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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 access technologies that are
dri ving customersto demand high-speed,robust and customized
data services. These dynamics have led to what is called the
”metr o gap” - the inability to leverage the backbonecapacity to
create and distrib ute revenue generating services. This paper
presents work 1 in progress at Iowa 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-effective 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.

I . INTRODUCTION

The telecommunicationsindustry has been witnessingan
exponentialgrowth of network traf�c in the past few years.
The aggregatebandwidth requirementof the Internet is ex-
pectedto bewell over 5000petabits/dayby 2007.While voice
traf�c growth hasbeenslow for many decades,therehasbeen
a surge in the growth of data traf�c. Data is expectedto be
over75 % of thetotal network traf�c seenin theInternet.This
brings to highlight some interestingand challengingissues
relatedto self-similarnatureof Internettraf�c, asymmetryin
IP �o ws andserver boundcongestion[2]. With thecontinuing
proliferation of bandwidth-intensive multimedia applications
andwidespreadavailability of broadbandaccesstechnologies,
this paradigmshift in capacitydemandsare having profound
impactson today's network designanddeployment.

Telecommunicationnetworkscanberoughlyorganizedinto
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
pervading the market is beyond the scope of this paper.
On the other end of the hierarchy is the long haul, which
provides large tributary connectivity betweenregional and
metro domains. There has been an unanimousagreement
amongbackboneserviceprovidersthatDWDM offersthebest
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cost-capacitytrade-off andhenceis 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 emerging trends in traf�c
have signi�cantly altered the domainsbordering the metro
andhave madeserviceprovidersseriouslyrethink the current
technologiesthat are in place.Evaluatingvariousalternatives
and providing new solutions with good price-performance
characteristicsfor the metrospaceis the themeof this paper.

Towards this end, this paper is organizedas follows. In
sectionII, we describethe traditional architecturesthat were
designedwith primary focus on voice. Section III looks
at some of the emerging trends and network requirements
that will clearly bring out the reasonswhy the conventional
architecturesareill-suited to caterto theneedsof theevolving
demands.Next, section IV discussessome of the proposed
solutionsbasedonNext GenerationSONET(NGS),Next Gen-
erationEthernet(NGE) andWDM technologiesandanalyzes
their capabilitiesandlimitations.We introduceanarchitecture
called light-trails in section V which when deployed with
WDM can lend itself naturally to the service provisioning
requirementsin the metro space.We illustrate the light-trail
ring and the mesh switch architecturesand explain how it
compareswith the traditional circuit/burst/packet switched
WDM architectures.As a proof of concept,we demonstratea
streamingmediaapplicationimplementedon a 3 Gbpsoptical
�ber network employing light-trail technologyin sectionVI.
Section VII describessome possible future directions and
sectionVIII presentsour conclusions.

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

I I . TRADITIONAL ARCHITECTURES

Currently, metro networks are basedupon SONET/SDH
ring architecturesandareorganizedinto a two-level hierarchy:
metro edge and metro core. The metro edge refers to the
spacebetweensubscriberaccessand central of�ce location.
Metro edgerings spanabout 10 to 40 kms, operateat OC-
3/STM-1 or OC-12/STM-4ratesandemploy Add Drop Mul-
tiplexers (ADMs) that connectto digital loop carrier setups,
enterprisenetworks, telephonepublic branchexchangesetc.
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Most edgetraf�c is usuallyoutboundfrom the local ring and
henceexhibit stronglyhubbedtraf�c patterns[3] with central
of�ce as the hub. This makes edgenetworks well suited for
UnidirectionalPath 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-16or OC-192/STM-64rates and perform a
higherlevel of aggregationthanthecorrespondingedgerings.
The traf�c demandsin metro core are much more meshed
and improved bandwidthef�ciency is obtainedthroughBidi-
rectional Line Switched Ring (BLSR) architectures.Digital
cross-connectsthatcanswitch in bothspaceandtime areused
to interconnectrings and to provide �ne granularbandwidth
management.Thetraditionalring architecturesperformedwell
when the dominant traf�c was voice. However, there have
beensomeemerging trends(discussedbelow) in designand
deploymentof optical networks that bring to the forefront the
inherentde�cienciesin existing architectures.

I I I . EMERGING TRENDS

A. Growing demands

The tremendousgrowth in internettraf�c volumesis fueled
by content-rich applications like packetized voice, internet
gaming, video on demand,and streamingmultimedia. New
servicesthat are offered include interconnectingand consol-
idating data centersand transparentextension of the LAN
acrossthe MAN. There is a trend towards supportingStor-
ageArea Network (SAN) architecture,real-timetransactions
backup,high-speeddisasterrecovery, grid computingand the
more futuristic optical virtual privatenetworks. Concurrently,
there remainsa very healthy demandfor legacy voice and
leased-lineservices,arising from a huge, entrenchedbase.
It is important to note that the bursty natureof data traf�c
requiresthatnetwork designbedifferentfrom theconventional
telephony design.For instance,the edgebuffering capabilities
haveto beincreasedsigni�cantly to accountfor theself-similar
nature.Also, it is observedthatIP �o ws areasymmetricwhich
is attributed to the patternof big server farms sendingout
large datain returnfor small requests.CurrentSONETbased
networks are bi-directional and hencehalf the resourcesare
idle leadingto lopsidednetwork utilization.

B. Advancingaccesstechnologies

Many technologiesare emerging in the accessdomain
includingcable,DSL, high speedwireless,wavelengthleasing
and wavelength on demand.Improved accesstechnologies
make possiblewide spreaduseof bandwidth-intensive appli-
cationswhich in turn createtheneedfor moreef�cient access
networks therebyenteringa positive regenerative cycle. Thus,
thereis needfor ascalable,robustandeasyto managenetwork
architecturethat cansupportmultiple accesstechnologiesand
provide intelligent handlingof broadbanduserdata�o ws.

C. Increasingneedfor transparency

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

rates,modulationformats and protocolsand can upgradeto
higherbandwidthswithout resortingto ”forklift upgrades”that
requiremassive overhaulof existing infrastructures.This en-
ablesmetrooperatorsto scaletheir networksto meetcustomer
requirementsandenhancetheirservicevelocity. Eliminationof
electronicsin the intermediatenodeslowers costsand power
consumption.It also simpli�es operations,since there is no
needto managedisparatenetwork elements.It offers support
for legacy servicesand gives operatorsthe ability to bundle
serviceswith different optical quality-of-serviceand service-
level agreements.This featureallows the serviceprovidersto
tailor serviceofferingsto meettheneedsof speci�c customers.

D. Migrating to mesh

Traditionaltelecommunicationnetworkswerecon�gured as
rings since they guaranteerecovery and lead to predictable
restorationpathstherebysimplifying management.Fiberusage
can be low in ring solutionsbecauseof the requirementfor
protection �bers on each ring. A mesh physical topology
is more ef�cient when the demandpattern is also meshed.
Besides,network designsrarelyresembleringssince�bers can
be routedonly alongrights-of-way which may not facilitatea
ring topology. Building rings on top of meshed�bers results
in a logical overlay which is harderto designand maintain.
Meshnetworksallow a topologysimilar to �ber routing.Also,
the bene�ts in �e xibility andef�ciency of meshnetworks are
potentially great. Protectioncan be basedon sharedpaths,
therebyrequiring fewer �bers for the sameamountof traf�c
andcanleadto ef�cient wavelengthutilization.However, mesh
networks requirea high degreeof intelligenceto performthe
functionsof protectionandbandwidthmanagement,including
�ber andwavelengthswitching.

E. Improving recon�gurability

Conventionalnetworks are circuit switchedand are inter-
connectedby leasedlines with long holding times.However,
there is an increasingneed for recon�gurability in optical
networks that allow bandwidthcreationin real time between
end usersto accommodatedynamically changingtraf�c de-
mands.The routersandswitchesshouldacquirethe ability to
set up circuits of wavelengthor sub-wavelengthgranularity
acrossoptical backboneswithin seconds.Such provisioning
will allow customersto buy highbandwidthfor short-termuse,
suchas a high-de�nition video transmissionthat a television
network might need.

IV. METRO SOLUTIONS

In light of above trends,SONETbasedmetronetworks are
facing some seriouslimitations [3], [4]. We describesome
of the challengesfaced by the conventional networks and
thencritically assesssomeof the promisingsolutionsthat are
available to meetthesespeci�c requirements.

A. Challenges

With growing demand,capacity exhaust problems gain
signi�cance. Capacityupgradein SONET is possibleeither
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throughdeploying new ringsor throughincreasingTDM rates.
The former requiresnew �ber routeswhile the latter neces-
sitatesequipmentupgradeson all ring nodesboth of which
areexpensive andtime consuming.In SONET, eachtransport
pathhasa �x edbandwidthde�ned over a rigid ratehierarchy.
This precludesthe possibility of supportinga multitude of
client dataapplicationsresultingin largebandwidthinef�cient
mappings.Besides,the burstinessin traf�c cannotbe handled
well sincere-provisioning requirescareful capacityplanning
andtakesa long time.Thenetwork is not transparent,supports
only constantbit ratesandprovidesvery little roomfor service
differentiation. So, a need for a transparent,cost-effective
architecturethat can respondto dynamic traf�c needsand
allow for service differentiationwhile still offering support
for legacy servicesis being increasinglyrealized.

B. Metro core solutions

The requirementsfor metro core is different from that of
themetroedge.In themetrocore,theemphasisis on scalable
bandwidthprovisioning. With maturingoptical technologies,
ring- or mesh-basedwavelengthrouted DWDM networks is
an ideal �t here since it offers rapid provisioning, service
transparency andlow network costs(sincethey areamortized
over a large user base).However, in the metro edge, the
focus is on protocol heterogeneity, heavily sub-wavelength
traf�c and a price-sensitive limited user base. Hence the
metroedgeis seeingmorediversepossibilities,rangingfrom
improvedSONET/SDHandEthernetofferingsto optics-based
propositions.We discusseachof themin turn below.

C. Metro Edge solutions

1) Next Generation SONET: Recently, new techniquesfor
bettering transportover �ber have been addedto NGS [5]
while still retaining its original protectionand performance
monitoring features.This includesthe GenericFramingpro-
cedure (GFP), Link Capacity Adjustment Scheme(LCAS)
and Virtual Concatenation(VC) mechanisms.VC allows for
concatenationof several payloadsto provide �e xible band-
width and to minimize mismatchin dataandport rates.GFP
providesa simpleframing technique[6] to multiplex multiple
client protocolsand LCAS speci�es a control mechanismto
dynamically adjust the number of tributaries assignedto a
connection.Collectively, thesefeaturesarethebuilding blocks
of the new data-awareNGS transportnetworks.

Despitethe above enhancements,NGS is still an approach
that attempts to bridge the packet and circuit switching
paradigms,bothof whichdiffer fundamentallyin theirphiloso-
phies.NGSsystemsprocessthesignalselectronicallyin all the
intermediatenodestherebyprecludingtransparency, reducing
scalabilityandleadingto increasedequipmentcosts.Besides,
NGS also has some framing requirementslike STRATUM
timing [7] andpointerprocessingwhichcanbecomeexpensive
at high datarateslike 40 Gbps.

2) Next Generation Ethernet: The featuresthat are ex-
clusive to SONET is its ef�cient support for survivability
and performancemonitoring. Ethernetservices,on the other

hand, are easily upgradeableand has the advantagesof fa-
miliarity, simplicity and low cost. While Ethernetdoes not
offer TDM-level guaranteesfor bandwidthanddelay, SONET
doesnot offer ef�cient datamappings.NGE is a ring based
cost-effective and fault tolerant data transportsolution that
combinesstatisticalmultiplexing along with a fairnessbased
accessschemecalledResilientPacket Rings (RPR) [8].

However, there are some problems associatedwith the
packet schedulingand rate adaptationapproachfollowed by
RPR. The schedulingstreamgives priority to transit traf�c
over local traf�c andhencedelayseenby a nodeis dependent
on upstreamtraf�c patterns.In addition, if the bandwidth
requirementof a newly arriving traf�c is lowest amongthe
contendingtraf�c �o w, this causesall the upstreamnodesto
throttle their rateto this lowestrate,creatinglargeoscillations
in bandwidth allocation. Such a reactive approachin the
presenceof bursty traf�c may resultin largesettlingtimesfor
the oscillations.In general,packet rings have beendesigned
basedonenterpriserequirementsandconsequentlythereis less
supportfor TDM traf�c. SinceRPRterminatestraf�c on every
nodelikeNGS,theircapacityscalabilityandcost-effectiveness
is alsoquestionable.

3) Course WavelengthDivision Multiplexing (CWDM):
WDM is the sole technologythat can support TDM, data,
SAN, cable video etc. independentof bit rates and proto-
col formats.Although the other alternatesolutionspresented
abovemaydelaythedeploymentof ring basedWDM systems,
it appearsto be themostcompellingsolutionin the long run -
onethatcombinesscalabilityandtransparency with simplicity
andcost-effectiveness.Sincethe traf�c volumesin the metro
edgemaynot beexcessively heavy asin thecore,CWDM can
bedeployed.CWDM doesnot placestringentrequirementson
optical equipment,therebyleadingto signi�cant cost savings
[4]. CWDM will allow operatorsto expandserviceofferings,
supportlegacy servicesandpreparefor future traf�c growth.

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

V. L IGHT-TRAILS

Traditional circuit switchedWDM networks [9] are provi-
sionedfor peakratetraf�c dueto lack of buffering capabilities
in theopticaldomainandhencemaybeseverelyunderutilized.
Network utilization can be improved by equipping nodes
with electronicgrooming(e-grooming)capabilitiesthat allow
ef�cient packingof low ratestreamsonto high ratechannels.
However, groomingbrings along with it concernsrelatedto
complexity, scalability, delay and transparency. Traf�c en-
gineering and statistical multiplexing gains are achievable
in optical packet switched networks [10] but high speed
optical switches,scalablepacket parsingmechanismsandfast
and large randomaccessunits have not beenrealizablefor
largescalecommercialdeployment.Burst switching[11] pro-
videsa hybrid approachbetweencircuit andpacket switched
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(a) (b)

Fig. 1. (a) Data transferfrom node1 to node4 in a ring network employing light-trails (b) Switch architecturein a meshnetwork. Only selectedsignals
aresourcedandreceived on the local nodeusingoptical cross-connectsandtunabletransceivers

paradigms,but the requirementof low switch recon�guration
timesascomparedwith the burst durationleadsto signi�cant
challengesin optical switch design.

A. SystemArchitecture

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

Figure 1(a) shows a four node uni-directional light-trail
in a ring network, which is a small variant of the system
suggestedin [1]. At every node,the signal passesthrougha
light-trail accessunit (LAU) thatconsistsof asplitter, ashutter,
a combiner and optionally an ampli�er that enablesdrop-
and-continuefunctionality. A simple medium accesscontrol
protocol (MAC), discussedin [1],[12]-[17], may coordinate
communicationamongnodesin the trail. A signalsourcedby
a node traversesall nodesdownstreamto it on the trail. At
the splitter, a part of the incomingsignalpower is tappedby
the receiver for local processingand the rest of the optical
signal is ampli�ed and passedto the shutter. The shutter is
con�gured to eitherblock or let the wavelengthpassthrough.
If the current node is the last or the �rst node on the trail,
the shutter is con�gured to block this wavelength. For all
intermediatenodeson the trail, the shutterlets thesignalpass
through.If thesignalis not blockedby theshutter, it traverses
the combinerbeforeexiting the node.The combinerenables
the intermediatenodesto insert its 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 sent to
the next node while it could have been locally terminated
and retransmittedto the next node in stead. While local
termination cleans up the signal, it may lead to increased
resourcecosumption.For instance,considera trail with only
one sourceand multiple destinations.If couplerswere used,
eachof the destinationnodesneednot have a transmitterelse
eachdestinationneedsto be equippedwith a transmitterthat

hasthe solepurposeof relaying traf�c.
The simple MAC protocol proposedin [1] allows an up-

streamnodeto sendan out-of-bandcontrol packet to indicate
its desireto transmit and sendits data packet after a guard
bandgap.Theguardbandis setsoasto preemptany possible
ongoingdownstreamcommunications.For a gooddescription
of thevariousMAC protocolsandissuesrelatedto fairnessin
sharednetwork mediums,readersmay refer to [16], [17].

This bandwidthon demandmechanismhelps the network
handleburstyandhighly variabletraf�c in amoreef�cient way
asopposedto conventionalcircuit switchednetworks.Thekey
point to notein thearchitectureis that the optical shuttersare
not switched on a per packet basisbut con�gured only on
a longer time scaleas opposedto burst or packet switched
networks.This preventslight-trails from beingconstrainedby
optical switching technologiessinceswitcheswith large port
count, low cross-talk,nano-secondswitching times are not
commercially feasible yet. Despite the absenceof dynamic
switching,by sharingthe mediumstatistically, by expanding
trails to meet new demandsand by tearing down unused
trails in a distributedmanneras mentionedin [1], light-trails
are able to provide the granularity requiredfor data-centric
communication.

B. Resource Requirements

Light-trails shareresourcesat the optical layer (called o-
grooming), leading to signi�cant wavelengthand equipment
savings. For example, considera three node network (N1,
N2, N3), whosephysical topology resemblesa simple path
as shown in Figure 2. Suppose,wavelengthcapacityis three
units, eachnode is equippedwith a transmitter/receiver unit
and traf�c demandis as shown in the �gure. A single light-
trail canbesetup passingthroughall the threenodes,andthe
wavelengthcan be sharedby all the connectionson a need
basis.This traf�c requiresa transmittereachon N1 and N2
anda receiver eachon N2 andN3. However, thesamepattern
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 since it hasonly one transmitter. We designedheuristics
for quantifyingandcomparingthewavelengthandtransceiver
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Fig. 2. (a) Traf�c to be carried(b) Light-trail: onewavelengthper link, one
transmittereachonN1 andN2, onereceiver eachonN2 andN3 (b) Lightpath:
only two requestscan be accommodated.The value of (i,j) is indicatedfor
every circuit, wherei is the carriedtraf�c and j is the circuit capacity.

requirementsof light-trail and lightpathnetworks in the pres-
enceof dynamic traf�c. 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.
Electronicallygroomedlightpathsandlight-trailsmayresultin
someadditionalequipmentsavings[15] but comesat theprice
of losing transparency. Light-trails, by sharingthewavelength
in theoptical domainachievesef�cient wavelengthutilization
while retaining the transparency property which is key to
developinga scalableandcost-effective network.

C. MeshSwitch Architecture

Figure 1(b) shows a wavelengthplane switch in a mesh
network [13], [15]. As in the caseof the ring, every signal
goesthrough one LAU unit. It is likely that the local node
maynot beactive on all thetrails andhencesuchtrails arenot
requiredto bereceivedusinga local receiver. It is only for the
trails on which the nodeis active, eitherthroughtransmission
or receptionor both,a transmitterand/orreceiver is allocated
as required.This is madepossibleusing cross-connectsand
tunabletransceiversand leadsto transceiver savings.

D. Light-Trail Metro Solutions

Having discussedthe 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.Alternatearchitectureslike point-to-
point andbustopologiesarealsopossible.A varietyof devices
like GigE routers,ESCONmain frames,Fiber Channelbased
SAN switches,ATM and telephony switchescan connectto
the subscriberaccesspoints on the CWDM ring/bus. Since
the edgenetworks have hubbedtraf�c patternsand heavily
fractionaltraf�c asdiscussedbefore,weconsidertwo unidirec-
tional trailsbeingsetupasshown in Figure3. Thedownstream
trail is usedfor the hub (centralof�ce) to transmitdatato all
the other nodes(accesspoints) on the ring and the upstream
trail is usedfor the accesspoints to transmitdatato the hub.
While thedownstreamtrail hasonly onesource,theupstream
trail hasmultiple sourcesand henceneedsa mediumaccess
control for upstreamcommunication.

Fig. 3. A metro network employing WDM solution. CWDM rings can be
deployed in the metro edge.DWDM rings or meshare found in the metro
core.Metro corenodesfeedinto long-haulnetworks(notshown in the �gure)

Thedemandsin metrocore,however, aremoremeshedand
voluminousand hencewe proposeeither a ring or a mesh
DWDM architecture.Figure 3 shows an examplemetro core
network con�gured in the form of a mesh.Nodesin the core
areconnectedto the long-haulbut is not shown in the �gure.
If nodeN1 in Figure 3 hasdata to be sent to nodeN2, the
datais �rst senton theupstreamtrail to thecentralof�ce CO1
and then routedvia the metro core which then reachesnode
N2 via the downstreamtrail originatedby CO2.

E. Light-Trail Feasibility Check

The drop-and-continuefunctionality allows a wavelength
to be sharedby multiple nodes in time, but also leads to
power budget constraintsand signal-to-noiseratio (SNR)
impairments.The transmissionquality is measuredby the
receivedSNRwhich is de�ned astheratio of thesignalpower
to noisepower at thedecisionpoint. Thesystemneedsoptical
ampli�cation to compensatefor the �ber attenuation,splitting
andinsertionlossesdueto theoptical components.The effect
of ampli�ed spontaneousemission(ASE) thatis introducedby
ErbiumDopedFiberAmpli�ers (EDFAs) on theOpticalSNR
(OSNR)needsto be assessed.It is importantto investigateif
the proposedarchitecturecanstill meetthe quality of service
requirementswithout the requirementof regeneration.

Another importantparameteris receiver sensitivity, 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 opticalpower cansaturatetheEDFA gain,limiting the
availablegain for other lower power channelsor may leadto
otherundesirablesideeffectslike crossmodulation.This may
have severe detrimentalimpact on signal quality, and thus,
gainequalizationof differentwavelengthchannelsis required.
More speci�cally, all channelsincidenton anampli�er should
have approximately the same signal strength to avoid the
above mentionednear-far effects. Input launchedpower per
wavelengthis an importantdesignparametersinceit decides
thenumberof wavelengthsthat canbe launchedinto the �ber
without saturatingthe ampli�er or without enteringthe non-
linear region of the �ber. The problem becomeseven more



6

Fig. 4. A four nodelight-trail testbedcon�gured in the form of a buswith a
uni-directionaltrail from ��� to ��� . Since,node��� is thehub,all connections
supportedby downstreamtrail aresourcedby � � .

complex in thepresenceof dynamictraf�c whereconnections
canoriginatefrom any sourceandterminateat any destination
passingthroughany setof intermediatenodes.We proposea
simpleanalyticalmodelthatcanidentify thenetwork operation
point in termsof launchedpower levelsandcon�guration and
placementof EDFAs subjectto all the constraintsmentioned
above.

In this section,we discusshow light-trail networks needto
be designedso as to meet the gain equalizationand OSNR
requirements.We �rst reasonout why signal regeneration
may not be requiredin sucha metro setting.An ampli�er is
assumedto be presenton the incoming line sectionof every
node. For simplicity, channel independentgain is assumed
for all EDFAs. The ampli�er is a single-stage,constantgain
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) andwith just a slight modi�cation, the analysiscan
model links of unequalsizesas well. A light-trail systemof
size m,
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where L N is the optical bandwidth, ( ) is the noise �gure
(usually, 6 dB) and I?K is the photonenergy at 1550nm. LRN

is related to the bit rate (B) and equals10*B to guarantee
negligible penaltydue to output �ltering. The ASE power at
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!$# nodeis computedas

�

�




;

�




I?K

(
)

L
NTS

�

G




<

�

U

VWC

�




<

�

B

�DC?V

%

�

�

�YX

After somemanipulations,OSNRcannow simpli�ed to

Z�[

�]\

;

�
�

�

I?K

(
)

L
N1^ _

I

.�`a.

^

;cb




<

�

VWC

�ed




<

�

�FCOV

%

�

�

�
G

�

d




<

�

�FC

�

%

�

�

�DE

�

(1)

Now, supposethe gain blocks are con�gured such that �

�

compensatesfor %

�$<

�

, then,

%

�$<

�

;

�

�

�

>?�@fg��h

;

�i�kj

Equationreducesto

^

+$l

L

4

;nm

%

�

+$l

L

4

G

�1o�pFqMr

�

N

+

A

m

�

4

Typical insertionlossesareas follows: multiplexer (6 dB),
OXC (3 dB), splitter (3 dB), shutter(2 dB), combiner(3 dB),
demultiplexer (6 dB) and �ber (2 dB @ 0.2 dB/km for 10
kms). As the signal leaves the source,it passesthrough the
combiner, multiplexer and a span of length 10 kms before
it reachesthe ampli�er of the secondnode. Basedon the
de�nition of %
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We �rst calculatethe power level of the launchedsignal
and then estimatethe OSNR. From the point a signal enters
a nodei, i � 1 (after EDFA), to the point it entersthe next
node(beforeEDFA), it encountersthe optical componentsin
thefollowing order- Demux(6dB),OXC (2dB),splitter(3dB),
shutter(2dB), combiner(3dB), Mux (6dB), and �ber spanof
length10 kms (2dB). The loss %
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Fig. 5. (a) Signalsare sourcedby nodesthat are geographicallyapart. (b) Each nodehas two incoming �bers and two outgoing �bers (c) The system
componentscanbe modeledas lossandgain elements.
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The power level at the receiver on the � !$# nodeis computed
as follows. Since each ampli�er at node i compensatesfor
componentlossesat node i-1, and attenuationon the (i-1,i)
span,the power available just after the ampli�er on node i
is the sameas the power available just after the ampli�er on
node i-1. So,
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. Upon enteringnode i, the
signalhasto go througha Demux,OXC anda splitter before
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The typical sensitivity of a PIN photodiodeat 10 Gbpsis

about -17 dBm and hencethe received power is within the
sensitivity limits of a PIN photodiode.Also, theOSNRof the
signalat the A

!$# nodeis given by,
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which is well above the conservative minimum required
OSNR of 26.3 dB estimatein [21], that hasbeencalculated
after accountingfor safetymargins and linear and non-linear
impairmentpenaltiesfor 10 Gbpssystemsoperatingat BER
of ��o

<

� �

.
Considera signalS1 sourcedby the �rst nodeanda signal

S2 sourcedby the secondnode as shown in Figure 5 (a).
Thesignals,of differentwavelengths,aremultiplexedontothe
output link H of node2. The signalpower of S1 as it enters
node2 (after EDFA) was calculatedabove to be 0 dBm. S1
passesthrough the demultiplexer, OXC, splitter, shutterand
combinerbefore reachingthe multiplexer on this node.Just
beforeit reachesthe multiplexer, S1 hasa signal strengthof
-16 dBm.

The signalS2,whensourcedat node2, measures-13 dBm
(as decidedabove), and after encounteringcombiner losses,
it measures-16 dBm. At the input of any EDFA, the power
level of any signal is -16 dBm. For this speci�c example,if
all the signalsaresourcedat -13 dBm andthe EDFAs areset
to 24 dB constantgain value, all receivers can detectat -11
dBm, near-far effects can be avoided and gain equalization
canbe achieved.TheEDFA gain is determinedby equation()
and is different for different link lengths.The exact link loss
informationcanbeconveyedreal time to theampli�er section
throughanopticalsupervisorychannel.Theanalysispresented
hereassumesthat EDFAs have a frequency-independentgain,
but, thegainspectrumof theamplifersarenot completely�at
andhencegivesrise to a small dynamicrangein the received
signal power which has to be accountedfor. The conclusion
of this sectionis that, by using slightly higher gain EDFAs,
light-trail designcanbemadefeasiblewithout requirementfor
regeneratorsin the metronetwork.

VI . L IGHT-TRAIL TEST BED

The following sectionsoutline our progressand ongoing
work in building a testbedto prototype,to evaluateadvanced
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network technologiesandto demonstratea light-trail solution
for high speed metro networking services.The following
issuesareaddressedbelow: systemcomponentsspeci�cation,
high-speedsource/destinationsynchronization,designof op-
tical on/off shuttersanddescriptionof testbedoperation.

A. SystemDescription

Our goal is 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

+

���

�

���

�

���

�

���

4

as shown in Figure 4. The
testbedfeaturesa senderclient station (connectedto

�&�

),
three receiver client stations(connectedto

� �

�

���

and
���

respectively) and the optical bus. In actualdeployment,node
N1 may be connectedto the metro core as shown in the
�gure but we do not incorporatethis featurein our testbed.
A light-trail is staticallyestablishedwith

� �

as the convener
nodeand

� �

asthe sink node.The trail undergoesa tap-and-
continuefunctionality on the intermediatenodes

� �

and
� �

.
As mentionedabove, theedgenetworksarehubbedandhence
node

�	�

transmitsinformationdownstreamto all othernodes
anddepictsa downstreamlight-trail solution.

A multimedia applicationis run on the senderclient sta-
tion which needsto be streamedto all the receiver client
stationsacrossthe optical bus. Towardsthis end,the testbed
implementstwo primary functions; the �rst is to provide an
interfacefrom the senderand receiver client terminalsto the
opticalbackboneandthesecondis to enablelight trail nodesto
communicateover the optical channel.The testbedoperation
proceedsasfollows. Thesenderclient station�rst streamsthe
multimedia content to the optical node

�
�

. Node
�

�

then
buffers the stream,encapsulatesit in a light-trail frame, and
broadcastsit to all the other optical nodes in the trail. A
downstreamoptical node �rst checksif the data is destined
for it and if so proceedsto buffer the data.The information
is then transmittedto a receiver client stationwhich in turn
plays the multimediastream.The following sectionsdescribe
the systemcomponentsrequiredto realizethis testbed.

B. SystemComponents

Eachnodein the ring is equippedwith oneLAU to access
thechannel.Theopticaltransmitteris acontinuouswaveSmall
Form Factor Pluggable(SFP) Fabry Perot laser operatingat
1310nm. Thegeneratedoptical signalis internallymodulated
at 3 Gbps throughan ON/OFF shift keying schemeusing a
voltage controlled differential serial pair. The receiver is a
broadbandSilicon Positive Intrinsic Negative (PIN) photode-
tector with an optical power sensitivy 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
devicescouldbeusedastheopticalshutter. Onesuchexample
is the magneto-opticswitch basedon Faradayeffect designed
in [18]. This shutterhasan insertionlossof 4.8 dB, extinction
ratio of 20 dB with rise/fall time of about2 �

�

. The insertion
loss, however, can be improved greatly by using an index
matchingepoxycoating.Theextinction ratio is reasonablefor

the speci�ed switchingspeed.It is to be notedagainthat the
shutteris not con�guredon a perpacket basisandhencehigh-
speedoperationis not a stringentrequirement.

The four light-trail nodesare implementedon two Xilinx
Virtex II Pro �eld programmablegatearray(FPGA) develop-
mentboards.TheFPGAdevice containshigh-speedRocketIO
serial deserial(SERDES)multigigabit transceivers (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
arealsoconnectedto the embeddedPPC405 microcontroller
which facilitatesloadingandretrieving of thecontentsfor use
with the senderandreceiver client interfaces.

We do not use multiplexers/demultiplexers on the ring so
as to reducesystemcosts.Sinceour solution is scalable,the
testbedcanbe extendedto multiwavelengthsystemsandeven
to mesh(metro core) networks by incorporatingthe required
WDM equipment,which we intend to pursueas future work.

C. FPGA Components

In this section,we describethe componentsof the FPGA
whichwill moreclearlyexplain thetestbedoperation.Detailed
speci�cation sheetscorrespondingto the FPGA usedcan be
found in [19].

1) EthernetMAC: To supportEthernetfunctionality, Xilinx
has provided the Ethernet MAC (EMAC) soft intellectual
propertycore. The EMAC core provides Ethernetcommuni-
cationcapability to the PPC405 microcontroller. The EMAC
hardware core is fully compatiblewith the IEEE 802.3 Me-
dia IndependentInterface and is addressablefrom the PPC
microcontrollervia the On-chipPeripheralBus (OPB). Using
an OPB bus speedof 66Mhz the EthernetMAC operatesat
100Mbps.Data transmissionto the EMAC is passedto the
higherTCP/IP layer throughthe useof Light Weight IP.

2) Light Weight IP (LWIP): To interface the EMAC core
with the PPCmicrocontrollerandto provide TCP/IPcapabil-
ity, the Light Weight IP Application ProgrammingInterface
(API) library is used.TheLWIP functionsprovideaninterface
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 scaleTCPcapabilities.Our designutilizes the
raw API with callback mode.Asynchronousnetwork events
(datareceived,connectionestablishedetc.)arecommunicated
to the applicationthroughinterrupt callbackfunctions.These
callbackfunctionsareregisteredduringtheinitializationof the
TCP connectionusing the raw API functions.

3) SDRAMFile System:As mentionedearlier, thelight-trail
nodesmaintain memory data buffers to compensatefor the
transmissionspeeddiscrepancy betweenthe client interfaces
and the light-trail optical transmissionmedium. To achieve
therequiredbufferingcapability, on-boardperipheralSDRAM
modules are connectedto the PPC ProcessorLocal Bus
(PLB) which providesmemorycontroll. Data is storedin the
SDRAM throughthe useof the Memory File System(MFS)
library featuresavailable with the useof the PPC.The MFS
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Fig. 6. A multimediaapplicationis streamedacrossa light-trail network. The �rst two nodesin the light-trail are shown andeachnodeimplementsboth
the transmitand receive functionality. The shadedblock in eachnodeare the componentsthat arenot usedby the nodefor the speci�ed experiment.

providesaninterfaceto theSDRAM memorywhich is directly
addressablefrom themicrocontroller. Filescreatedin theMFS
can be dynamicallycreatedand accessedthroughthe useof
oneor more�le handleswhich areessentiallyaddresspointers
into the associated�le. Our designutilizes two independent
�le handlesto provide accessto 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 Transceivers: Light-trail communications
are enabledthrough the use of ROCKET I/O Multigigabit
transceiver (MGT) modules.Thesemodulesprovidethediffer-
entialserialdatastreamusedto modulatetheSFPtransceivers
and receive the incoming serial stream from the optical
receivers. The MGT transceiver modulesinstantiatedin the
testbeddesignusea low jitter Low VoltageDifferentialSignal
clock sourceoperatingat 150Mhz to provide the 3Gbpsdata
stream.Detailsof MGT operationandcharacterizationcanbe
found in [19].

Dueto thecomplexity of standaloneMGT operation,Xilinx
hasprovidedtheAuroraprotocolwhich providesa logical link
interfacebetweenMGT instantiations.The Aurora protocolis
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 structureof the MGT transceivers. In
additionto providing frameencapsulationfeaturestheprotocol
enableshigh-level clock synchronizationand clock recovery
functionality.

For use in our testbedoperation,eachAurora module is
con�gured as a single lane, simplex channel.In single lane
operation,the term lane, as describedbelow, is synonymous
with channel.For light-trail operation,eachAurora module

includesoneMGT for eachhigh-speedseriallane.TheMGTs,
in turn, aredrivenby their own lanelogic modulewhich han-
dles operationslike 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 thedestination
lane logic module.

To senddatathroughthehigh-speedchannel,a 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
accomplishedusinga TX startof frame(TX SOF)�ag sentat
thebeginningof frametransmissionwhich is usedto signalthe
intendedreceiver(s)of the impendingframe.Upon reception
of the TX SOF �ag, the receiver assertsthe RX SOF �ag
which signalstheRX interfacemoduleto begin receiving data
into the BRAM. A similar TX EOF �ag is sent to indicate
the End of Frame which in turn signals the receiver that
the current frame has completed.The size of the light-trail
framesare chosento be 16 KB primarily due to the limit of
BRAM resourceson the FPGA developmentboard.Because
each board utilizes BRAM to accommodatetwo light-trail
transmittersandtwo receiversin additionto packet FIFOsfor
theEMAC, usingthe next largersizeof 32KB would exhaust
the BRAM resources.

D. TestbedOperation

Winamp's SHOUTcaststreamingmedia application was
chosento provide the multimedia stream from the sender
client. This streamingapplication is achieved 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 shows 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 diagramshowing a healthysignalat the endof the fourth node.

Our actualimplementationof thelight-trail network is slightly
morecomplicatedthanwhat is shown in the�gure sincesome
of the resourcesweresharedandthe setup wasoptimizedto
use the minimum numberof boards.However, for the sake
of clarity in illustration, we assumehere that each board
correspondsto one light-trail node.

1) SenderClient Interface: Node
���

of the light-trail runs
a hostprogramthat offers the serviceof acceptingdatagrams
from the senderclient. At startup the server program calls
connection init() to createa new TCP socket connec-
tion, bind the IP addresswith a well known port and listen
for an impendingconnectionfrom thesenderclient. Whenthe
senderclient is readyto streamthe multimediacontent,it ini-
tiatesa TCP threeway handshake on the listeningport which
triggers the senderclient accept() callback function
on the light-trail node.Node

�
�

acknowledgesthe threeway
handshake and registers the senderclient receive()
callbackfunctionwhich processessubsequentpacketsarriving
at the network interface. In addition, a �le (EthDataFile)is
allocatedin theSDRAM MFS to buffer thestreamingpayload
and a new �le handle (EthWriteHandle)is associatedwith
the �le. Each socket connectionis allocated2MB of buffer
spaceand maintainsa byte counter to indicate the location
of the �le handle.A buffer size of 2MB is designedto be a
convenientsize to interact with the PPC memory controller
and also hold a signi�cant amountof streamingdata.When
thebytecounterindicatesthat2 MB of datahasbeenreceived
the �le handleis setbackto the beginning of the �le andthe
buffer is overwritten.Eachsocketconnectionis independentof
all otherconnectionsandremainsintact until it is terminated
by the senderclient.

2) Light-trail Transmission:The MGT of node
�

�

trans-
mits 16KB packets using the Aurora protocol. The data for

���

�

�

MGT is suppliedto the BRAM from the EthDataFile.
ThePPCusesa separate�le handle,MgtReadHandle,to mark
the location in the data �le that needsto be currently trans-
mitted.MgtReadHandleinitially pointsto thebeginningof the
EthDataFile.Prior to light-trail transmission,a block of 16KB
datais copiedfrom theMFS into thedualportedtransmission
BRAM using mfs file read() . Subsequentto �lling the
BRAM, the PPCsignalsthe Aurora protocol to proceedwith
clock synchronization.The packet is then encapsulatedin a
frame,addressedto the appropriatedestinationnodeandthen
transmitted.A specialaddressis reserved for broadcastingto
all nodesin the trail. In the currentexperiment,we use the
broadcastmode since the receiver clients attachedto all the
light-trail nodesare interestedin the stream.The data to be
transmittedis accessedby the MGT througha hardwareport
of the BRAM.

As thesignalstraversedown the �ber to thenext node,it is
split by a drop coupleranda part of it is divertedto the local
MGT while the rest of it is sent throughthe add coupler to
reachnodesfurther downstream.Upon detectionof light-trail
activity, the local MGT is synchronizedwith thecurrenttrans-
missionand decideswhetheror not to processthe incoming
databaseduponthe 32-bit StartOf Frame(SOF) label. Each
light-trail nodeis assigneda uniquesoftwarecontrolled32-bit
SOFlabel that is registeraccessiblefrom the MGT hardware
receiver modules.Although currently arbitrarily chosen,this
light-trail hardwareaddresscould be similar to the IP address
usedto accessthenodevia TCP/IPcommunication.The SOF
labelin conjunctionwith theSOF�ag generatedby theAurora
protocol (asdiscussedearlier)providesnodeaddressability.

If the hardware on (say) node
�

�

detectsthat it is the
intendeddestination,the impendingdata is latched into the
receive BRAM anda noti�cation signal is sentto the PPCto
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indicatethata packethasbeenreceived.Following noti�cation
of packet reception,the PPCtransfersthe associatedBRAM
datainto an MgtDataFileat the location of MgtWriteHandle
using mfs file write() . This handleis createdand ini-
tialized to the startof MgtDataFileuponreceptionof the �rst
packet in the communicationstreamandis set to point to the
location wheresubsequentlight-trail packets are placed.The
MGTdataFile is associatedwith the current connectionand
hascharacteristicssimilar to the EthDataFilein that 2MB of
spaceis allocated,andwhenfull the buffer is overwritten.

3) ReceiverClient Interface: The receiver client initiates
a sessionwith the server programrunning on the light-trail
node (say

���

) it is connectedto. Similar to the sender
connectioninitiation, the receiver begins communicationwith
a TCP three way handshake on the hosts listening receiver
port. Upon reception of the TCP SYN packet from the
receiver client, the receiverclient accept() callback
function is triggered which completesthe three way hand-
shake, associatesa new �le handle, EthReadHandle(ini-
tialized to the start of MgtDataFile), with the connection
andregistersreceiverclient send() which handlesall
succeedingdata communication.After connectionsetuphas
completed,packets are sent from the MgtDataFile at the
location of EthReadHandleto the receiver client through
receiverclient send() . A byte countermonitors the
location of the EthReadHandleand ensuresthat it doesnot
overrun the MgtWriteHandle.The datagramssent to the re-
ceiver client completesthe streamingmediaconnectionover
light-trails.

4) MAC protocol: In this hubbedarchitecture,sincenode
�

�

is the only nodethat transmits,no precautionsare taken
to avoid collisions and thus node

�
�

is not restrictedfrom
transmittingat any time. Thus,when16KB of information is
collectedat the senderclient interfaceit is immediatelysent
over the light-trail. However, as suggestedearlier, a second
trail would have to be set up to carry the traf�c from all the
accessnodesto the hub. Since, this circuit will be shared
by multiple nodes,a MAC protocol is requiredand can be
implementedas follows.

Various light-trail MAC protocols have been developed
and studiedin [1], [12], [17], however due to their relative
complexity of implementationa more simple approachis
taken in the testbedto demonstratefeasibility. To demonstrate
upstreamoperation,a simpleMAC is implementedto provide
bandwidthsharingbetweennodes

�
�

and
�

�

. A connection
is set up betweennodes

�
�

to
�

�

and nodes
�

�

to
�

�

. In
this dual connectioncase,an out-of-bandsignal is connected
betweennodes

���

and
���

to avoid simultaneoustransmission.
The fact that both nodes

�	�

and
���

are implementedon the
samedevelopmentboardmakesthis communicationrelatively
simple, however, future work on the test bed will make
this communicationavailable betweenboards.In addition to
protectingagainstsimultaneoustransmissions,a single pin is
connectedfrom the FPGA to the laserTX enablepins which
is used to silence node

� �

�

�

transmitterwhile node
�

�

is
sendingandvisa-versa.Theonly othermodi�cation neededto
convert the downstreamlight-trail into the upstreamsolution
is to addressthe destinationnodesappropriately.

5) ExperimentalResults:Theoscilloscopeshown 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 node1 to all 4
nodesof the light-trail. TCP dump tracesof the SHOUTcast
streamingmedia applicationwere obtainedthrough ethereal
network protocalanalyzer. In this demonstration,SHOUTcast
listenerclientswereconnectedto eachof thethreedownstream
receiving nodesof the four nodetestbed.The tracesillustrate
that the streamingdata,sentto node1 from the SHOUTcast
senderclient, was succesfully received and relayed by all
downstreamlight-trail nodesto their respective clients. The
tracesareshown in Figure8 for Thesenderclient computerIP
addressis 55.248andthe receiver client IP addressis 55.235.
The datais streamedto nodeN1 of the light trail which is on
board1 at address55.197.The receive datais streamedfrom
the boardwith the sameaddressbecauselight trail nodeN2
is actuallyon the sameboard.

VI I . FUTURE WORK

Thetestbeddepictedin this writing illustratesthefeasibility
of using light-trail technologyfor metro edgenetworks. As
mentioned,to provide multiple accessfor light-trail nodes,
downstreamstationsmustbesilentin thepresenceof upstream
activity. Our current solution uses the TX enable/disable
switch of the lasermodulesto provide this functionality. It is
notedhowever, that this largeswitchingtime of approximately
300�

�

is undesirableconsideringthe high transmissionspeed
of the light-trail network. Empirical results suggestthat a
downstreamlasercan remainin the unmodulatedcontinuous
wave ON stateand not interrupt upstreamcommunications.
Thus,asa remedyto this problemwe arecurrentlydeveloping
a solutionthatusesanRF singlepolesinglethrow switch that
can be placed betweenthe serial output of the FPGA and
the laser modulation inputs. The switch has beenshown to
provide an averageswitching time of 5ns. This methodcan
drastically reduce the transmitteractivation time compared
to using the TX enable/disablepins. However, it has not
yet beendeterminedif this solution will producethe desired
functionality whenusedin the testbed.

In additionto theaforementionedparagraph,we would like
to improve the currenttestbedinto a multiple wavelengthand
multiple light-trail solution.Futurework will also implement
fairnessinto themediumaccesscontrol andinvestigatepower
budget issuesat greater length. Due to the �e xibility that
light-trails provide with respectto the dynamicprovisioning
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 communicationswithin our recentlyacquired
16 workstationFPGA cluster. This solution will allow us to
explore and exploit the bene�ts of parallel processing.Early
researchinto this developmentsuggeststhatwe mustconsider
many practical implementationissuessuch as measurement
and characterizationof devices. Investigationinto the inter-
operabilityanddesignspeci�cationsof light-trail components
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(a) (b)

Fig. 8. Etherealtracesof TCPconnectionsetup phasefor light-trail demonstration(a) Senderclient to light-trail nodeN1 (b) Light-trail nodeN2 to receiver
client

suchas, couplers,connectors,shutters,laseron/off switches
and �ber typesmustalsobe considered.

VI I I . CONCLUSION

The work presentedin this paperis focusedon providing
solutionsto the metro edgeand metro core networks. In this
paper, we describeda few of the more prominentevolving
trendsandthe inherentlimitations in currentnetwork deploy-
mentsandevaluatedvarioussolutionsin termsof costandper-
formance.We have proposedanarchitecturebasedon CWDM
ring/bustopologiesfor themetroedgenetworksutilizing light-
trail technologyand illustrateda DWDM ring/meshtopology
for metrocorenetworks.We alsosubstantiatedwhy light-trails
may prove to be a good�t for the bursty andsub-wavelength
demandsimposedby the metromarket.

In addition,a 3 Gbps,four node,light-trail testbedis dis-
cussedwith a descriptionof operationusing the SHOUTcast
streamingmediaapplication.We believe that our testbedhas
improvedour understandingof thelight-trail paradigmandwe
would like to develop on our currentunderstandingof light-
trail systemlevel design to lend credenceto our theory on
designanddeploymentof light-trails in metronetworks.
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