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Abstract—
This paper describes an investigation of potential ad-

vantagesand pitfalls of applying an asynchronous design
methodology to an advanced microprocessorarchitecture.
A prototype complex instruction set length decoding and
steering unit1 was implemented using self-timed circuits.
The prototype chip was fabricated on a 0.25µ CMOS pro-
cessand tested successfully. Results show significant ad-
vantages– in particular , performanceof 2.5–4.5instructions
per nanosecond– with manageablerisks using this design
technology. The prototypeachievesthr eetimesthe thr ough-
put and half the latency, dissipating only half the power
and requiring about the samearea as the fastestcommer-
cial 400MHz clockedcircuit fabricated on the sameprocess.

Keywords— Asynchronousdesign, instruction length de-
coding, relative timing, self-timed,pulsedlogic, domino cir-
cuits, self-reset logic, handshake protocols, asynchronous
testability, asynchronousdebugging.

I . INTRODUCTION

The objective of this researchwas to demonstratethe
ability to designhigh-speedasynchronouscircuits[1] asa
potentialsolutionfor microprocessordesignif andwhen
clockeddesignbecomestooexpensive.

We have designedan asynchronousversionof the in-
structionlengthdecoderof acommercial400MHzclocked
processor[2].For fair comparison,theprototypewasim-
plementedonthesame0.25µ 6 metallayerCMOSprocess
as the commercialprocessor. The asynchronousimple-
mentationachievedahigherperformanceat lower power.

The microarchitectureandcircuits of the two designs,
while achieving thesamefunctionality, weresubstantially
different. The asynchronousarchitectureexploits multi-
ple interrelated,data-dependentfrequency domainsand
pipeliningtechniquesthatmatcha particularproblemand
dataratherthana chip-wideconstraint.For example,the

1The RAPPID (“Revolving AsynchronousPentiumR
�

ProcessorIn-
structionDecoder”)designimplementedthecompletePentiumII R

�
32-

bit MMX instructionset.

prototypecircuit combinesthreedomainsoperatingat av-
erageratesof 3.6GHz,900MHz,and700MHz.

Our asynchronouscircuit design employs a novel
methodologywhich adds static timing information to
handshaking[3]. This enablessmaller, more testable,
faster, and lower power circuits. However, it introduces
apotentialproblemof increasedfailurerateif timing mar-
ginsaretight. Thisdifficulty canbeaddressedin thefuture
with betterdesignand verification tools [4]. The asyn-
chronousprototypedesignusesstatic and domino gates
from a standardsynchronouslibrary, with a few custom
circuits,suchasC-elements[5].

The designwas motivatedby the observation that in-
structionlengthdecodingcouldposea bottleneckin vari-
able length instructionset architectures.As reportedin
[6], our analysisof the variablelengthinstructionsetre-
vealedtwo principal findings(Figure1): First, the aver-
ageinstructionlengthis aboutthreebytes,andinstructions
longerthansevenbytesarerare.Second,very few instruc-
tion typesareusedfrequently. The asynchronousdesign
exploits thesefindings.

In therestof thispaperwepresentthemicroarchitecture
andcircuits, explain the circuit designmethodology, and
comparethe prototypeto a contemporaryclocked com-
mercialcircuit.

I I . M ICROARCHITECTURE AND BASIC OPERATION

TheDecodingandSteeringUnit (DU) receives16-byte
wide instructioncachelines at its input, extractsthe in-
structions,andplaceseachinstructionseparatelyinto out-
put buffers.Thecorecomprisesthreestages– aByteUnit
(BU), Tag Unit (TU), andinstructionSteeringSwitch (SS),
asshown in Figure2. The Byte Unit receivesa sixteen-
byte cacheline andspeculatively decodes16 instruction
lengthsin parallel,assumingthat eachbyte startsa new
instruction.TheTagUnit in thefirst byteof aninstruction
passesa “tag” downstreamto thefirst byteof thenext in-
struction.TheSteeringSwitchroutesinstructionson four
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Fig. 1. Instructionsetstatistics;bar graphsshow relative dy-
namicfrequenciesandline graphsindicatecumulative fre-
quencies.

separate62-bit crossbarchannelsto the output. The Tag
Units arereplicatedwith the four steeringswitches.This
distributedtaggingandswitchingcircuit with 16 columns
and4 rowsis connectedin a torusthatpacksthebytesinto
instructionsandsteerstheminto fouroutputbuffers.These
dimensionsaredesignedto balancetheaveragecomputa-
tion rates.

A. TheinputFIFO

The Input FIFO (IF) holds32 16-bytewide instruction
cachelines. The FIFO is an instructiondelivery mech-
anismdesignedto operatefasterthan the Decodingand
SteeringUnit (DU). UnbiasedmaximumDU performance
can be measuredby keepinginstructiondelivery off the
critical path.

The asynchronousFIFO is designedto mimic the mi-
croprocessorinstructiondelivery mechanismandto aid in
evaluatingtheDU. Eachinstructionbytein theFIFOcon-
tains threeadditionalbits derived from the BTB (branch
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Fig. 3. Onecell of theFIFO implementation.Thetwo gateson
the left areC-Elements,andon the right aremultiplexors.
Thedesignof thesegatesareshown in Figure4.

targetbuffer) information.Onebit eachindicateswhether
this byte is used(U), whetherit is the first byteof a pre-
dicted taken branchinstruction(B), and whetherit is a
branchtarget(T). If acacheline containsapredictedtaken
branch,theB bit will besetandthebytesfollowing theend
of thebranchinstructionupto theendof thecacheline are
markedasunused;thereforetheir U bits arecleared.The
U bitsarealsoclearedfromthebeginningof thenext cache
line up to the bytecontainingthe branchtarget bytewith
bit T set. A target bit T will be setin the first cacheline
following reset.

Datain theInputFIFOcanberecirculatedsothatacon-
tinuous,but repetitive, streamof cachelines canbe sup-
plied to thecore.Thecontinuousoperationis essentialfor
performanceandpower measurements.A secondrepeti-
tive modeexists wherethe cacheline at the headof the
FIFO is repetitively presentedto theDU.

The FIFO is loadedserially through a scanregister.
Oncethe FIFO is filled, the decoderreadslines from the
FIFO.Every bytein theIF is controlledseparately, sothe
IF effectively consistsof sixteenseparate11-bit widepar-
allel FIFO’s. This structureallows the individual bytesto
be transferredto theDU whenneeded,without having to
wait for theDU to acceptthenext line in full. TheIF is im-
plementedasaSutherlandMicropipelinewherethedesign
of eachstageis shown in Figures3 and4.

B. TheLengthDecodingandSteeringUnit

Thecoreof theasynchronouscircuit is theLengthDe-
codingandSteeringUnit. The DU consistsof 16 identi-
cal blocks,or columns,onefor eachinput byte,andfour
outputbuffers.Eachcolumnconsistsof aByteUnit, com-
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Fig. 2. Microarchitecture.
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Fig. 4. C-Elementandmultiplexor circuits in the FIFO. The
outputof the C-elementraiseswhenboth inputsraise,and
lowerswhenboth inputs lower. This is a dynamicimple-
mentationthatrequiresa weekkeeper.

prisingtheByteLatch,ByteControl,andLengthDecoder,
andfour identicalTag Units andSteeringSwitches.The
LengthDecoderimplementationis optimizedfor common
instructions,suchthat length decodingfor commonop-
codesis fasterthanfor rareones[6]. The TU’s andSS’s
arearrangedin 16columnsandfour rows,wrappedaround
in a torus. The horizontaltoroidal wrap ensuresthat in-
structionsform differentcachelines arecorrectlypacked
into the outputbuffers. EachSSin the four rows is con-
nectedto an outputbuffer. Eachline is implementedas
distributedself-resettingpulseddominoNOR gatedriven
andenabledby thedatalocationin eachcolumnandrow.

Eachcolumnreceivesabytefrom its line of theinstruc-

tion cacheattheheadof theIF, latchesit in theByteLatch,
andperformsa speculative lengthdecodingassumingthat
an instructionstartsat that byte. EachTU waits for the
following threeeventsto occur(SeeFigure9):

1. TagIn: A tag arrives from one of the neighboring
columnsupstream,indicatingthat this is the first byte of
aninstruction.
2. InstRdy: Lengthcalculationfor thecolumnis com-
pletedand the instructionis ready, meaningthat all the
instructionbytesarereadyin theirByteLatches.
3. SSRdy: TheSteeringSwitchof therow is readyto is-
sueanew instruction.

If all threeof theseeventsoccur, which mayhappenin
any order, theTU performsthefollowing threeoperations
in parallel:

1. A tag is sentto the TU in the columnof the next in-
struction’s first bytein thenext row.
2. Transfersthe instructionbytes,along with additional
information on the length and prefixes, to its row’s SS,
which in turn forwardsthemto theoutputbuffer.
3. NotifiestheBU’s in its columnthattheinstructiondata
hasbeentransferredfrom theByteLatchto theSS.

That is, once the (speculative) length calculationhas
beencompletedat the column receiving the tag and the
SSin therow of thereceiving TU is ready(InstRdy and
SSRdy have beenasserted),the next taggedTU canim-
mediatelyperformtheabove threeoperations.
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Fig. 5. ComputationCyclesandExecutionRates.

When a BU is notified by one of its four TU’s that
the instructionhasbeentransferredto the SS (operation
3 above), it opensits Byte Latch,which permitsdecoding
of the next instructionto begin if it is available. The BU
alsonotifiestheotherBU’scontainingtheremainingbytes
of this instructionthat they mayopentheir Byte Latches.
In this way, the lengthdecoding(which is a long latency
operation)of bytesfrom thenext cacheline startsassoon
asthebytesfrom thepreviousline have beenconsumed.

B.1 BalancedDesign

The columnsandrows arearrangedin a torus. Hence
eachrow is a ring aroundthat torus. As the tag wraps
aroundthetorusandcrossesfrom column15 backto col-
umn 0, it falls to the next row. TU’s in the fourth row
sendthe tag to thefirst row. Theoperationwould bebal-
ancedif thetaggedcolumnhaddecodedthelengthof the
instructionby the time the tagarrives. Similarly, thecor-
respondingSS would have had to completethe transfer
of the previous instructionbeforethe tag arrives. Thus,
in a perfectlybalancedsituation,theTagIn, InstRdy,
andSSRdy eventswould occursimultaneously. Unfortu-
nately, this is not always the casebecausethe latency of
lengthdecodingdependson the opcode,andspecialcase
handlingof branches,long instructionsandprefixesincurs
a longerlatency.

Thefollowing exampledemonstratesthepathof thetag
throughtheTU’s, assuminga sequenceof 3-bytelong in-
structions,asshown by thearrows in Figure2: Column0
row 0 � column3 row 1 � column6 row 2 � column9

row 3 � column12row 0 � column15row 1 � column
2 row 2 � . . .

Operationof theasynchronouscircuit consistsof inde-
pendentself-timedcycles. Themajorcyclesare(seeFig-
ure5):� Thelengthdecodingand instructionreadycycle. This
cycle acceptsa byte from the IF, decodesthe instruction
length(asall necessarybytesbecomeavailable),andgen-
eratesthe InstructionReadyflag (basedon thecalculated
lengthandthe Byte Readybits from the Byte Latchesof
theremainingbytesin theinstruction).� The steeringlogic cycle. This cycle aligns instruction
bytesfrom theByteLatchesandforwardsthemto theout-
putbuffer over theSS.� Tag cycle. This cycle forwardsthetagto thestartof the
next instruction,andsynchronizestheabove two cycles.

Eachcycle hasits characteristiccycle time that canbe
independentlyoptimized basedon performancetargets.
The lengthdecodingcycle is optimizedfor commonin-
structions[6]. The tag cycle is optimized for common
lengths, as discussedbelow. The steeringlogic cycle
is matchedto the throughputand latency of the output
buffers.Wecancomposethesecycles,usingasynchronous
protocols,in a scalablefashionto achieve the target sys-
temperformance.This architectureis scalablein boththe
horizontal(length decodingcycle) and vertical (steering
logic cycle)dimensions.Wecanincreasetheperformance
throughadditionalparallelism(andarea)by addingrows
andcolumnsto achieve thetargetperformance.

Eachcycle is balancedif its functioncanbecompleted
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justbeforeits resultsarerequired.Thecycle timesarede-
terminedby thescaleandwrap factors.Assuminganav-
erageinstructionlengthof three,each16-bytecacheline
holdsaboutfive instructions.Thereforethe lengthdecod-
ing andtagcyclesarebalancedif theTagIn to TagOut
latency is one fifth of the decodinglatency. The SS la-
tency is four timesthetagcycle latency, hencetheTU and
SSrows arescaledto four instancesto keepthe steering
logic cyclebalancedrelative to theothertwo. TheTagIn
to TagOut latency is thecritical pathandreceive thepri-
maryfocusin thedesign;theothertwo cycleswerescaled
to matchthe averagetag cycle time. Balancingpipelines
with significantvariationin responsetime, asis the case
with this design,can be difficult [7]. We have recently
developeda stochasticperformanceanalysistool thatcan
help further optimizethe designby consideringsynchro-
nizationpoint locationsanddelaydistributions[8].

Thesethreeintertwinedcyclesdemonstrateoneadvan-
tageof the asynchronoussolution. The tag cycle oper-
atesat an averagerateof 3.6 GIPS(closeto 4.5 GIPSin
someof thetests,asreportedbelow), consumingon aver-
age720M cachelines persecond.Lines with fewer than
five instructions(averagelengthgreaterthanthreebytes)
are consumedfaster, whereaslines with more than five
(shorter)instructionsare consumedslower. The tag cy-
cle, being the centralpoint of gatheringand distributing
instructions,is theperformance-criticalcomponentin this
architecture.The steeringlogic cyclesareshieldedfrom
variationsin thelengthdecodingcycle by thetagcycle.

TheLengthDecoderis optimizedfor commonopcodes.
Our benchmarkanalysisindicatesthat15%of theopcode
types are used90% of the time (seeFigure 1). Asyn-
chronouscircuits canbe optimizedfor the commoncase
asshown in Figure6. The lengthdecodingfor common
opcodesis doneusingdominologic; furthermore,thede-
codingof the mostcommonopcodesis pushedcloserto
the outputs[6] asshown in Figure7. Rareopcodesare
decodedusing a NOR-NOR PLA. Figure 7 shows opti-
mizationfor the commoncase.Notice how the common
signalsl1-4 andl1-5 skip directly to the front of the
one-hotdecoder.

(a)
2%
8%
90%

(b)
2%
8%
90%

Fig.6. Averagedelayoptimizationfor thecommoncase.Inputs
labeledby probability. Circuit (b) speedsup the average
delayby optimizingthecommoninputsignalat theexpense
of thelesscommonsignals.
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for clarity. Gateswith inputson the top arefooteddomino
gates,this inputbeingthe“clock” or resetsignal.

B.2 HandlingLong Instructions

The Decodingand SteeringUnit is optimizedfor in-
structionsup to sevenbyteslong, which constitute99.8%
of thecases.Longerinstructions(up to 11bytes)arehan-
dled througha separate,slower protocol. Thus,eachTag
Unit candirectly tagthesevenTU’s in sevenneighboring
columnsdownstreamin thenext row down, andbetagged
by any of thesevenTU’sin thesevenneighboringcolumns
upstreamin thepreviousrow up. Thetagsaresentvia ded-
icatedpoint-to-pointlines.Thereareseventaglinesat the
inputandoutputof eachTU.

Instructionslonger thanseven bytesare transferredto
two SteeringSwitchesandoutputbuffers in two consec-
utive rows. The first four bytes(head)of the instruction
aretransferredto theSSin therow containingthe tagged
TU for theinstruction’s first byte,andtheremainingbytes
(tail) aretransferredto theSSin thenext row down.

If the calculatedlengthis greaterthanseven, the Byte
Unit waits for a tag to arrive. If this column is tagged,
theBU signalsthecolumncontainingthefifth byteof the
instructionthat it holds the first byte of the instruction’s
tail. Thelengthof theinstructionis alsopassedto thefifth
columnthroughthreededicatedlines.Thefifth byte’s BU
modifiesits length to 4, 5, 6, or 7 (for total instruction
lengthof 8, 9, 10, or 11, respectively) andsendsan ac-
knowledgmentto thefirst byte’s column. Uponreceiving
this acknowledgment,thefirst byte’s columnmodifiesits
LengthDecoder’s output to four. The taggedTU in that
columnthenoperatesasif theinstructionlengthwerefour.
Thefirst four bytesof theinstructionaretransferredto the
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SS(togetherwith anindicationthatit is theheadof a long
instruction),andthetagis sentto theTU in thefifth byte’s
column, in the next row down. The fifth byte’s column
operatesasif it werethe first byte of a short instruction.
It transfersthe tail to the SSin the taggedTU’s row, and
sendsthetagto thefirst byteof thenext instruction.

Instruction prefix bytes, including length-modifying
prefixes,arehandledin asimilarmanner.

B.3 HandlingBranchInstructions

Whenacacheline containsapredictedtakenbranchin-
struction,the tag shouldbe routedfrom the Tag Unit of
thebranchinstruction’s first byte to theTU of thebranch
target’s first byte. The target always residesin the next
cacheline (sincethefetchunit is designedto fetchthetar-
getcacheline of predictedtakenbranches),sothebytesin
betweenthebranchandthetargetinstructionareskipped.

Thefirst bytesof thebranchandtarget instructionsare
marked in theInput FIFO with B andT bits, respectively,
andtheunusedbytesin betweenthebranchandtarget in-
structionshave their used(U) bits reset.TheB andT bits
from the Byte Latch are routedto all four TU’s in that
column. Whena branchinstructionis tagged,the corre-
spondingTU foregoesforwardingthe tag to thefirst byte
following its lengthsincethat byte may not be the start
of the target instruction. Instead,BranchTagIn is sent
to the next row that assertstheinject signalasshown
in Figure8. Eachrow hasa local inject signalthat is
routedto all TU’s in thatrow. Thecolumn’s T bit will as-
serttheBranchTarget signal. Whena row’sinject
signalanda column’s T bit arebothasserted,the branch
tagis generatedfor thatTU andtherow’sinject signal
is de-asserted.This mechanismforwardsthetagfrom the
branchto thetargetinstructionwithout taggingintermedi-
atebytes.Fromthatpointonward,theoperationcontinues
normally.

Logic decodingtheB, T, andU bits is not implemented
in theprototype.They aresuppliedpre-decodedin theIF.

I I I . DECODER CIRCUITS

We briefly describetwo principal circuits in the proto-
type. The TagUnit circuit demonstratesthe useof pulse
logic and reducedhandshake, whereasthe Byte Control
circuit provides someinsight into the complexity of the
design.

A. TheTag Unit circuit

TheTagUnit (TU) is responsiblefor transferringthetag
from thecolumncontainingthefirst byteof aninstruction
to thecolumncontainingthefirst byteof thenext instruc-
tion. TherearesevenTagIn inputsto eachTU, andseven
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��� 	 � �� � 	 � �� � 	
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Fig. 8. Branchcontrol circuitry, labeledfor row 0 column0.
Interactionwith theTagUnit Circuit shown.
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��
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�����
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Fig. 9. TagUnit Circuit (Simplifiedfor clarity. Branchcontrol
circuitry shown in Figure8.)

TagOut outputs(Figure9). Additionally, specialTagIn
andTagOut linesareusedfor branchhandling.

Transferring the tag to the next TU involves a
full request-acknowledge handshake cycle if a speed-
independentprotocolwereused[9]. That would require
a TagOutAck acknowledgesignalfor eachof the seven
TagOut outputs.Sucha structurewill significantlycom-
plicateandslow down theTU logic andwiring. In order
to simplify the implementation,the TagOut signalsare
implementedasself-timedpulses, eliminatingtheneedfor
acknowledgmentsignals.However, thepulsedimplemen-
tation is correctonly underthe following timing assump-
tions[10], [3]:� Whena TU sendsthe tag pulseto the next TU, the re-
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ceiving TU is readyto acceptit, i.e. theself-resettingsig-
nalTagArrived (Figure9) is off,� TheTagOut pulseis wideenoughto causeastatetran-
sition in the receiving TU, i.e. theTagArrived signal
becomingasserted,and� The TagOut pulseis narrow enoughso that it is de-
assertedbeforetheTagArrived indicationin thereceiv-
ing TU is de-asserted.

The first assumptionis satisfiedby the microarchitec-
ture. Whena TU sendsthe tag downstream,it resetsits
internalTagArrived line. The next time this TU can
receive a tagis afterthetaghaswrappedaroundthetorus
horizontallyandvertically. Thetagmustmakeat leastfour
hops(over thefour rows)beforereturningto thesameTU.
This delaycanbeguaranteedto belongerthanthetime it
takesto resettheTagArrived line.

Thesecondandthird assumptionsaresatisfiedby care-
ful circuit design. The TagOut outputsare generated
from theTagArrived signal,which is in turn generated
by aself-resettingcircuit.

This timed circuit was“hand-designed”with the Rela-
tive Timing methodology[3] and time-verified with AT-
ACS [11]. Currentadvancesin synthesisallow us to au-
tomaticallysynthesizethis circuit [12]. The circuits im-
plementingthehandshake interfacesbetweentheTU, the
ByteControlandtheSteeringSwitchwerealsooptimized
usingsimilar timedcircuitsandRelative Timing method-
ology.

B. ByteUnit Circuit

TheByteUnit is shown in Figure10. EachByteLatchis
a simpletransparentlatch. Lengthdecodingmayrequire,
for someinstructions,bits from thefollowing threebytes.
In addition,if a length-modifyingprefix byteprecedesthe
instruction,or if thebyteis partof a longinstruction,addi-
tional controlbits from upstreamarerequired.Thelength
decoderproducessevenone-hotencodedlengthbits. The
decoderis implementedasa multistageunfooteddomino
PLA [6].
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The Byte Control FSM (BC) acknowledgesthe IF as
soonasanincomingbyteis latched.If thebyteis marked
unused(the U bit is set), the BC issuesa pulse on the
ByteRdy line. Otherwise,it closesthe latch and initi-
ateslengthdecoding(by assertingthe Latch/Decode
signal),andasserts(non-pulsed)ByteRdy. TheInstruc-
tion ReadyControl(IR) waitsfor boththelocally decoded
length and the ByteRdy signal from L , 1 neighbor-
ing columnsdownstream(for lengthL), beforegenerating
InstRdy for theTU. TheByte Controlcircuit is shown
in Figure11. Many FSMssuchastheByte Controlwere
designedusingthe 3D synthesistool [13], [14] andopti-
mized using the Relative Timing methodology[3]. The
actualcircuitsemploy somepulsedsignaling(TagAck is
pulsed)andpartialhandshakes.

Onceatagarrivesat thecolumn(TagArrived in Fig-
ure 9 is set), the lengthdecoderis notified (this signal is
neededfor handlingprefixedandlong instructions).Fur-
thermore,oncethe tag is sentout (one of the TagOut
signalsin Figure9 is set), implying alsothat all bytesof
the presentinstructionhave beensteeredout throughthe
SteeringSwitch,theAckGenFSM (AG) instructsIR and
BC to get thenew byte. IR thensendsthecorresponding
Preemptsignals(acknowledgingByteRdy)downstreamto
the remainingbytesof the instructionso that the length
decodersfor thesecolumnscanabortandresetuponre-
ceiving thePreemptsignals.

At the (non-first-byte)columnsthat do not receive the
tag,theLD’smayoutputthelengthandtheIR’smaygen-
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Fig. 12. Circuit LayoutPlot (3.1 / 3.5mm).

erateInstRdy. However, assoonasPreempt is received
InstRdy is loweredbeforea tag canarrive at this byte
column. The Length Decoderswill be resetand a new
length calculatedbeforeInstRdy is re-assertedand a
new lengthis generated.

IV. PROTOTYPE TEST RESULTS AND COMPARISONS

Theprototypewasfabricatedin May1998usinga0.25µ
six metal layer flip chip technology. The layout plot is
shown in Figure12, andonly shows the first threelayers
of metalizationso that the circuit structurecan be more
easilyseen.Theprototypewastestedsuccessfully, andthe
resultsareexplainedandanalyzedbelow.

A. Performance

Decodingandsteeringperformanceof thetestchipwas
measuredat 2.5–4.5instructionspernanosecondfor aver-
ageinstructionstreams.This is approximatelythreetimes
the peak performanceof the fastestsynchronousthree-
issueproductin the samefabricationprocessclocked at
400MHz,achieving a peakdecodingandsteeringperfor-
manceof 1.2instructionspernSec.Theasynchronousde-
coder’s performanceis very data-dependent,andthesere-
sultsarevalid for anaverageinstructionstreamcontaining
commoninstructionsof up to sevenbyteslong. Theasyn-
chronousdesignis not optimizedfor uncommoninstruc-
tions,andtheeffectsof rare,long,branchandprefixedin-
structionson performancearenot reported.Note that the
steeringlogic issuesfour instructionstreamsratherthan
three,sothecomparisonis notcompletelyfair.

Performanceof thetestchip is reportedat nominalVcc
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(1.8V) andtemperature(27oC). The prototypewasmea-
suredat varying levelsof Vcc for a subsetof the instruc-
tions, andwasdeterminedto be operationalin the range
1.0–2.0V. Thetestchipswerenot testedabove 2.0V. Note
thatasynchronousprocessoroperatingatafixedclockfre-
quency cantoleratea very narrow rangeof environmental
conditions(e.g.,1.9–2.1Vfor the400MHzprocessor[2]).
A certainmargin is requiredto ensurethat the clocked
circuit operatesacrossthe specifiedrange. However, no
marginsneedbeintroducedinto theasynchronousdesign
sincethecircuitsarenotconstrainedto operateatacertain
frequency. Rather, underunfavorableconditions,suchas
low voltage,theasynchronouscircuit simply slows down.
Thus,our asynchronousprototypecanoperateunderthe
wider rangeof 1.0–2.0V.

The latency from the Byte Latch to the OutputBuffer
for commonlength-two instructionshasbeenfoundto be
only 42% of the 400MHz clocked circuit’s latency. The
main reasonsfor the reducedlatency are the absenceof
clock boundariesat which thefastdatamustwait, andthe
ability to pipelineat frequenciesmatchingdatapathde-
lays. In aclockeddesignwith amultiple issuerateseveral
instructionsaretransferedontheclockedge.Sincethefirst
instructionsbecomesreadybeforethe last (dueto these-
rial natureof lengthdecoding),they mustwait beforethey
aretransferredto thenext pipestage.In theasynchronous
implementation,every instructionis transferredassoonas
it becomesavailableandthetime for which aninstruction
waitsis not frequency-dependent.

Table I containsmeasuredperformancedatafor some
individual instructions. TestsX0-X8 usedifferentmixes
of length-oneandlength-two instructions.Theseninetests
consistof a 16-bytewide cacheline filled with 0 to 8
length-two instructionsfollowedby 16 to 0 length-onein-
structions(testXi consistsof i length-two instructionsfol-
lowed by 16-2i length-oneinstructions). All the length-
two instructionsin the Xi testscould be fully lengthde-
codedusingonly the first byte. Test I0 consistsof eight
length-two instructionscontainingModR/M lengthinfor-
mationin thesecondbyte,complicatinglengthcalculation
[15]. A noiseproblemwith someinstructionsresultedin
a violation of thesetuptime at the lengthdecoderinputs,
so we optedto usea singlecacheline for testingall in-
structions.The singlecacheline is repeatedlyreadfrom
theheadof theinput FIFO,keepingtheFIFO loop off the
critical path.

Themeasuredperformancenumberswerecomparedto
thoseobtainedwith theCOSMOSswitch-level, unit-delay
simulator[16], andfoundto have anexcellentcorrelation.
This enabledus to estimatethe performanceof teststhat
failedonsilicon.

B. Power

The measuredpower of the test chips is comparedto
thesimulatedpowerof thelogic performingthelengthde-
codingandinstructionsteeringof thecomparableclocked
circuit. Thecomparisonwasmadeusingtheintegerpower
testsfrom the commercialclocked processorpower test
suite.Theresultsshow thattheasynchronousdecodercon-
sumesaboutonehalf theenergy astheclockeddesign.

Sinceexecutiontimesdiffer greatlybetweenthesede-
signs,we calculatedthe energy requiredto executeone
loop of the testprogram.For thesake of power measure-
ments,the FIFO was placedin a “frozen” debug mode
where it repeatedlysuppliedthe first cacheline to the
asynchronouscore. This madedisassociatingthe FIFO
power from thepower dissipatedby thedecodercoreeas-
ier. Thereforewe measuredthepower of eachinstruction
individually. Theinnerloopof theintegerpower testcon-
tainsten differentinstructions,sowe generatedtensepa-
ratetests,eachmeasuringthepower of oneof theinstruc-
tions.Eachsuchtestconsistedof oneinstructionfrom the
testsetpaddedby lengthoneinstructionsto theendof the
line. Thepower of eachindividual instructionwascalcu-
latedby subtractingthe power of the length-oneinstruc-
tions. The power for the completetestwascalculatedby
multiplying thefrequency of eachinstructionin thetestby
the occurrencecount. Theseresultscompareprocessors
executingatdifferentspeedsandonly compareasmallset
of instructions.A moreaccuratecomparison,which is be-
yond the scopeof this research,shouldincludea power-
performancecurveovera largerinstructionmix, aswell as
measuringa realinstructionstreamratherthanemploying
thefrozendebug mode.

Theprototypewasnot optimizedfor low power. Its su-
perior efficiency is due only to its asynchronousdesign
andour specificasynchronousdesignmethodologies.For
example,clocked methodologytypically requiresdatato
move betweenlatcheseachclock cycle. In this design,
data(instructionbytes)are latchedin the byte latch and
directly transferredto the outputbuffer only if andwhen
thebytesareneeded.

C. Area

Theareaof theprototypewascomparedto theareaof a
400MHzclocked circuit performingthe similar function-
ality designedon the same0.25µ process.While we had
layoutandschematicsfor bothdesigns,calculatinganac-
curatecomparisonwastimeconsumingdueto thefollow-
ing issues,andresultedin someminor inaccuracies:

1. Thethreeissueinstructionsteeringlogic in theclocked
designcontainedconsiderablymorefunctionalitythanthe
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Test Thr oughput Silicon/ No. of No. of TestDescription
[Inst./nSec] COSMOS Instructions Lines

X0 4.42 Si 16 1 16Length1
X1 4.41 Si 15 1 1 Length2, 14 length1
X2 4.39 Si 14 1 2 Length2, 12 length1
X3 4.48 Si 13 1 3 Length2, 10 length1
X4 4.44 Si 12 1 4 Length2, 8 length1
X5 4.34 Si 11 1 5 Length2, 6 length1
X6 4.12 Si 10 1 6 Length2, 4 length1
X7 4.12 Si 9 1 7 Length2, 2 length1
X8 4.00 Si 8 1 8 Length2
I0 3.29 Si 8 1 8 Length2 w/ModRM
PowerI1 2.44 COSMOS 74 21 1st Integerpower test

PowerI2 2.49 COSMOS 72 20 2nd Integerpower test
Powerf 2.93 COSMOS 81 26 FPpower test
Mix0 3.48 COSMOS 77 14 Length1–5mix
Mix1 3.35 COSMOS 98 18 Length1–7mix
C34 3.10 COSMOS 5 1 4 Length3, 1 Length4
C223 3.65 COSMOS 6 1 2 Length2, 4 Length3

TABLE I
ASYNCHRONOUS DECODER PERFORMANCE TESTS.

comparablefour issuecircuit in theasynchronousdesign.
2. Significantdifferencesexistedbetweenthefloorplans.
3. The prototypedoesnot handlethe instructionpointer,
illegalopcodes,andbogusbranches.
4. Someof the clocked circuits containunrelatedlogic,
andisolatingtherelevantpartsis difficult.
5. Theprototypelayoutwasnotoptimizedfor densitydue
to resourcelimitations.

Our analysisshows that the test chip occupies22%
larger areathanthe clocked design,which is a very rea-
sonableareapenaltyfor the improvementsin throughput,
latency and power. Furthermore,our analysisindicates
that thereis no evidenceof a large areapenaltyinherent
to asynchronousdesign.

D. SiliconDebugging

Debuggingan asynchronouscircuit on silicon without
direct probing may be an issuesincethe circuit is self-
timed, that is, it is impossibleto stopthe clock andscan
out thestatesignals.This is especiallytruewith theself-
resettingpulsedcircuitsusedin theasynchronousdesign,
sinceby thetime thecircuit stopsthesignalshave already
returnedto their initial states.

A specialdebug featurewasdesignedto facilitatesili-
con debugging. Eight bits in the scan-inchainarededi-
catedto this feature.Eachbit, whenreset,blocksthe re-

settingof a setof internalstatesignals. Additional logic
requiredto implementthis blocking is minimal. In most
cases,it just requiredaddingoneinput to anexisting gate
(Figure13). Whenthe bit is reset,theself-resettingloop
is disabledandtheentirecircuit will eventuallyhalt. The
circuit statecanthenbe scannedout for inspection. Al-
ternatively, operationcan be resumedby removal of the
debug bit value.

TagArrived

TagIn7

TagIn2

TagIn1 TagArrived��� � �

�

SSRdy
InstRdy

��
� �

�� �

	

reset

debug

��
length1

TagOut1

��
length2

TagOut2

�����
length7

TagOut7

Fig. 13. TagUnit circuit showing thedebug signalwhichcap-
turestheTagArrived pulse.

All theseadditionsweremadeoff thecritical paths(the
resetpathis usuallynon-critical).Frozenstatesignalscan
bescannedoutandobserved.Thedebugginglogicenabled
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us to identify threedifferenttiming-relatedfailuresof the
first silicon in averyshorttime.

A pulsesignalthatwasdesignedto drive a singlelocal
gatewaslaterchangedto drive anadditionaldistantgate.
The additionalload from the gateandwire exceededthe
pulsedrive capability. Throughthe debugging logic we
wereableto identify thefailing signal.Thisbugprevented
the circuit from operating. Subsequentlythe silicon was
modifiedto enabletestingof thecircuit.

Anothertiming relatedbug led to too shortadelayona
prechargecontrolline for aclockeddominoPLA. This re-
sultedin malfunctioningof therareinstructionNOR-NOR
PLA, whichwasconsequentlyexcludedfrom testing.The
third bug, mentionedpreviously, is a noiseconditionon
certaininstructionsthat resultedin insufficient datasetup
to theLengthDecoders.

Timing analysiswasnotperformedontheprototypecir-
cuit, otherthanthroughdesignerdrivenspiceruns.These
bugswould have beendiscoveredwith a completetiming
validationflow[3], [4].

E. Testability

Fault analysisof the prototypeprovides evidencethat
testability is no reasonto avoid asynchronousdesign. In
fact, the fault coveragewasno worsethanthat of similar
synchronouscircuits. Almost all uncoveredfaults in the
asynchronousdesignwould alsobe uncoveredin similar
clocked circuits. However, someissuesspecificto asyn-
chronousdesignhave beenidentified. Asynchronouscir-
cuits are sequentialin naturedue to the handshake pro-
tocols implementedwith finite statemachinecontrollers.
Unlike clocked circuits, it is unreasonableto apply scan
techniquesto convert asynchronouscircuitsinto combina-
tional blocksdueto thelargestatespaceof thedistributed
andautonomoushandshakecontrol[17]. Further, synchro-
nizationpointsaredecoupled,which complicatesobserv-
ing the global statespacewith a clocked tester. Another
testabilityissuewith timedasynchronouscircuitsis thepo-
tentialnecessityof modelingdelayfaults.

Sincefull scanis unreasonable,we optedto useBIST
to avoid invading the structuraldesignwith flops. Cel-
lular automata(CA) [18] were designedto generatetest
vectorstargetedat thetermsin thedecodePLA of the in-
structionset [19]. We usedone BIST block to test the
entireasynchronouscircuit (approximately120,000tran-
sistors). The BIST structureswereattachedto the inter-
facesof thisblockafterthedesignwascomplete,andthus
no logic modificationsor DfT wereappliedto thedecoder
core. A CA signatureanalyzervalidatescorrectnessby
observingthe outputsignalsandsomeimportantinternal
states.TheBIST scananddebug scanareintegratedand

sharethe sameflops. The BIST and debug logic hasa
smallimpactonperformanceandarea,estimatedat5%la-
tency penalty(nothroughputpenalty)and5%areapenalty.

Onemodificationwasmadeto the cellular automaton
to generatethesequentialpatternsneededto testfor two-
opcodeinstructionswhich were too rare to be automat-
ically generatedby the automaton. A similar modifica-
tion was requiredto generatesequencesof prefixes that
modified the lengthsof subsequentinstructions,but was
not implemented. The BIST and signatureanalyzerare
clockedat a frequency slow enoughto guaranteestability
of all nodesat observation time. The circuit still runsat
full speedinternally.

A 95.9%stuck-atfaultcoveragewasachievedusingthe
COSMOSswitch-level fault simulator[16]. Untargeted
faults– somesequencesof prefix instructionsanddebug
logic – werenot included. The BIST logic wasnot im-
plementedon silicon dueto scheduleconstraints.It was
designedat schematicslevel andsimulated. Faultswere
simulatedin onecolumnonly, andonly in oneof theTag
Units in this column,in orderto keepruntimereasonable
(145 CPU days). We expect the coveragefor all blocks
to benearlyidenticalindependentof their positionin the
array.

The majority of the uncovered4.1%of the faultswere
not dueto theshortcomingsof BIST, but ratherto thecir-
cuitsanddesignstyleused.Theuncoveredfaultsconsisted
mainly of unobservable keeperfaults, pulsedegradation
faults in dominokeepers(seebelow), andredundantcir-
cuits which were not removed with the Relative Timing
methodology[3]. Otherthanredundancy, thesametypes
of faultsappearin clockedcircuits[20], [21].

The circuit in Figure 14 demonstratesan undetected
fault specificto pulsedcircuitsusedin theprototype.Nor-
mally thedominoNAND gateG self-resetis controlledby
thesevengatedelayfeedbackpulsethroughr. A stuck-at
zero fault on the keeperin gateG leadsto an early reset
throughthethreegatedelayfeedbackpathd. This typeof
fault mayor maynot resultin failure in theactualcircuit
andshouldbesimulatedfor realisticnoise,coupling,etc.
to determineif theshortenedpulseresultsin failure.

V. DISCUSSION

Thecomparisonof synchronousandasynchronouscir-
cuitsmadein theprevioussectionis limitedby thefactthat
we did not have a separateclockedchip implementingthe
samefunctionality of our asynchronousprototype. Thus
for datasuchaspower, we hadto resortto simulationand
indirectestimates.However, actualthroughput,delay, and
siliconareacharacteristicsof theclockeddesignhavebeen
employedin thiscomparison.
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Fig. 14. PulseLengthFault. (a) Self-resettingdominocircuit
generatinga sevengatedelaypulse.(b) Stuck-at-0fault on
dominokeeperof gateG. (c) Dottedwaveformsshow pulse
degradationunderfault,arrowscausality.

We summarizesomeof our key observationsbelow. In
the earlydesignstage,we learnedhow to optimizeasyn-
chronouscircuitsmainly for high performanceat the mi-
croarchitecturelevel:� Optimizefor thecommoncases:The taggingcircuit is
optimizedfor instructionsup to sevenbyteslong, andthe
lengthdecoderfor commoninstructions[6].� Employ timing assumptions,directsignalingandpulsed
logic to avoid thefull handshake overhead[3].� Useaone-hotdominocircuit with automaticcompletion
detection,e.g.,for thelengthdecoder.� Scalableparalleloperationcanbalancethevariousoper-
ationalratesfor performance:Four rows of taggingunits
andoutputbuffers matchthe taggingtime to the instruc-
tion steeringtime.� Preemptingasynchronouscircuits is possible: The
lengthdecoderis preempted,reset,andrestartedin bytes
that do not start an instruction,aswell as in the caseof
prefixesandlong instructions.� Global synchronizationis decoupled: Wide synchro-

nization is inefficient in asynchronousdesign. The syn-
chronizationcanat timesbe deferredby splitting the ar-
chitectureinto concurrentpathsandmoving thesynchro-
nizationto alessexpensive location.For example,thepro-
totypedoesnot synchronizeall sixteencacheline bytesat
theinput; rather, thebytesproceedalongconcurrentpaths,
andonly getsynchronizedat themostopportunetime by
theTagUnits.

In the laterstagesof thedesign,key observationswere
mostlyrelatedto methodsfor asynchronouscontrolcircuit
optimizations[3]:� Relative timing assumptionswereusedto simplify the
controlcircuitsthusincreasingtheir performance.� Relative timing assumptionswereaddedto the formal
verificationtool ANALYZE [22].� Pulsedpipeline control simplified the circuit and in-
creasedperformance.� Footedratherthanunfooteddominomay yield a faster
circuit dueto relaxedraceconditions.

Self-timedcircuitsarea potentialsolutionto futurede-
signproblemslike delayvariationsandclock distribution.
We areinvestigatingtheadaptive synchronizationscheme
for communicationamongunits on chip in the presence
of large clock skew [23] and a schemeto embedself-
timedmoduleswithoutsignificantlatency penaltyin glob-
ally synchronoussystems[24]. We arealsodesigninga
completeCAD systemfor timedcircuit design[25], [26],
[27], andareworking on Designfor Testability(DfT) so-
lutions for the undetectablefaults in self-timedcircuits.
SuchCAD anddesigntechniquesarea potentialsolution
to theissueswewill facein thefuture,givencurrenttrends
of increasingclockfrequency, interconnectdelays,andde-
lay variations.

VI. CONCLUSION

Our novel designmethodologyfor asynchronouscir-
cuits and systemshasresultedin a circuit that achieves
threetimestheperformanceof its high-performancecom-
mercial synchronouscounterpart,incurring half the la-
tency andconsuminghalf thepower, at a comparablesil-
icon area. We have found that the main limitation to
exploiting this potential is the lack of appropriateCAD
tools[4].
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