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Abstract—

This paper describesan investigation of potential ad-
vantagesand pitfalls of applying an asynchronous design
methodologyto an advanced microprocessorarchitecture.
A prototype complex instruction set length decoding and
steering unit’ was implemented using self-timed circuits.
The prototype chip was fabricated on a 0.251 CMOS pro-
cessand tested successfully Results shav significant ad-
vantages—in particular, performanceof 2.5-4.5nstructions
per nanosecond- with manageablerisks using this design
technology The prototype achievesthr eetimesthe thr ough-
put and half the latency, dissipating only half the power
and requiring about the samearea as the fastestcommer
cial 400MHz clocked circuit fabricated on the sameprocess.

Keywords— Asynchronous design, instruction length de-
coding, relative timing, self-timed, pulsedlogic, domino cir-
cuits, self-resetlogic, handshake protocols, asynchronous
testability, asynchronousdebugging.

I. INTRODUCTION

The objective of this researchwasto demonstratehe
ability to designhigh-speedsynchronousircuits[1] asa
potentialsolutionfor microprocessodesignif andwhen
clocked designbecomedoo expensie.

We have designedan asynchronousersionof the in-
structionlengthdecodeof acommerciahO0OMHzclocked
processor[2].For fair comparisonthe prototypewasim-
plementednthesamed.251 6 metallayerCMOSprocess
as the commercialprocessor The asynchronousmple-
mentationachieved a higherperformancetlower power.

The microarchitectureand circuits of the two designs,
while achiering the samefunctionality weresubstantially
different. The asynchronousrchitectureexploits multi-
ple interrelated,data-dependernfrequeng domainsand
pipeliningtechniqueshat matcha particularproblemand
dataratherthana chip-wide constraint.For example,the

1The RAPPID (“Revolving AsynchronousPentiun® Processoin-
structionDecoder”)designmplementedhecompletePentiumil ®32-
bit MMX instructionset.

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

Our asynchronouscircuit design emplg/s a novel
methodologywhich adds static timing information to
handshaking3]. This enablessmaller more testable,
faster and lower power circuits. However, it introduces
apotentialproblemof increasedailurerateif timing mar
ginsaretight. Thisdifficulty canbeaddresseth thefuture
with betterdesignand verificationtools [4]. The asyn-
chronousprototypedesignusesstatic and domino gates
from a standardsynchronousibrary, with a few custom
circuits,suchasC-elementg5].

The designwas motivated by the obseration that in-
structionlengthdecodingcould posea bottleneckin vari-
able lengthinstruction set architectures. As reportedin
[6], our analysisof the variablelengthinstructionsetre-
vealedtwo principal findings (Figure 1): First, the aver
ageinstructionlengthis aboutthreebytes,andinstructions
longerthansevenbytesarerare. Secondyery few instruc-
tion typesare usedfrequently The asynchronouslesign
exploitsthesefindings.

In therestof this papeiwe presenthemicroarchitecture
and circuits, explain the circuit designmethodologyand
comparethe prototypeto a contemporaryclocked com-
mercialcircuit.

1. MICROARCHITECTURE AND BASIC OPERATION

TheDecodingandSteeringUnit (DU) receves16-byte
wide instructioncachelines at its input, extractsthe in-
structionsandplaceseachinstructionseparatelynto out-
put buffers. The corecompriseghreestages- a ByteUnit
(BU), Tag Unit (TU), andinstructionSteeringSwitc (SS),
asshawvn in Figure2. The Byte Unit receves a sixteen-
byte cacheline and speculatiely decodesl6 instruction
lengthsin parallel, assumingthat eachbyte startsa new
instruction. The TagUnit in thefirst byte of aninstruction
passes “tag” dowvnstreanmto the first byte of the next in-
struction. The SteeringSwitch routesinstructionson four
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Fig. 1. Instructionsetstatistics;bar graphsshow relative dy-
namicfrequenciesandline graphsindicatecumulatve fre-
quencies.

separaté2-bit crossbarchannelgo the output. The Tag

Units arereplicatedwith the four steeringswitches. This

distributedtaggingandswitchingcircuit with 16 columns
and4 rowsis connectedn atorusthatpacksthebytesinto

instructionsandsteergheminto four outputbuffers. These
dimensionsaredesignedo balancethe averagecomputa-
tion rates.

A. TheinputFIFO

The Input FIFO (IF) holds32 16-bytewide instruction
cachelines. The FIFO is an instructiondelivery mech-
anismdesignedo operatefasterthanthe Decodingand
SteeringUnit (DU). UnbiasednaximumbDU performance
can be measuredy keepinginstructiondelivery off the
critical path.

The asynchronou§IFO is designedo mimic the mi-
croprocessoinstructiondelivery mechanisnmandto aid in
evaluatingthe DU. Eachinstructionbytein the FIFO con-
tainsthreeadditionalbits derived from the BTB (branch
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Fig. 3. Onecell of the FIFOimplementationThetwo gateson
the left are C-Elementsandon the right are multiplexors.
Thedesignof thesegatesareshown in Figure4.

targetbuffer) information. Onebit eachindicateswhether
this byteis used(U), whetherit is the first byte of a pre-
dicted taken branchinstruction (B), and whetherit is a
branchtarget(T). If acachdine containsa predictedaken
branchtheB bit will besetandthebytesfollowing theend
of thebranchinstructionupto theendof the cachdine are
marked asunusedithereforetheir U bits arecleared.The
U bitsarealsoclearedrom thebeginningof thenext cache
line up to the byte containingthe branchtarget byte with

bit T set. A tamgetbit T will be setin thefirst cacheline

following reset.

Datain thelnputFIFO canberecirculatedsothatacon-
tinuous, but repetitive, streamof cachelines canbe sup-
pliedto the core. The continuousperationis essentiafor
performanceand pover measurementsA secondrepeti-
tive mode exists wherethe cacheline at the headof the
FIFQis repetitively presentedo the DU.

The FIFO is loaded serially through a scanregister
Oncethe FIFO is filled, the decodereadslines from the
FIFO. Every bytein thelF is controlledseparatelysothe
IF effectively consistof sixteenseparatd 1-bitwide par
allel FIFO’s. This structureallows the individual bytesto
be transferredo the DU whenneededwithout having to
waitfor theDU to accepthenext linein full. ThelF isim-
plementedisa SutherlandVicropipelinewherethedesign
of eachstages shavn in Figures3 and4.

B. TheLengthDecodingand SteeringUnit

The coreof theasynchronousircuit is the LengthDe-
codingand SteeringUnit. The DU consistsof 16 identi-
cal blocks, or columns,onefor eachinput byte, andfour
outputbuffers. Eachcolumnconsistof a Byte Unit, com-
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Fig. 4. C-Elementand multiplexor circuitsin the FIFO. The
outputof the C-elementaiseswhenbothinputsraise,and
lowerswhenboth inputslower. This is a dynamicimple-
mentationthatrequiresa weekkeeper

prisingtheByte Latch,Byte Control,andLengthDecoder
andfour identical Tag Units and SteeringSwitches. The
LengthDecodelimplementations optimizedfor common
instructions,suchthat length decodingfor commonop-
codesis fasterthanfor rareones[6]. The TU’'s andSS’s
arearrangedn 16 columnsandfour rows, wrappedaround
in a torus. The horizontaltoroidal wrap ensureghatin-
structionsform differentcachelines are correctly pacled
into the outputbuffers. EachSSin the four rows is con-
nectedto an outputbuffer. Eachline is implementedas
distributed self-resettingpulseddominoNOR gatedriven
andenabledby thedatalocationin eachcolumnandrow.
Eachcolumnrecevesabytefromits line of theinstruc-

tion cacheattheheadof thelF, latchest in theByte Latch,
andperformsa speculatie lengthdecodingassuminghat
an instructionstartsat that byte. EachTU waits for the
following threeeventsto occur(SeeFigure9):

1. Tagl n: A tag arrives from one of the neighboring
columnsupstreamjndicatingthat this is the first byte of
aninstruction.

2. I nst Rdy: Lengthcalculationfor the columnis com-
pleted and the instructionis ready meaningthat all the
instructionbytesarereadyin their Byte Latches.

3. SSRdy: The SteeringSwitch of therow is readyto is-
sueanew instruction.

If all threeof theseeventsoccur which may happenin
ary order the TU performsthe following threeoperations
in parallel:

1. A tagis sentto the TU in the columnof the next in-

structions first bytein the next row.

2. Transfersthe instructionbytes, along with additional
information on the length and prefixes, to its row’s SS,
whichin turnforwardsthemto the outputbuffer.

3. NotifiestheBU’sin its columnthattheinstructiondata
hasbeentransferredrom the Byte Latchto the SS.

Thatis, oncethe (speculatie) length calculationhas
beencompletedat the columnreceving the tag andthe
SSin therow of thereceving TU is ready(l nst Rdy and
SSRdy have beenasserted)the next taggedTU canim-
mediatelyperformthe above threeoperations.
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When a BU is notified by one of its four TU’s that
the instructionhasbeentransferredo the SS (operation
3 above), it opensts Byte Latch,which permitsdecoding
of the next instructionto begin if it is available. The BU
alsonotifiestheotherBU’s containingtheremainingoytes
of this instructionthatthey may opentheir Byte Latches.
In this way, the lengthdecoding(which is a long latengy
operation)of bytesfrom the next cacheline startsassoon
asthebytesfrom thepreviousline have beenconsumed.

B.1 Balancedesign

The columnsandrows arearrangedn atorus. Hence
eachrow is a ring aroundthat torus. As the tag wraps
aroundthetorusandcrossegrom column15 backto col-
umn O, it falls to the next row. TU’s in the fourth row
sendthe tagto thefirst row. The operationwould be bal-
ancedif thetaggedcolumnhaddecodedhe lengthof the
instructionby the time the tag arrives. Similarly, the cor
respondingSS would have hadto completethe transfer
of the previous instructionbeforethe tag arrives. Thus,
in a perfectlybalancedsituation,the Tagl n, | nst Rdy,
andSSRdy eventswould occursimultaneouslyUnfortu-
nately this is not alwaysthe casebecauséehe lateny of
lengthdecodingdependsn the opcode,andspecialcase
handlingof brancheslonginstructionsandprefixesincurs
alongerlateng.

Thefollowing exampledemonstratethe pathof thetag
throughthe TU’s, assuminga sequencef 3-bytelongin-
structionsasshavn by the arravs in Figure2: ColumnO
row 0 — column3row 1 — column6 row 2 — column9

row 3 — column12row 0 — columnl15row 1 — column
2romw2 — ...

Operationof the asynchronousircuit consistsof inde-
pendenself-timedcycles. The major cyclesare (seeFig-
ureb):

« Thelengthdecodingand instructionreadycycle This

cycle acceptsa byte from the IF, decodeghe instruction
length(asall necessarpytesbecomeavailable),andgen-
erateghe InstructionReadyflag (basedon the calculated
lengthandthe Byte Readybits from the Byte Latchesof

theremainingbytesin theinstruction).

« Thesteeringlogic cycle This cycle alignsinstruction
bytesfrom the Byte Latchesandforwardsthemto the out-

put buffer overthe SS.

« Tag cycle This cycle forwardsthetagto the startof the

next instruction,andsynchronizesheabove two cycles.

Eachcycle hasits characteristicycle time that canbe
independentlyoptimized basedon performancetagets.
The length decodingcycle is optimizedfor commonin-
structions[6]. The tag cycle is optimizedfor common
lengths, as discussedbelov. The steeringlogic cycle
is matchedto the throughputand lateng of the output
buffers. We cancomposéhesecycles,usingasynchronous
protocols,in a scalablefashionto achieve the talget sys-
tem performanceThis architecturas scalablen boththe
horizontal (length decodingcycle) and vertical (steering
logic cycle) dimensionsWe canincreaseahe performance
throughadditionalparallelism(and area)by addingrows
andcolumnsto achiere thetamgetperformance.

Eachcycle is balancedf its functioncanbe completed



justbeforeits resultsarerequired.Thecycle timesarede-
terminedby the scaleandwrap factors. Assumingan av-
erageinstructionlengthof three,eachl16-bytecacheline
holdsaboutfive instructions.Thereforethe lengthdecod-
ing andtag cyclesarebalancedf the Tagl n to TagQut
lateny is onefifth of the decodinglateny. The SSla-
teng is four timesthetagcycle lateng, hencethe TU and
SSrows are scaledto four instancedo keepthe steering
logic cycle balancedelative to the othertwo. TheTagl n
to TagQut lateng is thecritical pathandreceve the pri-
maryfocusin thedesignitheothertwo cycleswerescaled
to matchthe averagetag cycle time. Balancingpipelines
with significantvariationin responsdime, asis the case
with this design,can be difficult [7]. We have recently
developeda stochastigerformancenalysistool thatcan
help further optimize the designby consideringsynchro-
nizationpointlocationsanddelaydistributions|[8].

Thesethreeintertwinedcyclesdemonstrat®ne adwan-
tage of the asynchronousolution. The tag cycle oper
atesat an averagerate of 3.6 GIPS(closeto 4.5 GIPSin
someof thetests,asreportedbelan), consumingon aver-
age720M cachelines per second.Lineswith fewer than
five instructions(averagelength greaterthanthreebytes)
are consumedaster whereaslines with more than five
(shorter)instructionsare consumedslower. The tag cy-
cle, beingthe centralpoint of gatheringand distributing
instructionsjs the performance-criticatomponentn this
architecture.The steeringlogic cyclesare shieldedfrom
variationsin thelengthdecodingcycle by thetagcycle.

TheLengthDecodelis optimizedfor commonopcodes.

Our benchmarlanalysisndicateshat 15% of the opcode
types are used90% of the time (seeFigure 1). Asyn-
chronouscircuits canbe optimizedfor the commoncase
asshawvn in Figure6. The lengthdecodingfor common
opcodeds doneusingdominologic; furthermore the de-
coding of the mostcommonopcodess pushedcloserto
the outputs[6] asshavn in Figure7. Rareopcodesare
decodedusinga NOR-NOR PLA. Figure 7 shavs opti-
mizationfor the commoncase. Notice how the common
signalsl 1- 4 andl 1- 5 skip directly to the front of the

one-hotdecoder
90%
8%
2%
(@) (b)

Fig.6. Averagalelayoptimizationfor thecommoncase.Inputs
labeledby probability. Circuit (b) speedsup the average
delayby optimizingthe commoninput signalattheexpense
of thelesscommonsignals.
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Fig. 7. Part of thelogic decodingthe length1 one-hotsignal.
Notethatsignalsl 1- 4 andl 1- 5 arefasterthanthe other
terms. Thelogic conesfor | 1- 2 andl 1- 3 arenotshavn
for clarity. Gateswith inputson the top arefooteddomino
gatesthisinputbeingthe“clock” or resetsignal.

B.2 HandlingLong Instructions

The Decodingand SteeringUnit is optimizedfor in-
structionsup to seven byteslong, which constitute99.8%
of thecasesLongerinstructionsup to 11 bytes)arehan-
dled througha separateslower protocol. Thus,eachTag
Unit candirectly tagthe seven TU’s in seven neighboring
columnsdownstrearrin the next row down, andbetagged
by ary of thesevenTU’sin thesesrenneighboringcolumns
upstreanin thepreviousrow up. Thetagsaresentvia ded-
icatedpoint-to-pointlines. Thereareseventaglinesat the
inputandoutputof eachTU.

Instructionslongerthan seven bytesare transferredo
two SteeringSwitchesand outputbuffersin two consec-
utive rows. The first four bytes(head)of the instruction
aretransferredo the SSin the row containingthe tagged
TU for theinstructions first byte,andtheremainingbytes
(tail) aretransferredo the SSin the next row down.

If the calculatedengthis greaterthansesen, the Byte
Unit waits for a tag to arrive. If this columnis tagged,
the BU signalsthe columncontainingthe fifth byte of the
instructionthat it holdsthe first byte of the instructions
tail. Thelengthof theinstructionis alsopassedo thefifth
columnthroughthreededicatedines. Thefifth byte's BU
modifiesits lengthto 4, 5, 6, or 7 (for total instruction
lengthof 8, 9, 10, or 11, respeciiely) and sendsan ac-
knowledgmentto the first byte's column. Uponreceving
this acknavledgment thefirst byte’s columnmodifiesits
Length Decoders outputto four. ThetaggedTU in that
columnthenoperatessif theinstructionlengthwerefour.
Thefirst four bytesof theinstructionaretransferredo the



SS(togethemwith anindicationthatit is the headof along
instruction),andthetagis sentto the TU in thefifth byte's
column,in the next row down. The fifth byte's column
operatesasif it werethe first byte of a shortinstruction.
It transferghe tail to the SSin the taggedTU’s row, and
sendghetagto thefirst byte of the next instruction.
Instruction prefix bytes, including length-modifying
prefixes,arehandledn a similar manner

B.3 HandlingBranchinstructions

Whena cachdine containsa predictedakenbranchin-
struction, the tag shouldbe routedfrom the Tag Unit of
the branchinstructions first byteto the TU of the branch
targets first byte. The tamget always residesin the next
cachdine (sincethefetchunit is designedo fetchthetar-
getcachdine of predictedakenbranches)sothebytesin
betweerthebranchandthetamgetinstructionareskipped.

Thefirst bytesof the branchandtametinstructionsare
markedin the Input FIFO with B andT bits, respectiely,
andthe unusedbytesin betweerthe branchandtargetin-
structionshave their used(U) bitsreset.TheB andT bits
from the Byte Latch are routedto all four TU’s in that
column. Whena branchinstructionis tagged,the corre-
spondingTU foregoesforwardingthetagto thefirst byte
following its length sincethat byte may not be the start
of thetamgetinstruction. Instead,Br anchTagl n is sent
to the next row thatassertghei nj ect signalasshavn
in Figure8. Eachrow hasalocali nj ect signalthatis
routedto all TU’sin thatrow. Thecolumns T bit will as-
sertthe Br anchTar get signal. Whenarow’si nj ect
signalanda columns T bit areboth assertedthe branch
tagis generatedor that TU andtherow’si nj ect signal
is de-assertedThis mechanisnforwardsthe tagfrom the
branchto thetagetinstructionwithout taggingintermedi-
atebytes.Fromthatpointonward,theoperationcontinues
normally

Logic decodingheB, T, andU bitsis notimplemented
in the prototype.They aresuppliedpre-decodeih thelF.

We briefly describetwo principal circuitsin the proto-
type. The Tag Unit circuit demonstratethe useof pulse
logic and reducedhandshad, whereasthe Byte Control
circuit provides someinsight into the compleity of the
design.

DECODER CIRCUITS

A. TheTag Unit circuit

TheTagUnit (TU) isresponsibldor transferringhetag
from the columncontainingthefirst byte of aninstruction
to the columncontainingthefirst byte of the next instruc-
tion. TherearesevenTagl n inputsto eachTU, andseven
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Fig. 9. TagUnit Circuit (Simplifiedfor clarity. Branchcontrol
circuitry shovn in Figure8.)

TagQut outputs(Figure9). Additionally, specialTagl n
andTagQut linesareusedfor branchhandling.
Transferring the tag to the next TU involves a
full request-ackneledge handshad cycle if a speed-
independenprotocolwereused[9]. Thatwould require
aTagQut Ack acknavledgesignalfor eachof the seven
TagQut outputs.Sucha structurewill significantlycom-
plicateandslow dowvn the TU logic andwiring. In order
to simplify the implementationthe TagQut signalsare
implementedasself-timedpulseseliminatingthe needfor
acknavledgmentsignals.However, the pulsedimplemen-
tationis correctonly underthe following timing assump-
tions[10], [3]:
« Whena TU sendsthe tag pulseto the next TU, there-
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ceving TU is readyto acceptt, i.e. the self-resettingsig-
nalTagArri ved (Figure9) is off,

« TheTagQut pulseis wide enougho causea statetran-
sition in thereceving TU, i.e. the TagAr ri ved signal
becomingassertedand

o The TagQut pulseis narrav enoughso thatit is de-
assertedbeforetheTagAr r i ved indicationin therecev-
ing TU is de-asserted.

The first assumptions satisfiedby the microarchitec-
ture. Whena TU sendsthe tag downstream,it resetsits
internal TagAr ri ved line. The next time this TU can
receve atagis afterthetaghaswrappedaroundthetorus
horizontallyandvertically Thetagmustmalke atleastfour
hops(overthefour rows) beforereturningto thesameru.
This delaycanbe guaranteedo belongerthanthetime it
takesto resettheTagArri ved line.

The secondandthird assumptionsiresatisfiedoy care-
ful circuit design. The TagQut outputsare generated
fromtheTagAr r i ved signal,whichis in turn generated
by a self-resettingircuit.

This timed circuit was“hand-designedWith the Rela-
tive Timing methodology{3] and time-werified with AT-
ACS[11]. Currentadwancesin synthesisallow usto au-
tomatically synthesizehis circuit [12]. The circuits im-
plementingthe handshak interfacesbetweernthe TU, the
Byte Controlandthe SteeringSwitchwerealsooptimized
usingsimilar timed circuits and Relative Timing method-

ology.

B. ByteUnit Circuit

TheByte Unitis shavnin Figurel0. EachByte Latchis
a simpletransparentatch. Lengthdecodingmay require,
for someinstructions pits from the following threebytes.
In addition,if alength-modifyingprefix byte precedeshe
instruction or if thebyteis partof alonginstruction,addi-
tional control bits from upstreamarerequired.Thelength
decodemproducesseven one-hotencodedengthbits. The
decodeiis implementedcasa multistageunfooteddomino
PLA [6].
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FIFOto the Byte Unit.

The Byte Control FSM (BC) acknavledgesthe IF as
soonasanincomingbyteis latched.If the byteis marked
unused(the U bit is set), the BC issuesa pulse on the
Byt eRdy line. Otherwise,it closesthe latch and initi-
ateslength decoding(by assertinghe Lat ch/ Decode
signal),andassertgnon-pulsedByt eRdy. Thelnstruc-
tion ReadyControl(IR) waitsfor boththelocally decoded
length and the Byt eRdy signal from L — 1 neighbor
ing columnsdownstream(for lengthL), beforegenerating
I nst Rdy for the TU. The Byte Controlcircuit is shavn
in Figurell. Many FSMssuchasthe Byte Controlwere
designedusingthe 3D synthesidool [13], [14] and opti-
mized using the Relatve Timing methodology{3]. The
actualcircuitsemploy somepulsedsignaling(TagAck is
pulsed)andpartialhandshaés.

Onceatagarrivesatthecolumn(TagAr ri ved in Fig-
ure 9 is set),the lengthdecodelis notified (this signalis
neededor handlingprefixed andlong instructions).Fur
thermore,oncethe tag is sentout (one of the TagQut
signalsin Figure9 is set),implying alsothatall bytesof
the presentinstructionhave beensteeredut throughthe
SteeringSwitch, the AckGenFSM (AG) instructsIR and
BC to getthe new byte. IR thensendshe corresponding
Preempsignals(acknavledgingByteRdy)downstreamnto
the remainingbytesof the instructionso that the length
decoderdor thesecolumnscanabortandresetuponre-
ceving the Preempsignals.

At the (non-first-byte)columnsthat do not receve the
tag,theLD’s mayoutputthelengthandthe IR’s maygen-
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Input FIFO
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Byte Unit
and length decoders

4 Tag Unit and
Steering Switch rows

Fig.12. Circuit LayoutPlot(3.1 x 3.5mm).

eratelnstRdy However, assoonasPr eenpt is receved
I nst Rdy is loweredbeforea tag canarrive at this byte
column. The Length Decoderswill be resetand a new
length calculatedbefore | nst Rdy is re-assertecand a
new lengthis generated.

IV. PROTOTYPE TEST RESULTS AND COMPARISONS

Theprototypewasfabricatedn May 1998usinga0.251
six metal layer flip chip technology The layout plot is
shawvn in Figure12, andonly shavs thefirst threelayers
of metalizationso that the circuit structurecan be more
easilyseen.Theprototypewastestedsuccessfullyandthe
resultsareexplainedandanalyzedelow.

A. Performance

Decodingandsteeringperformancef thetestchip was
measureat 2.5-4.5instructionspernanosecontbr aver
ageinstructionstreamsThis is approximatelythreetimes
the peak performanceof the fastestsynchronoughree-
issueproductin the samefabricationprocessclocked at
400MHz, achieving a peakdecodingandsteeringperfor
manceof 1.2instructionspernSec.Theasynchronoude-
coders performances very data-dependengandthesere-
sultsarevalid for anaveragenstructionstreancontaining
commoninstructionsof up to sevenbyteslong. Theasyn-
chronousdesignis not optimizedfor uncommoninstruc-
tions,andthe effectsof rare,long, branchandprefixedin-
structionson performancere not reported.Note thatthe
steeringlogic issuesfour instructionstreamsratherthan
three,sothecomparisoris notcompletelyfair.

Performancef thetestchipis reportedat nominalVcc



(1.8V) andtemperaturg¢27°C). The prototypewas mea-
suredat varying levels of Vcc for a subsewf the instruc-
tions, andwasdeterminedo be operationalin the range
1.0-2.0VThetestchipswerenottestedabose 2.0V. Note
thatasynchronouprocessooperatingatafixedclockfre-
gueng cantoleratea very narrav rangeof environmental
conditions(e.g.,1.9-2.1Vfor the 400MHz processor[2]).
A certainmamgin is requiredto ensurethat the clocked
circuit operatesacrossthe specifiedrange. However, no
magins needbe introducedinto the asynchronouslesign
sincethecircuitsarenotconstrainedo operateata certain
frequeng. Rather underunfavorableconditions,suchas
low voltage,the asynchronousircuit simply slows down.
Thus, our asynchronougrototypecan operateunderthe
widerrangeof 1.0-2.0V

The lateny from the Byte Latchto the OutputBuffer
for commonlength-two instructionshasbeenfoundto be
only 42% of the 400MHz clocked circuit’s lateng. The
main reasondor the reducedlateny are the absenceof
clock boundariestwhich the fastdatamustwait, andthe
ability to pipeline at frequencieanatchingdatapath de-
lays. In aclocked designwith a multiple issuerateseveral
instructionsaretransferedntheclockedge.Sincethefirst
instructionsbecomeseadybeforethelast (dueto the se-
rial natureof lengthdecoding)they mustwait beforethey
aretransferredo the next pipestage.In theasynchronous
implementationevery instructionis transferrecassoonas
it becomeswvailableandthetime for which aninstruction
waitsis notfrequeng-dependen

Table| containsmeasurecperformancedatafor some
individual instructions. TestsX0-X8 usedifferentmixes
of length-oneandlength-two instructions. Theseninetests
consistof a 16-bytewide cacheline filled with O to 8
length-two instructiondfollowed by 16to 0 length-ondn-
structiong(testXi consistf i length-two instructiondol-
lowed by 16-2 length-oneinstructions). All the length-
two instructionsin the Xi testscould be fully lengthde-
codedusingonly the first byte. TestlO consistsof eight
length-two instructionscontainingModR/M lengthinfor-
mationin thesecondoyte,complicatingengthcalculation
[15]. A noiseproblemwith someinstructionsresultedin
a violation of the setuptime at the lengthdecoderinputs,
so we optedto usea single cacheline for testingall in-
structions. The single cacheline is repeatedlyreadfrom
the headof theinput FIFO, keepingthe FIFO loop off the
critical path.

The measuregerformancenumbersverecomparedo
thoseobtainedwith the COSMOSswitch-level, unit-delay
simulator[16], andfoundto have anexcellentcorrelation.
This enabledus to estimatethe performanceof teststhat
failedonsilicon.

B. Power

The measurechower of the testchipsis comparedo
thesimulatedpower of thelogic performingthelengthde-
codingandinstructionsteeringof the comparablelocked
circuit. Thecomparisorwasmadeusingtheinteger power
testsfrom the commercialclocked processompower test
suite. Theresultsshav thattheasynchronoudecodercon-
sumesaboutonehalf theenegy astheclocked design.

Sinceexecutiontimes differ greatly betweenthesede-
signs, we calculatedthe enegy requiredto executeone
loop of the testprogram. For the sale of powver measure-
ments,the FIFO was placedin a “frozen” delug mode
whereit repeatedlysuppliedthe first cacheline to the
asynchronougore. This madedisassociatinghe FIFO
power from the power dissipatedy the decodeicoreeas-
ier. Thereforewe measuredhe power of eachinstruction
individually. Theinnerloop of theintegerpower testcon-
tainsten differentinstructions so we generateden sepa-
ratetests,eachmeasuringhe power of oneof theinstruc-
tions. Eachsuchtestconsistedf oneinstructionfrom the
testsetpaddedy lengthoneinstructiongo the endof the
line. The power of eachindividual instructionwascalcu-
lated by subtractingthe power of the length-oneinstruc-
tions. The power for the completetestwas calculatedby
multiplying thefrequeng of eachinstructionin thetestby
the occurrencecount. Theseresultscompareprocessors
executingat differentspeedsndonly comparea smallset
of instructions. A moreaccuratecomparisonywhichis be-
yond the scopeof this researchshouldincludea pover
performanceurve over alargerinstructionmix, aswell as
measuringa realinstructionstreanratherthanemplgying
thefrozendelug mode.

The prototypewasnot optimizedfor low power. Its su-
perior efficiengy is due only to its asynchronouslesign
andour specificasynchronougesignmethodologiesFor
example,clocked methodologytypically requiresdatato
move betweenlatcheseachclock cycle. In this design,
data(instructionbytes)are latchedin the byte latch and
directly transferredo the outputbuffer only if andwhen
thebytesareneeded.

C. Area

Theareaof the prototypewascomparedo the areaof a
400MHz clocked circuit performingthe similar function-
ality designedon the same0.25. process.While we had
layoutandschematic$or bothdesignscalculatinganac-
curatecomparisorwastime consuminglueto thefollow-
ing issuesandresultedn someminorinaccuracies:

1. Thethreeissueinstructionsteeringogic in theclocked
designcontainecconsiderablymorefunctionalitythanthe
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Test | Throughput | Silicon/ No. of No. of TestDescription
[Inst./nSec] | COSMOS | Instructions | Lines
X0 4.42 Si 16 1 16 Lengthl
X1 4.41 Si 15 1 1 Length2, 14lengthl
X2 4.39 Si 14 1 2 Length2, 12lengthl
X3 4.48 Si 13 1 3 Length2, 10lengthl
X4 4.44 Si 12 1 4 Length2, 8 lengthl
X5 4.34 Si 11 1 5Length2, 6 lengthl
X6 412 Si 10 1 6 Length2, 4 lengthl
X7 412 Si 9 1 7 Length2, 2 lengthl
X8 4.00 Si 8 1 8 Length2
10 3.29 Si 8 1 8 Length2 w/ModRM
Powerll 2.44 COSMOS 74 21 15t Integerpower test
Pawverl2 2.49 COSMOS 72 20 ond Integer powertest
Pawverf 2.93 COSMOS 81 26 FPpowertest
Mix0 3.48 COSMOS 77 14 | Lengthl-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 |

ASYNCHRONOUS DECODER PERFORMANCE TESTS.

comparabldour issuecircuit in theasynchronoudesign.
2. Significantdifferencesxistedbetweerthefloorplans.
3. The prototypedoesnot handlethe instructionpointer
illegal opcodesandbogusbranches.

4. Someof the clocked circuits containunrelatediogic,
andisolatingtherelevantpartsis difficult.

5. Theprototypeayoutwasnotoptimizedfor densitydue
to resourcdimitations.

Our analysisshavs that the test chip occupies22%
larger areathanthe clocked design,which is a very rea-
sonableareapenaltyfor theimprovementsin throughput,
lateny and power. Furthermore,our analysisindicates
thatthereis no evidenceof a large areapenaltyinherent
to asynchronoudesign.

D. SiliconDelugging

Dehuggingan asynchronousircuit on silicon without
direct probing may be an issuesincethe circuit is self-
timed, thatis, it is impossibleto stopthe clock andscan
outthe statesignals. This is especiallytrue with the self-
resettingpulsedcircuits usedin the asynchronousesign,
sinceby thetime thecircuit stopsthe signalshave already
returnedo theirinitial states.

A specialdehug featurewas designedo facilitate sili-
con delugging. Eight bits in the scan-inchainare dedi-
catedto this feature. Eachbit, whenreset,blocksthe re-

settingof a setof internal statesignals. Additional logic
requiredto implementthis blocking is minimal. In most
casesit justrequiredaddingoneinputto anexisting gate
(Figure 13). Whenthe bit is reset,the self-resettingoop
is disabledandthe entirecircuit will eventuallyhalt. The
circuit statecanthen be scannedut for inspection. Al-

ternatvely, operationcan be resumedby removal of the
delug bit value.

InstRdy—— \
SSRdy—( ) TagOug
reset ——————— lengthy )
dehug 7
0 TagOup
lengthy J
Taglm .
Tagin, —; TagArrived N TagOut
Taglny —,L/ lengthy L

Fig. 13. TagUnit circuit shaving thedebug signalwhich cap-
turesthe TagAr ri ved pulse.

All theseadditionsweremadeoff thecritical paths(the
resetpathis usuallynon-critical). Frozenstatesignalscan
bescannedutandobsered. Thedehugginglogic enabled



usto identify threedifferenttiming-relatedfailuresof the
first siliconin avery shorttime.

A pulsesignalthatwasdesignedo drive a singlelocal
gatewaslater changedo drive an additionaldistantgate.
The additionalload from the gateandwire exceededhe
pulsedrive capability Throughthe dehugging logic we
wereableto identify thefailing signal. This bug prevented
the circuit from operating. Subsequentlyhe silicon was
modifiedto enabletestingof thecircuit.

Anothertiming relatedbug led to too shortadelayona
prechage controlline for a clockeddominoPLA. Thisre-
sultedin malfunctioningof therareinstructionNOR-NOR
PLA, whichwasconsequentlgxcludedfrom testing.The
third bug, mentionedpreviously, is a noiseconditionon
certaininstructionsthat resultedin insufiicient datasetup
to theLengthDecoders.

Timing analysisvasnot performedntheprototypecir-
cuit, otherthanthroughdesignedriven spiceruns. These
bugswould have beendiscoveredwith a completetiming
validationflow[3], [4].

E. Testability

Fault analysisof the prototypeprovides evidencethat
testabilityis no reasonto avoid asynchronouslesign. In
fact, the fault coveragewasno worsethanthat of similar
synchronougircuits. Almost all uncoveredfaultsin the
asynchronouslesignwould alsobe uncoveredin similar
clocked circuits. However, someissuesspecificto asyn-
chronousdesignhave beenidentified. Asynchronousir-
cuits are sequentialin naturedue to the handshad pro-
tocolsimplementedwith finite statemachinecontrollers.
Unlike clocked circuits, it is unreasonabléo apply scan
techniquego corvertasynchronousircuitsinto combina-
tional blocksdueto thelarge statespaceof thedistributed
andautonomousandsha&control[17]. Further synchro-
nizationpointsaredecoupledwhich complicatesobserv-
ing the global statespacewith a clocked tester Another
testabilityissuewith timedasynchronousircuitsis thepo-
tentialnecessityof modelingdelayfaults.

Sincefull scanis unreasonableye optedto useBIST
to avoid invading the structuraldesignwith flops. Cel-
lular automata(CA) [18] were designedto generateest
vectorstargetedat thetermsin the decodePLA of thein-
structionset[19]. We usedone BIST block to testthe
entireasynchronousircuit (approximatelyl120,000tran-
sistors). The BIST structureswere attachedo the inter-
facesof this block afterthe designwascomplete andthus
no logic modificationsor DfT wereappliedto thedecoder
core. A CA signatureanalyzervalidatescorrectnesdy
observingthe outputsignalsand someimportantinternal
states. The BIST scananddehug scanareintegratedand

11

sharethe sameflops. The BIST and delug logic hasa
smallimpacton performancendareaestimatedit5%la-
teng penalty(nothroughpupenalty)and5%areagpenalty

One modificationwas madeto the cellular automaton
to generatahe sequentiapatternsneededo testfor two-
opcodeinstructionswhich were too rare to be automat-
ically generatedby the automaton. A similar modifica-
tion was requiredto generatesequencesf prefixes that
modified the lengthsof subsequeninstructions,but was
not implemented. The BIST and signatureanalyzerare
clocked at a frequeng slow enoughto guaranteestability
of all nodesat obseration time. The circuit still runsat
full speednternally

A 95.9%stuck-atfault coveragewasachieved usingthe
COSMOSswitch-level fault simulator[16]. Untageted
faults— somesequencesf prefix instructionsand delug
logic — werenot included. The BIST logic was not im-
plementedon silicon dueto scheduleconstraints.It was
designedat schematicdevel and simulated. Faultswere
simulatedin onecolumnonly, andonly in oneof the Tag
Units in this column,in orderto keepruntimereasonable
(145 CPU days). We expectthe coveragefor all blocks
to be nearlyidenticalindependenof their positionin the
array

The majority of the uncorered4.1% of the faultswere
not dueto the shortcoming®f BIST, but ratherto the cir-
cuitsanddesignstyleused.Theuncoveredfaultsconsisted
mainly of unobserable keeperfaults, pulse degradation
faultsin dominokeeperqseebelav), andredundantir-
cuits which were not removed with the Relative Timing
methodology[3]. Otherthanredundany the sametypes
of faultsappeaiin clocked circuits[20], [21].

The circuit in Figure 14 demonstratesn undetected
fault specificto pulsedcircuitsusedin the prototype.Nor-
mally thedominoNAND gateGself-reseis controlledby
thesevengatedelayfeedbackpulsethroughr . A stuck-at
zerofault on the keeperin gateG leadsto an early reset
throughthethreegatedelayfeedbackpathd. Thistypeof
fault may or may not resultin failurein the actualcircuit
andshouldbe simulatedfor realisticnoise,coupling,etc.
to determindf the shortenegbulseresultsin failure.

V. DISCUSSION

The comparisorof synchronousindasynchronousir-
cuitsmadein theprevioussectionis limited by thefactthat
we did not have a separatelocked chipimplementingthe
samefunctionality of our asynchronougrototype. Thus
for datasuchaspower, we hadto resortto simulationand
indirectestimatesHowever, actualthroughputdelay and
siliconareacharacteristicsf theclockeddesignhave been
emplogyedin this comparison.



|
dnlln
T

(©)

Fig. 14. PulseLengthFault. (a) Self-resettingdominocircuit
generatinga sevengatedelaypulse.(b) Stuck-at-Ofaulton
dominokeeperf gateG. (c) Dottedwaveformsshow pulse
degradatiorunderfault, arrons causality

We summarizesomeof our key obserationsbelow. In
the early designstage we learnedhow to optimizeasyn-
chronouscircuits mainly for high performanceat the mi-
croarchitecturdevel:

« Optimizefor the commoncases:The taggingcircuit is
optimizedfor instructionsup to seven byteslong, andthe
lengthdecodeifor commoninstructiong6].

« Employ timing assumptiongjirectsignalingandpulsed
logic to avoid thefull handshaé overhead3].

« Useaone-hotdominocircuit with automaticcompletion
detectiong.g.,for thelengthdecoder

« Scalablgparalleloperatiorcanbalancehevariousoper

ationalratesfor performancefour rows of taggingunits
and outputbuffers matchthe taggingtime to the instruc-
tion steeringtime.

o Preemptingasynchronouscircuits is possible: The
lengthdecodeiis preemptedreset,andrestartedn bytes
that do not startan instruction,aswell asin the caseof

prefixesandlong instructions.

« Global synchronizationis decoupled: Wide synchro-
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nizationis inefficient in asynchronouslesign. The syn-
chronizationcan at times be deferredby splitting the ar-

chitectureinto concurrenfpathsand moving the synchro-
nizationto alessexpensve location.For example thepro-
totypedoesnot synchronizaall sixteencachdine bytesat
theinput; rather thebytesproceedalongconcurrenpaths,
andonly getsynchronizedit the mostopportungime by

theTagUnits.

In the later stagesof the design,key obserationswere
mostlyrelatedto methoddor asynchronousontrolcircuit
optimizationg3]:

« Relatve timing assumptionsvere usedto simplify the
controlcircuitsthusincreasingheir performance.

« Relative timing assumptionsvere addedto the formal
verificationtool ANALYZE [22].

« Pulsedpipeline control simplified the circuit and in-
creasegerformance.

« Footedratherthanunfooteddominomay yield a faster
circuit dueto relaxedraceconditions.

Self-timedcircuitsarea potentialsolutionto future de-
signproblemdik e delayvariationsandclock distribution.
We areinvestigatingthe adaptve synchronizatiorscheme
for communicatioramongunits on chip in the presence
of large clock skew [23] and a schemeto embedself-
timedmoduleswithoutsignificantlateng penaltyin glob-
ally synchronousystemg24]. We are alsodesigninga
completeCAD systemfor timed circuit design[25], [26],
[27], andareworking on Designfor Testability(DfT) so-
lutions for the undetectabldaults in self-timed circuits.
SuchCAD anddesigntechniquesare a potentialsolution
totheissuesvewill facein thefuture,givencurrenttrends
of increasinglockfrequeng, interconnectielaysandde-
lay variations.

V1. CONCLUSION

Our novel designmethodologyfor asynchronougir-
cuits and systemshasresultedin a circuit that achieves
threetimesthe performancef its high-performanceom-
mercial synchronouscounterpart,incurring half the la-
teng andconsuminghalf the power, ata comparablesil-
icon area. We have found that the main limitation to
exploiting this potentialis the lack of appropriateCAD
tools[4].
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