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Abstract

As processorcore counts increase, networks-on-chip
(NoCs)are becomingan increasinglypopularinterconnec-
tion fabric due to their ability to supplyhigh bandwidth.
However, NoCsneedto deliver this high bandwidthat low
latencies,while keepingwithin a tight powerenvelope. In
thispaper, wepresenta novelNoCwith hybrid interconnect
that leveragesmultiple typesof interconnects–speci�cally,
conventionalfull-swingshort-rangewiresfor thedatapath,
in conjunctionwith low-swing, multi-drop wireswith long-
range, ultra-low-latencycommunicationfor the �ow con-
trol signals. We showhow this proposedsystemcan be
usedto overcomekey limitations of expressvirtual chan-
nels(EVC),a recentlyproposed�ow control techniquethat
allows packets to bypassintermediaterouters to simulta-
neouslyimproveenergy-delay-throughput.Our preliminary
resultsshowup to a 8:2% reductionin powerand up to a
44% improvementin latencyunder heavyload compared
to theoriginal EVCdesignthat only usestheconventional
full-swinginterconnects.

1 Intr oduction

Futuremicroprocessorsarelimited by power consump-
tion and interconnectlatency, such that achieving higher
performancerequiresan increasingnumberof processor
cores. As the numberof coresincreases,the performance
of thenetworkson chip (NoC) thatconnectsthemtogether
is critical. Traditionalshared-busarchitecturestypically do
not scaleeffectively to theselargecorecounts.For exam-
ple, multi-coreprocessorssuchastheCell BroadbandEn-
gine[12] andtheAMD RadeonHT 2900[1] haveadopteda
multi-hopNoCwith aring topology, while Intel haschosen
a meshnetwork for its Tera�ops processor, an 80-corere-
searchprototype[8]. Incorporatinga packet-switchedfab-

ric within a chip to interconnecttheprocessorcoresplaces
strictpowerandareaconstraintsontheNoCrouters,yet re-
quiring high performancein termsof sustainedbandwidth
and short packet delivery latencies. In this paperwe ad-
vocatea novel networkon chip with hybrid interconnect
(NOCHI) designapproachthat utilizes multiple intercon-
nectcircuit typesto improve latency while simultaneously
reducingpower. We presentaninstanceof theNOCHI ap-
proachandapply the methodto enhancea state-of-the-art
NoC with expressvirtual channels [16]. Our preliminary
resultsshow a reductionof up to 8:2% in total network
power, 29% reductionin network power usedfor buffers,
andup to 44% in latency nearsaturationcomparedto the
conventionalimplementation.

Our approachis driven by two observations. First, un-
liketraditionaloff-chip interconnectionnetworks,VLSI cir-
cuits for NoCs offer a wider rangeof possibleparameter
optimizations,especiallyin termsof the underlyinginter-
connects.Differentdesignpointsoffer trade-offs in terms
of density, bandwidth,andlatency, from full-swing short-
rangewiresat minimumpitch for high bandwidthto inter-
connectswith transmission-linepropertiesfor low-latency
communication. Our secondobservation is that sophisti-
cated�o w controltechniques,suchasexpressvirtual chan-
nels, can signi�cantly improve the behavior of the NoC
and approachthe ef�ciency of an ideal, dedicatedpoint-
to-point interconnect.We explorea hybrid interconnection
network,whichconsistsof two network planes,onefor car-
rying high-bandwidthdatapayloadsanda secondfor pro-
viding timely control informationto improve network ef�-
ciency. Thedataplaneusesstate-of-the-arton-chiprouters
with dense,high-bandwidth,full-swing links to providethe
requirednetwork bandwidth.Thecontrolof this dataplane
is improved uponby introducinga separatecontrol plane
thatis comprisedof acollectionof ultra low-latency, multi-
dropon-chipgloballines(G-lines), providing instantaneous
global informationto the routersandenablinga �o w con-
trol techniquethatsigni�cantly reducesrouterpowerwhile



improving delivery latency. Thedesignof thecontrolplane
is optimizedfor latency andexchangeof control informa-
tion via broadcast.Henceit canonly supportlimited band-
width and communicationpatternsand is not suitablefor
carryingdatadirectly. In this paper, we proposea NoC ar-
chitecturethatusessomeof theadvantagesof low-latency,
control interconnectto improve uponconventionalexpress
virtual channels.

Expressvirtual channels(EVCs) area network control
optimizationtechniquethatenablesomenetwork packetsto
entirelybypassbuffering, arbitration,andcrossbarswitch-
ing within a singledimensionof the on-chiprouters,thus
approachingthelatency andpowercharacteristicsof point-
to-point interconnects.The designand analysisof EVCs
usinga conventionalnetwork was implementedonly with
short,dense,full-swing wires[16]. Theauthorsof thatpa-
perdemonstratetheimpactof utilizing this �o w controlop-
timization but point out two de�cienciesof the approach,
bothof which relateto themany-cycle latency requiredfor
signalingand exchangingof control information with the
traditionallink design,coupledwith thedeliveryguarantees
expectedof theNoC.The�rst problemis thatbuffersat the
endpoint of anEVC mustbemanagedvery conservatively
to allow for traf�c to bypassswitchingandarbitrationand
ensurethat the destination(endpoint of the EVC) canac-
ceptthe traf�c. This leadsto over-provisioningandunder-
utilization of buffers, which adverselyimpactsthe power
dissipationof thenetwork. In fact,multipleresearcheshave
shown thatthepowerassociatedwith NoCbuffersaccounts
for 30� 40%of thetotalpowerrequiredfor theNoC[8, 25].
The secondproblemis that virtual channelsmust be par-
titioned betweendifferentexpresspathsstatically, andthe
controllatency limits this number. As a result,theEVC de-
sign limits the numberof nodesthat an EVC canspanto
four or fewer, andthusthe opportunityto improve perfor-
manceis reducedandis not appliedto packetsthatneedto
traversea largernumberof nodesin adimension.

Using our NOCHI approachandnewly proposedinter-
connectcircuits,we enablesingle-cycle control communi-
cationacrossall nodesin a row or columnof a meshnet-
work alleviating both limitations outlined above. Using
timely information reducesthe demandon router buffers
andsigni�cantly reducesthe numberof buffers neededto
sustaina speci�c bandwidth, reducingthe critical buffer
leakagepower. At the sametime, allowing distantnodes
to instantaneouslyclaim EVCs increasesthe applicability
of the EVC technique,enablingmorebypassingof nodes,
reducingthetraversallatency anddynamicpower required
to deliverpacketsacrosslargedistanceson thechip.

To summarize,wemakethreeimportantcontributionsto
the�eld of NoC design:

� We introducethe two-planeNOCHI network design
approachanddemonstrateits potentialfor improving
performanceandreducingpower, throughasampleap-
plicationto a 49-corechipwith EVCs.

� We designanovel multi-dropon-chipglobalintercon-
nectline with collision detectioncapabilitiesthatpro-
vides instantaneouscross-chipcontrol information to
facilitate�o w controldecisions.

� We develop a �o w control mechanismthat usesthe
NOCHI method and extends expressvirtual chan-
nels,increasingtheirapplicabilitywhile decreasingthe
amountof requiredbuffering, resultingin latency and
power reductionssimultaneously.

Therestof thepaperis organizedasfollows: Section2
detailsthe designsand propertiesof the interconnectcir-
cuitsusedin ourexampleNOCHI; Section3 providesback-
groundon expressvirtual channelsand describesour ex-
tendedimplementationwith NOCHI; Section5 presentsour
resultsanddiscussestheir implications;Section6 presents
relatedwork; andSection7 concludesthepaper.

2 Global interconnectcircuits

Recently there have beena number of papersshow-
ing the possibility of communicatingat the speed-of-light
acrossseveralmillimetersonasiliconsubstrate.Wegivean
overview of thesetechniquesin Subsection6.2.Herewede-
scribeour efforts on circuitsthatenablebroadcast-capable,
single-cycle latency, global communication(G-lines). In
this work, we usecapacitive feed-forward circuits [7, 18]
with two extensions:multi-point broadcastability andcol-
lision detectionwith nodequantitydetermination.

For our simulations,we usea real65nm,Vdd=1V stan-
dardCMOS processwith 8 metal layers. Figure1 shows
a block diagramof one column of the 7 � 7 chip multi-
processorwe areevaluatingfor thesampleNOCHI design
point. Assuminga chip edgeof 7mmin top-level thick M8
metal,resistance/squareis 0:2m
 /sq. Placedwithin a low-
K dielectric,the lumped1mm wire resistanceis 20
 with
a total coplanarcapacitanceof approximately400fF. Given
thesedimensions,the feedforwardcapacitoris sizedto be
300fF, requiringa medium-sizeinverterbuffer to drive it.
(Wp=8� m,Wn=4� m). Notethatdueto thecapacitivefeed-
forward driver, the common-modevoltageof the differen-
tial wire is setby large30k
 terminationresistors.

Figure2showsthepulseresponseat1mmlocationsfrom
oneendof thegloballine to theother. Noticethatthefeed-
forwardcapacitancenotonly increasesbandwidth,but pro-
videsapre-emphasiscapabilitythathelpsto compensatefor
high-frequency signalattenuation.Thedelayfrom core0to
core6is shown to be193ps,or within asingleclock cycle.

Our proposedcircuit designenablesnot only speed-of-
light, multi-drop capability, but also the ability for the re-
ceiver to sensethenumberof transmittersutilizing theline
ona per-bit granularity. We referto this techniqueassmart
carrier sensemultipleaccess, or S-CSMA.This procedure
is doneby implementinga �ash, analog-to-digitalconverter
(ADC), which implementsvoltageamplitudesensingand
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Figure1: Block diagramandschematicof a7core,globalinterconnect

Figure2: Stepresponseapulsepropagationat all sevencorelocations

therebydeterminesthe numberof transmittersat any one
instance.Theworstcasesituationfor multiple transmitters
colliding with eachotheris the longestshared,multi-drop
bus,wheresix coressimultaneouslycommunicatewith the
seventhcore, the farthestcore. In this situation,six volt-
agelevelsarepossible,requiringa 6-level ADC runningat
2.5GHzto determinethenumberof simultaneoustransmit-
ting cores.

Figure3 showstheeyediagramover2k cyclesof thesix
voltagelevels.Theminimumeyeopeningis approximately
79mV large,whichis suf�ciently largeenoughto overcome
any quantizeroffset and input sensitivity limitations. The
currentdesignutilizes receiver offset cancellation[17] to
improve the minimum eye openingsensitivity to approxi-
mately20mV.

In summary, the simulated power dissipation is:
0:6mW/transmitter;0:4mW/receiver-quantizer(note:a sin-
gle receiver uses0:4mW , while a 6-level CSMA receiver
uses2:4mW).

3 Background: ExpressVirtual Channels

Current state-of-the-artpacket-switchedon-chip net-
worksmultiplex multiplepacket�o wsonthesamephysical
links in the network. This enableshigh bandwidthbut re-
sults in delay, energy andareaoverheadsdue to complex

Figure3: Six-level eye diagramfor voltagedeterminationof the number
of simultaneoustransmissions

routersat every intermediatenode. Each of the packets
needsto competefor resourceswhile goingthroughthetyp-
ically 4-5stagerouterpipelinesateachhop[4]. Thisdomi-
natespacket energy anddelay, widening the gapbetween
the ideal interconnect(dedicatedpoint-to-point links be-
tweenall nodes)andthestate-of-the-artNoCdesign.More-
over, throughputis alsodegradeddueto inef�cient alloca-
tion of the network bandwidth. ExpressVirtual Channels
(EVCs)wereintroducedasa �o w-control mechanismand
routermicro-architectureto overcomesomeof theselimita-
tions[16]. Thekey ideabehindEVCsis to provide virtual
expresslanesin the network which canbe usedto bypass
intermediateroutersby skipping the router pipeline. The
EVC �its areforwardedassoonasthey reachanintermedi-
aterouter, without any buffering or arbitration,therebyre-
sultingin signi�cant reductionin packet latency, routerdy-
namicenergy (asbuffer accessis skipped),androuterleak-
ageenergy (asthenumberof buffersrequiredto sustainthe
samebandwidthis lowered).Thereis alsoanimprovement
in network throughputascontentionat intermediaterouters
is lowered.In short,EVCsenablenetworkperformanceand
energy to approachthatof anidealinterconnectionfabric.
EVC working: In theEVC design,therearetwo kindsof
VCs at eachport of a router:NVCs (NormalVirtual Chan-
nels),which arethetraditionalVCs thatcarry �its through
onehopata time;andk-hopEVCs,whicharetheVCs that
carry �its k-hopsat a time. Here, we considerthe more
�e xible andsymmetricdynamicEVC design[16], in which
all routersact assources/sinksof EVCs, therebyallowing
packetsto acquireEVCsatany nodein thenetwork. More-
over, eachroutersupportsEVCsof varyinglengthsranging
from two hopsup to lmax 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 allowed to bypassthe routerpipelineat the next
intermediatek � 1 nodes.This is doneby sendinga looka-
headsignaloncecycle in advanceof the EVC �it, which
setsup the intermediateswitches,thus ensuringthe EVC
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�it directaccessto its desiredoutputport whenit arrivesat
theseintermediatenodes.Hence,�its crossinga routerus-
ing EVCsaregivenpriority overany locally-buffered�its at
thatrouterwhich allows themto skip buffering andalloca-
tion andgothroughamuchshorterexpresspipeline(shown
in Fig. 4(b)) asopposedto thenormalspeculative pipeline
(shown in Figure4(a)). In otherwords,a head�it usinga
k-hop EVC, canbypassk � 1 intermediateroutersbefore
gettingbuffered againat the sink nodeof that EVC. The
body andtail �its follow on the sameEVC andreleaseit
whenthetail �it leavesthesinknode.

It shouldbenotedthatin orderto avoid con�icts, EVCs
are not allowed to turn which ensuresthat multiple EVC
�its arriving from different input portsandaskingfor the
sameoutputport donotarriveat a routersimultaneouslyin
thesamecycle. However, multipleEVCscancrossa router
along the samestraightdimensionbecauseall suchover-
lappingEVCs sharethesamephysicallink in a sequential
fashion.Froma router'sperspective,only oneEVC �it can
arriveatit askingfor aparticularoutputportin agivencycle
in which caseit is prioritizedoverany locally-buffered�its
waiting for that output port anddirectly forwardedto the
switch.[16] discussesin detailtheroutermicro-architecture
to incorporateEVCs.

3.1 Limitations of EV Cs

On-chipnetworkshave to be loss-less;packet dropsare
notallowed. As a result,anupstreamnodecansend�its to
a downstreamnodeonly if it knows that the �it is ensured
of afreebuffer slot. This informationis exchangedbetween
theroutersusingvarioustechniquesincludingcredit-based
signalingandon-off signaling[4]. For NVCs, this infor-

mationneedsto becommunicatedbetweenroutersthatare
one-hopaway, while for EVCs,this informationneedsto be
communicatedbetweenroutersthatarek-hopsaway(k can
be variablebetween2 and lmax in dynamicEVCs). [16]
useson/off signalingto reserve downstreambuffersfor the
EVC/NVC �its. This worksasfollows. Eachroutermain-
tainsa pool of bufferswhich canbeallocatedto a NVC or
EVC �it (consideringdynamicEVCswhereeachnodecan
be a source/sink). When the numberof free buffers falls
below a calculatedthresholdThr k , the downstreamnode
sendsastoptokento its upstreamnodek hopsaway, which
mightbesendingit �its (eitherphysicallythroughNVCsor
virtually throughEVCs). On receiving this signal,theup-
streamnodesstopsendingany more�its. Similarly, when
thenumberof freebuffersat thedownstreamnodeexceeds
the thresholdThr k , a start token is sentto the upstream
nodesto allow themto startsendingmore�its. [16] shows
thatthethresholdvalueis givenby

Thr k = c + 2k � 1 (1)
wherec is thenumberof cyclestakenby thetokento prop-
agateto theupstreamEVC sourcewhile 2k � 1 is themax-
imum numberof �its from the EVC sourcethat might al-
readybein �ight andneedabuffer downstream(for NVCs,
k=1). This is also referredto as buffer turnaroundtime.
(Thefactorof 2 comesbecauseit takes2 cycles,for STand
LT, at theintermediaterouters).In our design,c is equalto
k.

Therearetwo problemswith this. The�rst is that these
thresholdvalueslimit the maximumlength lmax that the
EVCs cantake. From the thresholdvalues,the numberof
freebuffersnbuf of thedownstreamnodeshouldbegreater
thanthemaximumpossiblethresholdvalue,thatis

nbuf > Thr k (k = lmax ; c = k) (2)
whichgives

nbuf > 3(lmax ) � 1 (3)
in order to accountfor all �its in �ight from all upstream
nodesbeforethey receive a stoptoken. Thustheminimum
numberof buffersrequiredgrowsaswe increasethelength
of the EVCs. The secondproblemis that thesethreshold
valuesarehighly conservativetakinginto accounttheworst
case,i.e. the maximumnumberof �its in �ight from all
thenodesthatwould needdownstreambuffers. In anaver-
agescenario,thiswouldresultin under-utilizationof longer
EVCsdueto thehigh thresholdof freebuffersrequiredfor
theiroperation.Thusnotonly doweneedmorebuffers,we
might alsoencountera situationwheretheupstreamnodes
are not able to sendEVC �its to the downstreamnode,
despitethe latter having free buffers due to the conserva-
tive on/off signaling. Another issuewith longer EVCs is
that the amountof wiring overheadfor reversesignalsin-
creases[16]. The original EVC designthusrestrictslmax

of theEVCsto 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, ...
lmax hop-EVC).Supposethattherearen nodesperdimen-
sion,andeachrouterhasv VCs per port. Thereis a static
partitionamongthev VCs into lmax bins,onebin for each
typeof VC. Thuseachupstreamnodeis allowedto arbitrate
for only a �x ed subsetof a downstreamrouters'VCs (per
port), dependingon theEVC typeit wants. If anupstream
nodewantsto sendmultiplepacketsto ak-hopawaydown-
streamnode,theformerwill notbeableto dosoif the�x ed
numberof k-hopEVCsto thelatterarenot free,evenif the
latternodemight have otherfreeVCs. ThusVC allocation
will fail, andthe �its have the option of eitherwaiting for
the EVCs to get free (which might take many cycles be-
causethe EVC is allocatedby the head�it of a packet at
this upstreamnode,but it is freed only when the tail �it
of the packet departsfrom the downstreamnode);or they
have an option of retrying for allocationof smaller-length
EVCs (which degradesperformance).This wasnot a ma-
jor issuein theoriginalEVC design,astherewereatotalof
eightVCswhichhadto bepartitionedinto only two to three
bins (asthemaximumEVC lengthwasmostly three).But
this problemis enhancedif EVC lengthsbecomelonger,
becausea) the numberof VCs per bin go down as lmax

increases(which increasesVC contention),andb) theVC
turnaroundtime increasesasit takeslongerfor �its to hop
alongontheEVCto thedownstreamnode,leavefrom there,
andthenfreetheEVC (thusforcingotherpacketsto choose
smaller-lengthEVCs).

4 Flow control for EVCs using global inter-
connects

Weintroducea�o w controlmechanismfor EVCs,where
Global InterconnectLines (G-lines) broadcastthe control
signals. This can help overcomethe EVC length limi-
tations,potentially reducingpower and improving perfor-
mance.This schemediffersfrom theoriginal EVC scheme
in thefollowing ways:

� We allow EVCsof arbitrarylengths

� We allow a downstreamrouterto signalanON , even
if it hasonly one buffer left, ratherthan the conser-
vative methodof sendingan OF F signal when the
buffers reachthe threshold.This allows us to reduce
thebuffersin eachrouter, therebyreducingpower

� Weallow �e xible bindingof EVCs,allowing anodeto
allocatemultiple EVCsto thesamedownstreamnode
if thetraf�c desires,ratherthana�x edbindingposition
at designtime, wherea nodeis forcedto try andallo-
catea lower-hop EVCs if the few �x ed longerEVCs
arenotavailable

� Wethuspotentiallyallow apacketto zoomthroughthe
entireroute,gettingbufferedonly at the intermediate
routerwhereit turns.

Thefollowing sectionselaborateon thevariousissues.

4.1 Ho w 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 tokensupstreamup to thepoint wherethey have only
oneemptybuffer left, enablingEVCs of arbitrarylengths.
For a n � n chip, EVCs canhave maximumlengthslmax

up to n � 1 (Themaximumpossiblehopsperdirection).A
�it canthusbypassall routersalongits pathin onedirec-
tion, getbufferedat thelastrouterin its paththatdirection,
turn, andzoomall the way until it reachesits destination
node.(We areassumingXY routinglike theoriginal EVC
design).

TheG-linescanalsobeusedto signaltheavailability of
freeEVCsat eachnode.This allows nodesto dynamically
arbitratefor all EVCsat a particularrouterport, insteadof
a few staticallyassignedones(which wasdonein theorig-
inal EVC scheme).This allows anupstreamnodeto select
multiple VCs to thesamedownstreamnode,thusenabling
�its to travel on longerEVCsasfar aspossible,therebyre-
ducinglatency.

Figure5: 7x7 chipwith 14G-linesperdirectionperrow/column

The �o w control mechanismis describednext. To be
consistentin comparingwith thebaselineEVC design,we
choosea 49 coreCMP with a 7� 7 packet switchedmesh
network. We assumedynamicEVCs, whereevery router
caneitherbebypassedor canbuffer the�its. Alongapartic-
ulardirection,for aparticularnode,only its upstreamnodes
cansend�its to it. We assign14 one-bitG-linesperdirec-
tion (i.e. N-S, S-N, E-W, andW-E) asshown in Figure5.
We allow an upperlimit of 6-hopEVCs (lmax ), allowing
�its to potentiallybypassall routersin a direction(unlike
theoriginalEVC design).This is shown in Figure6.

The G-linesaredivided into two sets: onefor VC sig-
naling and one for buffer signaling. EachG-line is stati-
cally assignedto one node. The requirementsare: (1) a
downstreamnodeis only allowedto transmiton this line if
it wantsto indicatefreebuffers/VCsto its upstreamnodes,



(a) Baseline
EVCs: lmax = 3 (b) G-line based

EVCs: lmax = 6

(c) Path from 0 to
6 usingbaseline3-
hopEVCs

(d) Path from 0
to 6 using G-line
based6-hopEVCs

Figure6: Comparisonof baselineandG-line basedEVC designs.In thebaselineEVC design,a �it wantingto go from 0 to 6 takestwo 3-hopEVCsin the
bestcase,but still hasto bebufferedat node3. In theG-linebasedEVCs,a �it canbypassall routersbetween0 and6.

and(2) any signaltransmittedonthisG-lineby its upstream
nodesis meantfor this node. As therearetwo setsof G-
lines,eachnodehasa G-line thatit usesto broadcastinfor-
mationaboutits free VCs, andanotherG-line that it uses
to indicateits free buffers. The upstreamrouterscansend
�its to it andarbitratefor freeVCs andbuffersover its G-
lines. Eachdownstreamrouterhasa specialreceiver that
cancount the numberof signalstransmittedon the G-line
that cycle. This Smart-CSMA(S-CSMA) propertyof the
G-linereceiverscanbeusedby thedownstreamrouternode
to calculatehow many of the upstreamnodesarerequest-
ing for its VCs or buffers,andgrant requestsaccordingly.
(Note thatupstreamnodesreserve downstreambuffersbe-
fore transmitting�its becausedroppingof �its is not per-
mitted).

Figure7: VC andBuffer signalingEachpair of G-lines(onefor buffers
andonefor VCs) is staticallyassignedto onenode. This nodecanonly
receive �its from its upstreamnodes.For example,core5 transmitson its
buffer line if its hasafreebuffer, andall its upstreamnodessnooptheline.
Thentheupstreamnodes(core 0 to core 4) canall placerequestsfor the
buffersof core5 by transmittingonthisline. Core5 receivesandperforms
S-CSMAto calculatethenumberof requests

4.2 V C and Bu�er Signaling

Wenow explainthebuffer andVC signalingfor onepar-
ticular downstreamrouter, for examplecore5, without loss

of generality. Figure7 illustratesthis scenario.All theup-
streamroutersof core5 in theW-E direction,namelycore0
to core4, areallowedto send�its to it via the5-hopto 1-hop
EVCsrespectively. Thedownstreamnodeandtheupstream
nodesareallowedto transmiton theG-line every alternate
cycle. For instance,to signalfor free buffers,core5 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 requeston this G-line. The receiver of core5 per-
formsS-CSMA to calculatehow many coreswant to send
�its to it, decreasingits freebuffer countaccordingly(im-
plying the reservation of buffers for the �its that will ar-
rive from the requestingupstreamnodes). The nodethen
transmitsa count of the numberof requestsit grantedto
its upstreamnodes,via normalwires. Eachupstreamnode
then receivesthe message,checkingif it had issueda re-
questto core5. If no, it forwardsit upstream. If yes, it
decrementsthis countandagainforwardsthe�it upstream.
It alsosignalsto its switchallocatorthat thebuffer request
wasgranted,andthatthe�it canproceed.

In casethenumberof requestsat thedownstreamnode
core5 aregreaterthan the numberof free buffers that are
available, the numberof requestsgrantedis equal to the
numberof freebuffers. Thefreebuffer countis thusmade
zeroandcore5 doesnot transmita 1 on its buffer G-line in
thenext cycle. Thecountof thenumberof requestsgranted
is againforwardedupstreamusing the normal wires. As
this countpropagatesupstream,the requestingnodeskeep
decrementingthevalue.Thus,if a nodereceivesthis count
as0, it knows that its requestwasnot grantedandplacesa
new requestoncecore5 transmitsa 1 again. core5 mean-
while keepsupdatingits free buffer count as �its leave,
transmittinga 1 onceit hasevenonefreebuffer.

VC signalingworks in thesamemanner. In thegeneral
scenariowherethereare enoughbuffers and VCs, core5

transmitsa 1 on its G-lineseveryalternatecycle while past
requestsby the upstreamnodesget grantedby the normal
wires.Thusmultiplerequestsfor buffersandEVCsatcore5
canpotentiallybegrantedeveryalternatecycle.



4.3 TX and RX operation

It shouldbenotedthat thenumberof upstreamnodesis
differentfor eachdownstreamnode. For instance,the up-
streamnodesin the W-E direction for core6 arecore0 to
core5, for core5 are core0 to core4, for core4 are core0
to core3, 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 andVC signaling). Therefore,the total numberof
G-line transmittersper direction is 42. We observed that
multiple upstreamnodescanrequestfor EVCsandbuffers
at the samedownstreamnodein onecycle. However, an
upstreamnodeis notallowedto sendbuffer/VC requeststo
multiple nodesin the samecycle. When the downstream
nodestransmitbuffer/VC availability ontheir respectiveG-
linesevery alternatecycle, no upstreamnodeis allowedto
transmitarequestonthatparticularG-line. Thismeansthat
in every cycle, only a maximumof 12 transmissionscan
occuron a G-linesper row per direction,during the situ-
ation when all nodestransmit. Thesetransmissionsmay
be the downstreamnodessignalingbuffer/VC availability
or upstreamnodestransmittingrequestsin alternatecycles.
Thusthe total numberof active transmittersin every cycle
is 12=42= 28:5%.

Analogousto the transmitterscalculation,thereare 42
G-line receiversper row per direction. However, the up-
streamreceivers 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 upstreamnodes(every alternatecycle), only the
downstreamroutershave active receivers. Thus thereare
12 active receiversin this cycle. However, thesereceivers
are the S-CSMA receivers,which aremorecomplex than
thenormalupstreamreceivers. The receiver for core6 has
to performa 6-countS-CSMA (ascore0 to core5 canall
betransmitting,suchthatthereceiverneedsto calculatethe
numberof transmissions),while the receiver for core5 has
to perform a 5-level S-CSMA, and so on. Thus eachre-
ceiver is not of the samecomplexity. Theseestimatesof
themaximumpossibletransmittersandreceiversactiveev-
ery cycle hasbeentakeninto accountwhencalculatingthe
G-lineTX/RX power.

4.4 Bu�er signaling optimization

An extra optimizationaddedis that for EVCs lessthan
or equal to length 3, in addition to the G-line basedsig-
naling,we usetraditionalthresholdbasedon-off signaling
asdescribedin [4]. This is addedto decreasestarvationof
neighboringnodesdueto thelongEVCs.Whenthenumber
of buffers goesbelow the threshold,EVCs switch off like
theconventionaldesignexceptthatG-linesignalingcontin-
uesuntil no buffer is available. This hybrid �o w control
schemeusingG-linesin conjunctionwith thenormalwires

ensuresthat this new implementationwill achieve at least
thebaselineEVC performance.

Like the original EVC scheme,we have assumedboth
a free pool anda reservedpool of buffers, the latter being
usedfor deadlockavoidance. Starvation signalingis also
implementedsimilar to theoriginal EVC scheme.Thesig-
nalingof freereservedslots,aswell asstarvation,canpro-
ceedhop-by-hopusingnormalwires.

5 Results

In this section,we presenta limit studyevaluatingthe
potentialof NOCHI-based�o w controlfor EVCs.Thenet-
work performancewas evaluatedusing an in-housecom-
mercialcycle-accuratesimulatorthat modelsall the major
componentsof the routerpipelineat clock granularity. Ta-
ble1 presentsthemicroarchitectureandprocessparameters
usedin this study. Routerpower wascalculatedbasedon
extrapolationsfrom [8] for our designpoint. We compare
NOCHI-EVC with a baselineaggressive EVC designde-
scribedin [16] usingsynthetictraf�c. In our results,satu-
rationthroughputis chosento bethepoint at which packet
latency becomesthreetimestheno-loadlatency.

Table1: Processandnetwork parameters
Technology 65nm

Vdd 1 V
Vthr eshold 0.17V
Frequency 2.5GH z
Topology 7-ary2-mesh
Routing Dimension-ordered(DOR)

Numberof routerports 5
VCs perport 8

Flit size/channelwidth (cw idth ) 128bits
Link length 1 mm

Wire pitch (Wpitch ) 0.45�m
EVC-specificparameters

EVC pipeline aggressive expresspipeline
lmax 3

NVCs perport 2
EVCsperport 6

Global interconnectcircuit parameters
differentialpair area 5�m 2

capacitive-feedforward inverterpower (TX) 0.6mW
offset-canceledquantizerpower (RX) 0.4mW
7mm-wirepulse-propagationlatency 192ps

5.1 Assumptions in design

For our evaluations,we have madecertainassumptions
aboutthe �o w-control designto estimatethe potentialof
ourscheme,whicharecurrentlynotsupportedby theactual
design.For buffer signaling,we assumethatthefree-buffer
signalingby the downstreamnode,andthe arbitrationfor
thesebuffersby theupstreamnodeshappenswithin acycle.
In caseof contentionfor thebuffers(i.e. thenumberof re-
questsbeinggreaterthanthenumberof freebuffers),there
is a staticpriority: therequestingnodethat is farthestfrom



thedownstreamnodehasthe highestpriority for gettinga
buffer, thenthe next farthest,andso on. Thusthereis no
conservative buffer managementandan ON signalcanbe
sentover theT-line evenif thereis just onebuffer left. The
situationis similar for theVC allocation.Thenodesgetthe
updatedfreeVC informationeverycycleandallocateEVCs
accordingly. Multiple nodescanthusgetEVCsto thesame
nodeevery cycle. In caseof contention,the samepriority
schemeis followed like the buffers whereinthe upstream
nodesthatarefarthesthave thehighestpriority.

5.2 Synthetic tra�c

We usedboth uniform randomtraf�c (in which each
node sendspackets to randomly chosendestinations)as
well as tornadotraf�c (in which eachnodesendspackets
halfway aroundthemeshalongtheX-dimension)to evalu-
ateNOCHI-EVC.Thelower averagehopcountalongeach
dimensionin uniformrandomtraf�c ledto lessutilizationof
long expresspaths,resultingin almostsimilar performance
for bothNOCHI-EVCandconventionalEVC.

On the otherhand,for tornadotraf�c in which packets
needto travel more hopsalong a dimension,the utiliza-
tion of longerexpresspathsis high leadingto a signi�cant
performancegain. Fig 8 plots �it latency asa function of
network loadfor tornadotraf�c for bothNOCHI-EVC and
EVC assumingthe sameamountof buffering (25 buffers
perport). As shown, NOCHI-EVCis ableto reducelatency
by 44%neartheEVC saturationpointand9.4%atno-load.
This is mainly due to enablingof longerexpresspathsin
NOCHI-EVC which allow packetsto bypass53.7%of the
routersalongtheir pathon averageascomparedto 41.3%
in thebaselineEVC case.

For the samesaturationthroughput,NOCHI-EVC re-
quiressigni�cantly fewer buffersthanEVC. Speci�cally, a
NOCHI designwith 15 buffers per port exhibits the same
saturationthroughputasanEVC designwith 25buffersper
port. To evaluatethereductionin buffer powerasaresultof
this,we usedextrapolateddatabasedon theIntel Tera�ops
NoC router [8]. Speci�cally, the routerpower of 924mW
at 5GHzreportedin [8] was�rst scaleddown to 2.5GHzat
1.0V, deriving a routerpower of 500mW. Thereare16 38-
bit widebuffersperlaneand2 lanesperportin theTera�ops
router, giving atotalof 6080buffer bit cellsperrouter, with
thesebuffersconsuming22%of thetotal routerpower. As-
suming60% of the total power beingdynamicpower, the
powerperbuffer cell is 0.0108mW. With NOCHI leadingto
a reductionof 10 buffersperport ascomparedto EVC and
packetsbypassing12.4%morenodesonaverage,this leads
to a dynamicbuffer power reductionof 8.3mWper router.
Similarly, assuming40%of thetotal power beingleakage,
a reductionof 10buffersperport resultsin abuffer leakage
power reductionof 46.3mWper router. Thus, the reduc-
tion in buffer powerfor NOCHI-EVCis 54.6mWperrouter
(2.67Wfor theentire49-nodenetwork) or 29.2%over the
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Figure8: Network latency

conventionalEVC design.However, ourcircuit-level simu-
lationsshow theG-linesdescribedin Section2 consumea
total of 0.67W. Hence,thenetpower reductionof NOCHI-
EVC overEVC is 2W or 8.2%of thetotalnetwork power.

5.3 G-Line Net work Power Calculation

Our initial circuit design, which we later abandoned,
usedon-die 50
 transmissionlines, with 10� m differen-
tial wire pitch (2.5� m width, 2.5� m spacing). While the
transmissionline exhibited a near-speed-of-light10ps/mm
phasevelocity, a critical problemwas the seriesDC wire
resistance.For a 7mmlong wire, theseriesresistancewas
on orderof the characteristicimpedance,resultingin sig-
ni�cant signalattenuation.This seriesresistance,coupled
with the low impedanceattainedon-die, resultedin very
large currentdissipationof 5mA/transmitter. In addition,
theseriesresistancemeantthat it would bedif�cult to dis-
tinguishtheexactnumberof TXs thatweresimultaneously
transmitting.

Fortunately, the proposed forward-C capacitive
transceiver exhibits little power, since the global in-
terconnectswing is reducedby a factor of 8 � 10. In
addition, no static power is consumedusing the G-Line
circuit. With a simulated0.6mW/transmitter, and a total
334 of TXs operatingat one time, the total chip transmit
power is 0.2W. The receiver power consistsof the switch-
ing power to quantizea small differential input voltage.
The speedand power of suchquantizersscalewell with
CMOS processscaling, such that in our 65nm CMOS
process,quantizationpower (including clock power) is
0.4mW/receiver. This quantizerpower is thesamewhether
for a 1-bit receive or for a 1-level decisionwithin oneof
the S-CSMA analog-to-digitalconverters. With a total of
1176quantizersoperatingon a given cycle, the total chip
RX power is 0.47W. In summary, the entirepower for the
boththeTXs andtheRXs is 0.67W.



6 RelatedWork

6.1 Net work 
o w control techniques that
leverage advanced in terconnects

Flow control, themechanismthatallocatesresourcesto
packetswithin the network, is a key determinantof com-
municationenergy/delayaswell asnetwork throughput.As
a result, therehasbeena vast body of work in the past.
Here,we will focusspeci�cally on thosethat leveragead-
vancedinterconnectcircuits. It shouldbe noted, though,
that thebaselinerouterwhich we useasa comparisontar-
get in all experimentsalreadyincorporatesmany recently
proposedtechniquesfor improving network energy-delay,
such as speculation[20, 23], bypassing[19], lookahead
pipelines[6, 15], simpli�ed virtual-channelallocation[15],
and lookaheadrouting [5]. All thesetechniquesdrive to-
wardsultra-low routerlatency, but they only succeedin by-
passingthepipelineat low loads,performingpoorly when
network contentionis high. Expressvirtual channels[16],
however, bypassestherouterpipelineatall traf�c loads.G-
lineEVCsthusenablebypassingatall loads,loweringdelay
anddynamicenergy at all loads,aswell asleakageenergy
dueto thereductionin buffer count.

The most relevant work is that by Kim and Sto-
janovic [13], who modeled the use of equalization in
on-chip interconnectsand investigated the impact of
suchequalizedinterconnectson on-chipnetwork designs,
throughincorporatingdetailedmodelsof theinterconnectin
adesign-spaceexplorationframework of on-chipnetworks.
Thestudy, however, focuseson exploring existing on-chip
network topologies,while our work extendsandmodi�es
�o w control (EVCs) in orderto leveragetransmissionline
characteristics.Another �o w control techniquethat is co-
designedwith interconnectsis �it-reservation �o w con-
trol [22]. Here, no sophisticatedinterconnectcircuits is
used;this work just harnessesthe fasteruppermetalwires
for sendingcontrol�its outin advancetoscheduleresources
for subsequentdata�its, sodata�its canzoomthroughthe
pipelinewhenthey arrive. However, it needslargereserva-
tion tablesanda complex routermicroarchitecture.More
disruptive interconnecttechnologieshave beenexploredin
conjunctionwith on-chip network designs:On-chip pho-
tonics[14, 24] andRF interconnects[2] both enablevery
high bandwidthglobal communications,mandatinga re-
thinkingof on-chipnetwork designs.In contrast,theG-line
interconnectexploredin thispaperis anearer-termtechnol-
ogythatcanbereadilyfabricatedin today'sVLSI technolo-
gies. Another importantdifferenceof our approachis the
useof atwo-planenetwork wherethecircuitsareoptimized
separatelyfor controlanddatatransfer.

6.2 Related work with global in terconnect
circuits

A numberof papersshow thepotentialfor communicat-
ing at thespeed-of-lightacrossseveralmillimetersona sil-
icon substrate.Chang[3] and[11, 10] showedearlypoint-
to-point circuits that allowed for transmission-line,wave-
likevelocityfor 10mmof interconnect.While transmission-
line circuits achieve 10PBS/mmspeedin silicon dioxide,
theseimplementationssuffer from two maindisadvantages.
First, area per differential pair is quite large–for exam-
ple, in [11], a singledifferentialpair with width=8� m and
spacing=4� m would yield a 32� m per transmission-line
pitch. Second,powerconsumptionis still verylarge,greater
than2mW/Gbps,or 8� morepower thana normalinverter
repeater[21]. Evenworse,dueto theuseof current-mode
signaling,signi�cant staticpower consumptionexistseven
with little activity factor. Reductionin staticcurrentcon-
sumptioncan be achieved if the characteristicimpedance
canbeincreased.However, it is dif�cult to obtaintransmis-
sionline impedancesgreaterthan80
 in astandardCMOS
processbecauseadjacentmetallayersarein closeproxim-
ity, increasingcapacitanceandpreventinglargeinductance.
This requirementfor keepingtheinductancelargealsopre-
ventstransmissionlinesfrom beingroutedoverothermetal
or transistorlayers,sincetheselower level layersincrease
the capacitance.Therefore,the ability integratea useful
numberof thesetransmissionlinesonasinglediebecomes
limited.

While thepreviousworksaboveillustratepoint-to-point,
speed-of-lightcapability, recentwork by Ito, et al. [9], en-
ablebothlow-latency andmulti-dropability on a transmis-
sionline with low-powerdissipationof 1.2mW/transceiver.
While this work still exhibits integration density issues
(greaterthan 20� m per transmission-line,with no allow-
ablewiring metallayersbelow), it suggestedthatbroadcast,
multi-drop,bidirectionalability is achievablefor network-
on-a-chipapplications. However, while this work allows
for multi-drop ability, thesecircuits do not show a way to
arbitrateor schedulesuchinformation.

Recently, it has been shown that a capacitive feed-
forward method of global interconnect[7, 18] achieves
nearly single-cycle delay for long RC wires, but with
voltage-modesignaling.By usinga simpleinverterdriving
a feed-forwardcapacitance,voltagegaincanbeexchanged
for bandwidth.For example,assuminga1V supplyvoltage,
addinga feed-forwardcapacitor1/10thesizeof theglobal
interconnectcapacitancereducesthevoltageswingby 10x
but also increasesthe bandwidthby 10x. Becausethese
wiresareinherentlystill capacitive, they relax thedif�cult
constraintsof requiringlargeinductance,resultingin higher
signaldensityaswell asenablingmetallayersto berouted
underneath.In addition, the useof voltage-modedriving
eliminatesthe problemof staticpower dissipationassoci-
atedwith current-modesignaling.OurproposedG-Linecir-



cuitsusethistypeof bandwidthextensiontechnique,but ex-
tendthis furtherwith theconceptsof multi-dropconnectiv-
ity andS-CSMAcollisiondetectionandmeasurementtech-
niques.

7 Conclusions

In this paper, we have motivatedone potentialuseof
NoCs with hybrid interconnects(NOCHI), where ultra-
fast,low-swing,multi-dropinterconnectsareusedto enable
long EVCs, enablingpackets to bypassmost intermediate
routerson their way from sourceto destination. Bypass-
ing routerslowerslatency (obviatestheneedto traversethe
pipeline),andpushesthroughput(ascontentionat interme-
diateroutersis removed). Bypassingalsosavespower in
two ways: (1) saving thedynamicpower incurredin buffer
access;and(2) reducingthe numberof buffers neededto
sustaina speci�c bandwidth level, thereby reducing the
buffer leakagepower. Our preliminaryinvestigationsshow
thatusingthisNOCHI approachwith EVCscanleadto sig-
ni�cant latency and throughputbene�ts, aswell aspower
savings.
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