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Abstract

As microprocessas becomeincreasinglyintercon-
nected,the power consumedy the interconnectionnetwork
can no longer be ignored. Moreover, with demandfor link
bandwidthincreasing optical links are replacing electrical
links in inter-chassisand inter-board environments.As a re-
sult, the power dissipation of optical links is becomingas
critical as their speed. In this paper we r st explore op-
tionsfor building high speedopto-electonic links anddiscuss
the power characteristicsof differentlink componentsThen,
we proposecircuit and networkmedanismsthat can realize
poweraware optical links — links whosepower consumption
can be tuneddynamicallyin responsdo changesin network
trafc. Finally, we incorporate powercontml policiesalong
with the power characterizationof link circuitry into a de-
tailed networksimulatorto evaluatethe performancecostand
power savingsof building poweraware opto-electonic net-
worked systems Simulationresultsshowthat more than 75%
savingsin power consumptiorcan be achievedwith the pro-
posedpoweraware opto-electonic network.

1 Intr oduction

Computersystemsare increasingly composedof
subsystemsonnectedvith aninterconnectiometwork fabric
—suchasclustersof PCs,senerscomposecef computeand/or
storageblades supercomputensuilt from boxesandboardsof
microprocessorsDue to tight cooling budgets,power is be-
comingthekey constraintimiting scalabilityin thesesystems.
With link circuitry consuminga signi cant portion of the sys-
tem power budget(60% of the line card power budgetin the
Avici TSRrouter[4], and70% of the switch power budgetin
thelBM In niBand 8-port12X switch[6]), thereis a clearin-
centiveto focusonimproving thepower ef ciency for this part
of thesystem.

As bandwidth demandsincrease,opto-electronic
links are becomingthe de-facto interconnectbetweenboxes,
andmoving into the board-to-boaradlomainaswell. While an
optical link enableshigh bit rates,it doesnot easethe power
consumptiorproblem, promptingcompaniesandresearchers
to nd waysto reducepower in opticallinks [22]. In this pa-
per, weinvestigateapowver-awarearchitecturehatusepower-
control policiesto dynamicallycontrol the bit rateand power
consumptiorof opto-electronidinks.

Paver-aware networks that regulate their power
consumptiorin responseo actualtraf ¢ utilization were rst
proposedn [24], which exploredthe useof dynamicvoltage
scalablg(DVS) electricallinks in networks, with routerscon-
trolling and settingthe link bit rates. Sincethen, therehave
beenvariousstudieson power-awarenetworks— exploring the
impactof DVS on on-chipinterconnectstransmissiorenegy

andbit errorrate[30], exploring power-awarenetworkswhere
electricallinks are turnedcompletelyon and off [26], inves-
tigating the control of DVS links in clustersof workstations
throughroutingtablerecon guration[11]. Theseprior works
focusedon network design.exploring differentpoliciesfor the
controlling of the power-awarenetwork, glossingover the cir-

cuit designissuesof a power-awarelink, andits impacton the
controlpolicy andthe overall network architecture.

Themotivationto explorethe possibility of design-
ing power-awareopto-electronicetwork systemss two fold.
First, aswith electricallinks, opto-electronidinks consume
signi cant power, andhave a power pro le thatdoesnotvary
signi cantly with actualutilization, sotheinterconnectioriab-
ric in thesesystemscan consumehigh power even whenthe
systemis lightly-loaded. Secondsincereal-life network traf-

¢ exhibits substantiatemporalandspatialvariance[14, 26],
opto-electronicnetworks that can regulate their own power
consumptionat run-time by tuning their bit-rate and supply
voltagewith respecto network traf ¢ standto gainsigni cant
power savings.

In this paperwe explorethedesignspaceof power-
aware opto-electroninetworks from the bottomup, rst in-
vestigatingways to incorporaterun-time power-control into
eachcomponenbf a link, understandinghe limits, thende-
signing and architectinga completepower-aware networked
systemwith routersthat dynamicallycontrol the power con-
sumedby the opto-electronidinks. Section2 divesinto the
various componentf an opto-electronidink to shov how
eachworks, their power characteristicsandwaysto incorpo-
rate power-controlinto eachcomponent.Section3 presenta
completepower-awareopto-electronimetwork design,which
differs from traditional network designin both topology as
well asroutermicroarchitectureTo evaluatethis design,net-
work simulationsarerun usingbothsyntheticandactualtraf c
traces.Thesimulationsetupandresultsareshovnin Sectiord.
Section5 concludeghe paperanddiscusse®ur next stepsin
prototypingthe proposedsystem.This paperis theresultof a
collaboratve effort betweenoptics, electronicsand networks
researcherto make power-aware opto-electroninetworks a
reality.

2 Power-aware opto-electronic link design

Fig. 1 presentsthe overall architectureof a typi-
cal opto-electronidink. First, at the link transmittey serial-
ized electronicdataforms the input to the electricalmodula-
tor driver which generatetherespectie voltagesignalscorre-
spondingto 1sandO0s,controllingthe modulatorto switchthe
light from thelasersouice“on” and“off”. Themodulatecop-
tical signalis thentransmittedo thereceverthroughanoptical

ber. At therecever, this optical signalfeedsa photodetector
which corvertsthe optical bit streambackinto electricalcur
rentsignals.Thesecurrentsignalsarethentransformednto an



ampli ed voltagesignalvia atransimpedancampli er (TIA).
Finally, the clock and data recovery (CDR) circuit tracksthe
ampli ed voltagesignalandextractsthedigital 1sandOs.

In the subsequensubsectionswe outline design
considerationdor applying dynamic power control mecha-
nismsto an opto-electronidink. For eachlink component,
we rst explain how it works, characterizewvhat affects its
power dissipation thenproposewaysto incorporatedynamic
power-control for a power-aware network system. Our pro-
posalsfor incorporating power-control into opto-electronic
links build uponprior researclof variable-frequengelectronic
links [28, 12]. Essentially there are two ways of realizing
power-awareness- controlling just the link bit rate, or con-
trolling both bit rate and supply voltage, with respectto the
network trafc. We'll discussthe implicationsof thesealter
nativesfor every link component.

2.1 Transmitter: Laser sourceand modulator

Thereare two basicalternatvesfor implementing
the light sourceopto-electronidinks usedin board-to-board
andbox-to-boxnetworks: (1) Vertical cavity surfaceemitting
laserqVCSELSs),wherelight is generatean chip anddirectly
modulatedby electricaldrive currents;(2) An externallaser
sourcehousedin a separatechassisfeedingthe hundredsto
thousandsf transmitterswithin the system,with multiple-
guantum-well(MQW) modulatorg16] that switch light “on”
and“off” basedn electricallydrivensignals.

2.1.1 Transmitter: Directly modulated VCSELsS &
driver

Operation. VCSELsarecontrolledelectronically— whenthe
inputdriving currentis above a certainthreshold(l , ) the VC-
SEL is stimulatedand it emitslight. At high bit rates,this
thresholdnot only affectslight generation put also the time
requiredfor the stimulatedemissionto stabilize[16]. There-
fore,a VCSEL is usuallyconstantlybiasedat a currentabove
this threshold(l yias ). The VCSEL driver modulateshe driv-
ing currentto the VCSEL basedon the input bit patterns,so
thatthedriving current,l , is Iy + Ipias (Im is themodulation
current)for bit 1, andjust | yias for bit 0. The VCSEL then
cornvertslsandOsinto high andlow light intensitiesrespec-
tively.

The designof the VCSEL driver canbe quite sim-
ple. As shavn in Fig. 2, it simply consistsof a string of cas-
cadednverterswherethesizeof eachinverteris (aconstant
factortypically betweerB and4) timesthe sizeof the previous
oneto controlthe propagatiordelay whendriving alargeload.
Power characteristics. The power consumptiorof a VCSEL
hingeson the thresholdcurrent, asthatis the minimal x ed
power consumptionregardlesof actiity or thetransmittecdit
patterns.Oncebiasedabove the threshold the emittedoptical
powerof aVCSEL, P, growslinearlywith thedriving current,
I

Pe=S (I In) @
wherely, isthethresholdcurrentands istheslopeef ciency
thatde nesthecorversionratioin W atts=Amps.

Whenassumingqualprobabilitiesof 1sand0Os,the
power consumptiorby aVCSEL is:

Pvcser = [Ibias + Im=2] Vbias )

wherel pias + | m =2 is theaveragedriving current.
For the VCSEL driver, dynamicpoweris consumed
to chage/dischage the capacitancef the inverter chain for

every datatransition.We canmodelthe driver power as:

PvcseL arver = 1 Cio Vg BR (3)
where 1 istheswitchingef cient (the probability of bit tran-
sitions)of theinput datastream B R is the bit rateof thelink,
andC p isthetotal switchedcapacitancéthe sumof the ca-
pacitancewithin the laserdriver and the gate capacitancef
NMOSN 1).

Dynamic power control. The electricallaserdriver's power
can be dynamically controlled through bit-rate and voltage
scaling, its power consumptionhas a scalingtrend close to
V2 BR. However, power control of the laserdriver hasan
eﬂ’decton the VCSEL s outputlight intensity Scalingof its Vygq
alongwith bit rateaffectsl, to VCSEL.With x edVyiss , the
scalingof | ,, with voltagecontrolsVCSEL s powerconsump-
tion asshavn in Eq. 2 andoutputlight intensity

2.1.2 Transmitter: Externallasersourcewith MQW
modulator

Operation. In this scheme the lasersourceis housedsep-
aratelyfrom the system,in an external chassiswith its own

power supplyandcooling[21]. Light is directedfrom thiscen-
tral lasersourceto the transmittersat eachlink of the system
throughoptical bers. Sincethe maximumoptical power (the

light intensity)requiredfor eachlink is only tensor hundreds
of W (25 W atreceverfor 10 Gb/slink) , atypical mode-
locked lasercansupportup to hundredor eventhousandof

links [20]. So,opticalpower (light) canbesplitanddistributed
to eachlink usingstaticoptical power splitters,suchasfused-
ber opticalcouplerqg17], whichintroducevery low insertion
loss(amaximumof 13.6dBfor 1 to 16 splitting)?.

At eachlink transmitterof the system,a multiple-
quantum-wel(MQW) modulatorreceveslight from theexter-
nal mode-locledlaser Basedon the electricalvoltageapplied
to the modulator which is controlledby the modulatordriver,
themodulatorabsorbghelight (for datavalue0 —“off” state),
or allowslight to passeshrough(for datavaluel —“on” state).
A MQW modulatoris characterizedby its capacitanceinser
tion loss(IL) andcontrastratio (CR), whereinsertionlossis
the amountof optical power thatis lost uponpassinghrough
the modulatorfor “on” state,and contrastratio is the ratio of
the optical power that passeghroughthe modulatorfor the
“on” and“off” states.

Themodulatordriver ampli es the serializedsignal

to drive the modulator The simplestdriver can be a string
of cascadednvertersas shavn in Fig. 2 which is similar to
theinverterchainfor VCSEL driver. For inputdataO, voltage
appliedto modulatoris Vyias , for bit 1 voltageappliedto the
modulatoris Vpias  Vaq. A large Vyq is desirablefor a high
contrastratio.
Power characteristics. Giventhatthelasersourceis external
to the network system,we assumethat its power is not part
of the systems power budget, nor contributesto its cooling
costs. In this transmitterschemeywe ignorethe lasers power
consumptiorandonly characterizéhe power dissipatedy the
modulatordriver andthe modulator

Pawerdissipationn themodulatoris dueto the ab-
sorbedoptical power. The modulatordissipateanore power
in the“off” state,becausenuchmorelight is absorbedEq. 4

Linsertionlossrefersto theamountof light lost asa resultof splitting. For
instancea 10% insertionlossindicatesthat 10% of the optical power is lost
throughsplitting, soif the original optical power is 0dB, the resultingoptical
power after1to 16 splittingis -12dB.
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modulatedVCSEL lasersource.

shavs the averagepower assuminghe sameprobability of 1s
andos.

—l CI;L Vbias )]
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whereRg is the corversionef ciency from optical power to
electricalcurrent, P, the input optical power, Vyias the bias
voltage,andVyq the supplyvoltage.

Again, modulator driver's power consumptionis
dueto the chaging/dischaging of capacitance theinverter
chain. The maximumoutputvoltageswing corresponds$o the
supplyvoltage,sototal powerdissipationcanbeapproximated
as:

= 05Rs P [IL (Vbias Vaa)+ (1

Pmodulator

Pmodulator

driver = 2 Cmd ded BR %)

where ; is theswitchingef ciency (probability of bit transi-
tions) of the input datastream BR is the bit rate of the link,

andCq is thetotal capacitancé drives(the sumof the ca-
pacitanceof the driver andthe modulator).

Dynamic power control. The modulatorcanbe madepower-

aware by varyingthe light intensity deliveredto eachlink by
insertinga tunableattenuatoiafterthe splitter outputfor each
link.

The electricalmodulatordriver can also be made
power-awarethroughbit-rate scaling. While scalingthe sup-
ply voltagewith bit rate offers additionalpower savings, that
would reducethe voltageswingto the modulator This reduc-
tion degradesthe contrastratio [7] makingit harderto detect
thedataattherecever. Dueto thealreadylow supplyvoltage
levels,we opt to keepthe supplyvoltagefor modulatordriver
x ed. So, the power consumedy the modulatordriver only
scaleswith bit rate.

2.2 Receier design

At the recever, as shavn in Fig. 1, the photode-
tector acceptsthe light and corverts the optical bit stream
backinto electricalcurrentsignalswhicharethentransformed
into ampli ed voltagesignalsby thetransimpedancampli er

(TIA). Finally, theclock anddatarecorery(CDR)circuit tracks
theampli ed voltagesignalandextractsthe digital 1sandOs.
We explainthe operationandreal-timepower-control of these
componentén detailin thefollowing subsections.

2.2.1 Recever: Photodetector

Operation. The photodetectorcorvertsthe optical signals
into photon-current.To guaranteen acceptabléit errorrate
(BER) (typical BER for inter-chassisandinter-boardlinks is
10 '?), a minimum amountof optical power is requiredby
the detectorde ned astherecever sensitvity (Prec). Higher
bit ratesrequirehigherrecever sensitvity to achieze thesame
BER.

Power characteristics. The detectodissipatepower asit ab-
sorbsphotonsto generateurrent. The averagepower dissipa-
tionis shavnin Eq. 6 [10]:

q _ CR+1

ho Ve CRO1 ©
whereq is the chage of an electron,h is Planckconstant,
is the optical frequeny, andCR the opticalintensitycontrast
ratio for bit 1 and0. Vyiss is the biasvoltageto the photode-
tector

Dynamic power control. Given that the photodetectos
power dissipationis much lower than other components
(< 1mW [10]), no additional power control mechanismsre
considered.

= Prec

Pdeteclor

2.2.2 Receier: Transimpedanceampli er (TIA)

Operation. TheTIA typically consistof aninternalcommon-
sourceampli er with a feedbackimpedanceRs asshown in

Fig. 1. It transformghe photoncurrent(l ,) from the detector
to a voltageswing |, Rf. It works weﬁ up to a maximum
bit rate(B Rnmax ), Whichis regulatedby the biascurrentof the
internalampli er [1]:

Ibias = € BRmax (7)
wherec is aconstanfor agivenTIA implementation.



Power characteristics. The power consumptiorfor TIA de-
pendson the biascurrent(l pias ), photon-currentl ;) anddark
current(l 4) of the photo-detectof1]. However, asthe power
incurredby the photon-currenflessthan100A ) anddarkcur-
rent(severalnA) arenggligible [10], comparedo thetotal TIA
power consumptionaroundhundredsof mwW) [1], the power
consumedy TIA canbesimpli ed asin Eq. 8:

Pria = Ibias Vad = € BRmax Vud (8)

Dynamic power control. Whenthe bit rate scalesdown, the
maximumaffordablebit rate BRax canbe reducedby the
samedegree. Thus, the bias currentcan scalewith the bit-
rate by tuning the supply voltage as the bias currenthasan
almostlinear relationto the supply current[19]. Then, the
TIA's power scaleswith V4g BR. Anotherbene tis thatthe
TIA outputvoltageswingl, R; canbesmallerwhensupply
voltagedecreasesSowith R x ed,lessl is requiredfor a
lower supplyvoltage.

2.2.3 Recever: Clock and data recovery circuitry
(CDR)

Operation. The CDR is a key componenbf both opticaland

electricalrecevers. It consistof a clock recovery circuit that

re-timesan internal clock with respectto the incoming data
signalsanddecisioncircuitry thatextractsdigital datafrom the

recevedsignals.Oncein lock, the CDR canrecoveraconstant
streanof datarecevedata x edrate.However, in theeventof

asudderchangean thebit rate,the CDR requirestime (setby

the bandwidthof the timing recovery loop) to recapturdock

beforeit canagainoperatereliably.

Power characteristics. A straightforwardimplementatiorof

aCDRistouseaPLL (phase-lockdloop)structurg12] . Ina

CDR, thePLL andclock buffersarethe dominantpower con-

sumerssopaower consumptiordoesnot changemuchwith ac-

tualbit patterns AssumingCDRsaremostlycomprisedf dig-

ital circuitry, the main power consumptiorcomesfrom chag-

ing and dischaging capacitorsat high frequeng. Its power

consumptiorcanbe approximateds:

Pcor = 3 Ccpr V& BR )
where j istheswitchef cient for CDRrepresentingheprob-
ability of chagingor dischagingthecapacitanceCcpg isthe
capacitancef the CDR.

Dynamic power control. LiketheVCSEL driverandtheTIA,

the CDR cansimilarly befrequeng andvoltage-scaledasbit
rate varies. Therefore,its power consumptionhasa scaling
trendcloseto V2 f [12]. Wheneer bit ratechangeswe make
the consenrative assumptiorthat the CDR needsto relock to
the bit rate and re-synchronizethe clock with the incoming
data,soit is disabledfor atime periodcalledbit-ratetransition
delayTy.

2.3 Designissues

Comparison of VCSELs vs. MQW modulators
with an extemnal laser Due to its easeof integration with
CMOS technologiessmall footprint, and simpler connection
designover MQW modulators VCSELsare commonlyused
as the light sourcein box-to-box and board-to-boardopto-
electroniclinks. However, an external lasersourcecoupled
with MQW modulatorshasalsobeenproposedasan alterna-
tive for suchlinks [9] and offers someadwantages.Here,we

comparethe relative merits of using VCSELS versusMQW
modulatorgfor a power-awarenetwork, rst consideringvari-
ousattributesof eachschemewith respecto performancend
power. While this comparisonis qualitative, Section4 will

evaluateboth schemesusing detailednetwork simulationsto
provide a morequantitatve comparison.

Oneadwantageof usingMQW modulatorswith an
external laser sourceis that the technologyhas beenexten-
sively usedfor telecommunicationsHence,we canleverage
existing technologyadvancementsyhile VCSEL technology
is relatively immature. For example,currentmodulatorbased
links have beendemonstratedor 40 Gbpsoperationand be-
yond [20]. In comparisonthe highestmodulationspeedfor
VCSELsis still at 10GHz[18]. Anothersigni cant bene t of
usingMQW modulatorscanbederivedfrom the stableoptical
power available from the external lasersource. This stabil-
ity offersrelatively lower noiseoperation.Comparatiely, the
VCSEL outputis sensitve to variousfactorssuchastemper
atureand the operatingvoltage ervironment, thus, requiring
additionalcircuit compleity to stabilizethe system.

In additionto the performancébene ts, modulator
basedpticallinks haspotentialpoweradwantagesiswell. Us-
ing anexternallasersourceallows usto move theprimaryheat
sourcdn opto-electronicmetworkedsystemsway (physically)
from the actual system,into a separatechassiswith its own
power supply and cooling. This separatiorallows us to fo-
cus on the network systems power in orderto easethermal
constraintandonly contendwith the power dissipationasso-
ciatedwith the MQW modulatorsn the overall systempower
budget.

While one of the disadwantagesf VCSELs stems
from the thresholdcurrentthat consumesonstantpower, re-
centprogressn in VCSEL technologysuchasoxide-aperture-
con ned structure [18, 1Q], has signi cantly reducedthe
thresholdcurrentto hundredsof micro-amps. Thus, for the
on-boardpower dissipation VCSEL basedransmitterddissi-
patepowercomparabldéo MQW modulatorbasedransmitters
[10]. Moreover, thereis lower compleity to build andcontrol
a VCSEL basedpower-aware opto-electronidink. So, both
schemesireexploredin this paperandtheir relative ef ciency
in adjustingnetwork power consumptiorwith respecto traf ¢
is simulatedandexploredin Section4.

Interaction betweenpower-control mechanisms
and operation of link components.Implementingpowercon-
trol intothevariouslink componentsf apower-awarenetwork
requirescarefulconsideratiorof its interactionwith the com-
ponents.Whenbit ratescalesdown, alsoreducingthe supply
voltageto eachof the componentqe.g., VCSEL/modulator
driver, TIA, and CDR) offers signi cant power savings, as
shavn by Egs.3, 5, 8 and9. However, if the outputswing of
the modulatordriver (setby the power supplyvoltage)drops,
therewill beadramaticincreasen insertionlossandabig de-
creasan contrastratio. Thoseeffectswill adwerselyaffectthe
photodetectosoperation.Therefore pnly bit rate(frequeng)
controlcanbe usedto reducepower consumptiorin the mod-
ulatordriver.

In contrastfor a VCSEL-basedransmitterbothbit
rateandsupplyvoltagecanbecontrolled,asadecreasé mod-
ulation current(dueto a lower supplyvoltage)only leadsto a
linearreductionin the optical outputpower, preservinga high
contrastratio. Moreover, both the photodetectoand TIA are
ableto operateat lower light levelsandsupplyvoltagesasbit
rate decreases.Hence, it is possibleto maintainacceptable
BER performanceby carefully balancingthe impactof lower
light intensity

Thesesimpleexamplesshaw thatthe power-control
mechanisméi.e., frequeng andvoltagecontrol)in eachcom-



ponentof an opto-electronidink have to work in concert,in

orderto allow link power consumptiorto vary with bit rates
while ensuringcorrectoperation. Thesenuancesarefactored
into our overall networked systemdesignandsimulatedto fa-
cilitate aquantitatve explorationof thedesignspaceof power-

awareopto-electronimetworks.

3 Power-aware opto-electronic networked sys-
tem

Advancesn VLS| andnetwork link bandwidthsare
making it cost-efective to connectmultiple processingele-
mentsto eachcommunicatiorrouter, forming clusteredsys-
tems. While at interconnectionnetwork architecturesare
traditionallyassumedhierarchical clusteredarchitecturesre
gaining interestin large scalableparallel systems—eamples
include the IBM Blue Genel[5], Intel Paragon[8], Stanford
DASH [15], andCray T3D [3]. We thustargetsuchsystems
with power-awarenessising power-controlledopto-electronic
links, asproposedn the previous section,for both interrack
aswell asinter-boardinterconnections.

3.1 Systemarchitecture

In this sectionwe presenin detailanexamplesys-
temarchitecturaisingMQW-modulatorbasedinks, owing to
theirhighercompleity. A network systenwith VCSEL-based
links is similar to the examplesystemexceptthatno external
lasersources required.Moreover, light intensityis controlled
directly by the VCSEL driver insteadof requiringexternalop-
tical power control.

Figs. 3 and 4 sketch the designof our proposed
power-aware opto-electronicclusterednetwork systemcom-
prisedof 64 clustersgachwith 8 processinghodes.A general
two-dimensionameshtopologyis choserfor theinter-cluster
network, with eightprocessingiodesnsideeachcluster This
topologycombinesoththescalabilityof meshesandthecost-
effectivenesof clustereddesigngFig. 3(a)). Eacheight-node
cluster alongwith its communicatiorrouter, is placedwithin
thesamerack. The eightboardswithin therackeachhousesa
processingode,andareattachedo thecommunicatiormouter
onanotheboardthroughopto-electronicber links (Fig. 4(a)).
Interrrack communicationsoccur through the router nodes,
which are connectedo neighboringroutersin adjacentacks
basedon the meshtopology also using opto-electronicber
links. While a VCSEL-basedschemeincorporateghe lasers
into thetransmitterof eachlink, aMQW modulatorbasedsys-
tem requiresan additionalcomponenillustratedin Fig. 3(b).
An externallasersourceprovideslight to the transmittersor
all of thelinks through bers originatingfrom thecentrallaser
source.wherethe optical power for eachrackis controlledby
an attenuatar The attenuatolis manageahroughthe control
lines driven backfrom the routers,indicatingthe power level
eachshouldbesetto.

The router microarchitecture is presented in
Fig. 4(b). It consistof eightports(ports0-7), whichareinjec-
tion/ejectionportsconnectedo the eight processingelements
within thatrack(cluster). Theotherfour ports(ports8-11)are
for inter-routerconnectiondrom north, south,eastandwest.
A power-awarepolicy controllersitsin the routernodefor ev-
ery link, settingthe power levels of eachopto-electronidink
in responseo actualutilization. An additional power con-
troller sendscontrol messageto the externallaserto setop-
tical power levels. While it is possibleto make therouteritself
power-aware,we choseto runit ata x edfrequeng in order

maintaina consistenteferenceclock acrosslinks running at
differentbit rates. Thus,arouterin this power-awarenetwork
continuedo operateon x ed-sizeits 2 in themidstof variable
bit rates.

3.2 Adjusting bit rate and power levels

In power-awaresystemspnemustcarefully choose
the numberof different power levels and the granularity of
thesdevels. In our power-awareopto-electronidink, different
power levels correspondo differentbit rates. Paver control
is achievedvia the variablebit rateandcorrespondingoltage
variationsfor the link componentanddifferentoptical power
levels. Optimal power controldependsn two key factors:(1)
Therequirement®f a particularnetwork traf ¢ patternto en-
suregood overall network power-performanceradeofs, and
(2) The numberand granularitythat canbe supportedoy the
underlying optical and electrical circuits. Here, we discuss
how we arrive ata suitablerangefor the numberandgranular
ity of power levelsgivencircuits constraints.Section4 evalu-
atesthe effectivenesof this rangegiven a variety of network
traces.

3.2.1 Electrical bit rate and voltagelevels

Giventhelongtransitiontimefor alargestepin both
bit-rateandvoltagevariation,small stepsare preferredn fre-
queng variations.Moreover, in orderto avoid themuchlonger
delayoverheadncurredby voltagetransitionscomparedvith
frequeng transitionsyoltagewill be pulledup beforethefre-
queng is increasedwhich will be orchestratedby the power-
awaresystems controlpolicy. Corversely voltageis reduced
only after the frequeny decreases.Sincethe voltage tran-
sitions always meetsperformanceaequirementsthe link can
function properlyduring slow voltagetransitions,so we only
assumehatthelinks aredisabledduringthe frequeng transi-
tions.

3.2.2 Optical power levelsfor transmitters

For a VCSEL-basedystem sinceVCSEL s output
opticalpoweris directlymodulatedy its driving currentl (see
Eqg. 1), which is almostproportionalto the supply voltage of
VCSEL driver, the optical power level is automaticallytuned
by supplyvoltagescaling.

For MQW-modulatorbasedsystemaswe x edthe
supplyvoltageto modulatordriverto guarante@roperlink op-
eration,the opticalpower level is controlledby the attenuators
of the externallasersource. The long delay (around100s )
requiredto switch betweenlevels motivatesthe useof fewer,
coarsefgrain optical power levels. Hence,we mustbalance
the power savings that more levels avail with the correspond-
ing performancelegradatiomandincreasedystemcompleity.
In this light, we choseto investigatetwo scenarios First, use
a x ed power level, which obviatesthe externallasersource
controllerandreduceglesigncompleity. Secondjmplement
three optical power levels — Piow, Pmig and Phign (where
Pow = 0:5 Pmid, Pmid = 0:5 Phign) correspondo three
bit rateintervals— B R oy (<4Gb/S),B Rmedium (4 to 6Gb/s),
andBRyigh (6 - 10Gb/s)wherewe assumel0Gb/sto be the
maximumBR. In orderto minimizetheperformancémpactof
changingopticalpowerlevels,we follow acontrolpolicy simi-
lar to thatusedfor adjustingvoltagelevels,e.g.for low-to-high
bit-ratetransitionsandcorrespondingptical power levels,the
opticalpoweris changedn advanceandthenthebit rate.

2Flits standfor “ow controlunits,andare®xed-sizesggmentsof a paclet
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Figure 3. (a) Inter-cluster(rack)interconnectiometwork, wherethe bold lines correspondo the ®bersproviding light from the external
lasersourcethegrayonescorrespondo the power-awareopto-electronidinks usedfor inter-clustercommunicationandthe dashedines
are control lines backto the external rack housingthe external laserthat feed the power control units, (b)Externallasersourcethat is
staticallysplit to all 64 racksandthe 20 ®berswithin eachrack, throughtwo levelsof 1:64followedby 1:20splitting. A power controlunit
(aVOA or tunableoptical switch)variesthe optical power for eachoutgoing®ber, andis controlledthrougha control®berfrom theracks.

3.3 Control policies

Thepolicy controllersin therouterdecidewhenand
howto transitionbetweenpower levels. The link policy con-
troller regulatesthe transitionsbetweenrelectricalbit rateand
voltagelevels, while the externallasersourcecontrollerregu-
latestransitionsbetweenoptical levels. Here,we adoptpoli-
ciespreviously proposedor electricalDVS links [24], extend-
ing it to targetthe multiple policy controllersrequiredto man-
agethemultiple time scalesof our power-awarenetwork.

Link policy controller. A policy controllersits at every link,
shavnin Fig. 4(b), predictingfutureworkloadbasedn histor
ical traf ¢ statistics.Basically if thelink utilizationis greater
thanathreshold, Ty, it will changeto the next higherbit rate
level. Corversely whenlink utilization is lower than T, it
will move to the next lower bit ratelevel. If link utilization

falls betweerthetwo thresholdsthelevel remainsunchanged.

Buffer utilization is usedasan indicationof network conges-
tion, selectingdifferentsetsof Ty andT_ for whenthe net-
work is congeste@ndwhenit is relatively idle. Thedetailsof
thepolicy areasfollows.

Historical statistics are collected with hardware
counterssitting at eachrouter port—statisticson link utiliza-
tion L, (thepercentagef routerclock cycleswherea it tra-
versesthe outputlink) andbuffer utilization B, (the average
percentagef buffersusedin thenext router'sport) overatime
window T, asshawvnin Eqg. 10.

Por, 1
wo LAt
Lu=7l'o.|. ();0 Ly 1
P w
& YF()=B
BU:Ti;o B, 1
w

(10)

whereA(t) equalsl if traf c passesn cycle t, otherwiseO
if notrafc passesn cyclet, F; is the numberof occupied
buffersin timet, andB is the input buffer size. T,,, thetime

window, is animportantparametersincedecisionaremadeat
thebeginningof every T, basednthe statisticscollecteddur-
ing the previous T, . If Ty, is too small, the policy controller
will tunethe bit rate frequentlyfor short-termtrafc uctua-
tions. This resultsin performancalegradationssincethe link
is disabledfor a signi cant portion of thetime in Ty, in the
presencef bit-ratetransitions.Onthe otherhand,if T,, istoo
long, the policy controllercannotadequatehadaptthe bit-rate
to accommodatéarge uctuationsin workload. We usenet-
work simulationgSectiond) tovary T,, (from5to500Ty,) to
nd theoptimaltime window.

B, (anindicatorof network congestionhelpsto se-
lect the thresholddor link utilization (T ; T.). WhenBy is
greaterthanthe congestiorthresholdB .con = 0:5, the net-
work is congestedso paclets mustwait a long time in the
routerbuffer beforeit canbe processedThis delaycanmask
the additionallateng dueto lower bit rate operation,so the
control policy canafford to be more aggressie as showvn in
Table 1. Thesevalueshave beensetarbitrarily dueto time
constraintsandwill be optimizedin the future throughpro I-
ing of thetraf ¢ tracesduringsimulations.

Table 1. Thresholddor link utilization
Thresholds| By < Bu:con Bu >= Bucon
Low, T 0.4 0.6
High, T 0.6 0.7

In orderto make our systemrobust to short-term
trafc uctuations,ourpolicy incorporates mechanisnto av-
eragethe statisticsacrossN time windows. The statisticsof
link utilization is storedin a slidingwindow, asshowvn here:

i=)b| 1
Lya = 12N Lu(i) (11)
i=0
With thesestatisticsthelink policy controllerdecidesvhether
to increase/decreas® keepthe bit-rate. At the beginning of
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board,(b) Routermicro-architecturewith 8 injectionandejectionportsto the intra-rackcluster and4 portswith two uni-directionallinks

for inter-rackcommunications.

every Ty, Ly.a IS comparedwith two link utilization thresh-
olds(Tw; TL). WhenL ., is greaterthanTy , the policy con-
troller increaseit rateby onelevel, Similarly, whenL ;.5 is
lower than T, the bit rate will decreaséy a step. If Ly
falls betweerthetwo thresholdshit ratedoesnot change For
a modulatorbasedsystemwith multiple optical power levels,
the link policy controller cooperatesvith the external laser
sourcecontroller which is describedext.

External laser source controller for modulator-basedsys-
tems. To accommodat¢he long transition/responsémes of
the attenuatorsat the externallasersource the externallaser
sourcecontrollerseekgo trackmuchlongertrendsin network
trafc. Sincethe responsdime of the attenuatorss around
100s , thelink policy controllerwill decidewhetherto change
the optical power levelsevery 200s . If in this200s , thebit
rate always remainsat a power level that can function with
a lower optical power, the policy controllerwill senda Pgec
requestwhich triggersthe externallasersourcecontrollerto
tell the externallasersourceto halwe its optical power. Onthe
otherhand,if thelink policy controllerneedsto increasdink
bit rate above that which canbe supportedy the currentop-
tical power level, it will instantly senda Pj,c requestto the
externallasersourcecontroller(with the electricalbit-rateand
voltageremainingconstantuntil the optical power increases),
whichwill prompta doublingof theopticalpower. Otherwise,
theinput opticalpowerremainsx ed.

4 Evaluation results

To evaluatethe performancempact and potential
power savings of power-aware opto-electronicnetworks, we
simulatethe detailsof the entirepower-avarenetwork system
asdescribedn the previoustwo sectionsHere,we presenthe
simulationsetupandexperimental ndings.

4.1 Network simulator & experimental setup

An event-driven it-le vel interconnectiometwork
simulator [23] with 5-stagepipelined routerswas modi ed

to include the detailed power-performancecharacteristicof

a power-aware opto-electronidink, the externallasersource
with attenuatorgherouterswith thepolicy controllersmodel-
ing acompleteb4-rackpower-awarenetworkedsystem.n our

experimentsthe routersrun at 625MHz, have 16 its buffers
perinput port, whereeach it is 16 bits wide. The maximum
bandwidthout of eachinput port is setto be 10Gb/s. The

simulatorcanbe con guredto modeleitherVCSEL-basedr

MQW-modulatorbasedpto-electronidinks.

Separatelock domainsareusedfor theroutercore
andits links. Functionalmodulesinside the router core op-
erateoff of a x ed systemclock, while eachlink hasits own
clock dynamicallytunedby thelink policy controllerto follow
thetrafc changes.In the MQW-modulatorbasedinks with
multiple optical power levels, the externallasersourcepolicy
controllerin eachrouterdynamicallycontrolsthe attenuators
in theexternalchassis.

Thepowerconsumptiorfor thevariouscomponents
of anopto-electronidink is estimatedisingthe pawer models
describedn Section2, basedon parameterdrom [1, 2, 13],
assumind).18 m CMOStechnologyis usedto implementall
of the link circuitry. A roughbreakdaevn of the power con-
sumedfor variouslink component®peratingat the maximum
bit rate of 10Gb/sis listed in Table 2, along with approxi-
mate power-scalingtrendsfor eachcomponentderived from
the power modelspresentedn Section2. We assumehatthe
requiredsupplyvoltageto the VCSEL driver, TIA, andCDR
will linearly scalewith bit rate[12, 28], while the modulator
driver'svoltageis x edto ensurecorrectoperation.

As shavn in Table 2, the transmitterof our uni-
directional 10Gb/s opto-electroniclink takes approximately
40mW while the recever dissipatesapproximately250mw/
atotal of 290mWperlink. With bit ratescalingfrom 10Gb/s
to 5Gb/swith 6 bit-ratelevels,the supplyvoltagescalesrom
1.8V to 0.9V accordingly excluding the supply voltage to
the modulatordriver. This lowerslink power consumptiorto
61.25mWat 5Gb/sfor a VCSEL-basedinks, allowing a po-
tential power savings of about80%.

To be consenrative, the link will be disabledfor



Table 2. Pover consumptionsindscalingtrendsof thelink components.

VCSEL | VCSELdriver | Modulatordriver TIA CDR
Pawer (mWw) 30 10 40 100 150
Scalingtrend Vg V& BR BR Vaa BR | VG4 BR

20 network cycles after the bit-rate transitionsto give the
CDR time to relock the clock to the input data. The tran-
sitions of supply voltageis slower, taking 100 network cy-
cles. Thesedelaysare estimatedand extrapolatedbasedon
characterizationsf prior circuit designsof variable-frequeng
links [28, 12]. The impactof thesetransitiondelayswill be
investigatedhroughnetwork simulations.

Lateng, throughputpower dissipationandpower
latengy productare the metricsusedto evaluateour power
awarepolicies. Lateng refersto thetime from the creationof
the rst it of the paclettill the ejectionof its last it from
thenetwork at the destinationthroughpuis de ned asthein-
jection rate at which averagenetwork lateng exceedstwice
thelateng at zeronetwork load, andthe power dissipatedy
our power awvarenetwork is expressedisa percentag®f that
consumedy a non-paver-awarenetwork with all links atthe
maximumbit rate of 10Gb/s. Averagesare computedacross
all nodesn thenetwork. Power-lateng productmultipliesav-
eragdateng with averagepower dissipationencapsulatingn
asinglemetricthe power-performancef a network.

4.2 Workloads

Network workloadsthat accuratelyre ect the high
temporalandspatialtraf ¢ varianceof mary applicationswith
dynamic uctuations, burstsandhot-spotsaremostusefulfor
evaluatingthe performanceof our power-aware network de-
sign. In this paper we presentresultsfor threesetsof traces:
(1) Uniform randomtraf ¢, whereeachnodehasequalproba-
bility of sendingo ary othernode,ataconstaninjectionrate;
(2) A time-varyinghot-spottraf c trace,wherepacletsarein-
jectedat differentinjectionratesat differentphase®f the sim-
ulation (temporalvariance),and node4 in rack(3,5)accepts
fourtimesthetraf c injectedinto others(spatialvariance)y3)
Actualtraf ¢ tracesextractedrom SPLASH2parallelapplica-
tions[29] runningon the RSIM multiprocessosimulatorwith
defaultparameterf27].

Uniform randomtraf ¢ is oneof the mostwidely-
used network loads due to its simplicity that lends readily
to analysis. For power-aware networks, its constantinjec-
tion rate posesa worst-casescenarioto the policy controller,
sincethe lack of varianceprovideslittle opportunityfor fre-
gueng/voltagescaling. We thus useit to stressour power-
awarepolicies. Thetime-varyinghotspottraceis usedto eval-
uatethe responsienessof our power-aware network design
to fairly marked uctuations in network trafc, essentiallyto
stressour power-aware circuit mechanismshighlighting the
impactof link circuitry overheadsThe SPLASHtraf ¢ traces
areusedto evaluatetherealisticpower-performancempactof
apower-awarenetwork.

4.3 Simulation resultsand performanceevaluation

4.3.1 Uniform random traf c

Effect of policy parameters. We rst explore the impact of
our policy's samplingwindow size (Ty), 1.e. how frequently
it samplesstatisticspn a modulatorbasechetwork (trendsare

3A network cycle is basicallyoneTit time.

similar for VCSEL-basecdetworks), varying it from 100 to
10000cycles.

Fig. 5(a) presentghe averagenetwork lateng (av-
eragedacrossall links in the network) relative to thatof anon
powerawarenetwork underight (1.25paclkets/gcle), medium
(3.3 paclets/gcle)andheary (5 paclets/g/cle) injectionrates.
It shavsthata largerlateng penaltyis incurredfor the short-
estwindows (T, = 100). This is becausea control pol-
icy that usesshorterwindows yields more power-level tran-
sitions,which in turn incursmoretransitionpenalties.Larger
lateng penaltyis alsoincurredfor a biggerwindow size un-
dermediumandheavy trafc sinceit cannotrespondquickly
to trafc variations. The effect on power dissipation(see
Fig. 5(b)) shavs shortertime windows leadingto higherpower
consumptionfor all traf c injection ratesexceptunder1.25
paclets/g/cle. At suchlight trafc, the power-awarenetwork
essentiallytransitionsto the lowestbit-rate supported5Ghb/s)
andremainsat thatlevel. Fig. 5(c) presentghe effect of win-
dow sizeon power-lateng product.lt shavs thatwindow size
around1000 cyclesyields acceptablegpower lateng product
for all injection rates. While one might expecta shortertime
window to enablethepolicy to bemoreresponsie, bettertrack
trafc uctuations, andthusreducepower, morefrequentbit-
ratetransitionsalsoleadto higherpower consumptionsSince
the network mustdisablethe links more often, it mustcom-
pensatdor thislossin link activity with higherbit rateswhen
links areactive, resultingin higherpower consumptionBased
ontheseesultswe chooserT,, =1000cyclesfor all subsequent
simulations.

Figs.5(d),(e),(f)presentheeffectof link utilization
thresholdgTy andT.) on averagelateng, power consump-
tion and power-lateng product,respectiely. The difference
betweerhighandlow utilizationthresholdgTy T.)is x ed
at 0.1 as simulationsshav better power-performance. Intu-
itively, higherthresholdsead to more aggressie scalingof
link bit rates,which resultin larger delaysas well aslower
power consumptionasis evidentfor the injectionrateof 3.3
paclets/g/cle. At light traf c (1.25packets/gcle), the power-
awarenetwork relegatesto few transitions— mimicking a net-
work whoselink bit ratesare statically set at startup. At
hightrafc (5.05paclets/gcle), network lateng doesnot in-
creaseeitherwith moreaggressiethresholdsasthenetworkis
highly congestedso its arequeuedup in theroutersfor long
periodsof time anyway, maskingthe additionallink delaydue
to power-awarenetworks. We choosean averagethresholdof
0.5 for subsequensimulationsin orderto balancethe impact
on power-performancelf alargeraveragethresholdof 0.6is
chosen higher power savings canbe attained,demonstrating
thetradeof designerdhave to male.

Effect of link technology Fig 5(g) comparegshe averagela-

teng of two power-awarenetwork con gurations—onewhose
link bit ratesvaryfrom 5to 10Gb/sys. onewhoselink bit rates
vary from 3.3to 10Gb/s. Our simulationsshav the network

with 5-10Gb/dinks nothurtingnetwork throughputsaturating
atthesamepointasthenon-paver-awarenetwork. When3.3-

10Gb/slinks are used,however, throughputsuffers, degrad-
ing to about3 paclets/gcle. If link bit ratesare staticallyset
at 3.3Gb/s,throughputwill be severely affected,droppingto

lowerthan?2 paclets/gcle.

Fig. 5(h) presentgshe averagepower consumption
of power-aware network systems. Pawer savzings can be at-
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network systems(h) Powver consumptiorof a power-awarenetwork relative to a non-paver-awarenetwork.



tained even when the inter-router links are completelysatu-
rated,asthe injection/ejectionlinks into the clusterrouterare
lowly utilized for uniform randomtraf c. Beforenetwork sat-
uration,power dissipationincreasesismoretraf c is injected.
Beyond that, the power-aware policy controller canbe more
aggressie in adjustingbit ratesto enablemore power sav-
ingsevenastraf ¢ increaseslt shavs thatpower awareopto-
electronicnetworks aremoreeffective at light andheary ends
of trafc conditionswhere sensitvity of overall network la-
teng to link delayis lower.

It is againimportantto point out that more power
sasings is also achievable at the expenseof increasedla-
teng penaltyby usinga lower minimum bit-rateasshavn in
Fig 5(g),(h). Theseplots clearly demonstratehe tradeof be-
tweenlateng and power savings for power-aware networks.
If power consumptioris our main concern,greaterthan90%
savingsin power consumptiorcanbe achieved, with VCSEL-
basechetworkshaving a slightadvantage We select5-10Gb/s
rangehenceforttsincethatgivesbetterpower-performance.

4.3.2 Time-varying hot-spottraf ¢

Fig. 6 presentshe network simulationresultsusing
thetime-varyinghotspottraf ¢ traceshownin Fig. 6(a).

Effect of link circuitry constraints. Thenumberandrangeof
bit-rate (and correspondingroltage)levels and transitionde-
lays betweenlevels arekey link circuitry constraintghatim-
pactoverall network performance.Having an understanding
of their effect on overall network performanceallows a link
designeto bettertuneits link speci cations.

To explore the effect of transitiondelayoverheads,
we zeroout T, and/orT,. As expected,Fig. 6(b) and (c)
shaws that a systemwithout power awarenes$asthe lowest
latengy, sinceall of the links operateat the highestbit rate,
andthus consumethe mostpower. Given the control policy
of changingthe supply voltagein adwanceof increasingthe
bit rate, links are able to always operatein the presenceof
voltagetransitions. Hence,the voltagetransitionpenaltyhas
negligible impacton performanceTheseaesultsalsoshav that
for a timing window size (T,,) of 1000 cycles,the relatively
small penalty of disablingthe link for 20 cycles during bit-
transitiong(Ty, ) haslittle impacton performance.

VCSEL vs. MQW modulator-based power-aware links.

Fig. 6(c) providesinsightsinto the impactof multiple optical
power levelsfor a network with MQW modulators.For small
increasesn the network trafc (from 1.1e6to 1.3e6cycles),
which correspondso a smallincreasein bit rate, the optical
power level doesnot changeandthereis no additionallateng
penalty However, for a larger jump (betweenle6and1.1e6
cycles),achangean theopticalpowerlevel is triggered,ncur-

ring higherlateny asthe network hasto wait 100 s for an
optical pawer transition. Thesesimulationresultsverify that
choosinga smallernumberof coarse-grairptical power lev-

elsyieldslower lateng/ penalties.While this additionaldelay
penaltyis infrequent,subsequensimulationsassumea single
optical level to simplify comparisondetweensystemsusing
VCSELsandMQW modulators.

Giventhesepromisingresults,Fig. 6(d) thencom-
paresthe normalizedpower consumptionfor systemsusing
VCSELs versus MQW modulators, relative to non-paver-
awarenetworks. The slightadvantageof a VCSEL-basedys-
tem stemsfrom the factthatits laserdriver's power canscale
with both bit rateandvoltage,while the modulatordriver op-
eratesoff of a x ed supply voltageand only scaleswith bit
rate.
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4.3.3 Trafc traces of SPLASH2 parallel bench-
marks on RSIM

Three SPLASH2benchmarksre usedto evaluate
our power-awarenetwork — fastfourier transform(FFT), ma-
trix decompositionLU), integer sort kernel (Radix ). The
benchmarksre parallelizedonto 64 nodeshousedn 8 racks
of our proposecdhetworkedsystem.Sincetracesarelong (sev-
eral hundredsof millions of cycles), we snapshofust a por-
tion wherelarge uctuationsin injectionrateareseen(Fig. 7).
Figs.7(a)(c)(e)shav theinjectionrate over time (the average
pacletsizeis 48- it) while Figs.7(b)(d)(f) presenthe power
consumptiorof the modulatorbasedower aware systemun-
derthose3 tracesnormalizedo the power of nonpower avare
system. We seethat our power-aware network trackswork-
load uctuations effectively. In addition,sincelink bit-rateis
only changedor big variationsin link utilization, the power
curves lter out small uctuationsin the injection ratecurves
and are thus smoother On average,more than 75% savings
in power consumptionis achiezed with lessthandoublenet-
work lateng, resultingin morethan60% savingsin network
power lateng productasshown in Table3. Thelateng im-
pactfor FFT is muchlower thanthe othersasits traf c peaks
andtroughsoccurover alongerperiodof time, makingit eas-
ier for the policy to accuratelypredicttrends. Theincreasean
this raw network transmissiorateng needgo betakenin the
context of overallnetwork delay which includeshundredsand
thousandsf cyclesof network interfaceandsoftwarelateng.

Table 3. Power-performancenumbersfor power aware net-
works normalizedagainstnon-paver-awarenetworks.

Traces FFT | LU | Radix
Averagédateny 1.08| 1.50| 1.60
Averagepower consumption 0.22 | 0.25| 0.23
Averagepower lateng product | 0.24 | 0.38 | 0.37

5 Conclusions

In this paper we explored the design spaceof
power-aware opto-electronicnetworks. To the bestof our
knowledge thisis the rst completepowver-awarenetwork de-
sign that exploreslink circuits, router microarchitectureand
overall network systemarchitecturan tandem,aswell asthe
rst proposabf adetailedpower-awarelink architectureJoint
investigationacrosstheseareasallow link constraintsto be
accuratelyfactoredinto network design,and systemrequire-
mentsto beincorporatednto theunderlyingcircuit desigrnpro-
cess.

Through detailed network simulationswith both
syntheticand actualtraces,we showv that power-aware opto-
electronicnetworks canlower power consumptiorby approx-
imately4 , with VCSEL-basedowver-aware opto-electronic
links consistentlyturningin slightly betterpower-performance
acrossall traces. Moreover, this simulationervironmenthas
enabledusto understandhe impactof variouscontrolparam-
etersanddesignchoiceson pawer and performanceand nd
optimalsettings.

We are currently working towards the design of
opto-electroniclink componentasmplementedin a 0.18 m
CMOS processwith power-control capabilitiesthat are com-
patible to the proposedpower-aware network. Experimental
resultsextractedfrom the test-chipprototypecanthenbe fed
into our network systemsimulator in placeof currentmod-
els,to moreaccuratelyevaluatesystenperformancendpower
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Figure 6. Undertime-variancehot-spottraf®c: (a) The averagenumberof pacletsinjectedinto the whole network over time (injection
rate),(b) The averagenetwork lateng for power avaresystemsw/o transitiondelays,(c) The averagenetwork lateng for power aware
systemswith singleor multiple opticalpower levelscomparedvith nonpower avaresystems(d) Power dissipationof bothVCSEL based
andmodulatorbasedpower-awvarenetwork systenrelative to thatof non-paver-aware networks.

savings. We hopethis work will pave the way for the deploy-
mentof power-awarenetwork systemsn thefuture.
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