


Switching Enegy (in fJ)

100 1000 5000
(000-000),(001-001),(010-010Y011-011), 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 1317 235
000-111 0.2075 20.46 66
001-010)(010-100),(011-101)101-110) __ 0.4314 2954 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

Tablel: 3 wir e-setcharacterization

and(iv) switchingtechniqgueThe RTL designwassynthe-
sizedandthe SPICElevel netlistwasextractedfrom thelay-
out. The designwasthen characterizedor delay and dy-
namicandleakagepower consumptiorat 180nm.Thechar

acterizedvalueswereintegratedinto the VHDL basedRTL

designto build the cycle accurategperformancanodel.

The paperis organizedas follows: Section2 discusses
the NoC basedinterconnectiorarchitectureandits perfor
mancecharacterizationSection3 presentdhe experimen-
tal results,andSection4 concludeghe paper

2. Architecture and Characterization

In thefollowing paragraphsve describethe architecture
of the variousNoC elementqphysicallinks, routers),and
thetechniquesppliedfor their characterization.

2.1. Physicallinks

The physicallinks includethe dataandcontrolwiresfor
communicatiorbetweentwo router elementsof the inter-
connectiometwork.

2.1.1. Characterization of physicallinks Thepowerand
performanceof a physicallink is determinedby its width
(numberof bits of dataand control signals),length, and
capacitve load of the router In nanoscaletechnologies,
individual wires are modeledby distributed RLC expres-
sionsfor accuratedescriptionof their physical character
istics [10]. The RLC and cross-couplingcapacitance®f
the interconnectiormodel were obtainedfrom 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-couplinga-
pacitanceswhile the single wire modelonly includedthe
distributedRLC effects.We consideredhreedifferenttypes
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,respectiely. The wire lengthswereincremented

in stepsof up to , stepsof up to
andstepsof upto . Tablel sum-
marizesthe switchingenegy consumedn 0.18 tech-

nology for three wire-setswitching for ,
and , respectiely.

[
S3 s3\/
Odd number of links Even number of links

Total Energy = E(s0) + E(s1) + E(s2) + E(s3) - E(a) - E(b) - E(c)

Figurel: PerformanceEvaluation of Links
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Figure2: Wormhole router architecture

2.1.2. Performanceevaluation of physicallinks We in-
cludedthelink characterizatiowaluesasatablein our per
formancemodel. Theenegy consumedy an-bit wide link
canbe calculatedfrom the enegy consumedy the three,
two andsinglewire setsof similarlength.For example con-
siderthe 9-bit (odd) wide link shavn in the left handside
of Figure 1. The total switching enegy consumeddy the
links canbe calculatedhy addingthe switchingenegy con-
sumedby the threewire setsS0, S1,S2 and S3, and sub-
tractingtheenegy consumedy singlewire links A, B, and
C,respectiely. In thecaseof a8-bit (even)widelink shavn
in the right handsideof Figure1, the enegy consumedy
two wire setS3is includedin thecalculation. Thelengthof
the physicallink which is a major factorin determiningits
power consumptiorandperformances specifiedby thede-
signer



2.2. The NoC Router

A wormholerouterarchitecturghat canbe utilized in a
2D meshtopologyis shovn in Figure2. Therouterconsists
of five unit routersto communicateén X-minus, X-plus, Y-
minus,and Y-plus directions,and with the processarUnit
routersinside a single routerare connectedhrougha 5x5
crossbarDatais transferredacrossroutersor betweenthe
processoandthe correspondingouterby anasynchronous
handshakingrotocol.A singleunit routeris highlightedin
lower half of Figure2. It consistsof input and outputlink
controllers,virtual channelsa headerdecoderand an ar-
biter.

The messages partitionedinto fixed length paclets
which arein turn broken down into flits for efficient data
transfer A pacletconsistof threekindsof flits - theheader
flit, the dataflit andthe tail flit, that are differentiatedby
two bits of controlinformation.The headefflit containsin-
formationof thedestinatiorrouter(X,Y) for eachpaclet.

Dataarrivesat aninput virtual channelof an unit router
from eitherthe previous routeror the processorconnected
to the samerouter The headerdecoderdecodeghe header
flit of the paclet after receving datafrom the input virtual
channeldecideghe paclet’s destinatiordirection(X-, X+,
Y-, Y+, processor)andsendsarequesto the arbiterof the
unit routerin thecorrespondinglirection.Oncethe grantis
recevedtheheadeidecodestartssendingdatafrom thein-
putto theoutputvirtual channethroughthecrossbarThere
is a roundrobin priority basedmechanisnfor eachof the
following tasks:

Selectionof aninputvirtual channeby theheadede-
coder

Selectionof anoutputvirtual channeby thearbitet
Grantof thecrossbato the headeidecodety arbitet
Selectiorof theoutputvirtual channeby thelink con-
troller.

We designedregister transferlevel (RTL) modelsfor
eachof the componentseparatelyThe larger components
werecharacterizeth termsof unitcomponenttik e unit full
adder 2-bit comparator2:1 1-bit multiplexer, D flip-flop,
and logic gates.SPICE net-listsfor 0.18 technology
were extractedfor eachcomponentand characterizedor
enegy andperformancgshavn in Table?2). In thefollow-
ing sectionswe describein detail the functionality, archi-
tecture,andcharacterizatiomf the variousrouterelements
(virtual channelheadeidecoderarbiter, crossbarlink con-
troller) shovn in Figure 2. Performancesvaluationof the
entirerouter architectureis doneby including the charac-

terizedenepgy valuesastablelookupsin the RTL 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 empty condi-
tions for every virtual channellocation, and two registers
that point to the next readandwrite locationsrespectiely.

Unit Full Adder
1-bit flip attheoutput
2-bit flip attheoutput
Input Changebut no outputchange
Leakage

2-bit Comparator
OutputTransition 0.15pJ
Input Changebut no outputchange 0.0708pJ
Leakage 0.077fJ

0.096pJ
0.1608pJ
0.0552pJ
0.004380

2-1Multiplexer
OutputTransition 0.061pJ
Input Changebut no outputchange 1.527f)
Leakage 0.013fJ

D Flip-Flop
OutputTransition 0.1089pJ
Input Changebut no outputchange 0.014pJ
Leakage 0.034fJ

Table2: Unit components

status register destination re gister
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1, status
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empty  —W -
log(N)
2

Figure3: Detailed view of headerdecoder

The enepy of the varioussub-componentaasdetermined
by utilizing the basiccomponentshawn in Table2.

2.2.2. Headerdecoder Theheadedecode(Figure3)im-
plementghedimensiororder(X-Y) routingalgorithm[12].
Thisis a deadlockfreerouting strately wherethe pacletis
routedin the X directionfirst till the X-offsetis zero,and
thenin theY direction.It decodesheheadeflit of a paclet
fromthenonemptyinputvirtual channebndsendsarequest
to the correspondingrbiterto obtainthe crossbaiconnec-
tion. Oncetheconnectioris establishedtheheadedecoder
startssendingdatafrom theinputvirtual channeto the out-
putvirtual channethroughthe crossbarlf thecommunica-
tion getsblockeddueto (a) theinput virtual channelbeing
emptyor (b) theoutputvirtual channebeingfull, theheader
decodegivesupthecrossbaconnectionlt thenselectghe
next non-emptyinput virtual channelfor datatransfer In
thefollowing paragraphsve discusghevirtual channelse-
lector, dataflowcontmwller, androute selectorin furtherde-
tail.

Virtual channelselector: The virtual channelselector
decideswhich input virtual channelwill supplydatato the
headerdecodemy applicationof a roundrobin priority al-
gorithm. It consistsof a priority multiplexer unit, a modi-
fied onehotto binary corverter two adderunits anda reg-
isterasshown in Figure4. Thevariouscomponentaredi-
videdinto smallerunitsfor characterizatiofseeFigure4).

Dataflowcontwller: This unit controls the dataflav
from the input virtual channelto the outputvirtual chan-
nel through the crossbar The controller shovn in Fig-
ure 5 has three states- S0, S1 and S2. SO represents
the idle state. It shifts to state S1 when the input vir-
tual channelis not empty In state S1, the datais 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




arbiter_grant="1 and tail_fiit

in_ve_rd_req="1",
out_ve_wr_req="1’,
(E=0.141pJ)

arbiter_grant="0’ or in_vc_empty="1" or out_vc_full="1’

cr=1"

(E=0.36 pJ) (E=0.15pJ)

in_vc_empty="1'
(E=0.08 pJ)

in_ve_empty=0'

(E=0.38pJ)

(E =0.15pJ)

Leakage energy value for the circuit = 0.09 fJ

Figure5: Header decoderstate machine

channeis notempty andthe allocatedoutputvirtual chan-
nelis not full. If boththe conditionsaresatisfied,it trans-
fers the datafrom the input to the outputvirtual channel.
On receving the tail flit, it shifts to state S2. S2 repre-
sentsthe end of paclket transmissionOn the otherhand, if

it doesnot obtaina grantin S1,or theallocatedoutputvir-

tual channelbecomesfull or the selectedinput virtual

channelbecomesmptyit goesto stateS0. The statema-
chineof the headedecodemith the correspondinggnegy
valuesof the variousstatesandtransitionsis shavn in Fig-

ure5.

Routeselectorunit: The route selectunit implements
thedimensionorderrouting. The power modelfor theroute
selectoris implementedusing unit multiplexers,unit com-
paratorsandflipflops thatareshavn in Table2.

2.2.3. Arbiter An arbiterof a particularunit router (X+,
X-, Y+, Y-, processoryeceves requests§rom the header
decoder®f theotherfour unit routersandassignsan avail-
ableoutputvirtual channelto oneof the requestingheader
decodersisinga roundrobin arbitrationmechanismlt has
3 sub-componentwirtual channelselector statusregister
andarbitration unit.

Virtual channelselector: An outputvirtual channelcan
beallocatedo a particularrequesbnly if it is notfull andit
hasnot beenalreadyallocatedto a heademdecodeifor data
transfer The outputvirtual channelselectorusedin the ar-
biter is similar to that of the headerdecoderdiscussedn
Section2.2.2.

Priority = (X+, Y+, Y-, Proc) Priority = (Y+, Y=, Proc, X+) Priority = (Y-, Proc, X+, Y#)  Priority = (Proc, X+, Y+, Y-)

conditions ot satisfied
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Figure6: Arbiter of “X-" unit router
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Figure7: Input link controller

StatusRagister: It also maintainsa statusregisterto in-
dicatewhetheranoutputvirtual channehasbeenallocated
for anincompletedatatransfer The statusregisteris con-
structedusing flipflops and combinationallogic, that in-
cludesunit multiplexersanddemultiplexers.

Arbitration unit: Thisunit grantscontrolof thecrossbar
to requestingheadeidecoderdy the applicationof around
robinschedulingalgorithm.It haseightstatesS0to S7.The
statesS0, S2,S4, S6 representheidle statesof the arbiter
waiting for a requestfrom the headerdecodersThe prior-
ity givento therequestsrom the headerdecoderf other
unit routersfor an X- arbiteris shovn at the top of Fig-
ure6. ThestatesS1,S3,S5,S7denotetheconditionwhena
granthasbeengivento a particularrequestThe arbiterre-
mainsin S1,S3,S5,andS7statesaslongasthecorrespond-
ing headerequesigoeslow or a clearsignalis sentby the
headerdecoder

The statemachineof the arbiterwith the corresponding
enegy valuesof the variousstatesandtransitionshasbeen
shaowvn in Figure6. It shouldbe notedthatthe enegy con-
sumedin the transitionsfrom SOto other statesis empiri-
cally dependenpn the numberof simultaneousequestgR
in Figure®).

2.2.4. Crossbar We considereda multiplexer baseccom-
pletely connectedarchitecturefor the crossbarlt is made
of five 4:1 K-bit multiplexers (whereK is the fifowidth).
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Each4:1 K-bit multiplexeris composeadf K 4:1 1-bit mul-
tiplexers.These4:1 1-bit input multiplexersarefurther di-
videdinto 2 levels of multiplexers.Thusfor a fifowidth of
K, thetotalnumberof 2:1 1-bit multiplexersare5*3*K. The
characterize@negy valuesfor the2:1 1-bit multiplexerare
shavnin Table2.

2.2.5. Link controllers Thelink controller of the output
virtual channel®f aroutercommunicatesvith thelink con-
troller of theinputvirtual channelof theneighboringouter
towrite aflit. Sincewe consideiGALS basedsoCarchitec-
ture,we assumehatthe two link controllerscommunicate
with eachotherin a four phaseasynchronousandshaking
protocolbasedn requestindacknowled@ signals.Thein-
put andoutputvirtual channelsare connecten a one-to-
one basis(outputchannell connectedo input channell,
outputchanneR to inputchannel andsoon). Thecharac-
terizedinput link controlleris shavn in Figure7. The out-
putlink controllerenegy consumptioris similar to thein-
putlink controllet

3. Results

We performeddesignspacesxplorationandperformance
versugpower trade-of analysisfor a 4x4 meshtopologyof
a NoC basedinterconnectiometwork. The physicallinks
were 10 bits wide (8 bits of data,2 bits of control)andsup-
porteduni-directionalcommunicationThe length of each
link (distancebetweerrouters)wasassumedo be4.5mm
for anestimatecdthip areaof 20mmx 20 mm. In our exper
iments,the simulatorgeneratediniformly distributedtraf-

Injection rate (packets/cycle/node)

Figure12:Leakagepower

0.06 0.08 0.1 0.12 0.01 0.025 0.05 0.075 01

Injection rate (packets/cycle/node)

Figure13: Dynamic-Leakagev/s in-
jection

fic to randomdestinationsThe traffic wasinjectedby the
16 processordy utilizing a uniform distribution over a de-
signerspecifiedtime interval. The network wasallowedto
stabilizefor thefirst 1000cycles,afterwhich it wasrun for
10,000clock cycles.At the endof 10,000clock cyclesthe
total numberof pacletsreachingthe destinationvascalcu-
lated and their averagelatencieswas computed.The aver-
agedynamicand leakagepower consumptionof the vari-
ouscomponentsvasalsocalculatedover 10,000clock cy-
cles.Theclock width wasassumedo be 3 ns.

3.1. Virtual-cut through versuswormhole switch.

Virtual-cut through (VCT) is a switching technique
where the headerflit is processedand forwardedby the
headerdecoderbefore the entire paclet arrives at the in-
putvirtual channel Wormhole(WH) switchingis identical
to virtual cut-thoughexceptthat the fifo depthat the in-
put virtual channelis lessthanthe size of the paclet [12].
For a fixed depthof the virtual channelsthe size of the
paclet determinesthe switching mechanismof the net-
work.

Figure8 plotsthe variationof lateng versusacceptance
ratefor paclet sizesof 5 (VCT) and7 (WH), with 1 to 8
virtual channelsand constanichanneldepthsof 5. Accep-
tancerateis the numberof paclet acceptedat destination
per cycle per node,andis a function of the injectionrate.
It riseslinearly with theinjectionratebeforethe network is
congestedandis constantafter congestionHencein Fig-
ure 8, a particularlateng plot increasesxponentiallyaf-



ter the network is congestedAs is clear from the figure,
VCT switching giveslower latenciesat higheracceptance
ratesthanWH switching.Figure9 plots the averagepower
consumptiorof thevariousnetwork architecturesin all the
plots the power consumptiorincreasewith injectionrate,
andlevels-of oncethenetwork is congestedkor a particu-
lar numberof virtual channelsbothVCT andWH consume
almostidenticalpower. Therefore VCT givesbetterperfor
manceat similar power consumptionin comparisonwith
WH. Hence for theremaindeof the papemwe focusour at-
tentionon VCT switching.

3.2. Variation in number of virtual channels

Figures8 and 9 also plot the performanceand power
consumptionrespectiely of the network for varyingnum-
ber of virtual channelsincreasein the numberof virtual
channelgesultsin lower paclet latencieswith a concomi-
tantincreasan power consumptionFigure10 plotsthe av-
eragepower consumptiorper componenfor differentvir-
tual channelsat the maximuminjection rate.For all the ar-
chitecturesthe virtual channebuffers, headeidecoderand
link controllersarethe dominantconsumer®f power. Fig-
ure 11 plots the variationin componentpower consump-
tion with increasein injection ratefor a routerwith 4 vir-
tualchannelsVirtual channebuffers,headedecoderslink
controllersandarbitersshov alargerincreasen powercon-
sumptionwith increasen injectionrate.

Figure 12 plots the variationin leakagepower for in-
creasingnjectionratefor aNoC consistingof routerswith 4
virtual channelsAs theinjectionrateis increasedhe leak-
agepower dropsfrom 1.943mW to 1.907mW. Figure 13
plotsthe percentagef dynamicandleakaggyowerwith in-
creasingnjectionrate.At lowerinjectionratestheleakage
power is over 15% of the total power consumptionsince
mary componentsireidle. At thehigherinjectionrates the
dynamicpower dominatesdue to increasedswitching ac-
tivity. Figure 14 plotsthe dynamicandleakagepower con-
sumptionper componentt the highestinjectionrate (0.1).
It canbe seenfrom the plots,thevirtual channebuffersare
themajorconsumersf leakagepower.

Thefollowing conclusionsanbe dravn from the plots.
A NoCrouterarchitecturehatis to beoperatedat higherin-
jectionratesshouldbe designedwith more numberof vir-
tual channelsFurther the virtual channelsshould be op-
timized for dynamicpower consumptionA routerthat is
to be operatedat lower injection rates,shouldincorporate
fewer virtual channelsln a low injection rate design,the
virtual channelshouldbe optimizedfor both dynamicand
leakagepower consumption.

4. Conclusion

We presentedh cycle accurateperformanceand power
evaluationmodelfor NoC basednterconnectiometworks.
We presentedesultsfor extensive designspacesxploration

N
o
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o B &
\
‘

Dynamic

0 O O 4O 4 5 Leakage

Figurel4: Dynamic-Leakage/Component

and performanceversuspower trade-of analysisof a 4x4
mesharchitecture The currentversionof the model does
notincludeerrorcorrection/detectioradaptve routing,and
flow controlschemeskFurther the modelis currentlyappli-
cabletoonly0.18  technologyFuturework will address
thesdimitations.
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