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Abstract

As microprocessors becomeincreasinglyintercon-
nected,the power consumedby 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 dissipationof optical links is becomingas
critical as their speed. In this paper, we �r st explore op-
tionsfor building high speedopto-electronic links anddiscuss
thepowercharacteristicsof different link components.Then,
we proposecircuit and networkmechanismsthat can realize
power-aware optical links – links whosepowerconsumption
can be tuneddynamicallyin responseto changesin network
traf�c. Finally, we incorporate power-control policiesalong
with the power characterizationof link circuitry into a de-
tailednetworksimulatorto evaluatetheperformancecostand
power savingsof building power-aware opto-electronic net-
workedsystems.Simulationresultsshowthat more than75%
savingsin powerconsumptioncan be achievedwith the pro-
posedpower-awareopto-electronicnetwork.

1 Intr oduction

Computersystemsare increasinglycomposedof
subsystemsconnectedwith an interconnectionnetwork fabric
– suchasclustersof PCs,serverscomposedof computeand/or
storageblades,supercomputersbuilt from boxesandboardsof
microprocessors.Due to tight cooling budgets,power is be-
comingthekey constraintlimiting scalabilityin thesesystems.
With link circuitry consuminga signi�cant portionof thesys-
tem power budget(60% of the line cardpower budgetin the
Avici TSRrouter[4], and70%of theswitchpower budgetin
theIBM In�niBand 8-port12X switch[6]), thereis a clearin-
centiveto focusonimproving thepoweref�ciency for thispart
of thesystem.

As bandwidth demandsincrease,opto-electronic
links arebecomingthe de-facto interconnectbetweenboxes,
andmoving into theboard-to-boarddomainaswell. While an
optical link enableshigh bit rates,it doesnot easethe power
consumptionproblem,promptingcompaniesandresearchers
to �nd waysto reducepower in optical links [22]. In this pa-
per, weinvestigateapower-awarearchitecturethatusespower-
controlpoliciesto dynamicallycontrol thebit rateandpower
consumptionof opto-electroniclinks.

Power-aware networks that regulate their power
consumptionin responseto actualtraf�c utilization were�rst
proposedin [24], which exploredtheuseof dynamicvoltage
scalable(DVS) electricallinks in networks,with routerscon-
trolling andsettingthe link bit rates. Sincethen, therehave
beenvariousstudiesonpower-awarenetworks– exploring the
impactof DVS on on-chipinterconnects'transmissionenergy

andbit errorrate[30], exploringpower-awarenetworkswhere
electricallinks are turnedcompletelyon andoff [26], inves-
tigating the control of DVS links in clustersof workstations
throughroutingtablerecon�guration[11]. Theseprior works
focusedonnetwork design,exploringdifferentpoliciesfor the
controllingof thepower-awarenetwork, glossingover thecir-
cuit designissuesof a power-awarelink, andits impacton the
controlpolicy andtheoverallnetwork architecture.

Themotivationto explorethepossibilityof design-
ing power-awareopto-electronicnetwork systemsis two fold.
First, as with electrical links, opto-electroniclinks consume
signi�cant power, andhave a power pro�le thatdoesnot vary
signi�cantly with actualutilization,sotheinterconnectionfab-
ric in thesesystemscanconsumehigh power even whenthe
systemis lightly-loaded.Second,sincereal-life network traf-
�c exhibits substantialtemporalandspatialvariance[14, 26],
opto-electronicnetworks that can regulate their own power
consumptionat run-time by tuning their bit-rate and supply
voltagewith respectto network traf�c standto gainsigni�cant
powersavings.

In thispaper, weexplorethedesignspaceof power-
awareopto-electronicnetworks from the bottom up, �rst in-
vestigatingways to incorporaterun-time power-control into
eachcomponentof a link, understandingthe limits, thende-
signing and architectinga completepower-aware networked
systemwith routersthat dynamicallycontrol the power con-
sumedby the opto-electroniclinks. Section2 dives into the
variouscomponentsof an opto-electroniclink to show how
eachworks, their power characteristics,andwaysto incorpo-
ratepower-control into eachcomponent.Section3 presentsa
completepower-awareopto-electronicnetwork design,which
differs from traditional network designin both topology as
well asroutermicroarchitecture.To evaluatethis design,net-
work simulationsarerunusingbothsyntheticandactualtraf�c
traces.Thesimulationsetupandresultsareshown in Section4.
Section5 concludesthepaperanddiscussesour next stepsin
prototypingtheproposedsystem.This paperis theresultof a
collaborative effort betweenoptics,electronics,andnetworks
researchersto make power-awareopto-electronicnetworks a
reality.

2 Power-aware opto-electronic link design

Fig. 1 presentsthe overall architectureof a typi-
cal opto-electroniclink. First, at the link transmitter, serial-
ized electronicdataforms the input to the electricalmodula-
tor driver whichgeneratestherespectivevoltagesignalscorre-
spondingto 1sand0s,controllingthemodulatorto switchthe
light from thelasersource“on” and“off ”. Themodulatedop-
tical signalis thentransmittedto thereceiverthroughanoptical
�ber. At thereceiver, this opticalsignalfeedsa photodetector
which convertstheoptical bit streambackinto electricalcur-
rentsignals.Thesecurrentsignalsarethentransformedinto an
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ampli�ed voltagesignalvia a transimpedanceampli�er (TIA).
Finally, the clock and data recovery (CDR) circuit tracksthe
ampli�ed voltagesignalandextractsthedigital 1sand0s.

In the subsequentsubsections,we outline design
considerationsfor applying dynamic power control mecha-
nismsto an opto-electroniclink. For eachlink component,
we �rst explain how it works, characterizewhat affects its
power dissipation,thenproposewaysto incorporatedynamic
power-control for a power-awarenetwork system. Our pro-
posals for incorporatingpower-control into opto-electronic
linksbuild uponprior researchof variable-frequencyelectronic
links [28, 12]. Essentially, thereare 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 traf�c. We'll discussthe implicationsof thesealter-
nativesfor every link component.

2.1 Transmitter: Laser sourceand modulator

Thereare two basicalternatives for implementing
the light sourceopto-electroniclinks usedin board-to-board
andbox-to-boxnetworks: (1) Verticalcavity surfaceemitting
lasers(VCSELs),wherelight is generatedonchipanddirectly
modulatedby electricaldrive currents;(2) An external laser
sourcehousedin a separatechassis,feedingthe hundredsto
thousandsof transmitterswithin the system,with multiple-
quantum-well(MQW) modulators[16] that switch light “on”
and“off ” basedonelectricallydrivensignals.

2.1.1 Transmitter: Dir ectly modulated VCSELs &
dri ver

Operation. VCSELsarecontrolledelectronically– whenthe
inputdriving currentis aboveacertainthreshold(I th ) theVC-
SEL is stimulatedand it emits light. At high bit rates,this
thresholdnot only affects light generation,but also the time
requiredfor the stimulatedemissionto stabilize[16]. There-
fore, a VCSEL is usuallyconstantlybiasedat a currentabove
this threshold(I bias ). TheVCSEL driver modulatesthedriv-
ing currentto the VCSEL basedon the input bit patterns,so
thatthedriving current,I , is I m + I bias (I m is themodulation
current)for bit 1, and just I bias for bit 0. The VCSEL then
converts1sand0s into high andlow light intensities,respec-
tively.

The designof theVCSEL driver canbe quitesim-
ple. As shown in Fig. 2, it simply consistsof a string of cas-
cadedinverters,wherethesizeof eachinverteris � (aconstant
factortypically between3 and4) timesthesizeof theprevious
oneto controlthepropagationdelay, whendrivingalargeload.
Power characteristics. Thepower consumptionof a VCSEL
hingeson the thresholdcurrent,as that is the minimal �x ed
powerconsumptionregardlessof activity or thetransmittedbit
patterns.Oncebiasedabove thethreshold,theemittedoptical
powerof aVCSEL,Pe, growslinearlywith thedrivingcurrent,
I :

Pe = S � (I � I th ) (1)

whereI th is thethresholdcurrent,andS is theslopeef�ciency
thatde�nestheconversionratio in W atts=Amps.

Whenassumingequalprobabilitiesof 1sand0s,the
powerconsumptionby a VCSEL is:

PV C S E L = [I bias + I m =2] � Vbias (2)

whereI bias + I m =2 is theaveragedriving current.
For theVCSELdriver, dynamicpower is consumed

to charge/discharge the capacitanceof the inverter chain for

everydatatransition.We canmodelthedriverpoweras:

PV C S E L dr iv er = � 1 � CLD � V 2
dd � B R (3)

where� 1 is theswitchingef�cient (theprobabilityof bit tran-
sitions)of theinput datastream,B R is thebit rateof thelink,
andCLD is thetotal switchedcapacitance(thesumof theca-
pacitancewithin the laserdriver and the gatecapacitanceof
NMOS N 1).
Dynamic power control. The electricallaserdriver's power
can be dynamically controlled through bit-rate and voltage
scaling, its power consumptionhasa scaling trend close to
V 2

dd � B R. However, power control of the laserdriver hasan
effectontheVCSEL'soutputlight intensity. Scalingof its Vdd
alongwith bit rateaffectsI m to VCSEL.With �x edVbias , the
scalingof I m with voltagecontrolsVCSEL'spowerconsump-
tion asshown in Eq.2 andoutputlight intensity.

2.1.2 Transmitter: External lasersourcewith MQW
modulator

Operation. In this scheme,the lasersourceis housedsep-
aratelyfrom the system,in an externalchassis,with its own
powersupplyandcooling[21]. Light is directedfrom thiscen-
tral lasersourceto the transmittersat eachlink of thesystem
throughoptical �bers. Sincethemaximumopticalpower (the
light intensity)requiredfor eachlink is only tensor hundreds
of � W (25 � W at receiver for 10 Gb/slink) , a typical mode-
locked lasercansupportup to hundredsor eventhousandsof
links [20]. So,opticalpower(light) canbesplit anddistributed
to eachlink usingstaticopticalpowersplitters,suchasfused-
�ber opticalcouplers[17], which introducevery low insertion
loss(a maximumof 13.6dBfor 1 to 16splitting)1.

At eachlink transmitterof the system,a multiple-
quantum-well(MQW) modulatorreceiveslight from theexter-
nal mode-lockedlaser. Basedon theelectricalvoltageapplied
to themodulator, which is controlledby themodulatordriver,
themodulatorabsorbsthelight (for datavalue0 – “off ” state),
or allowslight to passesthrough(for datavalue1 – “on” state).
A MQW modulatoris characterizedby its capacitance,inser-
tion loss(IL) andcontrastratio (CR), whereinsertionlossis
theamountof opticalpower that is lost uponpassingthrough
the modulatorfor “on” state,andcontrastratio is the ratio of
the optical power that passesthroughthe modulatorfor the
“on” and“off ” states.

Themodulatordriverampli�es theserializedsignal
to drive the modulator. The simplestdriver can be a string
of cascadedinvertersas shown in Fig. 2 which is similar to
theinverterchainfor VCSEL driver. For input data0, voltage
appliedto modulatoris Vbias , for bit 1 voltageappliedto the
modulatoris Vbias � Vdd . A largeVdd is desirablefor a high
contrastratio.
Power characteristics. Giventhatthelasersourceis external
to the network system,we assumethat its power is not part
of the system's power budget,nor contributesto its cooling
costs.In this transmitterscheme,we ignorethe laser's power
consumptionandonly characterizethepowerdissipatedby the
modulatordriverandthemodulator.

Powerdissipationin themodulatoris dueto theab-
sorbedoptical power. The modulatordissipatesmorepower
in the“off ” state,becausemuchmorelight is absorbed.Eq.4

1Insertionlossrefersto theamountof light lost asa resultof splitting. For
instance,a 10%insertionlossindicatesthat10%of theopticalpower is lost
throughsplitting, soif theoriginal opticalpower is 0dB, theresultingoptical
power after1 to 16splitting is -12dB.
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Figure 2. Alternativesfor lasersourceandmodulators.(a) An external lasersourcewith an on-chipMQW modulator. (b) A directly
modulatedVCSEL lasersource.

shows theaveragepower assumingthesameprobabilityof 1s
and0s.

Pmodulator = 0:5�Rs �PI � [I L �(Vbias � Vdd )+ (1�
1 � I L

CR
�Vbias )]

(4)
whereRs is the conversionef�ciency from optical power to

electricalcurrent,PI the input optical power, Vbias the bias
voltage,andVdd thesupplyvoltage.

Again, modulatordriver's power consumptionis
dueto thecharging/dischargingof capacitancesin theinverter
chain.Themaximumoutputvoltageswingcorrespondsto the
supplyvoltage,sototalpowerdissipationcanbeapproximated
as:

Pmodulator dr iv er = � 2 � Cmd � V 2
dd � B R (5)

where� 2 is theswitchingef�ciency (probabilityof bit transi-
tions)of the input datastream,B R is thebit rateof the link,
andCmd is the total capacitanceit drives(the sumof theca-
pacitanceof thedriverandthemodulator).
Dynamic power control. Themodulatorcanbemadepower-
awareby varying the light intensitydeliveredto eachlink by
insertinga tunableattenuatorafter thesplitteroutputfor each
link.

The electricalmodulatordriver can also be made
power-awarethroughbit-ratescaling. While scalingthe sup-
ply voltagewith bit rateoffersadditionalpower savings, that
would reducethevoltageswingto themodulator. This reduc-
tion degradesthecontrastratio [7] makingit harderto detect
thedataat thereceiver. Dueto thealreadylow supplyvoltage
levels,we opt to keepthesupplyvoltagefor modulatordriver
�x ed. So, the power consumedby the modulatordriver only
scaleswith bit rate.

2.2 Receiver design

At the receiver, as shown in Fig. 1, the photode-
tector acceptsthe light and converts the optical bit stream
backinto electricalcurrentsignals,whicharethentransformed
into ampli�ed voltagesignalsby thetransimpedanceampli�er

(TIA). Finally, theclock anddatarecovery(CDR)circuit tracks
theampli�ed voltagesignalandextractsthedigital 1sand0s.
We explain theoperationandreal-timepower-controlof these
componentsin detail in thefollowing subsections.

2.2.1 Receiver: Photodetector

Operation. The photodetectorconverts the optical signals
into photon-current.To guaranteeanacceptablebit error rate
(BER) (typical BER for inter-chassisandinter-boardlinks is
10� 12), a minimum amountof optical power is requiredby
thedetector, de�ned asthereceiver sensitivity (Pr ec). Higher
bit ratesrequirehigherreceiversensitivity to achievethesame
BER.
Power characteristics.Thedetectordissipatespowerasit ab-
sorbsphotonsto generatecurrent.Theaveragepowerdissipa-
tion is shown in Eq.6 [10]:

Pdetector = Pr ec �
q

h�
� Vbias �

CR + 1
CR � 1

(6)

whereq is thechargeof an electron,h is Planckconstant,�
is theoptical frequency, andCR theoptical intensitycontrast
ratio for bit 1 and0. Vbias is thebiasvoltageto thephotode-
tector.
Dynamic power control. Given that the photodetector's
power dissipation is much lower than other components
(< 1mW [10]), no additionalpower control mechanismsare
considered.

2.2.2 Receiver: Transimpedanceampli�er (TIA)

Operation. TheTIA typically consistsof aninternalcommon-
sourceampli�er with a feedbackimpedanceR f asshown in
Fig. 1. It transformsthephotoncurrent(I p) from thedetector
to a voltageswing I p � Rf . It works well up to a maximum
bit rate(B Rmax ), which is regulatedby thebiascurrentof the
internalampli�er [1]:

I bias = c � B Rmax (7)

wherec is aconstantfor a givenTIA implementation.
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Power characteristics. The power consumptionfor TIA de-
pendson thebiascurrent(I bias ), photon-current(I p) anddark
current(I d) of thephoto-detector[1]. However, asthepower
incurredby thephoton-current(lessthan100�A ) anddarkcur-
rent(severalnA) arenegligible [10], comparedto thetotalTIA
power consumption(aroundhundredsof mW) [1], thepower
consumedby TIA canbesimpli�ed asin Eq. 8:

PT I A = I bias � Vdd = c � B Rmax � Vdd (8)

Dynamic power control. Whenthebit ratescalesdown, the
maximumaffordablebit rate B Rmax canbe reducedby the
samedegree. Thus, the bias currentcan scalewith the bit-
rate by tuning the supply voltageas the bias currenthasan
almost linear relation to the supply current [19]. Then, the
TIA's power scaleswith Vdd � B R. Anotherbene�t is that the
TIA outputvoltageswingI p � Rf canbesmallerwhensupply
voltagedecreases.Sowith Rf �x ed, lessI p is requiredfor a
lowersupplyvoltage.

2.2.3 Receiver: Clock and data recovery circuitry
(CDR)

Operation. TheCDR is a key componentof bothopticaland
electricalreceivers. It consistsof a clock recovery circuit that
re-timesan internal clock with respectto the incoming data
signalsanddecisioncircuitry thatextractsdigital datafrom the
receivedsignals.Oncein lock, theCDRcanrecoveraconstant
streamof datareceivedata�x edrate.However, in theeventof
a suddenchangein thebit rate,theCDR requirestime (setby
the bandwidthof the timing recovery loop) to recapturelock
beforeit canagainoperatereliably.
Power characteristics. A straightforwardimplementationof
aCDRis to useaPLL (phase-lockedloop)structure[12] . In a
CDR, thePLL andclock buffersarethedominantpower con-
sumers,sopowerconsumptiondoesnotchangemuchwith ac-
tualbit patterns.AssumingCDRsaremostlycomprisedof dig-
ital circuitry, themainpowerconsumptioncomesfrom charg-
ing and discharging capacitorsat high frequency. Its power
consumptioncanbeapproximatedas:

PC D R = � 3 � CC D R � V 2
dd � B R (9)

where� 3 is theswitchef�cient for CDRrepresentingtheprob-
ability of chargingor dischargingthecapacitance,CC D R is the
capacitanceof theCDR.
Dynamic power control. LiketheVCSELdriverandtheTIA,
theCDR cansimilarly befrequency andvoltage-scaled,asbit
rate varies. Therefore,its power consumptionhasa scaling
trendcloseto V 2 � f [12]. Wheneverbit ratechanges,wemake
the conservative assumptionthat the CDR needsto relock to
the bit rate and re-synchronizethe clock with the incoming
data,soit is disabledfor a timeperiodcalledbit-ratetransition
delayTbr .

2.3 Designissues

Comparison of VCSELs vs. MQW modulators
with an external laser. Due to its easeof integration with
CMOS technologies,small footprint, andsimplerconnection
designover MQW modulators,VCSELsarecommonlyused
as the light sourcein box-to-box and board-to-boardopto-
electroniclinks. However, an external lasersourcecoupled
with MQW modulatorshasalsobeenproposedasanalterna-
tive for suchlinks [9] andofferssomeadvantages.Here,we

comparethe relative merits of using VCSELs versusMQW
modulatorsfor a power-awarenetwork, �rst consideringvari-
ousattributesof eachschemewith respectto performanceand
power. While this comparisonis qualitative, Section4 will
evaluateboth schemesusingdetailednetwork simulationsto
providea morequantitativecomparison.

Oneadvantageof usingMQW modulatorswith an
external lasersourceis that the technologyhasbeenexten-
sively usedfor telecommunications.Hence,we canleverage
existing technologyadvancements,while VCSEL technology
is relatively immature.For example,currentmodulator-based
links have beendemonstratedfor 40 Gbpsoperationandbe-
yond [20]. In comparison,the highestmodulationspeedfor
VCSELsis still at 10GHz[18]. Anothersigni�cant bene�t of
usingMQW modulatorscanbederivedfrom thestableoptical
power available from the external lasersource. This stabil-
ity offersrelatively lower noiseoperation.Comparatively, the
VCSEL output is sensitive to variousfactorssuchastemper-
atureand the operatingvoltageenvironment,thus, requiring
additionalcircuit complexity to stabilizethesystem.

In additionto theperformancebene�ts,modulator-
basedopticallinks haspotentialpoweradvantagesaswell. Us-
ing anexternallasersourceallowsusto movetheprimaryheat
sourcein opto-electronicnetworkedsystemsaway(physically)
from the actualsystem,into a separatechassiswith its own
power supply and cooling. This separationallows us to fo-
cus on the network system's power in order to easethermal
constraintsandonly contendwith thepower dissipationasso-
ciatedwith theMQW modulatorsin theoverall systempower
budget.

While oneof the disadvantagesof VCSELsstems
from the thresholdcurrentthat consumesconstantpower, re-
centprogressin in VCSELtechnology, suchasoxide-aperture-
con�ned structure [18, 10], has signi�cantly reducedthe
thresholdcurrentto hundredsof micro-amps. Thus, for the
on-boardpower dissipation,VCSEL basedtransmittersdissi-
patepowercomparableto MQW modulatorbasedtransmitters
[10]. Moreover, thereis lowercomplexity to build andcontrol
a VCSEL basedpower-awareopto-electroniclink. So, both
schemesareexploredin this paperandtheir relativeef�ciency
in adjustingnetwork powerconsumptionwith respectto traf�c
is simulatedandexploredin Section4.

Interaction betweenpower-control mechanisms
andoperationof link components.Implementingpowercon-
trol into thevariouslink componentsof apower-awarenetwork
requirescarefulconsiderationof its interactionwith thecom-
ponents.Whenbit ratescalesdown, alsoreducingthesupply
voltage to eachof the components(e.g., VCSEL/modulator
driver, TIA, and CDR) offers signi�cant power savings, as
shown by Eqs.3, 5, 8 and9. However, if theoutputswingof
themodulatordriver (setby thepower supplyvoltage)drops,
therewill beadramaticincreasein insertionlossandabig de-
creasein contrastratio. Thoseeffectswill adverselyaffect the
photodetector'soperation.Therefore,only bit rate(frequency)
controlcanbeusedto reducepower consumptionin themod-
ulatordriver.

In contrast,for aVCSEL-basedtransmitter, bothbit
rateandsupplyvoltagecanbecontrolled,asadecreasein mod-
ulationcurrent(dueto a lower supplyvoltage)only leadsto a
linearreductionin theopticaloutputpower, preservinga high
contrastratio. Moreover, both thephotodetectorandTIA are
ableto operateat lower light levelsandsupplyvoltagesasbit
rate decreases.Hence,it is possibleto maintainacceptable
BER performanceby carefullybalancingthe impactof lower
light intensity.

Thesesimpleexamplesshow thatthepower-control
mechanisms(i.e., frequency andvoltagecontrol)in eachcom-
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ponentof an opto-electroniclink have to work in concert,in
order to allow link power consumptionto vary with bit rates
while ensuringcorrectoperation.Thesenuancesarefactored
into our overall networkedsystemdesignandsimulatedto fa-
cilitateaquantitativeexplorationof thedesignspaceof power-
awareopto-electronicnetworks.

3 Power-aware opto-electronic networked sys-
tem

Advancesin VLSI andnetwork link bandwidthsare
making it cost-effective to connectmultiple processingele-
mentsto eachcommunicationrouter, forming clusteredsys-
tems. While �at interconnectionnetwork architecturesare
traditionallyassumed,hierarchical,clusteredarchitecturesare
gaining interestin large scalableparallel systems–examples
include the IBM Blue Gene[5], Intel Paragon[8], Stanford
DASH [15], andCray T3D [3]. We thustarget suchsystems
with power-awarenessusingpower-controlledopto-electronic
links, asproposedin the previoussection,for both inter-rack
aswell asinter-boardinterconnections.

3.1 Systemarchitecture

In this section,we presentin detailanexamplesys-
temarchitectureusingMQW-modulator-basedlinks, owing to
theirhighercomplexity. A networksystemwith VCSEL-based
links is similar to theexamplesystemexceptthatno external
lasersourceis required.Moreover, light intensityis controlled
directlyby theVCSEL driver insteadof requiringexternalop-
tical powercontrol.

Figs. 3 and 4 sketch the designof our proposed
power-aware opto-electronicclusterednetwork systemcom-
prisedof 64clusters,eachwith 8 processingnodes.A general
two-dimensionalmeshtopologyis chosenfor theinter-cluster
network, with eightprocessingnodesinsideeachcluster. This
topologycombinesboththescalabilityof meshesandthecost-
effectivenessof clustereddesigns(Fig. 3(a)).Eacheight-node
cluster, alongwith its communicationrouter, is placedwithin
thesamerack.Theeightboardswithin therackeachhousesa
processingnode,andareattachedto thecommunicationrouter
onanotherboardthroughopto-electronic�ber links (Fig.4(a)).
Inter-rack communicationsoccur through the router nodes,
which areconnectedto neighboringroutersin adjacentracks
basedon the meshtopology, alsousingopto-electronic�ber
links. While a VCSEL-basedschemeincorporatesthe lasers
into thetransmitterof eachlink, aMQW modulatorbasedsys-
temrequiresan additionalcomponentillustratedin Fig. 3(b).
An externallasersourceprovideslight to the transmittersfor
all of thelinks through�bers originatingfrom thecentrallaser
source.wheretheopticalpower for eachrackis controlledby
an attenuator. The attenuatoris managedthroughthe control
linesdrivenbackfrom the routers,indicatingthe power level
eachshouldbesetto.

The router microarchitecture is presented in
Fig.4(b). It consistsof eightports(ports0-7),whichareinjec-
tion/ejectionportsconnectedto theeightprocessingelements
within thatrack(cluster).Theotherfour ports(ports8-11)are
for inter-routerconnectionsfrom north, south,eastandwest.
A power-awarepolicy controllersitsin therouternodefor ev-
ery link, settingthe power levels of eachopto-electroniclink
in responseto actualutilization. An additionalpower con-
troller sendscontrol messagesto the external laserto setop-
tical power levels.While it is possibleto maketherouteritself
power-aware,we choseto run it at a �x ed frequency in order

maintaina consistentreferenceclock acrosslinks runningat
differentbit rates.Thus,a routerin this power-awarenetwork
continuesto operateon�x ed-size�its 2 in themidstof variable
bit rates.

3.2 Adjusting bit rate and power levels

In power-awaresystems,onemustcarefullychoose
the numberof different power levels and the granularityof
theselevels. In ourpower-awareopto-electroniclink, different
power levels correspondto differentbit rates. Power control
is achievedvia thevariablebit rateandcorrespondingvoltage
variationsfor thelink componentsanddifferentopticalpower
levels.Optimalpowercontroldependson two key factors:(1)
Therequirementsof a particularnetwork traf�c pattern,to en-
suregoodoverall network power-performancetradeoffs, and
(2) The numberandgranularitythat canbe supportedby the
underlyingoptical and electricalcircuits. Here, we discuss
how wearriveatasuitablerangefor thenumberandgranular-
ity of power levelsgivencircuitsconstraints.Section4 evalu-
atestheeffectivenessof this rangegivena varietyof network
traces.

3.2.1 Electrical bit rate and voltagelevels

Giventhelongtransitiontimefor alargestepin both
bit-rateandvoltagevariation,smallstepsarepreferredin fre-
quency variations.Moreover, in ordertoavoid themuchlonger
delayoverheadincurredby voltagetransitionscomparedwith
frequency transitions,voltagewill bepulledup beforethefre-
quency is increased,which will beorchestratedby thepower-
awaresystem's controlpolicy. Conversely, voltageis reduced
only after the frequency decreases.Since the voltage tran-
sitionsalways meetsperformancerequirements,the link can
function properlyduring slow voltagetransitions,so we only
assumethatthelinks aredisabledduringthefrequency transi-
tions.

3.2.2 Optical power levelsfor transmitters

For a VCSEL-basedsystem,sinceVCSEL's output
opticalpowerisdirectlymodulatedby its drivingcurrentI (see
Eq. 1), which is almostproportionalto the supplyvoltageof
VCSEL driver, theoptical power level is automaticallytuned
by supplyvoltagescaling.

For MQW-modulatorbasedsystem,aswe �x edthe
supplyvoltageto modulatordriverto guaranteeproperlink op-
eration,theopticalpower level is controlledby theattenuators
of the external lasersource. The long delay (around100�s )
requiredto switch betweenlevels motivatesthe useof fewer,
coarser-grain optical power levels. Hence,we must balance
thepower savings thatmorelevelsavail with thecorrespond-
ing performancedegradationandincreasedsystemcomplexity.
In this light, we choseto investigatetwo scenarios.First, use
a �x ed power level, which obviatesthe external lasersource
controllerandreducesdesigncomplexity. Second,implement
three optical power levels – Plow , Pmid and Phig h (where
Plow = 0:5 � Pmid , Pmid = 0:5 � Phig h ) correspondto three
bit rateintervals– B Rlow (< 4Gb/s),B Rmedium (4 to 6Gb/s),
andB Rhig h (6 - 10Gb/s),wherewe assume10Gb/sto bethe
maximumBR. In orderto minimizetheperformanceimpactof
changingopticalpowerlevels,wefollow acontrolpolicy simi-
lar to thatusedfor adjustingvoltagelevels,e.g.for low-to-high
bit-ratetransitionsandcorrespondingopticalpower levels,the
opticalpower is changedin advanceandthenthebit rate.

2Flits standfor ¯ow controlunits,andare®xed-sizesegmentsof a packet
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Figure 3. (a) Inter-cluster(rack)interconnectionnetwork, wherethebold linescorrespondto the®bersproviding light from theexternal
lasersource,thegrayonescorrespondto thepower-awareopto-electroniclinks usedfor inter-clustercommunication,andthedashedlines
arecontrol lines back to the external rack housingthe external laserthat feed the power control units, (b)Externallasersourcethat is
staticallysplit to all 64racksandthe20®berswithin eachrack,throughtwo levelsof 1:64followedby 1:20splitting. A powercontrolunit
(aVOA or tunableopticalswitch)variestheopticalpower for eachoutgoing®ber, andis controlledthroughacontrol®berfrom theracks.

3.3 Control policies

Thepolicy controllersin therouterdecidewhenand
how to transitionbetweenpower levels. The link policy con-
troller regulatesthe transitionsbetweenelectricalbit rateand
voltagelevels,while theexternallasersourcecontrollerregu-
latestransitionsbetweenoptical levels. Here,we adoptpoli-
ciespreviouslyproposedfor electricalDVS links [24], extend-
ing it to targetthemultiplepolicy controllersrequiredto man-
agethemultiple time scalesof ourpower-awarenetwork.
Link policy controller. A policy controllersitsat every link,
shown in Fig.4(b),predictingfutureworkloadbasedonhistor-
ical traf�c statistics.Basically, if the link utilization is greater
thana threshold,TH , it will changeto thenext higherbit rate
level. Conversely, when link utilization is lower thanTL , it
will move to the next lower bit rate level. If link utilization
fallsbetweenthetwo thresholds,thelevel remainsunchanged.
Buffer utilization is usedasan indicationof network conges-
tion, selectingdifferentsetsof TH andTL for whenthe net-
work is congestedandwhenit is relatively idle. Thedetailsof
thepolicy areasfollows.

Historical statistics are collected with hardware
counterssitting at eachrouter port–statisticson link utiliza-
tion L u (thepercentageof routerclock cycleswherea �it tra-
versesthe output link) andbuffer utilization Bu (the average
percentageof buffersusedin thenext router'sport)overatime
window Tw asshown in Eq.10.

L u =

P Tw � 1
t =0 A(t)

Tw
; 0 � L u � 1

Bu =

P Tw � 1
t =0 F (t)=B

Tw
; 0 � Bu � 1

(10)

whereA(t) equals1 if traf�c passesin cycle t, otherwise0
if no traf�c passesin cycle t, Ft is the numberof occupied
buffers in time t, andB is the input buffer size. Tw , the time

window, is animportantparameter, sincedecisionsaremadeat
thebeginningof everyTw basedonthestatisticscollecteddur-
ing the previousTw . If Tw is too small, the policy controller
will tunethe bit ratefrequentlyfor short-termtraf�c �uctua-
tions. This resultsin performancedegradationssincethe link
is disabledfor a signi�cant portion of the time in Tw , in the
presenceof bit-ratetransitions.On theotherhand,if Tw is too
long, thepolicy controllercannotadequatelyadaptthebit-rate
to accommodatelarge �uctuations in workload. We usenet-
work simulations(Section4) to varyTw (from 5 to 500Tbr ) to
�nd theoptimaltimewindow.

Bu (anindicatorof network congestion)helpsto se-
lect the thresholdsfor link utilization (TH ; TL ). WhenBu is
greaterthanthe congestionthresholdBu;con = 0:5, the net-
work is congested,so packets must wait a long time in the
routerbuffer beforeit canbeprocessed.This delaycanmask
the additionallatency due to lower bit rateoperation,so the
control policy canafford to be moreaggressive asshown in
Table 1. Thesevalueshave beenset arbitrarily due to time
constraints,andwill beoptimizedin thefuturethroughpro�l-
ing of thetraf�c tracesduringsimulations.

Table 1. Thresholdsfor link utilization
Thresholds B u < Bu;con Bu > = B u;con

Low, TL 0.4 0.6
High, TH 0.6 0.7

In order to make our systemrobust to short-term
traf�c �uctuations,ourpolicy incorporatesamechanismto av-
eragethe statisticsacrossN time windows. The statisticsof
link utilization is storedin a slidingwindow, asshown here:

L u;a = 1=N �
i = N � 1X

i =0

L u (i ) (11)

With thesestatistics,thelink policy controllerdecideswhether
to increase/decreaseor keepthebit-rate. At the beginningof
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Figure 4. (a) Sketchof the internalsof a rack,consistingof eightboards,eachwith a processingnode,andthecommunicationrouter
board,(b) Routermicro-architecture,with 8 injectionandejectionportsto theintra-rackcluster, and4 portswith two uni-directionallinks
for inter-rackcommunications.

every Tw , L u;a is comparedwith two link utilization thresh-
olds(TH ; TL ). WhenL u;a is greaterthanTH , thepolicy con-
troller increasesbit rateby onelevel, Similarly, whenL u;a is
lower than TL , the bit rate will decreaseby a step. If L u;a
fallsbetweenthetwo thresholds,bit ratedoesnot change.For
a modulator-basedsystemwith multiple opticalpower levels,
the link policy controller cooperateswith the external laser
sourcecontroller, which is describednext.
External laser source controller for modulator-basedsys-
tems. To accommodatethe long transition/responsetimesof
the attenuatorsat the external lasersource,the external laser
sourcecontrollerseeksto trackmuchlongertrendsin network
traf�c. Sincethe responsetime of the attenuatorsis around
100�s , thelink policy controllerwill decidewhetherto change
theopticalpower levelsevery 200�s . If in this 200�s , thebit
rate always remainsat a power level that can function with
a lower optical power, the policy controllerwill senda Pdec
request,which triggersthe external lasersourcecontroller to
tell theexternallasersourceto halve its opticalpower. On the
otherhand,if the link policy controllerneedsto increaselink
bit rateabove thatwhich canbesupportedby thecurrentop-
tical power level, it will instantlysenda Pinc requestto the
externallasersourcecontroller(with theelectricalbit-rateand
voltageremainingconstantuntil theopticalpower increases),
whichwill promptadoublingof theopticalpower. Otherwise,
theinputopticalpower remains�x ed.

4 Evaluation results

To evaluatethe performanceimpact and potential
power savings of power-awareopto-electronicnetworks, we
simulatethedetailsof theentirepower-awarenetwork system
asdescribedin theprevioustwo sections.Here,wepresentthe
simulationsetupandexperimental�ndings.

4.1 Network simulator & experimentalsetup

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

to include the detailedpower-performancecharacteristicsof
a power-awareopto-electroniclink, the external lasersource
with attenuators,therouterswith thepolicy controllers,model-
ing acomplete64-rackpower-awarenetworkedsystem.In our
experiments,the routersrun at 625MHz,have 16 �its buffers
per input port, whereeach�it is 16 bits wide. Themaximum
bandwidthout of eachinput port is set to be 10Gb/s. The
simulatorcanbecon�gured to modeleitherVCSEL-basedor
MQW-modulator-basedopto-electroniclinks.

Separateclock domainsareusedfor theroutercore
and its links. Functionalmodulesinside the router coreop-
erateoff of a �x ed systemclock, while eachlink hasits own
clockdynamicallytunedby thelink policy controllerto follow
the traf�c changes.In the MQW-modulator-basedlinks with
multiple opticalpower levels, theexternallasersourcepolicy
controller in eachrouterdynamicallycontrolsthe attenuators
in theexternalchassis.

Thepowerconsumptionfor thevariouscomponents
of anopto-electroniclink is estimatedusingthepowermodels
describedin Section2, basedon parametersfrom [1, 2, 13],
assuming0.18� m CMOStechnologyis usedto implementall
of the link circuitry. A roughbreakdown of the power con-
sumedfor variouslink componentsoperatingat themaximum
bit rate of 10Gb/sis listed in Table 2, along with approxi-
matepower-scalingtrendsfor eachcomponentderived from
thepower modelspresentedin Section2. We assumethat the
requiredsupplyvoltageto the VCSEL driver, TIA, andCDR
will linearly scalewith bit rate[12, 28], while the modulator
driver'svoltageis �x edto ensurecorrectoperation.

As shown in Table 2, the transmitterof our uni-
directional 10Gb/sopto-electroniclink takes approximately
40mW, while the receiver dissipatesapproximately250mW,
a total of 290mWper link. With bit ratescalingfrom 10Gb/s
to 5Gb/swith 6 bit-ratelevels,thesupplyvoltagescalesfrom
1.8V to 0.9V accordingly, excluding the supply voltage to
themodulatordriver. This lowerslink power consumptionto
61.25mWat 5Gb/sfor a VCSEL-basedlinks, allowing a po-
tentialpowersavingsof about80%.

To be conservative, the link will be disabledfor
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Table 2. Power consumptionsandscalingtrendsof thelink components.
VCSEL VCSEL driver Modulatordriver TIA CDR

Power (mW) 30 10 40 100 150
Scalingtrend� Vdd V 2

dd � B R B R Vdd � B R V 2
dd � B R

20 network cycles3 after the bit-rate transitionsto give the
CDR time to relock the clock to the input data. The tran-
sitions of supply voltage is slower, taking 100 network cy-
cles. Thesedelaysare estimatedand extrapolatedbasedon
characterizationsof prior circuit designsof variable-frequency
links [28, 12]. The impactof thesetransitiondelayswill be
investigatedthroughnetwork simulations.

Latency, throughput,powerdissipation,andpower-
latency productare the metricsusedto evaluateour power-
awarepolicies.Latency refersto thetime from thecreationof
the �rst �it of the packet till the ejectionof its last �it from
thenetwork at thedestination,throughputis de�ned asthein-
jection rate at which averagenetwork latency exceedstwice
the latency at zeronetwork load,andthepower dissipatedby
our power awarenetwork is expressedasa percentageof that
consumedby a non-power-awarenetwork with all links at the
maximumbit rateof 10Gb/s. Averagesarecomputedacross
all nodesin thenetwork. Power-latency productmultipliesav-
eragelatency with averagepowerdissipation,encapsulatingin
asinglemetricthepower-performanceof a network.

4.2 Workloads

Network workloadsthat accuratelyre�ect thehigh
temporalandspatialtraf�c varianceof many applications,with
dynamic�uctuations,burstsandhot-spots,aremostusefulfor
evaluatingthe performanceof our power-awarenetwork de-
sign. In this paper, we presentresultsfor threesetsof traces:
(1) Uniform randomtraf�c, whereeachnodehasequalproba-
bility of sendingto any othernode,ataconstantinjectionrate;
(2) A time-varyinghot-spottraf�c trace,wherepacketsarein-
jectedatdifferentinjectionratesatdifferentphasesof thesim-
ulation (temporalvariance),and node4 in rack(3,5)accepts
four timesthetraf�c injectedinto others(spatialvariance);(3)
Actualtraf�c tracesextractedfrom SPLASH2parallelapplica-
tions[29] runningon theRSIM multiprocessorsimulatorwith
defaultparameters[27].

Uniform randomtraf�c is oneof the mostwidely-
usednetwork loads due to its simplicity that lends readily
to analysis. For power-aware networks, its constantinjec-
tion rateposesa worst-casescenarioto the policy controller,
sincethe lack of varianceprovides little opportunityfor fre-
quency/voltagescaling. We thus useit to stressour power-
awarepolicies.Thetime-varyinghotspottraceis usedto eval-
uate the responsivenessof our power-aware network design
to fairly marked �uctuations in network traf�c, essentiallyto
stressour power-awarecircuit mechanisms,highlighting the
impactof link circuitry overheads.TheSPLASHtraf�c traces
areusedto evaluatetherealisticpower-performanceimpactof
apower-awarenetwork.

4.3 Simulation resultsand performanceevaluation

4.3.1 Uniform random traf�c

Effect of policy parameters. We �rst explore the impactof
our policy's samplingwindow size(Tw ), i.e. how frequently
it samplesstatistics,ona modulator-basednetwork (trendsare

3A network cycle is basicallyone¯it time.

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

Fig. 5(a)presentstheaveragenetwork latency (av-
eragedacrossall links in thenetwork) relative to thatof a non
powerawarenetworkunderlight (1.25packets/cycle),medium
(3.3packets/cycle)andheavy (5 packets/cycle) injectionrates.
It shows thata largerlatency penaltyis incurredfor theshort-
est windows (Tw = 100). This is becausea control pol-
icy that usesshorterwindows yields more power-level tran-
sitions,which in turn incursmoretransitionpenalties.Larger
latency penaltyis alsoincurredfor a biggerwindow sizeun-
dermediumandheavy traf�c sinceit cannotrespondquickly
to traf�c variations. The effect on power dissipation(see
Fig.5(b))showsshortertimewindowsleadingto higherpower
consumptionfor all traf�c injection ratesexcept under1.25
packets/cycle. At suchlight traf�c, thepower-awarenetwork
essentiallytransitionsto the lowestbit-ratesupported(5Gb/s)
andremainsat that level. Fig. 5(c) presentstheeffect of win-
dow sizeonpower-latency product.It shows thatwindow size
around1000 cycles yields acceptablepower latency product
for all injection rates.While onemight expecta shortertime
window to enablethepolicy to bemoreresponsive,bettertrack
traf�c �uctuations,andthusreducepower, morefrequentbit-
ratetransitionsalsoleadto higherpowerconsumptions.Since
the network mustdisablethe links moreoften, it mustcom-
pensatefor this lossin link activity with higherbit rateswhen
links areactive,resultingin higherpowerconsumption.Based
ontheseresults,wechooseTw = 1000cyclesfor all subsequent
simulations.

Figs.5(d),(e),(f)presenttheeffectof link utilization
thresholds(TH andTL ) on averagelatency, power consump-
tion andpower-latency product,respectively. The difference
betweenhighandlow utilizationthresholds(TH � TL ) is �x ed
at 0.1 as simulationsshow betterpower-performance. Intu-
itively, higher thresholdslead to more aggressive scalingof
link bit rates,which result in larger delaysas well as lower
power consumption,asis evident for the injection rateof 3.3
packets/cycle. At light traf�c (1.25packets/cycle), thepower-
awarenetwork relegatesto few transitions– mimicking a net-
work whose link bit ratesare statically set at startup. At
high traf�c (5.05packets/cycle), network latency doesnot in-
creaseeitherwith moreaggressivethresholds,asthenetwork is
highly congested,so�its arequeuedup in theroutersfor long
periodsof time anyway, maskingtheadditionallink delaydue
to power-awarenetworks. We chooseanaveragethresholdof
0.5 for subsequentsimulationsin orderto balancethe impact
on power-performance.If a largeraveragethresholdof 0.6 is
chosen,higherpower savings canbe attained,demonstrating
thetradeoff designershave to make.
Effect of link technology. Fig 5(g) comparestheaveragela-
tency of two power-awarenetwork con�gurations– onewhose
link bit ratesvaryfrom 5to 10Gb/s,vs. onewhoselink bit rates
vary from 3.3 to 10Gb/s. Our simulationsshow the network
with 5-10Gb/slinks nothurtingnetwork throughput,saturating
at thesamepointasthenon-power-awarenetwork. When3.3-
10Gb/slinks are used,however, throughputsuffers, degrad-
ing to about3 packets/cycle. If link bit ratesarestaticallyset
at 3.3Gb/s,throughputwill be severely affected,droppingto
lower than2 packets/cycle.

Fig. 5(h) presentsthe averagepower consumption
of power-awarenetwork systems. Power savings can be at-
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tainedeven when the inter-router links are completelysatu-
rated,asthe injection/ejectionlinks into theclusterrouterare
lowly utilized for uniform randomtraf�c. Beforenetwork sat-
uration,powerdissipationincreasesasmoretraf�c is injected.
Beyond that, the power-awarepolicy controller canbe more
aggressive in adjustingbit ratesto enablemore power sav-
ingsevenastraf�c increases.It shows thatpower awareopto-
electronicnetworksaremoreeffectiveat light andheavy ends
of traf�c conditionswheresensitivity of overall network la-
tency to link delayis lower.

It is againimportantto point out that morepower
savings is also achievable at the expenseof increasedla-
tency penaltyby usinga lower minimumbit-rateasshown in
Fig 5(g),(h). Theseplotsclearlydemonstratethe tradeoff be-
tweenlatency andpower savings for power-awarenetworks.
If power consumptionis our main concern,greaterthan90%
savingsin power consumptioncanbeachieved,with VCSEL-
basednetworkshaving aslightadvantage.We select5-10Gb/s
rangehenceforthsincethatgivesbetterpower-performance.

4.3.2 Time­varying hot­spot traf�c

Fig. 6 presentsthenetwork simulationresultsusing
thetime-varyinghotspottraf�c traceshown in Fig. 6(a).
Effect of link circuitry constraints. Thenumberandrangeof
bit-rate(andcorrespondingvoltage)levels and transitionde-
lays betweenlevels arekey link circuitry constraintsthat im-
pactoverall network performance.Having an understanding
of their effect on overall network performanceallows a link
designerto bettertuneits link speci�cations.

To explore theeffect of transitiondelayoverheads,
we zero out Tv and/orTbr . As expected,Fig. 6(b) and (c)
shows that a systemwithout power awarenesshasthe lowest
latency, sinceall of the links operateat the highestbit rate,
and thusconsumethe mostpower. Given the control policy
of changingthe supply voltagein advanceof increasingthe
bit rate, links are able to always operatein the presenceof
voltagetransitions.Hence,the voltagetransitionpenaltyhas
negligible impactonperformance.Theseresultsalsoshow that
for a timing window size(Tw ) of 1000cycles, the relatively
small penaltyof disablingthe link for 20 cycles during bit-
transitions(Tbr ) haslittle impactonperformance.
VCSEL vs. MQW modulator-basedpower-aware links.
Fig. 6(c) providesinsightsinto the impactof multiple optical
power levelsfor a network with MQW modulators.For small
increasesin the network traf�c (from 1.1e6to 1.3e6cycles),
which correspondsto a small increasein bit rate, the optical
power level doesnot changeandthereis no additionallatency
penalty. However, for a larger jump (between1e6and1.1e6
cycles),a changein theopticalpower level is triggered,incur-
ring higher latency as the network hasto wait 100� s for an
optical power transition. Thesesimulationresultsverify that
choosinga smallernumberof coarse-grainopticalpower lev-
elsyields lower latency penalties.While this additionaldelay
penaltyis infrequent,subsequentsimulationsassumea single
optical level to simplify comparisonsbetweensystemsusing
VCSELsandMQW modulators.

Given thesepromisingresults,Fig. 6(d) thencom-
paresthe normalizedpower consumptionfor systemsusing
VCSELs versusMQW modulators,relative to non-power-
awarenetworks.Theslight advantageof a VCSEL-basedsys-
temstemsfrom the fact that its laserdriver's power canscale
with bothbit rateandvoltage,while themodulatordriver op-
eratesoff of a �x ed supply voltageand only scaleswith bit
rate.

4.3.3 Traf�c traces of SPLASH2 parallel bench­
marks on RSIM

ThreeSPLASH2benchmarksareusedto evaluate
our power-awarenetwork – fastfourier transform(FFT), ma-
trix decomposition(LU), integer sort kernel (Radix ). The
benchmarksareparallelizedonto 64 nodeshousedin 8 racks
of ourproposednetworkedsystem.Sincetracesarelong (sev-
eral hundredsof millions of cycles),we snapshotjust a por-
tion wherelarge�uctuationsin injectionrateareseen(Fig. 7).
Figs.7(a)(c)(e)show the injectionrateover time (theaverage
packet sizeis 48-�it) while Figs.7(b)(d)(f) presentthepower
consumptionof themodulator-basedpower awaresystemun-
derthose3 tracesnormalizedto thepowerof nonpoweraware
system. We seethat our power-awarenetwork trackswork-
load �uctuations effectively. In addition,sincelink bit-rateis
only changedfor big variationsin link utilization, the power
curves�lter out small �uctuations in the injection ratecurves
andare thussmoother. On average,more than75% savings
in power consumptionis achieved with lessthandoublenet-
work latency, resultingin morethan60% savings in network
power latency productasshown in Table3. The latency im-
pactfor FFT is muchlower thantheothersasits traf�c peaks
andtroughsoccurovera longerperiodof time,makingit eas-
ier for thepolicy to accuratelypredicttrends.The increasein
this raw network transmissionlatency needsto betakenin the
context of overallnetwork delay, which includeshundredsand
thousandsof cyclesof network interfaceandsoftwarelatency.

Table 3. Power-performancenumbersfor power aware net-
worksnormalizedagainstnon-power-awarenetworks.

Traces FFT LU Radix
Averagelatency 1.08 1.50 1.60
Averagepower consumption 0.22 0.25 0.23
Averagepower latency product 0.24 0.38 0.37

5 Conclusions

In this paper, we explored the design spaceof
power-aware opto-electronicnetworks. To the best of our
knowledge,this is the�rst completepower-awarenetwork de-
sign that exploreslink circuits, routermicroarchitecture,and
overall network systemarchitecturein tandem,aswell asthe
�rst proposalof adetailedpower-awarelink architecture.Joint
investigationacrosstheseareasallow link constraintsto be
accuratelyfactoredinto network design,andsystemrequire-
mentsto beincorporatedinto theunderlyingcircuit designpro-
cess.

Through detailed network simulationswith both
syntheticandactualtraces,we show that power-awareopto-
electronicnetworkscanlower power consumptionby approx-
imately 4� , with VCSEL-basedpower-awareopto-electronic
links consistentlyturningin slightly betterpower-performance
acrossall traces. Moreover, this simulationenvironmenthas
enabledusto understandtheimpactof variouscontrolparam-
etersanddesignchoiceson power andperformance,and�nd
optimalsettings.

We are currently working towards the designof
opto-electroniclink componentsimplementedin a 0.18� m
CMOS processwith power-control capabilitiesthat arecom-
patible to the proposedpower-awarenetwork. Experimental
resultsextractedfrom the test-chipprototypecanthenbe fed
into our network systemsimulator, in placeof currentmod-
els,to moreaccuratelyevaluatesystemperformanceandpower
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Figure 6. Undertime-variancehot-spottraf®c: (a) Theaveragenumberof packetsinjectedinto thewholenetwork over time (injection
rate),(b) Theaveragenetwork latency for power awaresystemsw/o transitiondelays,(c) Theaveragenetwork latency for power aware
systemswith singleor multipleopticalpower levelscomparedwith nonpowerawaresystems,(d) Powerdissipationof bothVCSELbased
andmodulatorbasedpower-awarenetwork systemrelative to thatof non-power-awarenetworks.

savings. We hopethis work will pave theway for thedeploy-
mentof power-awarenetwork systemsin thefuture.
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