamiclink layerthuskeepingthe opticalnetwork compleity ata minimum. We
proposea files-over-lightpathsnetwork modelthat not only providesan "optical-friendly” input to the WDM layer
but alsosenesto the purposeof reducingthe end-to-endateng for TCP connections.Furthermoresuchnetwork
architecturgprovidesa framework in which billing, pricing anddifferentiatedQoSfor IP flows canbe providedin an
efficientmanner

1.1 WDM Network Ar chitecture

Figure 1 shovs the WDM network architecturainderanalysis. The WDM wide areanetwork senesasan Internet
backbonefor the differentaccessetworks, which are assumedo be large Internetadministratve domains. The
geographicaspanof theWDM ring canbe metropolitanor regional,coveringareasup to thousandniles. The WDM

network input traffic comesfrom the multiplex of a large numberof userg(in thethousandsat eachaccessietwork.

Examplesof accessietworksin our architecturearecampusetworks or Internetserviceprovider networks. Access
and WDM backbonewill be linked by a domainbordergatevay that will perform the necessarynternetworking

functions.Suchdomainbordergatavay will typically consistof a high-speedP routet

Access network

.. WDM backbone

Figurel: Network architecture

Thescenaricshown in figure 1 is the mostlik ely network configurationfor future all-opticalbackbonesthatwill
surelyhave to coexist with a numberof significantlydifferenttechnologiesn the accessietwork suchasEthernets,
wirelessHFC andxDSL networks. Thedeploymentof fiber opticsto theend-usesite canbeincompatiblewith other
userrequirementssuchasfor instancemobility, eventhoughthereis a trendtowardsproviding high-speedccessn
theresidentialaccessedn ary casetheaccessetwork will be subjectto pacletlossanddelaydueto congestioror
physicallayerconditionswhich arenotlik ely to happerin theopticaldomain.Onthecontrary the high speedptical
backbonewill provide channelswith high transmissiorrates(in the 10 Gbps)andextremelylow bit errorrates(in
the 10-19),

2 Challengesand Openissuesfor IP over WDM

The network architecturedepictedn figure 1 presentsa numberof problemswhich will betakeninto accountin the
proposabf anefficient|P over WDM transfermode.Suchproblemscanbe classifiedasfollows:



¢ Inputtraffic burstinessattheaccessiode
¢ Accessandbackbonepticalnetwork adaptation

¢ MAC protocolsadequatiorto IP over WDM transport

2.0.1 Input traffic burstinessat the accesqode

A majorchallengdor IP over WDM transmissiorirom the opticalnetwork point of view comesrom thefactthatthe

inputtraffic hasnotbeenadequatedb the particularcharacteristicef the P over WDM dynamiclink layer. In fact,a

pureperpaclet switchingschemen the sourceoptical network accessodeimpliesthatthe nodewill berequesting
accesgo the WDM network severaltimesfor the samelP flow. Thisis dueto theflow paclet arrival processwhich

is nearlyrandom,dueto the following obsenrations: (i) sincea large numberof sourceswill be multiplexed at the

gataevay, differentconnectionswill be subjectto interlearing at the paclet level, (i) the TCP window dynamics
introduceadditionalrandomnes$o the paclet interarrival times, (iii) the accessetwork may introducesignificant
delayijitter. Theabove obsenationsareconfirmedby the experimentaimeasurementshavn in figure 2 thatplotsthe

distribution of pacletinterarrival timeswithin the sameTCP connectiorfrom a large traffic sampleat the university
campusnetwork [4], an exampleof accessetwork in the scenariodepictedin figure 1. We notethat the order of

magnitudefor the pacletinterarrival timesin the sameconnectionis beyondthe millisecondsrange severalordersof

magnituddargerthanthe paclettransmissionime in the opticalnetwork *.
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Figure2: Packetinterarrival times(in thesameT CP connection)

On the otherhand,the averagepaclet lengthin the traceis 500 bytesin the downstreamfrom sener to client
andonly 150 bytesin the upstream.Shortpacletsaremainly dueto acknavledgmentssincelP servicesaremostly
asymmetridn the sener to client direction. Furthermorewe notethatthe accessietwork Maximum Transmission
Unit (MTU) is necessarilysmallerthanthe optical domainMTU, sincefor examplein a wirelessaccessetworks
pacletsizeis limited dueto bit errorrate.

As a conclusionwe notethatthe transmissiorof IP pacletswith no shapingatall originatesa numberof paclets
perconnectiorwhich aremostlyshortin sizeandarrivein anearlyrandommannefrfor theopticalnetwork time scale.
Thatis aworstscenaridor atwofold reasonfirst shortpacletscomplicatemattersfor theopticalandelectroniccom-
ponentsvhoseoperatingfrequeng is increased Secondlythe occurrenceof nearlyrandomarrivals atthe backbone
network routers,either electronicor optical, makes pacletizationdelayincreaseheaily sincethe optical network
minimum transmissiorunit may be significantlylarge thanthe paclet size. We note that an adequatesorting of 1P
pacletsat the opticalbackboneedgesesultsmostbeneficialin orderto lower the packet processindurden.Indeed,
for someproposal®of end-to-engaclettransporin opticalbackboneshesortingof IP pacletsattheopticalnetwork
edgesds of fundamentalmportancg8].

1Thetransmissionime for a 1,500bytespaclet (EthernetMTU) at1 Gbpsis equalto 12 ps.



2.0.2 Accessand optical backbonenetwork adaptation

Bridgingthegapbetweeraccessindbackbonaetwork alsobecomesnopenissue A flatarchitecturdasednauser
end-to-endl CP/IPconnectionalthoughsimpleandstraightforvard, may not be a practicalsolution. The TCP slow
startalgorithmseverely constrainghe useof the very large bandwidthavailablein the lightpathuntil the steady-state
is reached Evenin suchsteady-stateegimethe users soclet buffer may not be large enoughto provide the storage
capacityneededor thehugebandwidth-delayroductof thelightpath. Furthermoreanempiricalstudyconductedy
theauthorsin a Universitynetwork [4] shovedthatnearly30% of thetransactionateny wasdueto TCP connection
setuptime, which poseghe burdenof theroundtriptime in athree-vay handshak.

However, TCP providescongestiorandflow controlfeaturemeededn the accessietwork, which lackstheideal
transmissiorconditionsthat are provided by the optical sgment. We mustnoticethat heterogeneousetworks also
exist in otherscenariossuchasmobile andsatellitecommunicationsin orderto adaptto the specificcharacteristics
of eachof thenetwork segmentssplit TCPconnectiormodelsanevolutionaryapproactof the TCPend-to-endnodel,
have beenrecentlyproposed7, 9]. We notethat TCP splitting is not an efficient solutionfor optical networks, since
dueto the wavelengthspeed,n the orderof Gbps,the useof TCP in the optical sgmentcanbe questioned.For
example,consideringa 10 Gbpswavelengthbandwidthand 10 ms propagatiordelayin the optical backbong2000
km) thebandwidthdelayproductequal25 MBytes. File sizesin theInternetareclearlysmallerthansuchbandwidth-
delayproduct[11, 4]. As aresult,the connectioris alwaysslow-starting,unlesstheinitial window sizeis very large
[10]. However, sincethe pathsfrom gatavay to gatevay in the optical backbonéhave differentroundtripdelayswe
notethatthe bandwidthdelay productis not constant.For example,a 1 ms. deviationin roundtriptime makesthe
bandwidth-delayroductincreasan 1.25Mbytes. Thereforejt becomedlifficult to optimize TCP windows to truly
achievetransmissiorefficiency in this scenario Furthermorethe extremelylow lossratein the opticalnetwork makes
retransmissionsery unlikely to happenand sincethe network canoperatein a burst-switchednodein the optical
layerwe notethatthereareno intermediatequeuesn which overflow occurs thusmakingmostof the TCP features
notnecessary

2.0.3 Optical MAC protocolsadequationto IP over WDM traffic

Currentoptical network architecturearebasedn tree,busor ring topologies.Theaccesgatavay in figure 1 will be
normally facinga feedemetwork, mostlikely anaccessing aswith the currentSONETimplementationsThering
topologyhasa numberof advantagesuchasfastlink restoratiorin caseof failure. Laboratoryprototypesof feeder
rings are currentlybeingdeveloped[12] andthereis an active relatedongoingresearcl12, 6]. A numberof MAC
protocolshave beenproposedor suchaccessings,thatcanbe classifiedascentralizecor distributed. A centralized
MAC protocolis basedon a centralresourceallocator which grantsaccesgo the network on-demand Suchaccess
to the network consistsof a wavelengthallocation(lightpath)from sourcenodeto destinatiomodefor a giventime,
after which the lightpathis released12]. As analternatve, severaltime slotsin the TDM frame canbe assigned.
Distributed schemesare normally token-basedso that the nodecan grab the token in orderto gain accessover a
certainwavelengthfor a givenholdingtime [6].

We notethatthefundamentaproblemin high-speedingsis thattheacces$ateny dominatesverthetransmission
latengy, sincethe transmissiorspeeds in the orderof Gbps. andbeyond. In otherwords,the transmissiorslot for
the accessode cannothave an arbitrary duration, but shouldbe kept within a reasonableange. If the allocated
transmissiorslotis too smallthentheaccessateny dominateghe end-to-endateny. Theaccessiodetransmission
slot canbe viewed eitherasthe token holding time in a token-basedMAC or asthe lightpathholding time in the
centralizedschemeFor bothof themthelateng is stronglyrelatedto thedurationof thetransmissiorslotashasbeen
demonstrateth severalstudieg6].

2.1 Conclusions

¢ Fromthe above considerationsve notethatthe groupingof IP pacletsto the samedestinatiomnodein the source
accessodeis mostcorvenient.Sinceseveralpacletsareforwardedo the samedestinatiorlP addresshey canbeen-
capsulatedh the samecontainetthatcanbe switchedin the opticaldomain,avoiding randompacletarrivalsfrom the
sameflow anddecreasinghe routingcompleity. Both transmitterandrecever optical switchingspeedequirements
arerelaxed, while the electroniclayer is also greatly simplified sincethe paclet headermprocessingperationgake
placeata "burst” level insteadof "packet” level. Consequentlyif the upperlayersprovide "optical-friendly” traffic
to thedynamicWDM link layer a higherefficiengy, throughputand cost-efectivenesanbe achieved. In orderto



realizethis objective, we now proposea files-over-lightpathsarchitecturahatprovidestraffic groomingto the WDM
layer, while maintainingcompatibilitywith the currentTCP/IPprotocolsuite.

3 The Files-over-Lightpaths Architecture

The type of network architecturghat we are seekingnecessarilydemandgatevay functionality at the edgesof the
opticalbackbonesothattraffic groomingfor theopticalnetwork canbeachiesed,while keepingT CP/IPcompatibility
andbridgingthe mismatchbetweeraccessandbackbone A TCP splitting architectureproviding concatenated CP
connectionsalthoughsimpleandstraightforvard,is notanadequatesolutionasnotedbefore.In suchscenariowhat
is clearly neededs a departurérom the TCP schemeandnot an evolutionarysolutionproviding concatenated CP
connectionsSuchchangeof paradigmn thedatatransmissioschemen theopticalnetwork is basednthefollowing
fundamentafact:

Atwavelengthsspeedf gigabitsper secondfilesfor the optical networkare like padketsfor theaccessetwork.

In fact,theratio betweempacletsize(Kbytes)andtransmissiorspeedn theaccessietwork (Mbps)is in theorder
of thousands.In the optical network the ratio betweenthe file size (Mbytes)and transmissiorspeed(Gbps)is in
the sameorder While bit-by-bit switchingin the accessetwork would be completelyinefficient the sameapplies
to paclet-perpaclket switchingin the optical sgment. Being the optical network not limited by raw bandwidthbut
for paclet processin@ttheintermediatenodes pur proposedarchitecturanot only simplifiesdramaticallythe optical
network processingequirementsput also senesto the purposeof decreasinghe overall end-to-endconnection
latengy.

3.1 Optimizing transmissionwith file-switching

The concepipresentedn this papergoesonestepfurtherby proposinghe useof a burst-switchedolutionto handle
the end-to-enddatatransferover the optical sggment. At the boundarie®f the optical backbonehe userend-to-end
connectionis split into multiple segments;.e., the userto-gatavay segmentsandthe gatavay-to-gatevay segments.
Thesener gatavay retrievesthefile (e.g.,image,movie) from the Internetsener usinga TCP connection.Thefile is
thentransmittedrom the sener gatavay to the client gatavay usinga burst-switchedsolutionin the opticalsegment.
Oncethefile transferhasbeencompletedthe client gatevay deliversthefile to the final client usinga distinct TCP
connectionFigure3 showns thethreedatatransmissiophasesn thefiles-over-lightpathsnetwork architecture.

Theadwantageof usingafiles-over-lightpathsarchitectures mary-fold. Containedend-to-endlelayandefficient
bandwidthutilization areachiezedthroughthe concatenatiomwf file transfermechanismshatare optimizedfor each
network segment. The transfermechanismusedin the optical backboneis consistentwith the emeging second
generatiorall-opticalnetwork architecturesTheendusers TCP mechanisnis left unchangedhusmakingit possible
to transparentlyntroducethe burst-switchedransportmechanisnwhereneededj.e., in all-optical network islands
subjectedo high traffic loads. The factthat the network designrelies on hugedatastoragedeviceslocatedin the
network edgeds consistentvith awidely acceptedrendin today’s telecommunicationfs].

Finally, we notethatthe useof files-overlightpathsprovidesa numberof advantagetherthanoptimizationof
the opticalsgmenttransmissionThefirst andforemostis the availability of cachingspacen theaccesgatavays,as
with a proxy, thatdecreasekteny dramaticallyin caseof cachehit. Furthermorethe TCP connectioris effectively
split by the cache sothatend-to-endonsisteng is presered. Secondlyschedulingatthefile level canbe performed,
allowing for differentiatedjuality of serviceandbilling andpricingin theopticalbackboneamostinterestingeature
for InternetServiceProviders[16]. Providing differentiatedQoSby meansof schedulingat the pacletlevel becomes
adifficult taskto accomplishin a very high speedernvironment,possiblycreatingbottlenecksn high load situations.
Nonethelessschedulingat thefile level is moresimpleandefficient, sinceclearlythe numberof schedulinglecisions
decreaseslramatically Indeed,thereis an increasinginterestin flow switching solutionsfor Internethigh-speed
routers. Suchsolutionsare basedon assigninga tag to the pacletsbelongingto the samestreamprior to entering
the backboneso that the routing tasksare greatly simplified in the routers[2]. The proposediles-overlightpaths
architectureprovidesartruly circuit-switchedsolutionfrom the opticalnetwork edgeshasedon burst-switchingn an
all-opticalbackboneAs a consequencéheelectronichottleneckis circumventedthe network reliability is improved
andthevarianceof theconnectiodateng is minimized.
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Figure3: File transmissiorin thefiles-over-lightpathsnetwork architecture

4 Performanceevaluation of the Files Over Lightpaths architecture

4.1 Methodology

We usebothanalyticalperformancevaluationandsimulationin orderto studythereferenc&V/DM architectureshovn
in figure 3. Theng simulatoris selectedasa simulationtool sinceanaccuratel CPimplementatioris available. We
choosea simplenetwork topologyconsistingof anopticalchanne(1 Gbps)which connects coupleof accessouters
locatedat the boundariesof the optical network, as shown in figure 4. Regardingthe accessnetwork two access
links provide connectvity betweenthe accesgoutersand client and sener respectiely. We simulatea numberof
network conditionswith varying network parameterspamelylink capacitiespropagatiordelayandlossprobability:
Theobjectieis to evaluatecandidatdransfermodeswith the performancenetricbeing TCP connectiorthroughput.
Thetransfetmodesunderanalysisare:

e End-to-EndPhotonicPacket Switching(EE-PPS)An endto endTCPconnectioris establishe@dndno splitting
is performed.The opticalnetwork is a pure paclet switchingnetwork at Gbpsspeed.This scenariacesembles
the currentinternet,in which end-to-encconnectiongo sener/proxyareestablishedegardlesof the network
segmentsheingtraversed.

Split PhotonicPacket Switching (STCP-PPS)The end-to-endl' CP connectionis split into two separateon-
nectionsfor accessand backbonenetwork. In the accessetwork, we adoptthe TCP connectionparameters
which areusualfor mostPCsin the Internet,i.e. 32 Kbytesmaximumtransmissiorwindow sizeandslow start
activated.Ontheotherhand thebackbonél CPconnectiorusesT CPextensiongor speedasdescribedn [10].
SuchTCP extensionsarelargertransmissiorwindow (500 Kbytes)andno slow start,i.e. initial window size
equalto 500Kbytes.We choosenotto evaluatesplit TCP connectionsvith standardr CPin theopticalsegment
sinceit makesno senseao usesmallwindow sizesandslow startin suchopticalsegmentwhichis RTT-limited.

Files-orerlightpath(FOL): A standardl CP connectioris usedbetweerclient/sererandaccessouter(32 KB
window sizeandslow start). We considetthatthe opticalnetwork provideshburst-switchingcapabilities Optical
bursttransmissiorrequiresa setuptime andis subjectto blocking probability. Both parametersvill be taken
into accountn theanalysis.

2http:/lwww-mash.cs.beekey.edu/ns/
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In orderto evaluatethe candidate@ransfermodesa numberof network parameter¢delay bandwidth lossproba-
bility) needto be selectedhataccuratelyportraythe caseof optical networks. We provide a summaryof simulation
parametersglongwith theirvaluesin thedifferentsimulationrunsin table1. The simulationoutputis a plot shoving
meanthroughput(i.e. total bytesdivided by total duration)for file sizesin theinterval (0,5] MBytes. A numberof
100 simulationrunsis performedper eachfile sizevalueandthe averagethroughputcurve is presentedin orderto
simulatea real situationof clientsaccessing numberof differentdestinationsn the Internetpropagatiordelayin
the optical backbonds modeledasan uniform randomvariablein the range(0,30] ms. Consideringa propagation
speedn theopticalfiber of 5 us perkilometerthebackboneliameteriis in therangeof (0,6000 Km., nottakinginto
accounintermediatgouterpropagationOntheotherhand,delayin theaccessietwork accountgor propagatiorand
gueueingdelay We notethatthe propagatiordelayin the accessietwork depend$eaily ontheaccesgechnology
beingused. For example,a commercialADSL network suffers a one-way delay from modemto modemheaderof
55 ms. aproximmately Thus,we consideraccesslelayvaluesof 25,50 and100 msin orderto analyzea numberof
differentaccessetwork configurationsOn theotherhand,we consideranaccessetwork bandwidthof 8.448Mbps
(E3), 34 Mbps (STS-1)and100 Mbps. Lower bandwidthvaluesmalke the TCP connectiorbe bandwidthlimited in
theaccess&ndit makesno sensdo connectsuchlow bandwidthaccessietworksto a Gbpsopticalbackbone.

Parameter Value
BW of backbondink 1Gbps
Backbondink propagatiordelay 0—30ms
BW of accesdink 8.4Mbps 34.4Mbps 100Mbps
Accesdink propagatiordelay 25ms50ms 100ms

Tablel: Summaryof simulationparameters

4.2 Resultsand discussion

We first evaluatesplit (STCP-PPSnd FOL) versusnon-split(EE-PPS)Yransfermodes. The resultsshav that split
transfermodesprovide betterperformanceThen,we compareSTCP-PPSvith FOL.

4.2.1 Split versusend-to-endtransfer modes

Figure 5 shaws throughputversusfile size for EE-PPS,STCP-PPSand FOL with the accessetwork parameters
shavn in table 1. We notethat throughputgrows with file sizetowardsa valuewhich is independenof accesB8W,
thelessRTT the moresteady-statéhroughput.For smallfile sizestheconnectiordurationis dominatedoy setuptime
andslow start,which doesnot allow thewindow sizeto reachan steady-statealue. For largefiles the TCPreaches
steady-statandthe throughputis equalto window sizedivided by round-triptime. Suchbehaior is expectedin a
large bandwidth-delayproductnetwork, in which connectionsareRT T-limited ratherthanbandwidth-limited.

An analyticalsubstantiatiof theabove plotscanbeobtainecby modelingthe TCPconnectiorasaserieof RTT-
slots. We proceedo evaluatethe connectiordurationandthenobtainthe throughputastheratio betweerconnection
sizeandduration. First, let b denotethe maximumnumberof bytestransmittedper RTT. We notethatb is equalthe
minimum of the negotiatedflow control TCPwindow maxcwinandthe bandwidth-delayroductof the path:
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Figureb: Averagetransferthroughput

b = min{maxcwinBW x RTT } Q)

Sincean ACK from theclient senesto increasehe window sizein oneseggmentin the sener, anerrorfree TCP
connectionwill transmit2' paclets(with MTU byteslength)in thei-th slot during the slow-startphase. The total
numberof pacletstransmittecuntil sloti in theslow startphaseequalszij=1 2i=1 =21 _ 1 Suchwindow exponential
increasephasewill lastuntil the BW x RTT productof the channelis reachednamely until the numberof paclets
transmittecper RTT-slotis equalto %. Thus,thei-th slotis in the slow-startphaseof the connectioriff:

- b : 2b . b
i—1 - e~ &
27 < VTU or |<Iogz(MTU) or |<Iogz(MTU)+1 (2)

And thenumberof pacletsneededo completeslow startis givenby:

loge (i) 1= D2 _
2 1 2NITU 1 (3)

Let k be the total numberof pacletsper connectionands the total numberof bytes,suchthats = kx MTU. If
k> Zﬁ — 1 the connectionis in steadystateandthe total numberof RTT-slotsuntil transmissiorof pacletk is
equalto thesumof two terms:log, (2% slotsfor theslow-startphaseplustheslotsneededo sendk — (2325 — 1)
remainingpacletsatarateof % pacletsfor slotin thesteady-statphase.Thetotal connectiordurationin RTT-slots
for aconnectiorsizes, whichwe call n(s, b), is equalto.

. b
D N el ' it < 2y — 1 @)
Sb) = ﬂ‘%@-&logﬂﬁ)-ﬁ-l ifﬁ>2ﬁ_l
MTU

If insteadwe usethe high-speedr CP extensionswhich avoid enteringslow-startphaseby usinga greaterinitial
window of startcwin bytes,with startcwin < maxcwin the numberof pacletstransmittedn sloti areequalto 2 =1 x
gartcwinandasloti is in theslow startphaseff:



i <logy (27b) (5)

sartcwin

Thenumberof pacletsneededo completeslow startis now givenby:

2b— gtartcwin

MTU ©)

Thus,thetime it takesfor transmissiorof afile of sizes, measuredn RTT slots,whichwe call ns(s,b) is given
by:

—S i s 2b—gtartwin
n¢s(s, b, sartcwin) = s zbnggc%v(mﬁa”CWm)"'l if 7o < o @)
fs(S,0, | MYt loge(gmream) +1 i T > w

Theabove formulationcanbeusedto calculateransfertimesasafunctionof b, startcwinandRTT of thenetwork
underanalysis. Denotingby RTTopicar the roundtriptime of the optical backbongpathand RTTyccessthe roundtrip
time of anaccessetwork, thetransfertimesfor afile sizesin theend-to-endcenarids givenby:

tee(S) = (N(S, Bend-to—end) + 2) (2R T Taccesst R-l_roptical) (8)
tgcp(s) = (2 (n(S, baccesa + 2)) R-l_raccess'f— (nfs(s7 boptica| 5 Sal’tCWIn) + 2) R-l_ropﬂca| (9)
S
ttol (S) = (2(n(s, baccesg + 2)) RTTaccesst ’VI o + 1-‘ R-|_|—0|otical (10)
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Figure6: FOL protocol(stopandwait)

In the above expressionsve take into accountthattwo additionalRTTs areconsumedor the connectiorestab-
lishmentandterminationphasgSYN-SYN andFIN-FIN handsha&s)andmustbe addedo the numberof minislots
givenby n(s,b) for agivenconnection.

Ontheotherhand,equation10 accountdor the numberof RTTyical Slotsusinga simplestopandwait protocol
andsendingdatain lopica SizedburstsplusoneRTTgpical Slotfor therequesimessagéfigure6). We chooseasimple



stop-and-wvait protocolin theopticalsegmentasa conserative referencdor comparatre performancevaluation.We
assumehatsendinganopticalbursttakesonly oneRTTgpical. Following figure6 we considethataburstrequesmust
be sent@ seconddeforesendingthe burstitself. Thus,new requestsaresentassoonasan ACK of the previous
burstis recevedsothatbothtransmissiorof a new burstandACK of the previousburstareconcurrent.
Besidesbeingbaccess Poptical @Ndbend-to—end arethe maximumburstsizesgeneratedyy TCPin anaccessoptical

or end-to-engath,we considerequationl andobtain:

Daccess= min{32KbyteS BWaccessx RTraccesé (11)
Poptical = min{500<bytes BWoptical X R-l_roptical} (12)
Bend-to—end = min{32K bytes BWaccess< (RTTaccesst 2RTToptical) } (13)

Finally, theconnectiorachiezedthroughputtanbecalculatedby simply dividing file sizepertotal transfetime as
follows:

S

B tscenaio(S)

thrscenaio(S) (14)

wherescenaio is in the set{ee stcp, fol}. Figure7 shavs the connectiorthroughputobtainedanalytically(in
solid lines)andby the simulation(points). We considerthe following parametevalues:

Parameter Value

BW of backbondink 1Gbps
Backbondink propagatiordelay 0—30ms
R-rroptical 0—-60ms

BW of accesdink 8.4Mbps, 34.4Mbps, 100Mbps
Accesdink propagatiordelay 25ms50ms 100ms

OpticalsegmentTCP gtartcwin 500K bytes
OpticalsggmentTCP maxcwin 500K bytes
AccesssggmentTCPmaccwin 32Kbytes
Opticalnetwork maximumburstsize(FOL) 500K bytes

Table2: Simulationparameters

First,we notethattheanalyticalresultsfollow closelythe simulationresults thusindicatingthat TCP connections
in suchhigh BW x RTT productbehae asa seriesof mini-cyclesof RTT duration,in which a numberof pacletsb
(equationl) is transmittedn the steady-stat@hase. ¢, Fromfigure 5 we alsoobsene thatfor a givenaccessdelay
proxy-basedtrategies,either STCPor FOL, get similar resultsand outperformPPS If file sizesarelarge enoughto
make TCP reachsteady-statthenSTCPandFOL areconstrainedy the speedof accesdoopsonly, thusproviding
similar results.This canbe seenin equationl0 for the FOL scenaricandin equation for the STCPscenario.Since

Nnts(s,b) is muchlowerthann(s,b) and [ S| is lowerthann¢s(s,b) thentheaccesgontritutionto lateng is always

Iopt cal

muchhigherthanthatof thebackboneandbothsplit methodbehae like

tscp, fol (S) = 2(N(S, baccess + 2) RTTaccess (15)

RegardingEE-PPS we note that an end-to-endTCP loop hasa higherroundtrip time thanthat of the access
network thus providing a larger valuefor n(s,b). Equationl5 giveslower lateng valuesthanequation8 andsuch
valuesarelower the lower is RTTopiical cOmparedo RTTaccess This effect canalsobe appreciatedn the simulation
resultsplottedin fig 5. We notethatthe accesdandwidth(the bottleneckbandwidth)shavs no effectin the obtained
throughput.Sincethe maximumad\ertisedwindow is notlargerthanthe BW x RTT productof the pathandthedata
transferrateis limited by suchmaximumadertisedwindow value(equationl), which shouldnotbeincreasedWhile
in the opticalbackbondt seemgeasonabléo useTCP with large window sizesandno slow startthe samedoesnot
applyto the accessetwork since:i) the accessietwork is bandwidth-limitedin comparisorto the optical network.
Largebuffer sizesproducencreasedraffic burstinessleadingto potentialcongestionii) buffer sizeatbothclientand
seneris limited by memoryresources.
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Figure7: Theoreticalvs simulation

We notethatsplit solutions,namelySTCPandFOL, provide betterperformanceén comparisorto the end-to-end
PPS.Both STCPandFOL provide fasttransmissionin the opticalbackbonewith negligible transfertime, sothatthe
TCP connectiortime is mainly dueto theaccessetwork. Sinceslow startgrows muchfasterin the accessietwork,
in comparisorio theend-to-endtasejt turnsoutthatthe split connection®utperformend-to-endconnectionsWhile
theresultsin this sectionhave beenobtainedassumingdeal conditions(paclet/turstdrop probability equalzero)we
notethatthisis actuallythe bestpossiblescenaridor end-to-endransfemodes.If pacletlossoccurstheretransmis-
sionloop for an end-to-endconnectionencompassethe whole network (access+ backbone)thusimplying severe
performancelropin comparisoro split methods However, in orderto compareSTCP-PP&ndFOL weintroducethe
burstblocking probabilityandpaclket blocking probabilityasa parameteof the opticalsggmentin the next section.

4.2.2 STCPversusFOL

For simplicity, we assumehatopticalswitcheshave no queuesand,therefore paclketsor burstscanbeblockeddueto
contentiorfor the sameoutputport from differentinput ports(figure8).

Let (Apad, tpack) and(Apurs; thurs) bethearrival ratesandtransmissionimesfor pacletandburstarrival processes
respectiely. We assumehatboththe pacletandburstarrival procesgo the switcharePoisson.By doingsowe can
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malke drop probabilityfor a pacletin photonicpaclet switchingbe equalto burstblocking probabilityin opticalburst
switching.

The paclet drop probability is given by the probability that one or more paclets arrive during the vulnerable
interval of a givenpaclet:

Parop=1— g pacdpack (16)

Corverselythe burstblockingprobabilityis givenby:

Pblod< — 1 _ e—}\burstburst (17)

Let n bethe numberof pacletsperburst. We verify thatApurg = Apag/N @andtpyrg = tpagn. Thus:

A pad(tpad< = )\bursttburst (18)

andthe paclet droppingandburstblocking probabilitiesareequal. We now proceedo evaluateFOL andSTCP
underlossconditionsin the opticalnetwork. The numberof burstsperfile (npyrg) is givenby:

B

|0ptical

Nburs = (19)

Assuminga simplestopandwait protocol(seefigure 6) the averagetransmissioriime for a burstis equalto

1 RTT

E[Tourg] = ———RTT = ———
(Tours] = 752 1— Pourg

(20)
andthethroughpuis givenby:

B — B(l_ I:lnurst) — Lourst
Npurst Tourst Nourg RTT RTT

ThreoL =

(1—Pourst) (21)

On the otherhand TCP throughputwill alsobe affectedby paclet drop probability The occurrenceof paclet
dropsin anongoingTCP flow will trigger either TCP congestioravoidancemechanism®r slow-start,asshowvn in
figure9. In low lossprobability environmentthe paclet losswill be detectedby a duplicateACK sentby the sener.
Congestioravoidancefollows, which halvesthe window sizesand switchesthe TCP agentto linear growth in the
congestiorwindow. In a high lossernvironmentthe pacletlosswill be detecteddy timeout. The congestiorwindow
dropsto 1 sggmentandthe slow-startalgorithmis activateduntil half the original rateis reachedandat thatpointthe
TCPagentswitchego congestioravoidancemode.

Theestimationof thethroughputof a TCP connectiorwith randomlosshasbeenextensvely treatedn thelitera-
ture. We follow [3] andobtain:

cwmax 1

; )
RTT R B0

ThrTcp = min( (22)
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Figure9: Errorsduring STCPtransfer

wherecwmaxis the nggotiated(flow control) window size. Figure 10 shaws the achieved throughputwith error
probabilitieslower than 0.1, for both FOL (differentburst sizes)and STCP-PPSResultsfor STCP-PPShave also
beenvalidatedby simulation. We obsenre that TCP congestioravoidanceseverely limits transferefficiengy. If loss
probability is equalto 0.01thethroughputobtainedwith TCPis half the throughputobtainedwith a simplestopand
wait protocolin FOL. This senesto illustrate that the throughputpenaltyimposedby the TCP congestiorcontrol
mechanismss rathersignificant.

Average throughput in a TCP transfer with errors
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Figure10: Throughputtomparison

The main differencebetweena simple FOL protocoland TCP is the way both protocolsinterpretcongestion.
While TCP considerghatlossis producedby queueingoverflov FOL is awarethatlossis dueto blocking. In a
loss situation, TCP will lower the transmissiorwindow, which resultsin no effectat all sincecongestioris dueto
blocking,andthe moreblocking probabilitythe morenumberof accesse® the opticalnetwork. Furthermoresince
theBW x RTT productis extremelylargethe TCPwindow sizetakeson avery highvalue.As aresult,theslow start
or congestioravoidancephasewhich follow a pacletlosstake thelongesttime to complete.
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5 Conclusions

In this papewe havereporteconanew architecturehatefficiently tacklesthechallengesmposedoy TCP/IPservices
over optical backbones.The proposediles-overlightpathssolution providesbetterperformancewith lessstringent
requirementsn the optical layer, which is not requiredto perform all-optical paclet switching but coarsepaclet
switching.We notethatthe groomingof traffic attheupperlayersis fundamentain orderto reducecomplexity atthe
opticallayer, thatleadsto a more efficient and costeffective network design. While the end-to-endandsplit model
providedaneffective framework for the developmenbf the currentinternetthe forthcominghigh-speeapticalback-
bonesclaimfor adifferenttransfemparadigmthattranslateshe availability of gigabitbandwidthinto userpercevable
quality of service.
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