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Abstract— Telecommunication networks have rapidly added
staggering amounts of capacity to their long haul networks
at low costs per bit using DWDM technologies.Concurrently,
there has been a wave of new accesstechnologiesthat are
driving customersto demand high-speed,robust and customized
data sewices. These dynamics have led to what is called the
"metro gap” - the inability to leveragethe backbone capacity to
create and distrib ute revenue generating sewices. This paper
presentswork® in progress at lowa State Universities' High
Speed Systems Engineering laboratory to address the metro
gap problem. As an initial step towards solving this problem,
we demonstrate a streaming media application implemented
utilizing Field Programmable Gate Arrays (FPGAs) on a 3
Gbps optical ber network employing light-trail technology
[1]. The testbed and application presented within illustrates
a cost-effectve platform and outlines high-speed system level
design challengesand solutions. This complete solution enables
high-bandwidth services to move closer to the user premises
by combining commercially available network componentsand
emerging network technologies.

|. INTRODUCTION

The telecommunicationsndustry has beenwitnessingan
exponentialgrowth of network trafc in the pastfew years.
The aggreyate bandwidthrequirementof the Internetis ex-
pectedto bewell over 5000petabits/dayy 2007.While voice
traf c growth hasbeenslow for mary decadestherehasbeen
a sumge in the growth of datatrafc. Datais expectedto be
over 75 % of thetotal network traf c seenin the Internet.This
brings to highlight some interestingand challengingissues
relatedto self-similar natureof Internettraf c, asymmetryin
IP o wsandsener boundcongestior2]. With the continuing
proliferation of bandwidth-intensie multimedia applications
andwidespreadavailability of broadbandaccesgdechnologies,
this paradigmshift in capacitydemandsare having profound
impactson today's network designand deployment.

Telecommunicatiometworks canbe roughly organizedinto
a three-tieredhierarchy: access,metro and long haul [3].
The accessnetworks provide the subscriberinterface to the
communicationnetwork. It hosts a broad range of proto-
cols/technologiesand supportsa wide variety of application
devices. A discussionon the plethora of accesssolutions
penading the market is beyond the scope of this paper
On the other end of the hierarchyis the long haul, which
provides large tributary connectiity betweenregional and
metro domains. There has been an unanimousagreement
amongbackboneserviceprovidersthat DWDM offersthe best
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cost-capacitytrade-of and henceis the technologyof choice
for long haul networks. Interfacing the accesswith the long
haul is the metro. The metro segment provides high speed
media and application devices required to interconnectthe
accessnetworks to the core. The emeqging trendsin trafc
have signi cantly altered the domainsbordering the metro
and have madeserviceprovidersseriouslyrethink the current
technologieghat arein place.Evaluatingvariousalternatves
and providing new solutions with good price-performance
characteristicfor the metro spaceis the themeof this paper

Towards this end, this paperis organizedas follows. In
sectionll, we describethe traditional architectureghat were
designedwith primary focus on voice. Section Ill looks
at some of the emeping trends and network requirements
that will clearly bring out the reasonswhy the corventional
architecturesreill-suited to caterto the needsof the evolving
demands.Next, sectionlV discussesome of the proposed
solutionshasedn Next GeneratiorSONET(NGS),Next Gen-
erationEthernet(NGE) and WDM technologiesand analyzes
their capabilitiesandlimitations. We introducean architecture
called light-trails in sectionV which when deployed with
WDM can lend itself naturally to the service provisioning
requirementdn the metro space.We illustrate the light-trail
ring and the mesh switch architecturesand explain how it
compareswith the traditional circuit/burst/paclet switched
WDM architecturesAs a proof of conceptwe demonstrate
streamingmediaapplicationimplementedn a 3 Gbpsoptical
ber network employing light-trail technologyin sectionVI.
Section VIl describessome possible future directions and
sectionVIll presentsour conclusions.

To the bestof our knowledge,we are not aware of other
existing light-trail test beds. Our idea is synchronouswith
the generalobsened trend of optical technologiesgradually
propagatingfrom the core towardsthe metro and eventually
to the access.The detailed discussionsthat follow bring a
practicalperspectie to the testbedthat we describelater

Il. TRADITIONAL ARCHITECTURES

Currently metro networks are basedupon SONET/SDH
ring architecturesndareorganizednto a two-level hierarchy:
metro edge and metro core. The metro edge refers to the
spacebetweensubscriberaccessand central of ce location.
Metro edgerings spanabout10 to 40 kms, operateat OC-
3/STM-1or OC-12/STM-4ratesandemploy Add Drop Mul-
tiplexers (ADMs) that connectto digital loop carrier setups,
enterprisenetworks, telephonepublic branchexchangesetc.



Most edgetraf ¢ is usually outboundfrom the local ring and
henceexhibit strongly hubbedtrafc patterng3] with central
of ce asthe huh This makes edgenetworks well suitedfor
Unidirectional Path SwitchedRing (UPSR)architectures.

The metro core refersto the rings that interconnectmajor
central of ce hub locations and that feed into long haul
networks. Metro core rings spanabout40 to 80 kms, operate
at OC-48/STM-160r OC-192/STM-64rates and perform a
higherlevel of aggreationthanthe correspondingdgerings.
The trafc demandsin metro core are much more meshed
and improved bandwidthef ciency is obtainedthroughBidi-
rectional Line Switched Ring (BLSR) architecturesDigital
cross-connectthatcanswitchin both spaceandtime areused
to interconnectrings and to provide ne granularbandwidth
managemenfThetraditionalring architectureperformedwell
when the dominanttrafc was voice. However, there have
beensomeemening trends(discussedoelow) in designand
deploymentof optical networks that bring to the forefront the
inherentde cienciesin existing architectures.

I1l. EMERGING TRENDS
A. Growing demands

The tremendougrowth in internettraf c volumesis fueled
by content-rich applicationslike pacletized voice, internet
gaming, video on demand,and streamingmultimedia. New
servicesthat are offered include interconnectingand consol-
idating data centersand transparentextension of the LAN
acrossthe MAN. Thereis a trend towards supporting Stor
age Area Network (SAN) architecturereal-timetransactions
backup,high-speedlisastemrecovery, grid computingand the
more futuristic optical virtual private networks. Concurrently
there remainsa very healthy demandfor legag/ voice and
leased-lineservices,arising from a huge, entrenchedbase.
It is importantto note that the bursty nature of datatrafc
requireghatnetwork designbe differentfrom the corventional
telepholy design.For instancethe edgebuffering capabilities
haveto beincreasedigni cantly to accounfor the self-similar
nature Also, it is obseredthatIP o wsareasymmetriavhich
is attributed to the patternof big sener farms sendingout
large datain returnfor small requestsCurrentSONET based
networks are bi-directional and hencehalf the resourcesare
idle leadingto lopsidednetwork utilization.

B. Advancingaccesgednologies

Many technologiesare emeging in the accessdomain
including cable,DSL, high speedwireless wavelengthleasing
and wavelength on demand.Improved accesstechnologies
male possiblewide spreaduse of bandwidth-intensie appli-
cationswhich in turn createthe needfor moreef cient access
networks therebyenteringa positive regeneratie cycle. Thus,
thereis needfor a scalablerobustandeasyto managenetwork
architectureghat cansupportmultiple accesgechnologiesand
provide intelligent handlingof broadbandiserdata o ws.

C. Increasingneedfor transpaency

Transpareng is one of the key requirementsof a future-
proof network. An all-optical network is transparento bit

rates,modulationformats and protocolsand can upgradeto
higherbandwidthswithout resortingto "forklift upgrades’that
requiremassie overhaulof existing infrastructuresThis en-
ablesmetrooperatorgo scaletheir networksto meetcustomer
requirementsindenhanceheir servicevelocity. Eliminationof
electronicsin the intermediatenodeslowers costsand power
consumption.t also simpli es operations,since thereis no
needto managedisparatenetwork elementslt offers support
for legag/ servicesand gives operatorsthe ability to bundle
serviceswith different optical quality-of-serviceand service-
level agreementsThis featureallows the serviceprovidersto
tailor serviceofferingsto meetthe needsf speci ¢ customers.

D. Migrating to mesh

Traditionaltelecommunicatiometworks werecon gured as
rings since they guaranteerecovery and lead to predictable
restoratiorpathstherebysimplifying managementiberusage
can be low in ring solutionsbecauseof the requirementfor
protection bers on eachring. A mesh physical topology
is more ef cient when the demandpatternis also meshed.
Besidesnetwork designgarelyresembleingssince bers can
be routedonly alongrights-of-way which may not facilitate a
ring topology Building rings on top of meshedbers results
in a logical overlay which is harderto designand maintain.
Meshnetworksallow atopologysimilarto ber routing.Also,
thebene tsin e xibility andefciency of meshnetworks are
potentially great. Protectioncan be basedon sharedpaths,
therebyrequiring fewer bers for the sameamountof trafc
andcanleadto ef cient wavelengthutilization. However, mesh
networks requirea high degreeof intelligenceto performthe
functionsof protectionandbandwidthmanagemenincluding
ber andwavelengthswitching.

E. Improving recon gurability

Corventional networks are circuit switchedand are inter-
connectediy leasedlines with long holding times. However,
there is an increasingneed for recon gurability in optical
networks that allow bandwidthcreationin real time between
end usersto accommodatalynamically changingtrafc de-
mands.The routersand switchesshouldacquirethe ability to
set up circuits of wavelengthor sub-wavelength granularity
acrossoptical backboneswithin seconds.Such provisioning
will allow customergo buy high bandwidthfor short-termuse,
suchas a high-de nition video transmissiorthat a television
network might need.

IV. METRO SOLUTIONS

In light of above trends,SONET basedmetro networks are
facing some seriouslimitations [3], [4]. We describesome
of the challengesfaced by the corventional networks and
thencritically assessomeof the promisingsolutionsthat are
availableto meetthesespeci c requirements.

A. Challenges

With growing demand, capacity exhaust problems gain
signi cance. Capacity upgradein SONET is possibleeither



throughdeploying new rings or throughincreasingfDM rates.
The former requiresnewv ber routeswhile the latter neces-
sitatesequipmentupgradeson all ring nodesboth of which

areexpensve andtime consumingln SONET, eachtransport
pathhasa x edbandwidthde ned over arigid rate hierarchy
This precludesthe possibility of supportinga multitude of

client dataapplicationgresultingin large bandwidthinef cient

mappings Besidesthe burstinesdn trafc cannotbe handled
well since re-provisioning requirescareful capacity planning
andtakesalongtime. The network is nottransparentsupports
only constanbit ratesandprovidesvery little roomfor service
differentiation. So, a need for a transparent,cost-efective
architecturethat can respondto dynamic trafc needsand
allow for service differentiationwhile still offering support
for legagy servicesis beingincreasinglyrealized.

B. Metro core solutions

The requirementdor metro core is differentfrom that of
the metroedge.In the metrocore,the emphasiss on scalable
bandwidthprovisioning. With maturing optical technologies,
ring- or mesh-basedvavelengthrouted DWDM networks is
an ideal t here since it offers rapid provisioning, service
transpareng andlow network costs(sincethey areamortized
over a large user base). However, in the metro edge, the
focus is on protocol heterogeneityheavily sub-wavelength
trafc and a price-sensitie limited user base.Hence the
metro edgeis seeingmore diversepossibilities,rangingfrom
improved SONET/SDHand Ethernetofferingsto optics-based
propositionsWe discusseachof themin turn below.

C. Metro Edge solutions

1) Next Geneation SONET Recently new techniquedor
bettering transportover ber have beenaddedto NGS [5]
while still retainingits original protectionand performance
monitoring features.This includesthe GenericFraming pro-
cedure (GFP), Link Capacity Adjustment Scheme(LCAS)
and Virtual Concatenatior{VVC) mechanismsVC allows for
concatenatiorof several payloadsto provide e xible band-
width andto minimize mismatchin dataand port rates.GFP
providesa simpleframing technique6] to multiplex multiple
client protocolsand LCAS speci es a control mechanisnto
dynamically adjust the number of tributaries assignedto a
connectionCollectively, thesefeaturesarethe building blocks
of the new data-avare NGS transportnetworks.

Despitethe abore enhancementGS is still an approach
that attemptsto bridge the paclet and circuit switching
paradigmsbothof which differ fundamentallyin their philoso-
phies.NGSsystemgrocesghe signalselectronicallyin all the
intermediatenodestherebyprecludingtranspareng reducing
scalabilityandleadingto increasedequipmentcosts.Besides,
NGS also has some framing requirementslike STRATUM
timing [7] andpointerprocessingvhich canbecomeaxpensve
at high datarateslike 40 Gbps.

2) Next Geneation Ethernet: The featuresthat are ex-
clusive to SONET is its efcient supportfor survivability
and performancemonitoring. Ethernetservices,on the other

hand, are easily upgradeableand has the adwvantagesof fa-
miliarity, simplicity and low cost. While Ethernetdoes not
offer TDM-level guarantee$or bandwidthanddelay SONET
doesnot offer efcient datamappings.NGE is a ring based
cost-efective and fault tolerant data transportsolution that
combinesstatisticalmultiplexing along with a fairnessbased
accessschemecalled ResilientPacket Rings (RPR)[8].

However, there are some problems associatedwith the
paclet schedulingand rate adaptationapproachfollowed by
RPR. The schedulingstreamgives priority to transit trafc
overlocal traf c andhencedelayseenby a nodeis dependent
on upstreamtrafc patterns.In addition, if the bandwidth
requirementof a newly arriving trafc is lowestamongthe
contendingtrafc o w, this causesall the upstreamnodesto
throttle their rateto this lowestrate,creatinglarge oscillations
in bandwidth allocation. Such a reactve approachin the
presencef burstytrafc mayresultin large settlingtimesfor
the oscillations.In general,paclet rings have beendesigned
basedn enterpriseequirementandconsequentlyhereis less
supportfor TDM traf c. SinceRPRterminategrafc onevery
nodelike NGS,their capacityscalabilityandcost-efectiveness
is also questionable.

3) Course WavelengthDivision Multiplexing (CWDM):
WDM is the sole technologythat can support TDM, data,
SAN, cable video etc. independentof bit ratesand proto-
col formats. Although the other alternatesolutionspresented
above maydelaythe deploymentof ring basedVDM systems,
it appeargo be the mostcompellingsolutionin the long run -
onethatcombinesscalabilityandtransparengwith simplicity
and cost-efectivenessSincethe traf ¢ volumesin the metro
edgemay not be excessiely heary asin the core, CWDM can
be deplojed. CWDM doesnot placestringentrequirementsn
optical equipmenttherebyleadingto signi cant costsarings
[4]. CWDM will allow operatorso expandserviceofferings,
supportlegag servicesand preparefor future traf c  growth.

Having cited the advantagesof deploying WDM on both
the metro edge and core networks, we have roughly four
architecturalchoices:circuit, paclet, burst or trail switched
paradigmsWe have developedlight-trails asa WDM solution
to addresdP-centricdatacommunicatiorat the optical layer
and we argue why it is a viable candidatefor the metro
networks in the forecomingsections.

V. LIGHT-TRAILS

Traditional circuit switchedWDM networks [9] are provi-
sionedfor peakratetrafc dueto lack of buffering capabilities
in the opticaldomainandhencemaybe severelyunderutilized.
Network utilization can be improved by equipping nodes
with electronicgrooming(e-grooming)capabilitiesthat allow
efcient packingof low rate streamsonto high rate channels.
However, grooming brings along with it concernsrelatedto
compleity, scalability delay and transpareng Trafc en-
gineering and statistical multiplexing gains are achievable
in optical paclet switched networks [10] but high speed
optical switches,scalablepaclet parsingmechanismandfast
and large random accessunits have not beenrealizablefor
large scalecommercialdeployment.Burst switching[11] pro-
vides a hybrid approachbetweencircuit and paclket switched
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are sourcedandreceved on the local nodeusing optical cross-connectand tunabletransceiers

paradigmshut the requiremenif low switch recon guration
timesascomparedwith the burst durationleadsto signi cant
challengesn optical switch design.

A. SystemArchitectue

As a solutionto providing high resourceutilization andsub-
wavelengthsupportwe discusdight-trail technology(1], [12],
[14]. A light-trail is similar to lightpath in that, it requires
the establishmenbf a unidirectionaloptical circuit between
the sourceand destination.The key differenceis that some
intermediatenodescan also receve and transmitdataon the
samechannelin a time multiplexed manner

Figure 1(a) shanvs a four node uni-directional light-trail
in a ring network, which is a small variant of the system
suggestedn [1]. At every node,the signal passeshrougha
light-trail accesaunit (LAU) thatconsistof a splitter, a shutter
a combiner and optionally an ampli er that enablesdrop-
and-continuefunctionality. A simple medium accesscontrol
protocol (MAC), discussedn [1],[12]-[17], may coordinate
communicatiormamongnodesin thetrail. A signalsourcedby
a node traversesall nodesdownstreamto it on the trail. At
the splitter, a part of the incoming signal power is tappedby
the recever for local processingand the rest of the optical
signal is ampli ed and passedto the shutter The shutteris
con gured to eitherblock or let the wavelengthpassthrough.
If the currentnodeis the last or the rst node on the trail,
the shutteris con gured to block this wavelength. For all
intermediatenodeson the trail, the shutterlets the signalpass
through.If the signalis not blocked by the shutter it traverses
the combinerbefore exiting the node. The combinerenables
the intermediatenodesto insertits dataon the trail basedon
the MAC protocol.

At rst glance,it may not be readily apparentwhy the
signals are split by a coupler and a part of it is sentto
the next node while it could have beenlocally terminated
and retransmittedto the next node in stead. While local
termination cleansup the signal, it may lead to increased
resourcecosumption For instance considera trail with only
one sourceand multiple destinationsIf couplerswere used,
eachof the destinationnodesneednot have a transmitterelse
eachdestinationneedsto be equippedwith a transmitterthat

hasthe sole purposeof relayingtraf c.

The simple MAC protocol proposedin [1] allows an up-
streamnodeto sendan out-of-bandcontrol paclet to indicate
its desireto transmitand sendits data paclet after a guard
bandgap.The guardbandis setso asto preemptarny possible
ongoingdownstreamcommunicationsFor a good description
of the variousMA C protocolsandissuesrelatedto fairnessin
sharednetwork mediums,readeramay referto [16], [17].

This bandwidthon demandmechanismhelpsthe network
handleburstyandhighly variabletrafc in amoreef cient way
asopposedo corventionalcircuit switchednetworks. The key
point to notein the architecturds thatthe optical shuttersare
not switchedon a per paclet basisbut con gured only on
a longer time scale as opposedto burst or paclet switched
networks. This preventslight-trails from being constrainedy
optical switching technologiessince switcheswith large port
count, low cross-talk,nano-secondswitching times are not
commercially feasible yet. Despite the absenceof dynamic
switching, by sharingthe medium statistically by expanding
trails to meet new demandsand by tearing down unused
trails in a distributed manneras mentionedin [1], light-trails
are able to provide the granularity requiredfor data-centric
communication.

B. Resouce Requiements

Light-trails shareresourcesat the optical layer (called o-
grooming),leadingto signi cant wavelengthand equipment
saszings. For example, considera three node network (N1,
N2, N3), whose physical topology resemblesa simple path
as shavn in Figure 2. Supposewavelengthcapacityis three
units, eachnodeis equippedwith a transmitter/recefer unit
andtrafc demandis as shawvn in the gure. A single light-
trail canbe setup passinghroughall the threenodesandthe
wavelengthcan be sharedby all the connectionson a need
basis.This traf ¢ requiresa transmittereachon N1 and N2
andarecever eachon N2 andN3. However, the samepattern
cannotbe carried using lightpaths (non e-groomed)even if
more than one wavelengthis available on eachlink. This is
due to the fact that two connectionscannotbe sourcedby
N1 sinceit hasonly one transmitter We designedheuristics
for quantifyingand comparingthe wavelengthandtransceier
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Fig. 2. (a) Trafc to be carried(b) Light-trail: onewavelengthperlink, one
transmittereachon N1 andN2, onerecever eachon N2 andN3 (b) Lightpath:
only two requestscan be accommodatedThe value of (i,j) is indicatedfor
every circuit, wherei is the carriedtrafc andj is the circuit capacity

requirementf light-trail andlightpath networksin the pres-
enceof dynamictrafc. The heuristicsfor static single hop
trails are provided in [13] and for dynamic multi hop trails
are provided in [15]. The conclusionof both the work is
that light-trails can do better than non-groomedlightpaths.
Electronicallygroomedightpathsandlight-trails mayresultin
someadditionalequipmensavings[15] but comesat the price
of losing transpareng Light-trails, by sharingthe wavelength
in the optical domainachievesef cient wavelengthutilization
while retaining the transpareng property which is key to
developing a scalableand cost-efective network.

C. MeshSwitd Architectuie

Figure 1(b) shavs a wavelength plane switch in a mesh
network [13], [15]. As in the caseof the ring, every signal
goesthroughone LAU unit. It is likely that the local node
may not be active on all thetrails andhencesuchtrails arenot
requiredto berecevedusingalocal recever. It is only for the
trails on which the nodeis active, eitherthroughtransmission
or receptionor both, a transmitterand/orrecever is allocated
as required. This is made possibleusing cross-connectand
tunabletranscerers andleadsto transcever savings.

D. Light-Trail Metro Solutions

Having discussedhe requirementof WDM in metro net-
works and the rationale behind trail switching in WDM
networks, we seehow light-trails can be designedfor metro
networks. We proposea CWDM light-trail ring architecture
for metroedgenetworks. Alternatearchitecturedik e point-to-
pointandbustopologiesarealsopossible A variety of devices
like GIgE routers, ESCONmain frames,Fiber Channelbased
SAN switches,ATM and telepholy switchescan connectto
the subscriberaccesspoints on the CWDM ring/bus. Since
the edge networks have hubbedtrafc patternsand heavily
fractionaltraf c asdiscussedefore we considettwo unidirec-
tionaltrails beingsetup asshawvn in Figure3. Thedownstream
trail is usedfor the hub (centralof ce) to transmitdatato all
the other nodes(accesgpoints) on the ring and the upstream
trail is usedfor the accesgointsto transmitdatato the huh
While the downstreamtrail hasonly onesource the upstream
trail hasmultiple sourcesand henceneedsa mediumaccess
control for upstreamcommunication.

Metro Core

Metro Edge Metro Edge

3 Subscriber Access
I Central Office

Fig. 3. A metronetwork emplging WDM solution. CWDM rings can be
deplg/ed in the metro edge.DWDM rings or meshare found in the metro
core.Metro corenodesfeedinto long-haulnetworks(notshawvn in the gure)

The demandsn metrocore,however, aremoremeshedand
voluminous and hencewe proposeeither a ring or a mesh
DWDM architecture Figure 3 shovs an example metro core
network con gured in the form of a mesh.Nodesin the core
are connectedo the long-haulbut is not shavn in the gure.
If nodeN1 in Figure 3 hasdatato be sentto node N2, the
datais rst senton theupstreantrail to the centralof ce CO1
and then routedvia the metro core which then reachesnode
N2 via the downstreamtrail originatedby CO2.

E. Light-Trail Feasibility Ched

The drop-and-continudunctionality allows a wavelength
to be sharedby multiple nodesin time, but also leadsto
power budget constraintsand signal-to-noiseratio (SNR)
impairments. The transmissionquality is measuredby the
receved SNRwhichis de ned astheratio of the signalpower
to noisepower at the decisionpoint. The systemneedsoptical
ampli cation to compensatéor the ber attenuationsplitting
andinsertionlossesdueto the optical componentsThe effect
of ampli ed spontaneousmission(ASE) thatis introducedby
Erbium DopedFiber Ampli ers (EDFAS) on the Optical SNR
(OSNR) needsto be assessedt is importantto investigateif
the proposedarchitecturecan still meetthe quality of service
requirementsvithout the requirementf regeneration.

Anotherimportant parametelis recever sensitvity, which
is de ned as the minimum optical power required at the
detectorfor a speci ed bit error rate (BER). Due to fact that
signalsbeing sourcedby nodesin the network are separated
by large geographicaldistances,it is possible that signals
traversinga link have widely differing power levels. Signals
of high optical pawer cansaturatehe EDFA gain,limiting the
available gain for otherlower power channelsor may leadto
otherundesirableside effectslike crossmodulation.This may
have severe detrimentalimpact on signal quality, and thus,
gainequalizationof differentwavelengthchannelds required.
More speci cally, all channeldncidenton anampli er should
have approximatelythe same signal strengthto avoid the
abore mentionednearfar effects. Input launchedpower per
wavelengthis animportantdesignparametersinceit decides
the numberof wavelengthghat canbe launchednto the ber
without saturatingthe ampli er or without enteringthe non-
linear region of the ber. The problem becomeseven more
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Fig. 4. A four nodelight-trail testbedcon guredin the form of a buswith a
uni-directionaltrail from  to . Since,node isthehub,all connections
supportedby dowvnstreamtrail are sourcedby

comple in the presencef dynamictraf c whereconnections
canoriginatefrom ary sourceandterminateat ary destination
passingthroughary setof intermediatenodes.We proposea

simpleanalyticalmodelthatcanidentify the network operation
point in termsof launchedpower levels andcon guration and

placementof EDFAs subjectto all the constraintsmentioned
above.

In this section,we discusshow light-trail networks needto
be designedso as to meetthe gain equalizationand OSNR
requirementsWe rst reasonout why signal regeneration
may not be requiredin sucha metro setting.An ampli er is
assumedo be presenton the incoming line sectionof every
node. For simplicity, channelindependentgain is assumed
for all EDFAs. The ampli er is a single-stageconstantgain
EDFA regulatedby a Variable Optical Attenuator (VOA) at
its input with a maximumgain per channelof 30 dB and a
maximumoutput power per channelof 0 dBm. Without loss
of generality we assumeall the links to be of equal sizes
(10 kms) and with just a slight modi cation, the analysiscan
modellinks of unequalsizesaswell. A light-trail systemof
sizem, can be modeledas a seriesof gain and
loss elementsas shovn in Figure 5 (c) basedon a variant
of the approachsuggestedn [20]. Considera connectionthat
traversedfrom  tothelastnode . Thisconnectiorsuffers
the maximumlossandwe needto checkif it meetsthe OSNR
requirementdor a speci ed trail length.The internalstructure
of nodes and are shavn in Figure 5 (a). Figure 5(b)
shaws all links incidenton nodes and  apartfrom the
links traversedby the trail (shavn in red). We de ne a few
variables:

- signalpower transmittedby a speci ¢ sourceon nodel.
- signalpower asit entersnodei (just after EDFA)
- signal power at a speci c recever on nodei
- ASE noisepower asit entersnodei (just after EDFA)
- gainof the  EDFA block

- lossessuffered by the signalfrom the point it leavesthe
source(after transmitter)to the point it entersnode?2 (before
EDFA at node?2). Refer Figure 5(a)

- lossessuffered by the signal from the point it
entersnodei (after EDFA at nodei) to the point it enters
nodei+1 (beforeEDFA at nodei+1). Refer Figure 5(a)

- noise gure of the ampli er

- Lossin dB dueto an optical device

- Gainin dB dueto an EDFA
At the outputof the  ampli er, the signal power is

At the the nodeinput (or at the
the signal power can be calculatedto be

ampli er output),

Thetotal ASE power outof the  ampli er consistsof the
ampli ed accumulatechoise and the locally generatedASE
noiseandis approximatedasgivenin [?] to be

where is the optical bandwidth, is the noise gure
(usually 6 dB) and s the photonenepgy at 1550 nm.

is relatedto the bit rate (B) and equals10*B to guarantee
negligible penaltydue to output ltering. The ASE power at
the nodeis computedas

After somemanipulationsOSNR cannow simpli ed to

@)

Now, supposethe gain blocks are con gured such that
compensatefor , then,

Equationreducego

Typical insertionlossesare as follows: multiplexer (6 dB),
OXC (3 dB), splitter (3 dB), shutter(2 dB), combiner(3 dB),
demultiplecer (6 dB) and ber (2 dB @ 0.2 dB/km for 10
kms). As the signal leaves the source,it passeshroughthe
combiner multiplexer and a span of length 10 kms before
it reachesthe amplier of the secondnode. Basedon the
de nition of  givenabove, which allows
T to be calculatedfor m = 20 as

The OSNR cannow be computedas,

We rst calculatethe power level of the launchedsignal
and then estimatethe OSNR. From the point a signal enters
anodei, i 1 (after EDFA), to the point it entersthe next
node(beforeEDFA), it encounterghe optical componentsn
thefollowing order- Demux(6dB), OXC (2dB), splitter(3dB),
shutter(2dB), combiner(3dB), Mux (6dB), and ber spanof
length 10 kms (2dB). The loss
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componentzan be modeledasloss and gain elements.

andthevalueis computedo be .
Since = , = 24 dB for every EDFA block.
The power level at the recever onthe  nodeis computed
as follows. Since eachampli er at nodei compensatesor
componentlossesat nodei-1, and attenuationon the (i-1,i)
span,the power available just after the ampli er on nodei
is the sameas the power available just after the ampli er on
nodei-1. So, = = . Upon enteringnodei, the
signalhasto go througha Demux,OXC anda splitter before
being detectedby the local recever.

Also, the signalpowvers and  arerelatedas:

Set  asfollows

After pluggingin the values,
hence =0dBm.Since, = .
The typical sensitvity of a PIN photodiodeat 10 Gbpsis
about-17 dBm and hencethe received power is within the
sensitvity limits of a PIN photodiode Also, the OSNR of the
signalat the nodeis given by,

and

(a) Signalsare sourcedby nodesthat are geographicallyapart. (b) Each node hastwo incoming bers and two outgoing bers (c) The system

which is well above the conserative minimum required
OSNR of 26.3 dB estimatein [21], that hasbeencalculated
after accountingfor safety mamins and linear and non-linear
impairmentpenaltiesfor 10 Gbps systemsoperatingat BER
of

Considera signal S1 sourcedby the rst nodeanda signal
S2 sourcedby the secondnode as shawvn in Figure 5 (a).
The signals,of differentwavelengthsaremultiplexed ontothe
outputlink H of node2. The signal power of S1 asit enters
node?2 (after EDFA) was calculatedabove to be 0 dBm. S1
passeghroughthe demultiplexer, OXC, splitter, shutterand
combinerbefore reachingthe multiplexer on this node. Just
beforeit reacheghe multiplexer, S1 hasa signal strengthof
-16 dBm.

The signal S2, whensourcedat node2, measures13 dBm
(as decidedabove), and after encounteringcombinerlosses,
it measures16 dBm. At the input of ary EDFA, the power
level of ary signalis -16 dBm. For this speci ¢ example, if
all the signalsare sourcedat -13 dBm andthe EDFAs are set
to 24 dB constantgain value, all recevers can detectat -11
dBm, nearfar effects can be avoided and gain equalization
canbe achieved. The EDFA gainis determinedoy equation()
andis differentfor differentlink lengths.The exactlink loss
informationcanbe corveyedrealtime to the ampli er section
throughanoptical supervisorychannel The analysispresented
hereassumeshat EDFAs have a frequeng-indepen@ntgain,
but, the gain spectrumof the amplifersarenot completely at
andhencegivesrise to a small dynamicrangein the receved
signal power which hasto be accountedor. The conclusion
of this sectionis that, by using slightly higher gain EDFASs,
light-trail designcanbe madefeasiblewithout requiremenfor
regeneratorsn the metro network.

VI. LIGHT-TRAIL TEST BED

The following sectionsoutline our progressand ongoing
work in building a testbedto prototype,to evaluateadvanced



network technologiesandto demonstrate light-trail solution
for high speed metro networking services. The following
issuesare addressetbelon: systemcomponentspeci cation,
high-speedsource/destinatiosynchronizationdesignof op-
tical on/off shuttersand descriptionof testbedoperation.

A. SystenDescription

Our goalis to setup a uni-directionallight-trail on a single
wavelengthmetro bus that supportsa multimedia streaming
application. The bus that we implement consistsof a four
node network as shawvn in Figure 4. The
testbedfeaturesa senderclient station (connectedto ),
three recever client stations(connectedto and
respectiely) andthe optical bus. In actualdeployment,node
N1 may be connectedto the metro core as shawvn in the
gure but we do not incorporatethis featurein our testbed.
A light-trail is statically establishedvith asthe corvener
nodeand  asthe sink node.Thetrail undegoesa tap-and-
continuefunctionality on the intermediatenodes  and
As mentionedabore, the edgenetworks arehubbedandhence
node transmitsinformationdownstreamto all othernodes
and depictsa downstreamlight-trail solution.

A multimedia applicationis run on the senderclient sta-
tion which needsto be streamedto all the recever client
stationsacrossthe optical bus. Towardsthis end, the testbed
implementstwo primary functions;the rst is to provide an
interfacefrom the senderand recever client terminalsto the
opticalbackboneandtheseconds to enabldight trail nodegto
communicateover the optical channel.The testbedoperation
proceedsasfollows. The senderclient station rst streamghe
multimedia contentto the optical node . Node then
buffers the stream,encapsulateg in a light-trail frame, and
broadcastst to all the other optical nodesin the trail. A
downstreamoptical node rst checksif the datais destined
for it andif so proceedgo buffer the data. The information
is then transmittedto a recever client stationwhich in turn
playsthe multimediastream.The following sectionsdescribe
the systemcomponentsequiredto realizethis testbed.

B. SystenComponents

Eachnodein thering is equippedwith one LAU to access
thechannelTheopticaltransmittelis a continuousvave Small
Form Factor Pluggable(SFP) Fabry Perotlaser operatingat
1310nm. The generatedptical signalis internally modulated
at 3 Gbhpsthroughan ON/OFF shift keying schemeusing a
voltage controlled differential serial pair. The recever is a
broadbandSilicon Positive Intrinsic Negative (PIN) photode-
tectorwith an optical power sensitvy of -17 dBm. The ber
is a multimode ber with a gradedrefractive index pro le.

Each node is equippedwith a splitter and a combiner
which arelow insertionlossmultimodecouplers A numberof
devicescould be usedasthe optical shutter Onesuchexample
is the magneto-opticswitch basedon Faradayeffect designed
in [18]. This shutterhasaninsertionlossof 4.8 dB, extinction
ratio of 20 dB with rise/fall time of about2 . Theinsertion
loss, however, can be improved greatly by using an index
matchingepoxy coating.The extinction ratio is reasonabléor

the speci ed switching speed.lt is to be notedagainthat the
shutteris not con gured on a per packet basisandhencehigh-
speedoperationis not a stringentrequirement.

The four light-trail nodesare implementedon two Xilinx
Virtex Il Pro eld programmableyatearray (FPGA) develop-
mentboards.The FPGA device containshigh-speedRoclketlO
serial deserial (SERDES) multigigabit transcevers (MGTS),
which provide the differential signaledserial data streamto
the laser modules.Each of the four stationsof the testbed
assemblymaintainsblock RAM (BRAM) modulesfor storing
transmitandreceive data. The BRAM modulesof all stations
arealsoconnectedo the embedded®PC405 microcontroller
which facilitatesloadingandretrieving of the contentsfor use
with the senderandrecever client interfaces.

We do not use multiplexers/demultiplgers on the ring so
asto reducesystemcosts.Sinceour solutionis scalable the
testbedcan be extendedto multiwavelengthsystemsandeven
to mesh(metro core) networks by incorporatingthe required
WDM equipmentwhich we intendto pursueas future work.

C. FPGA Components

In this section,we describethe componentof the FPGA
whichwill moreclearlyexplain thetestbedperationDetailed
speci cation sheetscorrespondingo the FPGA usedcan be
foundin [19].

1) EthernetMAC: To supportEthernetfunctionality;, Xilinx
has provided the Ethernet MAC (EMAC) soft intellectual
propertycore. The EMAC core provides Ethernetcommuni-
cation capabilityto the PPC405 microcontroller The EMAC
hardware core is fully compatiblewith the IEEE 802.3 Me-
dia Independentnterface and is addressabldrom the PPC
microcontrollervia the On-chip PeripheraBus (OPB). Using
an OPB bus speedof 66Mhz the EthernetMAC operatesat
100Mbps. Data transmissionto the EMAC is passedto the
higher TCP/IP layer throughthe useof Light Weight IP.

2) Light Weight IP (LWIP): To interfacethe EMAC core
with the PPCmicrocontrollerandto provide TCP/IP capabil-
ity, the Light Weight IP Application Programminglnterface
(API) library is used.The LWIP functionsprovide aninterface
to the hardware Ethernetmedia accesscontroller LWIP is
an open sourceimplementationof the TCP/IP protocol de-
veloped with the intention to reduce resourceusagewhile
still having full scaleTCP capabilities Our designutilizesthe
rav APl with callbackmode. Asynchronousnetwork events
(datareceved, connectionestablishecktc.) are communicated
to the applicationthroughinterrupt callbackfunctions.These
callbackfunctionsareregisteredduringtheinitialization of the
TCP connectionusingthe raw API functions.

3) SDRAMFile System:As mentioneckarlier, thelight-trail
nodesmaintain memory data buffers to compensatdor the
transmissiorspeeddiscrepang betweenthe client interfaces
and the light-trail optical transmissionmedium. To achieve
the requiredbuffering capability on-boardperipheralSDRAM
modules are connectedto the PPC ProcessorLocal Bus
(PLB) which providesmemorycontroll. Datais storedin the
SDRAM throughthe use of the Memory File System(MFS)
library featuresavailable with the use of the PPC.The MFS



Fig. 6. A multimediaapplicationis streamedacrossa light-trail network. The rst two nodesin the light-trail are shavn and eachnodeimplementsboth
the transmitand receve functionality The shadedblock in eachnodeare the componentghat are not usedby the nodefor the speci ed experiment.

providesaninterfaceto the SDRAM memorywhichis directly
addressabl&om the microcontroller Filescreatedn the MFS
can be dynamically createdand accessedhroughthe use of
oneor more le handlesvhich areessentiallyaddresspointers
into the associatedle. Our designutilizes two independent
le handlego provide accesdo a singlememory le. Theuse
of two le handlesallows the SDRAM MFS to act as FIFO
dataqueuewith each le beingwritten by onehandleandread
throughthe other; careful testsare performedto ensurethat
the readhandledoesnot overrunthe write handle.

4) MultiGigabit Transceives: Light-trail communications
are enabledthrough the use of ROCKET /O Multigigabit
transcever (MGT) modulesThesemodulesprovide the differ-
ential serialdatastreamusedto modulatethe SFPtranscevers
and receve the incoming serial stream from the optical
recevers. The MGT transcerer modulesinstantiatedin the
testbeddesignusea low jitter Low VoltageDifferential Signal
clock sourceoperatingat 150Mhzto provide the 3Gbpsdata
stream Detailsof MGT operationand characterizatiowanbe
foundin [19].

Dueto the complexity of standalon®MGT operation Xilinx
hasprovidedthe Auroraprotocolwhich providesalogical link
interfacebetweenMGT instantiationsThe Auroraprotocolis
a scalable,lightweight, link layer protocol for moving data
acrossone or more point-to-pointserial lanesand takes care
of con guring and operatingthe high-speedserial link. The
Aurora protocol drastically simpli es the user interface to
the complex control structure of the MGT transcevers. In
additionto providing frameencapsulatiofeatureshe protocol
enableshigh-level clock synchronizationand clock recovery
functionality.

For usein our testbedoperation,each Aurora module is
con gured as a single lane, simplex channel.In single lane
operation,the term lane, as describedbelow, is synorymous
with channel.For light-trail operation,each Aurora module

includesoneMGT for eachhigh-speedseriallane. TheMGTS,
in turn, aredriven by their own lanelogic modulewhich han-
dles operationdik e lane initialization, error detection,8/10B
symbol generationand decoding. Upon channel reset, the
Aurora modulebegins by sendingclock correctionsequences
until noti ed of "lane up” and”channelup” by the destination
lanelogic module.

To senddatathroughthe high-speea¢hannela TX interface
module provides the data to be transmittedto the Aurora
user interface. As mentioned before, the Aurora protocol
provides framing capabilitiesfor data transmission.This is
accomplishedisinga TX startof frame(TX_SOF) ag sentat
thebeginning of frametransmissiomwhichis usedto signalthe
intendedrecever(s) of the impendingframe. Upon reception
of the TX_SOF ag, the recever assertsthe RX_SOF ag
which signalsthe RX interfacemoduleto begin receving data
into the BRAM. A similar TX_EOF ag is sentto indicate
the End of Frame which in turn signals the recever that
the current frame has completed.The size of the light-trail
framesare chosento be 16 KB primarily dueto the limit of
BRAM resourceson the FPGA developmentboard.Because
each board utilizes BRAM to accommodategwo light-trail
transmittersandtwo receversin additionto packet FIFOsfor
the EMAC, usingthe next larger size of 32KB would exhaust
the BRAM resources.

D. TestbedOpemtion

Winamp's SHOUTcaststreaming media application was
chosento provide the multimedia streamfrom the sender
client. This streamingapplicationis achiezed with support
from a combination of Light Weight IP, Ethernet MAC,
SDRAM Memory File Systemand the Aurora protocol. The
following sectionsdescribethe operation of the light-trail
testbed.Figure 6 shaws the block diagram of the various
componentsof nodes and involved in the testbed.
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Fig. 7. The four nodelight-trail alongwith the eye diagramshaving a healthysignal at the end of the fourth node.

Our actualimplementatiorof the light-trail network is slightly
morecomplicatecthanwhatis shavn in the gure sincesome
of the resourcesvere sharedandthe setup was optimizedto
use the minimum numberof boards.However, for the sale
of clarity in illustration, we assumehere that each board
correspondso one light-trail node.

1) SenderClient Interface: Node  of thelight-trail runs
a hostprogramthat offers the serviceof acceptingdatagrams
from the senderclient. At startupthe sener program calls
connection  _init() to createa new TCP soclet connec-
tion, bind the IP addresswith a well known port and listen
for animpendingconnectiorfrom the senderlient. Whenthe
senderclient is readyto streamthe multimediacontent,it ini-
tiatesa TCP threeway handshak on the listening port which
triggers the senderclient _accept()  callback function
on the light-trail node.Node  acknavledgesthe threeway
handshak and registersthe senderclient _receive()
callbackfunctionwhich processesubsequerpacletsarriving
at the network interface.In addition,a le (EthDataFile)is
allocatedin the SDRAM MFS to buffer the streamingpayload
and a new le handle (EthWriteHandle)is associatedwith
the le. Eachsoclet connectionis allocated2MB of buffer
spaceand maintainsa byte counterto indicate the location
of the le handle.A buffer size of 2MB is designedto be a
corvenientsize to interact with the PPC memory controller
and also hold a signi cant amountof streamingdata. When
the byte counterindicatesthat2 MB of datahasbeenreceved
the le handleis setbackto the beginning of the le andthe
buffer is overwritten.Eachsoclket connectioris independenof
all otherconnectionsand remainsintact until it is terminated
by the senderclient.

2) Light-trail Transmission:The MGT of node  trans-
mits 16KB paclets using the Aurora protocol. The datafor

MGT is suppliedto the BRAM from the EthDataFile.
The PPCusesa separatele handle MgtReadHandleto mark
the locationin the data le that needsto be currently trans-
mitted. MgtReadHandlénitially pointsto the beginning of the
EthDataFile Prior to light-trail transmissiona block of 16KB
datais copiedfrom the MFS into the dual portedtransmission
BRAM usingmfs file _read() . Subsequento lling the
BRAM, the PPCsignalsthe Aurora protocolto proceedwith
clock synchronizationThe paclet is then encapsulatedn a
frame,addressedo the appropriatedestinatiornodeandthen
transmitted A specialaddresss resened for broadcastingo
all nodesin the trail. In the currentexperiment,we usethe
broadcastmode since the recever clients attachedto all the
light-trail nodesare interestedin the stream.The datato be
transmittedis accessedby the MGT througha hardware port
of the BRAM.

As the signalstraversedown the ber to the next node,it is
split by a drop coupleranda partof it is divertedto the local
MGT while the rest of it is sentthroughthe add couplerto
reachnodesfurther downstream Upon detectionof light-trail
actiity, thelocal MGT is synchronizeadvith the currenttrans-
missionand decideswhetheror not to processthe incoming
databaseduponthe 32-bit Start Of Frame(SOF)label. Each
light-trail nodeis assigned uniquesoftware controlled32-bit
SOF labelthatis registeraccessibldrom the MGT hardware
recever modules.Although currently arbitrarily chosen,this
light-trail hardwareaddresscould be similar to the IP address
usedto accesghe nodevia TCP/IPcommunicationThe SOF
labelin conjunctionwith the SOF ag generatedby the Aurora
protocol (as discussedearlier) provides node addressability

If the hardware on (say) node detectsthat it is the
intendeddestination,the impendingdata is latchedinto the
receve BRAM anda noti cation signalis sentto the PPCto



indicatethata paclet hasbeenreceved.Following noti cation

of paclet reception,the PPCtransfersthe associatedBRAM

datainto an MgtDataFile at the location of MgtWriteHandle
usingmfs file _write() . This handleis createdand ini-

tialized to the startof MgtDataFileuponreceptionof the rst

paclet in the communicatiorstreamandis setto point to the
location where subsequenlight-trail paclets are placed.The
MGTdataFileis associatedwith the current connectionand
hascharacteristicsimilar to the EthDataFilein that 2MB of
spaceis allocated,andwhenfull the buffer is overwritten.

3) ReceiverClient Interface: The recever client initiates
a sessionwith the sener programrunning on the light-trail
node (say ) it is connectedto. Similar to the sender
connectioninitiation, the recevver begins communicatiorwith
a TCP three way handshak on the hostslistening recever
port. Upon reception of the TCP SYN paclet from the
recever client, the receiverclient _accept() callback
function is triggered which completesthe three way hand-
shale, associatesa new le handle, EthReadHandle(ini-
tialized to the start of MgtDataFile), with the connection
andregistersreceiverclient send() which handlesall
succeedingdata communication.After connectionsetup has
completed, paclets are sent from the MgtDataFile at the
location of EthReadHandleto the recever client through
receiverclient send() . A byte counter monitors the
location of the EthReadHandleand ensuresthat it doesnot
overrun the MgtWriteHandle. The datagramssentto the re-
ceiver client completesthe streamingmedia connectionover
light-trails.

4) MAC protocol: In this hubbedarchitecture since node

is the only nodethat transmits,no precautionsare taken
to avoid collisions and thus node is not restrictedfrom
transmittingat any time. Thus,when 16KB of informationis
collectedat the senderclient interfaceit is immediatelysent
over the light-trail. However, as suggesteckarlier a second
trail would have to be setup to carry the trafc from all the
accessnodesto the huh Since, this circuit will be shared
by multiple nodes,a MAC protocol is requiredand can be
implementedasfollows.

Various light-trail MAC protocols have been developed
and studiedin [1], [12], [17], however due to their relative
complity of implementationa more simple approachis
takenin the testbedto demonstratdéeasibility. To demonstrate
upstreanoperation,a simple MAC is implementedo provide
bandwidthsharingbetweennodes and . A connection
is setup betweennodes  to andnodes to . lIn
this dual connectioncase,an out-of-bandsignalis connected
betweemodes and to avoid simultaneougransmission.
The factthatbothnodes and  areimplementedon the
samedevelopmentboardmakesthis communicatiorrelatively
simple, however, future work on the test bed will make
this communicationavailable betweenboards.In addition to
protectingagainstsimultaneougransmissionsa single pin is
connectedrom the FPGA to the laserTX enablepins which
is usedto silence node transmitterwhile node is
sendingandvisa-versa.The only othermodi cation neededo
corvert the downstreamlight-trail into the upstreamsolution
is to addresghe destinationnodesappropriately
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5) ExperimentaResults: Theoscilloscopeshavn in Figure
7 illustrates a healthy eye pattern at the fourth node in
our 4 node testbed.The test pattern was producedwith a
3Gbpspseudorandombit sequencesentfrom nodel to all 4
nodesof the light-trail. TCP dump tracesof the SHOUTcast
streamingmedia applicationwere obtainedthrough ethereal
network protocalanalyzerIn this demonstrationSHOUTcast
listenerclientswereconnectedo eachof thethreedownstream
receving nodesof the four nodetestbed.The tracesillustrate
that the streamingdata,sentto node 1 from the SHOUTcast
senderclient, was succesfully receved and relayed by all
downstreamlight-trail nodesto their respectie clients. The
tracesareshown in Figure8 for The senderclient computenP
addresss 55.248andthe recever client IP addresds 55.235.
The datais streamedo nodeN1 of the light trail whichis on
boardl at address5.197.The receve datais streamedrom
the boardwith the sameaddresshecausdight trail node N2
is actually on the sameboard.

VIl. FUTURE WORK

Thetestbeddepictedin this writing illustratesthe feasibility
of using light-trail technologyfor metro edge networks. As
mentioned,to provide multiple accessfor light-trail nodes,
downstreanstationamustbe silentin the presencef upstream
activity. Our current solution uses the TX enable/disable
switch of the lasermodulesto provide this functionality: It is
notedhowever, thatthis large switchingtime of approximately
300 s undesirableconsideringthe high transmissiorspeed
of the light-trail network. Empirical results suggestthat a
downstreamlaser can remainin the unmodulatedcontinuous
wave ON stateand not interrupt upstreamcommunications.
Thus,asaremedyto this problemwe arecurrentlydeveloping
a solutionthat usesan RF singlepole singlethrow switch that
can be placed betweenthe serial output of the FPGA and
the laser modulationinputs. The switch has beenshowvn to
provide an averageswitching time of 5ns. This methodcan
drastically reducethe transmitter activation time compared
to using the TX enable/disablepins. However, it has not
yet beendeterminedif this solutionwill producethe desired
functionality whenusedin the testbed.

In additionto the aforementionegharagraphye would like
to improve the currenttestbednto a multiple wavelengthand
multiple light-trail solution. Futurework will alsoimplement
fairnessnto the mediumaccessontrol andinvestigatepower
budget issuesat greaterlength. Due to the e xibility that
light-trails provide with respectto the dynamic provisioning
of sub-wavelength connectionsin the network, we believe
light-trails are well suited for grid networking applications.
To this end we are looking into design issuesrelated to
light-trail network topologies,architecturesand protocols,to
enablelight-trail communicationsvithin our recentlyacquired
16 workstationFPGA cluster This solution will allow us to
explore and exploit the bene ts of parallel processingEarly
researchinto this developmentsuggestshatwe mustconsider
mary practical implementationissuessuch as measurement
and characterizatiorof devices. Investigationinto the inter-
operabilityand designspeci cationsof light-trail components
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(b)

Fig. 8. Etherealtracesof TCP connectiorsetup phasefor light-trail demonstratiorfa) Senderclient to light-trail nodeN1 (b) Light-trail nodeN2 to recever

client

suchas, couplers,connectorsshutters,laser on/off switches
and ber typesmustalsobe considered.

VIII. CONCLUSION

The work presentedn this paperis focusedon providing
solutionsto the metro edgeand metro core networks. In this
paper we describeda few of the more prominentevolving
trendsandthe inherentlimitationsin currentnetwork deploy-
mentsandevaluatedvarioussolutionsin termsof costandper
formance We have proposedanarchitecturebasedon CWDM
ring/bustopologiesfor the metroedgenetworks utilizing light-
trail technologyandillustrateda DWDM ring/meshtopology
for metrocorenetworks. We alsosubstantiateavhy light-trails
may prove to bea good t for the bursty and sub-wavelength
demandimposedby the metro market.

In addition,a 3 Gbps,four node, light-trail testbedis dis-
cussedwith a descriptionof operationusing the SHOUTcast
streamingmediaapplication.We believe that our testbedhas
improvedour understandin@f thelight-trail paradigmandwe
would like to develop on our currentunderstandingf light-
trail systemlevel designto lend credenceto our theory on
designand deploymentof light-trails in metro networks.
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