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Abstract

As processorcore countsincrease networks-on-hip
(NoCs)are becomingan increasinglypopularinterconnec-
tion fabric due to their ability to supplyhigh bandwidth.
However, NoCsneedto deliverthis high bandwidthat low
latencies while keepingwithin a tight powerernvelope In
this paper we present novel NoCwith hybrid interconnect
that leverages multiple typesof interconnects—speci cally
conventionalfull-swing short-range wiresfor the datapath,
in conjunctionwith low-swing multi-drop wireswith long-
range, ultra-low-latencycommunicatiorfor the ow con-
trol signals. We show how this proposedsystemcan be
usedto overcomekey limitations of expressvirtual chan-
nels(EVC),arecentlyproposedow contmwol techniquethat
allows padkets to bypassintermediaterouters to simulta-
neouslyimproveenegy-delay-thoughput.Our preliminary
resultsshowup to a 8:2% reductionin powerandup to a
44% improvementin latencyunder heavyload compaed
to the original EVC designthat only usesthe corventional
full-swinginterconnects.

1 Intr oduction

Futuremicroprocessorarelimited by power consump-
tion and interconnectlateng, suchthat achieving higher
performancerequiresan increasingnumberof processor
cores. As the numberof coresincreasesthe performance
of the networks on chip (NoC) that connectghemtogether
is critical. Traditionalshared-bisarchitecturesypically do
not scaleeffectively to theselarge core counts. For exam-
ple, multi-core processorsuchasthe Cell Broadbanden-
gine[12] andtheAMD RadeorHT 2900[1] have adoptech
multi-hopNoC with aring topology, while Intel haschosen
a meshnetwork for its Tera ops processaran 80-corere-
searchprototype[8]. Incorporatinga packet-switchedfab-

ric within a chip to interconnecthe processocoresplaces
strict power andareaconstraint®ntheNoCrouters yetre-
quiring high performancen termsof sustainecdandwidth
and short paclet delivery latencies. In this paperwe ad-
vocatea novel network on chip with hybrid interconnect
(NOCHI) designapproachthat utilizes multiple intercon-
nectcircuit typesto improve lateny while simultaneously
reducingpower. We presentaninstanceof the NOCHI ap-
proachand apply the methodto enhancea state-of-the-art
NoC with expressvirtual channels[16]. Our preliminary
resultsshav a reductionof up to 8:2% in total network
power, 29% reductionin network power usedfor buffers,
andup to 44%in lateng nearsaturationcomparedo the
corventionalimplementation.

Our approachs driven by two obsenations. First, un-
liketraditionaloff-chip interconnectiometworks, VLSI cir-
cuits for NoCs offer a wider rangeof possibleparameter
optimizations,especiallyin termsof the underlyinginter-
connects.Differentdesignpoints offer trade-ofs in terms
of density bandwidth,andlateng, from full-swing short-
rangewires at minimum pitch for high bandwidthto inter-
connectswith transmission-lingoropertiesfor low-lateng
communication. Our secondobsenation is that sophisti-
cated o w controltechniquessuchasexpressvirtual chan-
nels, can signi cantly improve the behaior of the NoC
and approachthe efciency of an ideal, dedicatedpoint-
to-pointinterconnectWe explore a hybrid interconnection
network, which consistof two network planespnefor car
rying high-bandwidthdatapayloadsand a secondfor pro-
viding timely controlinformationto improve network ef -
cieng. Thedataplaneusesstate-of-the-arbn-chiprouters
with densehigh-bandwidthfull-swing links to provide the
requirednetwork bandwidth.The control of this dataplane
is improved upon by introducinga separatecontrol plane
thatis comprisedf a collectionof ultralow-lateng, multi-
dropon-chipgloballines(G-lineg, providing instantaneous
globalinformationto the routersandenablinga o w con-
trol techniquethatsigni cantly reducesouterpower while



improving delivery lateng. Thedesignof thecontrolplane
is optimizedfor lateny andexchangeof control informa-
tion via broadcastHenceit canonly supportlimited band-
width and communicationpatternsandis not suitablefor

carryingdatadirectly. In this paper we proposea NoC ar

chitecturethat usessomeof the advantagef low-lateng,

controlinterconnecto improve uponcornventionalexpress
virtual channels.

Expressvirtual channel§ EVCs) are a network control
optimizationtechniquehatenablesomenetwork pacletsto
entirely bypassbuffering, arbitration,and crossbarswitch-
ing within a single dimensionof the on-chiprouters,thus
approachinghelateng andpower characteristicef point-
to-point interconnects. The designand analysisof EVCs
using a conventionalnetwork wasimplementedonly with
short,densefull-swing wires[16]. The authorsof thatpa-
perdemonstratéheimpactof utilizing this o w controlop-
timization but point out two de cienciesof the approach,
both of which relateto the mary-cycle lateng requiredfor
signalingand exchangingof control informationwith the
traditionallink designcoupledwith thedeliveryguarantees
expectedof theNoC. The rst problemis thatbuffersatthe
endpointof anEVC mustbe managediery conseratively
to allow for traf ¢ to bypassswitchingandarbitrationand
ensurethat the destination(end point of the EVC) canac-
ceptthetrafc. Thisleadsto over-provisioningandunder
utilization of buffers, which adwerselyimpactsthe power
dissipatiorof thenetwork. In fact,multiple researchebave
shawn thatthe powerassociateavith NoC buffersaccounts
for30 40%of thetotal pawerrequiredfor theNoC|[8, 25].
The secondproblemis that virtual channelsmustbe par
titioned betweendifferentexpresspathsstatically andthe
controllateng limits thisnumber As aresult,the EVC de-
sign limits the numberof nodesthat an EVC canspanto
four or fewer, andthusthe opportunityto improve perfor-
manceis reducedandis not appliedto pacletsthatneedto
traversea largernumberof nodesn adimension.

Using our NOCHI approachand newly proposednter
connecicircuits, we enablesingle-g/cle control communi-
cationacrossall nodesin arow or columnof a meshnet-
work alleviating both limitations outlined above. Using
timely information reducesthe demandon router buffers
and signi cantly reduceshe numberof buffers neededo
sustaina speci ¢ bandwidth, reducingthe critical buffer
leakagepower. At the sametime, allowing distantnodes
to instantaneouslyglaim EVCs increaseghe applicability
of the EVC technique gnablingmore bypassingof nodes,
reducingthe traversallatengy anddynamicpower required
to deliver pacletsacrosdargedistance®n thechip.

To summarizewe make threeimportantcontributionsto
the eld of NoC design:

We introducethe two-planeNOCHI network design
approachand demonstratéts potentialfor improving
performancendreducingpower, throughasampleap-
plicationto a 49-corechip with EVCs.

We designa novel multi-dropon-chipglobalintercon-
nectline with collision detectioncapabilitiesthat pro-
videsinstantaneousross-chipcontrol information to
facilitate o w controldecisions.

We develop a ow control mechanisnthat usesthe
NOCHI method and extends expressvirtual chan-
nels,increasingheirapplicabilitywhile decreasintghe
amountof requiredbuffering, resultingin lateng/ and
power reductionssimultaneously

The restof the paperis organizedasfollows: Section2
detailsthe designsand propertiesof the interconnectir-
cuitsusedin ourexampleNOCH]; Section3 providesback-
groundon expressvirtual channelsand describesour ex-
tendedmplementatiorwith NOCHI; Sectionb presentur
resultsanddiscussesheir implications; Section6 presents
relatedwork; andSection7 concludeghe paper

2 Global interconnectcircuits

Recently there have beena numberof papersshow-
ing the possibility of communicatingat the speed-of-light
acrosseveralmillimetersonasilicon substrateWe givean
overview of thesetechniquesn Subsectior.2. Herewe de-
scribeour efforts on circuitsthatenablebroadcast-capable,
single-gcle lateng, global communication(G-lineg. In
this work, we usecapacitve feed-forward circuits [7, 18]
with two extensions:multi-point broadcasability andcol-
lision detectiorwith nodequantitydetermination.

For our simulationswe usea real65nm, Vdd=1V stan-
dard CMOS processwith 8 metallayers. Figure1 shavs
a block diagramof one columnof the 7 7 chip multi-
processomwe areevaluatingfor the sampleNOCHI design
point. Assuminga chip edgeof 7mmin top-level thick M8
metal,resistance/squais 0:2m /sq. Placedwithin alow-
K dielectric,the lumpedlmm wire resistancas 20 with
atotal coplanarcapacitancef approximatel00fF. Given
thesedimensionsthe feedforward capacitoris sizedto be
300FF, requiring a medium-sizenverter buffer to drive it.
(Wp=8 m,Wn=4 m). Notethatdueto thecapacitvefeed-
forward driver, the common-modeyoltageof the differen-
tial wire is setby large30k terminationresistors.

Figure2 shavsthepulseresponsatlmmlocationsrom
oneendof thegloballine to the other Noticethatthefeed-
forward capacitanceot only increasedandwidth but pro-
videsapre-emphasisapabilitythathelpsto compensatéor
high-frequeny signalattenuationThe delayfrom coreOto
core6is shavn to be 193ps, or within asingleclock cycle.

Our proposectircuit designenablesnot only speed-of-
light, multi-drop capability but alsothe ability for the re-
ceiverto sensehe numberof transmitterautilizing theline
on aperbit granularity We referto thistechniqueassmart
carrier sensemultiple accessor S-CSMA. This procedure
is doneby implementinga ash, analog-to-digitatonverter
(ADC), which implementsvoltage amplitudesensingand
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Figure2: Stepresponse pulsepropagatiorat all sevzencorelocations

therebydeterminegshe numberof transmittersat ary one
instance.Theworst casesituationfor multiple transmitters
colliding with eachotheris the longestsharedmulti-drop
bus,wheresix coressimultaneousltommunicatevith the
seventh core, the farthestcore. In this situation, six volt-

agelevelsarepossible requiringa 6-level ADC runningat
2.5GHzto determinethe numberof simultaneousransmit-
ting cores.

Figure3 shavstheeye diagramover 2k cyclesof thesix
voltagelevels. The minimumeye openingis approximately
79mV large,whichis sufciently largeenoughto overcome
ary quantizeroffset and input sensitvity limitations. The
currentdesignutilizes recever offset cancellation[17] to
improve the minimum eye openingsensitvity to approxi-
mately20mV.

In summary the simulated power dissipation is:
0:6mW/transmitterQ:4mW/recever-quantizenote:asin-
gle recever uses0:4mW , while a 6-level CSMA recever
uses2:4mw).

3 Background: ExpressVirtual Channels

Current state-of-the-artpaclet-switched on-chip net-
worksmultiplex multiple paclet o ws onthe samephysical
links in the network. This enableshigh bandwidthbut re-
sultsin delay enegy and areaoverheadslueto comple

Figure3: Six-level eye diagramfor voltagedeterminatiorof the number
of simultaneougransmissions

routersat every intermediatenode. Each of the paclets
needgo competdor resourcesvhile goingthroughthetyp-
ically 4-5 stagerouterpipelinesateachhop[4]. Thisdomi-
natespacket enegy anddelay widening the gap between
the ideal interconnect(dedicatedpoint-to-pointlinks be-
tweenall nodesyndthestate-of-the-afloC design.More-
over, throughputis alsodegradeddueto inef cient alloca-
tion of the network bandwidth. ExpressVirtual Channels
(EVCs)wereintroducedasa o w-control mechanismand
routermicro-architecturéo overcomesomeof thesdimita-
tions[16]. Thekey ideabehindEVCsis to provide virtual
expresslanesin the network which canbe usedto bypass
intermediateroutersby skippingthe router pipeline. The
EVC its areforwardedassoonasthey reachanintermedi-
aterouter, without ary buffering or arbitration,therebyre-
sultingin signi cant reductionin pacletlateng, routerdy-
namicenegy (asbuffer accesss skipped),androuterleak-
ageenegy (asthenumberof buffersrequiredto sustairthe
samebandwidthis lowered).Thereis alsoanimprovement
in network throughputscontentioratintermediateouters
is lowered.In short,EVCsenablenetwork performancend
enegy to approachthatof anidealinterconnectioriabric.
EVC working: In the EVC design,therearetwo kinds of
VCs ateachport of arouter: NVCs (Normal Virtual Chan-
nels),which arethe traditional VCs thatcarry its through
onehopatatime; andk-hopEVCs,which aretheVCsthat
carry its k-hopsat a time. Here, we considerthe more
e xible andsymmetricdynamicEVC design[16], in which
all routersact assources/sinkef EVCs, therebyallowing
pacletsto acquireEVCsatarny nodein thenetwork. More-
over, eachroutersupport€EVCsof varyinglengthsranging
from two hopsupto | max hops.

The head it of a packet canchooseeitheran NVC or
an EVC of appropriatelength dependingon its path and
the availability of VCs. Whentraveling on a k-hop EVC,
the it is allowedto bypassthe router pipeline at the next
intermediaték 1 nodes.Thisis doneby sendingalooka-
headsignal oncecycle in advanceof the EVC it, which
setsup the intermediateswitches,thus ensuringthe EVC
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throughthiswhenbypassingrouter
usingEVCs

Figure4: Routerpipelines

it directaccesdo its desiredoutputportwhenit arrivesat
theseintermediatenodes.Hence, its crossinga routerus-
ing EVCsaregivenpriority overary locally-buffered its at
thatrouterwhich allows themto skip buffering andalloca-
tion andgo througha muchshorterexpresspipeline(shovn
in Fig. 4(b)) asopposedo the normalspeculatie pipeline
(shawvn in Figure4(a)). In otherwords,a head it usinga
k-hopEVC, canbypassk 1 intermediateroutersbefore
getting buffered againat the sink node of that EVC. The
body andtail its follow on the sameEVC andreleaseit
whenthetail it leavesthesinknode.
It shouldbe notedthatin orderto avoid con icts, EVCs

are not allowed to turn which ensureghat multiple EVC
its arriving from differentinput ports and askingfor the
sameoutputport do notarrive at a routersimultaneouslyn
the samecycle. However, multiple EVCs cancrossarouter
alongthe samestraightdimensionbecauseall suchover
lapping EVCs sharethe samephysicallink in a sequential
fashion.Fromarouter's perspectie,only oneEVC it can
arriveatit askingfor aparticularoutputportin agivencycle
in which caseit is prioritized over ary locally-buffered its
waiting for that output port and directly forwardedto the
switch.[16] discussem detailtheroutermicro-architecture
to incorporateEVCs.

3.1 Limitations of EV Cs

On-chipnetworks have to beloss-lesspaclket dropsare
notallowed. As aresult,anupstreammodecansend its to
adownstrearmodeonly if it knows thatthe it is ensured
of afreebuffer slot. Thisinformationis exchangeetween

theroutersusingvarioustechniquesncluding credit-based
signalingand on-off signaling[4]. For NVCs, this infor-

mationneedgo be communicatedetweerroutersthatare
one-hopaway, while for EVCs,thisinformationneeddo be
communicatedetweerroutersthatarek-hopsaway (k can
be variablebetween2 andlmax in dynamicEVCs). [16]
useson/off signalingto resene downstreambuffersfor the
EVC/NVC its. Thisworksasfollows. Eachroutermain-
tainsa pool of bufferswhich canbe allocatedto a NVC or
EVC it (consideringdynamicEVCswhereeachnodecan
be a source/sink. When the numberof free buffers falls
belov a calculatedthresholdT hry, the downstreamnode
sendsa stoptokento its upstreanmodek hopsaway, which
mightbesendingt its (eitherphysicallythroughNVCsor
virtually throughEVCs). On receving this signal, the up-
streamnodesstopsendingary more its. Similarly, when
thenumberof free buffersat the downstreannodeexceeds
the thresholdT hry, a start token is sentto the upstream
nodesto allow themto startsendingmore its. [16] shows
thatthethresholdvalueis givenby

Thry=c+2k 1 1)
wherec is the numberof cyclestakenby thetokento prop-
agateto theupstreanEVC sourcewhile 2k 1 isthemax-
imum numberof its from the EVC sourcethat might al-
readybein ight andneeda buffer downstreani{for NVCs,
k=1). This is alsoreferredto as buffer turnaroundtime.
(Thefactorof 2 comesbecausét takes2 cycles,for STand
LT, attheintermediaterouters).In our design,c is equalto
k.

Therearetwo problemswith this. The rst is thatthese
thresholdvalueslimit the maximumlength .« that the
EVCscantake. Fromthe thresholdvalues,the numberof
freebuffersnpys of thedownstreamrmodeshouldbegreater
thanthe maximumpossiblethresholdvalue,thatis

Nput > Thri(k = Imax ;¢ = K) (2)
whichgives

Nput > 3(|max) 1 (3)
in orderto accountfor all its in ight from all upstream
nodesbeforethey receve a stoptoken. Thusthe minimum
numberof buffersrequiredgrows aswe increasdhelength
of the EVCs. The secondproblemis that thesethreshold
valuesarehighly conserative takinginto accountheworst
case,i.e. the maximumnumberof its in ight from all
the nodesthatwould needdownstreanbuffers. In an aver-
agescenariothiswould resultin undetutilization of longer
EVCsdueto the high thresholdof free buffersrequiredfor
their operation.Thusnot only dowe needmorebuffers,we
might alsoencounter situationwherethe upstreanmodes
are not able to sendEVC its to the downstreamnode,
despitethe latter having free buffers dueto the consera-
tive on/off signaling. Anotherissuewith longer EVCs s
that the amountof wiring overheadfor reversesignalsin-
creaseg16]. The original EVC designthusrestrictsl max
of the EVCsto threeto four.

Another limitation of the original EVC designis that
head its at upstreamnodescanonly arbitratefor a x ed



numberof VCs of eachtype (1-hopNVC, 2-hopEVC, ...
Imax hop-EVC).Supposehattherearen nodesperdimen-
sion, andeachrouterhasv VCs per port. Thereis a static
partitionamongthev VCsinto Inax bins,onebin for each
typeof VC. Thuseachupstreammodeis allowedto arbitrate
for only a x ed subsetof a downstreanrouters'VCs (per
port), dependingon the EVC typeit wants. If anupstream
nodewantsto sendmultiple pacletsto ak-hopaway down-
strearmode theformerwill notbeableto do soif the x ed
numberof k-hopEVCsto thelatterarenot free,evenif the
latternodemight have otherfree VCs. ThusVC allocation
will fail, andthe its have the option of eitherwaiting for
the EVCs to get free (which might take mary cycles be-
causethe EVC is allocatedby the head it of a paclet at
this upstreamnode, but it is freed only whenthe tail it
of the paclet departsfrom the downsteamnode);or they
have an option of retrying for allocationof smallerlength
EVCs (which degradesperformance).This wasnot a ma-
jor issuein theoriginal EVC design,astherewereatotal of
eightVCswhichhadto bepartitionedinto only two to three
bins (asthe maximumEVC lengthwasmostly three). But
this problemis enhancedf EVC lengthsbecomelonger,
becausen) the numberof VCs per bin go down as | max
increasegwhich increased/C contention),andb) the VC
turnaroundime increasessit takeslongerfor its to hop
alongontheEVCtothedownstreamrmode leavefromthere,
andthenfreethe EVC (thusforcing otherpacletsto choose
smallerlengthEVCs).

4 Flow control for EVCs using global inter-
connects

Weintroducea o w controlmechanisnfor EVCs,where
Global InterconnectLines (G-lines) broadcasthe control
signals. This can help overcomethe EVC length limi-
tations, potentially reducingpower and improving perfor
mance.This schemaliffersfrom the original EVC scheme
in thefollowing ways:

We allow EVCsof arbitrarylengths

We allow a downstreanrouterto signalanON , even
if it hasonly one buffer left, ratherthanthe conser
vative methodof sendingan OF F signal when the
buffers reachthe threshold. This allows usto reduce
thebuffersin eachrouter, therebyreducingpower

Weallow e xible bindingof EVCs,allowing anodeto
allocatemultiple EVCsto the samedownstreannode
if thetraf ¢ desiresratherthana x edbindingposition
at designtime, wherea nodeis forcedto try andallo-
catea lowerhop EVCsif thefew x edlongerEVCs
arenotavailable

Wethuspotentiallyallow apacketto zoomthroughthe
entireroute, getting bufferedonly at the intermediate
routerwhereit turns.

Thefollowing sectionslaborateon thevariousissues.
41 How to use G-lines?

The G-lines provide a one cycle broadcastacrossthe
chip. This can be exploited by sendingthe start/stopto-
kensacrossthem. This potentially allows nodesto send
start tokensupstreanup to the point wherethey have only
oneemptybuffer left, enablingEVCs of arbitrarylengths.
Foran n chip, EVCscanhave maximumlengthslmax
upton 1 (Themaximumpossiblehopsperdirection).A

it canthusbypassall routersalongits pathin onedirec-
tion, getbufferedatthelastrouterin its paththatdirection,
turn, and zoomall the way until it reachests destination
node. (We areassumingXY routinglike the original EVC

design).

The G-linescanalsobe usedto signalthe availability of
free EVCsat eachnode. This allows nodesto dynamically
arbitratefor all EVCsata particularrouterport, insteadof
afew staticallyassignenes(which wasdonein the orig-
inal EVC scheme).This allows an upstreanmodeto select
multiple VCs to the samedownstreannode,thusenabling
its to travel onlongerEVCsasfar aspossible therebyre-
ducinglateng.

Figure5: 7x7 chipwith 14 G-linesperdirectionperrow/column

The ow control mechanisms describednext. To be
consistenin comparingwith the baselineEVC design,we
choosea 49 core CMP with a7 7 paclet switchedmesh
network. We assumedynamic EVCs, whereevery router
caneitherbebypassedr canbufferthe its. Alongapartic-
ulardirection,for aparticularode,only its upstreamrmodes
cansendits toit. We assignl4 one-bitG-linesperdirec-
tion (i.e. N-S, S-N, E-W, andW-E) asshawn in Figure5.
We allow an upperlimit of 6-hopEVCs (Imax ), allowing
its to potentially bypassall routersin a direction (unlike
theoriginal EVC design).Thisis showvn in Figure®6.

The G-linesaredivided into two sets: onefor VC sig-
naling and onefor buffer signaling. EachG-line is stati-
cally assignedo one node. The requirementsare: (1) a
downstreanmodeis only allowedto transmiton this line if
it wantsto indicatefree buffers/VCsto its upstreanmodes,



[€)) Baseline

EVCS:Imax =3 (b) G-line based

EVCs: Imax =6

(c) Pathfrom 0 to
6 usingbaseline3-
hopEVCs

(d) Path from 0
to 6 using G-line
based-hopEVCs

Figure6: Comparisorof baselineandG-line basedEVC designsin thebaselineEVC design,a it wantingto gofrom 0 to 6 takestwo 3-hopEVCsin the
bestcase put still hasto bebufferedatnode3. In the G-line basedEVCs,a it canbypassll routersbetweerD and6.

and(2) ary signaltransmittecbnthis G-line by its upstream
nodesis meantfor this node. As thereare two setsof G-

lines,eachnodehasa G-line thatit usesto broadcasinfor-

mationaboutits free VCs, and anotherG-line thatit uses
to indicateits free buffers. The upstreanrouterscansend
its to it andarbitratefor free VCs andbuffersover its G-

lines. Eachdownstreamrouterhasa specialrecever that
cancountthe numberof signalstransmittedon the G-line

thatcycle. This Smart-CSMA(S-CSMA) propertyof the
G-linereceverscanbeusedby thedownstreanrouternode
to calculatehow mary of the upstrearmodesare request-
ing for its VCs or buffers, and grantrequestsaccordingly
(Note that upstreanmodesresene downstreambuffers be-

fore transmitting its becausedroppingof its is not per

mitted).

Figure7: VC andBuffer signalingEachpair of G-lines (onefor buffers
andonefor VCs) is staticallyassignedo onenode. This nodecanonly
receve its from its upstreanmodes.For example,core5 transmitson its
buffer line if its hasa freebuffer, andall its upstreamrmodessnooptheline.
Thenthe upstreammodes(core0 to core 4) canall placerequestdor the
buffersof core 5 by transmittingonthisline. Core5 recevesandperforms
S-CSMAto calculatethe numberof requests

4.2 VC and Buer Signaling

We now explainthebuffer andVC signalingfor onepar
ticular downstreanrouter, for examplecores, withoutloss

of generality Figure7 illustratesthis scenario.All the up-

streanroutersof cores in the W-E direction,namelycoregy

to corey, areallowedto sendits toit viathe5-hopto 1-hop
EVCsrespectiely. Thedownstreanmodeandtheupstream
nodesareallowedto transmiton the G-line every alternate
cycle. For instanceto signalfor free buffers, cores trans-
mits a 1 (ON) on its G-line if it hasmore than one free

buffer. In the next cycle, the upstreamnodesthat want a

buffer at this nodefor their its all transmita 1, indicating
a buffer requestbon this G-line. Therecever of cores per

forms S-CSMAto calculatehow mary coreswantto send
its toit, decreasingts free buffer countaccordingly(im-

plying the resenation of buffers for the its thatwill ar

rive from the requestingupstreannodes). The nodethen
transmitsa count of the numberof requestst grantedto

its upstrearmodesvia normalwires. Eachupstrearmode
thenrecevesthe messagecheckingif it hadissueda re-

questto cores. If no, it forwardsit upstream. If yes, it

decrementshis countandagainforwardsthe it upstream.
It alsosignalsto its switch allocatorthatthe buffer request
wasgrantedandthatthe it canproceed.

In casethe numberof requestsat the downstreannode
cores are greaterthanthe numberof free buffers thatare
available, the numberof requestsgrantedis equalto the
numberof free buffers. The free buffer countis thusmade
zeroandcores doesnottransmita 1 onits buffer G-linein
thenext cycle. The countof the numberof requestgranted
is againforwardedupstreamusing the normalwires. As
this countpropagatesipstreamthe requestinghodeskeep
decrementinghevalue. Thus,if a noderecevesthis count
as0, it knows thatits requestvasnot grantedandplacesa
new requestoncecores transmitsa 1 again. cores mean-
while keepsupdatingits free buffer count as its leave,
transmittinga 1 onceit hasevenonefree buffer.

VC signalingworksin the samemanner In the general
scenariowherethere are enoughbuffers and VCs, cores
transmitsa 1 onits G-linesevery alternatecycle while past
requestdy the upstreannodesget grantedby the normal
wires. Thusmultiplerequestsor buffersandEVCsatcores
canpotentiallybe grantedevery alternatecycle.



4.3 TX and RX operation

It shouldbe notedthatthe numberof upstreammodesis
differentfor eachdownstreannode. For instance the up-
streamnodesin the W-E directionfor cores arecorey to
cores, for cores are corey to corey, for core, are corey
to corez, and so on. Thus the total numberof G-line
transmittersper direction (N-S, S-N, W-E and E-W) are
6+ 5+ 4+ 3+ 2+ 1 = 21 for eachtype of G-line
(buffer and VC signaling). Therefore the total numberof
G-line transmittersper directionis 42. We obsened that
multiple upstreammodescanrequestfor EVCs andbuffers
at the samedownstreamnodein onecycle. However, an
upstreammodeis notallowedto sendbuffer/VC requestd$o
multiple nodesin the samecycle. Whenthe dowvnstream
nodegransmitbuffer/\VC availability ontheir respectie G-
lines every alternatecycle, no upstrearmodeis allowed to
transmitarequesbnthatparticularG-line. This meanghat
in every cycle, only a maximumof 12 transmissiongan
occuron a G-lines per row per direction, during the situ-
ation when all nodestransmit. Thesetransmissionsnay
be the dawnstreamnodessignaling buffer/VC availability
or upstreammodestransmittingrequestsn alternatecycles.
Thusthe total numberof active transmittersn every cycle
is12=42 = 28:5%.

Analogousto the transmitterscalculation,thereare 42
G-line receversper row per direction. However, the up-
streamrecevers snoopon all the G-lines every alternate
cycle looking for buffer andVC availability. All of them
are thus active every alternatecycle. During requestsig-
naling by upstreammodes(every alternatecycle), only the
downstreamroutershave active recevers. Thusthereare
12 active receversin this cycle. However, theserecevers
arethe S-CSMA receirers, which are more complex than
the normalupstreanrecevers. The recever for coreg has
to performa 6-countS-CSMA (ascorey to cores canall
betransmitting suchthattherecever needgo calculatethe
numberof transmissions)while therecever for cores has
to performa 5-level S-CSMA, andso on. Thuseachre-
ceiver is not of the samecompleity. Theseestimatesof
the maximumpossibletransmittersandreceversactive ev-
ery cycle hasbeentakeninto accountwhencalculatingthe
G-line TX/RX power.

4.4 Buer signaling optimization

An extra optimizationaddedis that for EVCs lessthan
or equalto length 3, in additionto the G-line basedsig-
naling, we usetraditionalthresholdbasedon-off signaling
asdescribedn [4]. Thisis addedto decreasatanation of
neighboringnodesdueto thelong EVCs. Whenthenumber
of buffers goesbelow the threshold,EVCs switch off like
the corventionaldesignexceptthat G-line signalingcontin-
uesuntil no buffer is available. This hybrid ow control
schemausingG-linesin conjunctionwith the normalwires

ensureghat this new implementatiorwill achieve at least
thebaselineEVC performance.

Like the original EVC schemewe have assumedoth
afree pool anda resered pool of buffers, the latter being
usedfor deadlockavoidance. Stanation signalingis also
implementedsimilar to the original EVC scheme The sig-
nalingof freeresenedslots,aswell asstanation,canpro-
ceedhop-by-hopusingnormalwires.

5 Results

In this section,we presenta limit study evaluatingthe
potentialof NOCHI-basedo w controlfor EVCs. The net-
work performancewas evaluatedusing an in-housecom-
mercial cycle-accuratessimulatorthat modelsall the major
component®f therouterpipelineat clock granularity Ta-
ble 1 presentshemicroarchitecturandprocesgparameters
usedin this study Routerpower was calculatedbasedon
extrapolationsfrom [8] for our designpoint. We compare
NOCHI-EVC with a baselineaggressie EVC designde-
scribedin [16] usingsynthetictrafc. In our results,satu-
rationthroughputis choserto bethe point at which paclet
lateny becomeghreetimestheno-loadlateng.

Tablel: Procesandnetwork parameters

Technology 65nm
Vg 1V
Vinr eshold 0.17v
Frequeng 25GHz
Topology 7-ary2-mesh
Routing Dimension-ordere@©OR)
Numberof routerports 5
VCsperport 8
Flit size/channelvidth (cyigth ) 128bits
Link length 1mm
Wire pitch (W pitch ) 0.45m

EVC-specific parameters

EVC pipeline aggressie expresspipeline
I max 3

NVCs perport 2

EVCsperport 6

Global interconnectcircuit parameters

differentialpair area 5m?
capaciwe-feedfoward inverterpower (TX) 0.6mwW
offset-canceleduantizempower (RX) 0.4mwW
7mm-wirepulse-propagatiotateny 192ps

5.1 Assumptions in design
For our evaluations,we have madecertainassumptions

aboutthe o w-control designto estimatethe potential of
ourschemewhicharecurrentlynotsupportedy theactual
design.For buffer signaling,we assumehatthefree-huffer
signalingby the downstreamnode,andthe arbitrationfor
thesebuffersby theupstreammodeshappensvithin acycle.
In caseof contentionfor the buffers(i.e. the numberof re-
guestseinggreaterthanthe numberof free buffers),there
is a staticpriority: therequestinghodethatis farthestrom



the downstreamnodehasthe highestpriority for gettinga

buffer, thenthe next farthest,andso on. Thusthereis no

conserative buffer managemenand an ON signalcanbe

sentovertheT-line evenif thereis just onebuffer left. The

situationis similarfor the VC allocation.Thenodesgetthe

updatedreeVC informationevery cycleandallocateEVCs

accordingly Multiple nodescanthusgetEVCsto thesame
nodeevery cycle. In caseof contention,the samepriority

schemeis followed like the buffers whereinthe upstream
nodeghatarefarthesthave the highestpriority.

5.2 Synthetic trac

We usedboth uniform randomtrafc (in which each
node sendspaclets to randomly chosendestinations)as
well astornadotrafc (in which eachnodesendspaclets
halfway aroundthe meshalongthe X-dimension)to evalu-
ateNOCHI-EVC. Thelower averagehop countalongeach
dimensionn uniformrandomntraf ¢ ledto lessutilization of
long expresspaths resultingin almostsimilar performance
for bothNOCHI-EVC andcorventionalEVC.

On the otherhand,for tornadotraf ¢ in which paclets
needto travel more hopsalong a dimension,the utiliza-
tion of longerexpresspathsis high leadingto a signi cant
performancegain. Fig 8 plots it lateng asa function of
network loadfor tornadotrafc for bothNOCHI-EVC and
EVC assumingthe sameamountof buffering (25 buffers
perport). As shavn, NOCHI-EVCis ableto reducdateng
by 44%nearthe EVC saturatiorpointand9.4%at no-load.
This is mainly dueto enablingof longer expresspathsin
NOCHI-EVC which allow pacletsto bypasss3.7%of the
routersalongtheir path on averageas comparedo 41.3%
in thebaselineEEVC case.

For the samesaturationthroughput, NOCHI-EVC re-
quiressigni cantly fewer buffersthanEVC. Speci cally, a
NOCHI designwith 15 buffers per port exhibits the same
saturatiorthroughputsan EVC designwith 25 buffersper
port. To evaluatethereductionin buffer powerasaresultof
this, we usedextrapolateddatabasedon the Intel Tera ops
NoC router[8]. Speci cally, the router power of 924mwW
at5GHzreportedin [8] was rst scaleddown to 2.5GHzat
1.0V, deriving a router power of 500mW Thereare 16 38-
bit wide buffersperlaneand2 lanesperportin theTera ops
router, giving atotal of 6080buffer bit cellsperrouter, with
thesebuffersconsuming22% of thetotal routerpower. As-
suming60% of the total power beingdynamicpower, the
power perbuffer cellis 0.0108mwWWith NOCHI leadingto
areductionof 10 buffersperportascomparedo EVC and
pacletsbypassindl2.4%morenodeson averagethisleads
to a dynamicbuffer power reductionof 8.3mW perroutet
Similarly, assumingd0% of thetotal power beingleakage,
areductionof 10 buffersperportresultsin a buffer leakage
power reductionof 46.3mW per routet Thus, the reduc-
tion in buffer powerfor NOCHI-EVCis 54.6mWperrouter
(2.67Wfor the entire49-nodenetwork) or 29.2%over the
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Figure8: Network lateny

corventionalEVC design.However, our circuit-level simu-
lationsshav the G-linesdescribedn Section2 consumea
total of 0.67W Hence thenetpower reductionof NOCHI-
EVC overEVCis 2W or 8.2%of thetotal network power.

5.3 G-Line Network Power Calculation

Our initial circuit design, which we later abandoned,
usedon-die 50 transmissiorlines, with 10 m differen-
tial wire pitch (2.5 m width, 2.5 m spacing). While the
transmissiorline exhibited a nearspeed-of-lightLlOps/mm
phasevelocity, a critical problemwas the seriesDC wire
resistanceFor a 7mmlong wire, the seriesresistancavas
on order of the characteristidmpedanceyesultingin sig-
ni cant signalattenuation.This seriesresistancecoupled
with the low impedanceattainedon-die, resultedin very
large currentdissipationof 5mA/transmitter In addition,
the seriesresistanceneantthatit would be dif cult to dis-
tinguishthe exactnumberof TXs thatweresimultaneously
transmitting.

Fortunately the proposed forward-C capacitve
transcever exhibits little power, since the global in-
terconnectswing is reducedby a factorof 8 10. In
addition, no static power is consumedusing the G-Line
circuit. With a simulated0.6mW/transmitterand a total
334 of TXs operatingat one time, the total chip transmit
poweris 0.2W. The receier power consistsof the switch-
ing power to quantizea small differential input voltage.
The speedand power of such quantizersscalewell with
CMOS processscaling, such that in our 65nm CMOS
process, quantizationpower (including clock power) is
0.4mW/recerer. This quantizempower is the samewhether
for a 1-bit receve or for a 1-level decisionwithin one of
the S-CSMA analog-to-digitalcorverters. With a total of
1176 quantizersoperatingon a given cycle, the total chip
RX poweris 0.47W In summary the entire power for the
boththe TXs andthe RXsis 0.67W



6 RelatedWork

6.1 Network o w control techniques that
leverage advanced interconnects

Flow control,the mechanisnthatallocatesesourceso
pacletswithin the network, is a key determinanbof com-
municationenegy/delayaswell asnetwork throughput As
a result, there hasbeena vast body of work in the past.
Here,we will focusspeci cally on thosethatleveragead-
vancedinterconnectircuits. It shouldbe noted, though,
thatthe baselinerouterwhich we useasa comparisortar
getin all experimentsalreadyincorporatesmary recently
proposedechniquedor improving network enegy-delay
such as speculation[20, 23], bypassing[19], lookahead
pipelines[6, 15], simpli ed virtual-channehllocation[15],
andlookaheadrouting [5]. All thesetechniquedrive to-
wardsultra-low routerlateng, but they only succeedn by-
passinghe pipelineat low loads,performingpoorly when
network contentionis high. Expressvirtual channeld16],
however, bypassegherouterpipelineatall traf ¢ loads.G-
line EVCsthusenablebypassingtall loads loweringdelay
anddynamicenenpy at all loads,aswell asleakageenegy
dueto thereductionin buffer count.

The most relevant work is that by Kim and Sto-
janovic [13], who modeledthe use of equalizationin
on-chip interconnectsand investigated the impact of
suchequalizedinterconnecton on-chip network designs,
throughincorporatingdetailedmodelsof theinterconnecin
adesign-spacexplorationframewnork of on-chipnetworks.
The study hawever, focuseson exploring existing on-chip
network topologies,while our work extendsand modi es
o w control (EVCs) in orderto leveragetransmissiorine
characteristics Another o w control techniquethatis co-
designedwith interconnectsis it-reservation ow con-
trol [22]. Here, no sophisticatednterconnectcircuits is
used;this work just harnessethe fasteruppermetalwires
for sendingcontrol its outin advanceto scheduleesources
for subsequentata its, sodataits canzoomthroughthe
pipelinewhenthey arrive. However, it needdargeresena-
tion tablesand a complex router microarchitecture.More
disruptive interconnectechnologieshave beenexploredin
conjunctionwith on-chip network designs: On-chip pho-
tonics[14, 24] and RF interconnectg§2] both enablevery
high bandwidthglobal communicationsmandatinga re-
thinking of on-chipnetwork designsin contrastthe G-line
interconnecexploredin this paperis anearertermtechnol-
ogythatcanbereadilyfabricatedn today'sVLSI technolo-
gies. Anotherimportantdifferenceof our approachis the
useof atwo-planenetwork wherethecircuitsareoptimized
separatelyor controlanddatatransfer

6.2 Related work with global interconnect
circuits

A numberof papersshow the potentialfor communicat-
ing atthe speed-of-lightacrossseseral millimeterson a sil-
icon substrate Chang[3] and[11, 10] shaved early point-
to-point circuits that allowed for transmission-linewave-
likevelocityfor L0mmof interconnectWhile transmission-
line circuits achieve 10PBS/mmspeedin silicon dioxide,
theseémplementationsuffer from two maindisadwantages.
First, areaper differential pair is quite large—for exam-
ple,in [11], a singledifferentialpair with width=8 m and
spacingd m would yield a 32 m per transmission-line
pitch. Secondpowerconsumptioris still verylarge,greater
than2mW/Gbps,or 8 morepowerthananormalinverter
repeatef21]. Evenworse,dueto the useof current-mode
signaling,signi cant staticpower consumptiorexists even
with little actiity factor Reductionin static currentcon-
sumptioncan be achieved if the characteristidmpedance
canbeincreasedHowever, it is dif cult to obtaintransmis-
sionline impedancegreateithan80 in astandardCMOS
processecauseadjacentmetallayersarein closeproxim-
ity, increasingcapacitancandpreventinglargeinductance.
Thisrequiremenfor keepingtheinductancdargealsopre-
ventstransmissioninesfrom beingroutedover othermetal
or transistorlayers,sincetheselower level layersincrease
the capacitance. Therefore,the ability integratea useful
numberof thesetransmissiodineson a singledie becomes
limited.

While the previousworksaboveillustratepoint-to-point,
speed-of-lightcapability recentwork by Ito, etal. [9], en-
ablebothlow-latengy andmulti-drop ability on a transmis-
sionline with low-power dissipationof 1.2mW/transceier.
While this work still exhibits integration density issues
(greaterthan 20 m per transmission-linewith no allow-
ablewiring metallayersbelow), it suggestethatbroadcast,
multi-drop, bidirectionalability is achievablefor network-
on-a-chipapplications. However, while this work allows
for multi-drop ability, thesecircuits do not shav a way to
arbitrateor schedulesuchinformation.

Recently it has been shovn that a capacitve feed-
forward method of global interconnect[7, 18] achieves
nearly single-g/cle delay for long RC wires, but with
voltage-modesignaling.By usinga simpleinverterdriving
afeed-forward capacitanceyoltagegain canbe exchanged
for bandwidth.For example,assumin@ 1V supplyvoltage,
addinga feed-forward capacitorl/10the sizeof the globall
interconnectapacitanceeducegshe voltageswing by 10x
but also increaseghe bandwidthby 10x. Becausethese
wires areinherentlystill capacitve, they relaxthe dif cult
constraint®f requiringlargeinductanceresultingin higher
signaldensityaswell asenablingmetallayersto berouted
underneath.In addition, the useof voltage-modedriving
eliminatesthe problemof static power dissipationassoci-
atedwith current-modesignaling.Our proposeds-Linecir-



cuitsusethistypeof bandwidthextensiorntechniquebut ex-
tendthis furtherwith the conceptsf multi-drop connectv-
ity andS-CSMAcollision detectiorandmeasuremerech-
niques.

7 Conclusions

In this paper we have motivated one potential use of
NoCs with hybrid interconnects(NOCHI), where ultra-
fast,low-swing,multi-dropinterconnectareusecto enable
long EVCs, enablingpacletsto bypassmostintermediate
routerson their way from sourceto destination. Bypass-
ing routerslowerslateng (obviatesthe needto traversethe
pipeline),andpusheghroughput(ascontentionatinterme-
diate routersis removed). Bypassingalso saves power in
two ways: (1) saving the dynamicpower incurredin buffer
access;and (2) reducingthe numberof buffers neededo
sustaina speci ¢ bandwidthlevel, therebyreducingthe
buffer leakagepower. Our preliminaryinvestigationshow
thatusingthis NOCHI approachwith EVCscanleadto sig-
ni cant latengy andthroughputbene ts, aswell aspower
savings.
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