


Switching Energy (in fJ)
100 �� 1000 �� 5000 �� 

(000-000),(001-001),(010-010),(011-011), 0 0 0
(100-100),(101-101),(110-110),(111-111)
(000-001),(000-100),(001-101),(010-011), 0.122 5.25 99
(010-110),(011-111),(100-101),(110-111),
(000-010),(001-011),(100-110),(101-111) 0.189 12.48 213
(000-011),(000-110),(001-111),(100-111) 0.1914 5.94 121
(000-101),(010-111) 0.258 13.17 235
(000-111) 0.2075 20.46 66
(001-010),(010-100),(011-101),(101-110) 0.4314 29.54 504
(001-100),(011-110) 0.2309 7.83 165
(001-110),(011-100) 0.42 20.31 378
(010-101) 0.6864 48.9 830

Table1: 3 wir e-setcharacterization

and(iv) switchingtechnique.TheRTL designwassynthe-
sizedandtheSPICElevelnetlistwasextractedfrom thelay-
out. The designwas thencharacterizedfor delay, anddy-
namicandleakagepowerconsumptionat180nm.Thechar-
acterizedvalueswereintegratedinto theVHDL basedRTL
designto build thecycleaccurateperformancemodel.

The paperis organizedas follows: Section2 discusses
the NoC basedinterconnectionarchitectureandits perfor-
mancecharacterization,Section3 presentsthe experimen-
tal results,andSection4 concludesthepaper.

2. Ar chitecture and Characterization
In thefollowing paragraphswedescribethearchitecture

of the variousNoC elements(physicallinks, routers),and
thetechniquesappliedfor their characterization.

2.1. Physical links

Thephysicallinks includethedataandcontrolwiresfor
communicationbetweentwo routerelementsof the inter-
connectionnetwork.
2.1.1. Characterization of physical links Thepowerand
performanceof a physicallink is determinedby its width
(numberof bits of dataand control signals),length, and
capacitive load of the router. In nanoscaletechnologies,
individual wires are modeledby distributed RLC expres-
sionsfor accuratedescriptionof their physicalcharacter-
istics [10]. The RLC and cross-couplingcapacitancesof
the interconnectionmodelwereobtainedfrom the Berke-
ley Predictive TechnologyModel website[11]. We charac-
terizedthelinks in setsof three,two andsinglewire, respec-
tively for 0.18 !�� technology. Thethreeandtwo wire sets
includedthedistributedRLC effectsandcross-couplingca-
pacitances,while the singlewire modelonly includedthe
distributedRLC effects.Weconsideredthreedifferenttypes
of links: local ( "#	
�$���%!�� ), intermediate( &#	
���$�%!�� and
"('$�$���%!�� ), andglobal ( &(')������!�� ) [1]. We obtaineden-
ergy valuesfor 64 (8 x 8), 16 (4x4) and 4 (2x2) differ-
ent switching combinationsfor the three, two and single
wire sets,respectively. Thewire lengthswereincremented
in stepsof 	
����!�� up to 	
�$���%!�� , stepsof �%�$�%!�� up to
'$���$�%!�� andstepsof 	*���$�%!�� upto �%�$����!�� . Table1 sum-
marizesthe switchingenergy consumedin 0.18 !�� tech-
nology for threewire-setswitching for 	*���%!�� , 	*���$�%!��
and �%���$�%!�� , respectively.
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Figure1: PerformanceEvaluation of Links
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Figure2: Wormhole router architecture

2.1.2. Performanceevaluation of physical links We in-
cludedthelink characterizationvaluesasa tablein ourper-
formancemodel.Theenergy consumedby an-bit wide link
canbe calculatedfrom the energy consumedby the three,
two andsinglewire setsof similar length.For example,con-
siderthe 9-bit (odd) wide link shown in the left handside
of Figure 1. The total switching energy consumedby the
links canbecalculatedby addingtheswitchingenergy con-
sumedby the threewire setsS0,S1,S2 andS3,andsub-
tractingtheenergy consumedby singlewire links A, B, and
C, respectively. In thecaseof a8-bit (even)widelink shown
in theright handsideof Figure1, theenergy consumedby
two wire setS3is includedin thecalculation.Thelengthof
thephysicallink which is a major factorin determiningits
powerconsumptionandperformanceis specifiedby thede-
signer.



2.2. The NoC Router
A wormholerouterarchitecturethatcanbeutilized in a

2D meshtopologyis shown in Figure2. Therouterconsists
of five unit routersto communicatein X-minus,X-plus, Y-
minus,andY-plus directions,andwith the processor. Unit
routersinsidea singlerouterareconnectedthrougha 5x5
crossbar. Datais transferredacrossroutersor betweenthe
processorandthecorrespondingrouterby anasynchronous
handshakingprotocol.A singleunit routeris highlightedin
lower half of Figure2. It consistsof input andoutputlink
controllers,virtual channels,a headerdecoderand an ar-
biter.

The messageis partitioned into fixed length packets
which are in turn broken down into flits for efficient data
transfer. A packetconsistsof threekindsof flits - theheader
flit, the dataflit and the tail flit, that aredifferentiatedby
two bits of control information.Theheaderflit containsin-
formationof thedestinationrouter(X,Y) for eachpacket.

Dataarrivesat aninput virtual channelof anunit router
from eitherthe previous routeror the processorconnected
to thesamerouter. Theheaderdecoderdecodestheheader
flit of thepacket after receiving datafrom the input virtual
channel,decidesthepacket’sdestinationdirection(X-, X+,
Y-, Y+, processor),andsendsa requestto thearbiterof the
unit routerin thecorrespondingdirection.Oncethegrantis
receivedtheheaderdecoderstartssendingdatafrom thein-
put to theoutputvirtual channelthroughthecrossbar. There
is a roundrobin priority basedmechanismfor eachof the
following tasks:+ Selectionof aninput virtual channelby theheaderde-

coder.+ Selectionof anoutputvirtual channelby thearbiter.+ Grantof thecrossbarto theheaderdecoderby arbiter.+ Selectionof theoutputvirtual channelby thelink con-
troller.

We designedregister transfer level (RTL) models for
eachof thecomponentsseparately. The largercomponents
werecharacterizedin termsof unit componentslikeunit full
adder, 2-bit comparator, 2:1 1-bit multiplexer, D flip-flop,
and logic gates.SPICEnet-lists for 0.18 !�� technology
were extractedfor eachcomponentand characterizedfor
energy andperformance(shown in Table2). In thefollow-
ing sectionswe describein detail the functionality, archi-
tecture,andcharacterizationof thevariousrouterelements
(virtual channel,headerdecoder, arbiter, crossbar, link con-
troller) shown in Figure 2. Performanceevaluationof the
entirerouterarchitectureis doneby including the charac-
terizedenergy valuesastablelookupsin theRTL model.
2.2.1. Virtual Channel Every virtual channel(input and
output) is a fifo. Eachvirtual channelconsistsof a mem-
ory bank,a statusregisterto indicatefull or emptycondi-
tions for every virtual channellocation,and two registers
thatpoint to thenext readandwrite locationsrespectively.

Unit Full Adder 2-bit Comparator
1-bit flip at theoutput 0.096pJ OutputTransition 0.15pJ
2-bit flip at theoutput 0.1608pJ InputChangebut no outputchange 0.0708pJ
InputChangebut no outputchange 0.0552pJ Leakage 0.077fJ
Leakage 0.00438fJ

2-1 Multiplexer D Flip-Flop
OutputTransition 0.061pJ OutputTransition 0.1089pJ
InputChangebut no outputchange 1.527fJ InputChangebut no outputchange 0.014pJ
Leakage 0.013fJ Leakage 0.034fJ

Table2: Unit components
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Figure3: Detailedview of headerdecoder

Theenergy of thevarioussub-componentswasdetermined
by utilizing thebasiccomponentsshown in Table2.
2.2.2. Headerdecoder Theheaderdecoder(Figure3) im-
plementsthedimensionorder(X-Y) routingalgorithm[12].
This is a deadlockfreeroutingstrategy wherethepacket is
routedin the X directionfirst till the X-offset is zero,and
thenin theY direction.It decodestheheaderflit of apacket
fromthenonemptyinputvirtual channelandsendsarequest
to thecorrespondingarbiterto obtainthecrossbarconnec-
tion.Oncetheconnectionis established,theheaderdecoder
startssendingdatafrom theinputvirtual channelto theout-
putvirtual channelthroughthecrossbar. If thecommunica-
tion getsblockeddueto (a) the input virtual channelbeing
emptyor (b) theoutputvirtual channelbeingfull, theheader
decodergivesupthecrossbarconnection.It thenselectsthe
next non-emptyinput virtual channelfor datatransfer. In
thefollowing paragraphswediscussthevirtual channelse-
lector, dataflowcontroller, androuteselectorin furtherde-
tail.

Virtual channelselector: The virtual channelselector
decideswhich input virtual channelwill supplydatato the
headerdecoderby applicationof a roundrobin priority al-
gorithm. It consistsof a priority multiplexer unit, a modi-
fied onehotto binary converter, two adderunits anda reg-
isterasshown in Figure4. Thevariouscomponentsaredi-
videdinto smallerunitsfor characterization(seeFigure4).

Dataflowcontroller: This unit controls the dataflow
from the input virtual channelto the output virtual chan-
nel through the crossbar. The controller shown in Fig-
ure 5 has three states- S0, S1 and S2. S0 represents
the idle state. It shifts to state S1 when the input vir-
tual channelis not empty. In stateS1, the data is trans-
ferred from the input to the output virtual channel. In
stateS1, the controllerwaits for an arbitergrant. If it ob-
tains a grant, it checkswhetherthe selectedinput virtual
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Figure5: Header decoderstatemachine

channelis not empty, andtheallocatedoutputvirtual chan-
nel is not full. If both the conditionsaresatisfied,it trans-
fers the datafrom the input to the outputvirtual channel.
On receiving the tail flit, it shifts to stateS2. S2 repre-
sentsthe endof packet transmission.On the otherhand,if
it doesnot obtaina grantin S1,or theallocatedoutputvir-
tual channel becomesfull or the selectedinput virtual
channelbecomesempty it goesto stateS0.The statema-
chineof theheaderdecoderwith thecorrespondingenergy
valuesof thevariousstatesandtransitionsis shown in Fig-
ure5.

Routeselectorunit: The route selectunit implements
thedimensionorderrouting.Thepowermodelfor theroute
selectoris implementedusingunit multiplexers,unit com-
paratorsandflipflops thatareshown in Table2.
2.2.3. Arbiter An arbiterof a particularunit router(X+,
X-, Y+, Y-, processor)receives requestsfrom the header
decodersof theotherfour unit routersandassignsanavail-
ableoutputvirtual channelto oneof the requestingheader
decodersusinga roundrobin arbitrationmechanism.It has
3 sub-components:virtual channelselector, statusregister
andarbitrationunit.

Virtual channelselector: An outputvirtual channelcan
beallocatedto aparticularrequestonly if it is not full andit
hasnot beenalreadyallocatedto a headerdecoderfor data
transfer. Theoutputvirtual channelselectorusedin thear-
biter is similar to that of the headerdecoderdiscussedin
Section2.2.2.
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StatusRegister: It alsomaintainsa statusregisterto in-
dicatewhetheranoutputvirtual channelhasbeenallocated
for an incompletedatatransfer. The statusregister is con-
structedusing flipflops and combinationallogic, that in-
cludesunit multiplexersanddemultiplexers.

Arbitration unit: Thisunit grantscontrolof thecrossbar
to requestingheaderdecodersby theapplicationof a round
robinschedulingalgorithm.It haseightstates,S0to S7.The
statesS0,S2,S4,S6 representthe idle statesof thearbiter
waiting for a requestfrom the headerdecoders.The prior-
ity givento the requestsfrom theheaderdecodersof other
unit routersfor an X- arbiter is shown at the top of Fig-
ure6. ThestatesS1,S3,S5,S7denotetheconditionwhena
granthasbeengivento a particularrequest.Thearbiterre-
mainsin S1,S3,S5,andS7statesaslongasthecorrespond-
ing headerrequestgoeslow or a clearsignalis sentby the
headerdecoder.

Thestatemachineof thearbiterwith thecorresponding
energy valuesof thevariousstatesandtransitionshasbeen
shown in Figure6. It shouldbenotedthat theenergy con-
sumedin the transitionsfrom S0 to otherstatesis empiri-
cally dependenton thenumberof simultaneousrequests(R
in Figure6).
2.2.4. Crossbar We considereda multiplexerbasedcom-
pletely connectedarchitecturefor the crossbar. It is made
of five 4:1 K-bit multiplexers (whereK is the fifowidth).
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Each4:1 K-bit multiplexer is composedof K 4:1 1-bit mul-
tiplexers.These4:1 1-bit input multiplexersarefurtherdi-
vided into 2 levelsof multiplexers.Thusfor a fifowidth of
K, thetotalnumberof 2:11-bitmultiplexersare5*3*K. The
characterizedenergy valuesfor the2:11-bit multiplexerare
shown in Table2.

2.2.5. Link controllers The link controllerof the output
virtual channelsof aroutercommunicateswith thelink con-
trollerof theinputvirtual channelsof theneighboringrouter
to write aflit. SinceweconsiderGALS basedSoCarchitec-
ture,we assumethat the two link controllerscommunicate
with eachotherin a four phaseasynchronoushandshaking
protocolbasedon requestandacknowledgesignals.Thein-
put andoutputvirtual channelsareconnectedon a one-to-
onebasis(outputchannel1 connectedto input channel1,
outputchannel2 to inputchannel2 andsoon).Thecharac-
terizedinput link controlleris shown in Figure7. Theout-
put link controllerenergy consumptionis similar to the in-
put link controller.

3. Results
Weperformeddesignspaceexplorationandperformance

versuspower trade-off analysisfor a 4x4 meshtopologyof
a NoC basedinterconnectionnetwork. The physicallinks
were10bits wide (8 bits of data,2 bitsof control)andsup-
porteduni-directionalcommunication.The lengthof each
link (distancebetweenrouters)wasassumedto be4.5 mm
for anestimatedchipareaof 20mmx 20mm.In ourexper-
iments,the simulatorgenerateduniformly distributedtraf-

fic to randomdestinations.The traffic wasinjectedby the
16 processorsby utilizing a uniform distribution overa de-
signerspecifiedtime interval. Thenetwork wasallowedto
stabilizefor thefirst 1000cycles,afterwhich it wasrun for
10,000clock cycles.At theendof 10,000clock cyclesthe
totalnumberof packetsreachingthedestinationwascalcu-
latedandtheir averagelatencieswascomputed.The aver-
agedynamicand leakagepower consumptionof the vari-
ouscomponentswasalsocalculatedover 10,000clock cy-
cles.Theclock width wasassumedto be3 ns.

3.1. Virtual-cut thr ough versuswormhole switch.

Virtual-cut through (VCT) is a switching technique
where the headerflit is processedand forwardedby the
headerdecoderbefore the entire packet arrivesat the in-
put virtual channel.Wormhole(WH) switchingis identical
to virtual cut-thoughexcept that the fifo depthat the in-
put virtual channelis lessthanthe sizeof the packet [12].
For a fixed depthof the virtual channels,the size of the
packet determinesthe switching mechanismof the net-
work.

Figure8 plotsthevariationof latency versusacceptance
ratefor packet sizesof 5 (VCT) and7 (WH), with 1 to 8
virtual channels,andconstantchanneldepthsof 5. Accep-
tancerate is the numberof packet acceptedat destination
per cycle per node,and is a function of the injection rate.
It riseslinearly with theinjectionratebeforethenetwork is
congested,andis constantafter congestion.Hencein Fig-
ure 8, a particularlatency plot increasesexponentiallyaf-



ter the network is congested.As is clear from the figure,
VCT switchinggiveslower latenciesat higheracceptance
ratesthanWH switching.Figure9 plots theaveragepower
consumptionof thevariousnetwork architectures.In all the
plots the power consumptionincreaseswith injection rate,
andlevels-off oncethenetwork is congested.For a particu-
lar numberof virtual channels,bothVCT andWH consume
almostidenticalpower. Therefore,VCT givesbetterperfor-
manceat similar power consumptionin comparisonwith
WH. Hence,for theremainderof thepaperwe focusourat-
tentionon VCT switching.

3.2. Variation in number of virtual channels
Figures8 and 9 also plot the performanceand power

consumption,respectively of thenetwork for varyingnum-
ber of virtual channels.Increasein the numberof virtual
channelsresultsin lower packet latencieswith a concomi-
tantincreasein powerconsumption.Figure10 plotstheav-
eragepower consumptionper componentfor differentvir-
tual channelsat themaximuminjectionrate.For all thear-
chitectures,thevirtual channelbuffers,headerdecoderand
link controllersarethedominantconsumersof power. Fig-
ure 11 plots the variation in componentpower consump-
tion with increasein injection ratefor a routerwith 4 vir-
tualchannels.Virtual channelbuffers,headerdecoders,link
controllersandarbitersshow alargerincreasein powercon-
sumptionwith increasein injectionrate.

Figure 12 plots the variation in leakagepower for in-
creasinginjectionratefor aNoCconsistingof routerswith 4
virtual channels.As theinjectionrateis increasedtheleak-
agepower dropsfrom 1.943mW to 1.907mW. Figure13
plotsthepercentageof dynamicandleakagepowerwith in-
creasinginjectionrate.At lower injectionrates,theleakage
power is over 15% of the total power consumptionsince
many componentsareidle. At thehigherinjectionrates,the
dynamicpower dominatesdue to increasedswitching ac-
tivity. Figure14 plots thedynamicandleakagepower con-
sumptionpercomponentat thehighestinjectionrate(0.1).
It canbeseenfrom theplots,thevirtual channelbuffersare
themajorconsumersof leakagepower.

Thefollowing conclusionscanbedrawn from theplots.
A NoCrouterarchitecturethatis to beoperatedathigherin-
jection ratesshouldbe designedwith morenumberof vir-
tual channels.Further, the virtual channelsshouldbe op-
timized for dynamicpower consumption.A router that is
to be operatedat lower injection rates,shouldincorporate
fewer virtual channels.In a low injection ratedesign,the
virtual channelsshouldbeoptimizedfor bothdynamicand
leakagepowerconsumption.

4. Conclusion
We presenteda cycle accurateperformanceandpower

evaluationmodelfor NoC basedinterconnectionnetworks.
Wepresentedresultsfor extensivedesignspaceexploration
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andperformanceversuspower trade-off analysisof a 4x4
mesharchitecture.The currentversionof the model does
not includeerrorcorrection/detection,adaptiverouting,and
flow controlschemes.Further, themodelis currentlyappli-
cableto only 0.18 !�� technology. Futurework will address
theselimitations.
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