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Abstract
This paperpresentsan approachby which asynchronouscircuits
canberealisedwith aconventionalEDA tool flow andconventional
standardcell libraries. Basedon a gate-level asynchronouscircuit
implementationtechnique,direct-mapping,andby identifying the
delayconstraintsandexploiting certainEDA tool features,thispa-
perdemonstratesthata conventionalEDA tool flow canbeusedto
describe,place,routeandtiming-verify asynchronouscircuits.

Categoriesand Subject Descriptors
B7.1. [Integrated Cir cuits]: TypesandDesignStyles

GeneralTerms
Design,Experimentation,Standardization
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1. INTRODUCTION
Asynchronousdesignhasoftenbeenquotedasanalternativede-

signapproachwhich canhelpovercometheimplementationprob-
lemsof Deep-Sub-Micron(DSM), high-performancesynchronous
circuits, i.e. maintaininglow clock skew, efficient clock buffer-
ing, high-power consumption,high ElectromagneticInterference
(EMI) [9][3]. However, the adoptionof asynchronousdesignhas
beenhinderedby the lack of commercialsupportandinability to
designasynchronoussystemsusingconventionaltools. In this pa-
perwe show how aclassof asynchronouscircuitscanbemanually
described,timing-constrainedand timing-verified and then auto-
matically placedand routedusing conventionalEDA tools. Our
emphasisis on asynchronouscontrol circuits but the sameprinci-
plescanbeappliedto asynchronousdatapaths.

2. ASYNCHRONOUSCIRCUITS IN EDA
A varietyof approachesexist for thedesignandimplementation

of asynchronouscircuits [5]. Transition-basedapproachesspec-
ify circuits andsystemsin termsof signaltransitionsusingPetri-
nets[11], thenusingSignalTransitionGraphs(STGs)[2] mapthe
specificationinto animplementableAsynchronousFiniteStateMa-
chine(AFSM) form. Micropipelinecircuits[16] areasynchronous
pipelinesthatmayincorporatelogicbetweentheirstages.Program-
ming/compilationapproaches[8][19] start from a circuit specifi-
cation in a formal language,then througha sequenceof syntax-
transformationsderive circuit descriptions. Finally, FSM-based
asynchronousdesignapproachesinclude asynchronousHuffman
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machines[18], Burst-ModeAFSMs [15][21] andDirect-mapped
AFSMs[6][14]. However, only a few of theseapproachesaresuit-
ablefor EDA. The fundamentalrequirementis that they usestan-
dard logic gates. An importantadditionalrequirementis that the
derivedcircuitspossesseasyto determinetiming constraints,which
canbesupportedthroughoutthestagesof anEDA flow.

Two industrial-strengthasynchronousEDA tool flows actually
exist, theTangramtool setwhichhasbeenusedto designthe80C51
microcontroller[20] andtheTheseusLogic tool flow [7]. However,
the former is basedon proprietorytools, whereasthe latter uses
proprietorystandardcell libraries.

In thisworkwefully-automatethetimingverification,placement
androutingof asynchronouscircuitsusingstandardEDA toolsand
standardcell libraries basedthe direct-mappingapproachintro-
ducedbyL. A. Hollaar[6], whichusesset-resetflip-flopsfor gener-
atingandstoringthestatesof a“one-hot”encodedAFSM [18]. The
one-hotencodingeliminatesgeneralracesbetweenstatevariables
andsimplifiesthecircuit implementationasthelogic thatgenerates
thestatesignalsassumesa regularform. One-hotAFSMshave the
attractive propertythat their timing constraintsfor correctopera-
tion areindependentof theactualcircuit specification,in contrast
to otherasynchronousdesignapproaches.In Hollaar’s implemen-
tationeachstatecorrespondsto a set-resetflip-flop. Thecondition
for enteringa stateis fed to the set input of the state’s flip-flop,
whereastheconditionfor leaving thestateis fed to its resetinput.
Thesetandresetconditionscanbeimplementedby combinational
logic. Theresetconditionis in mostcasesthesettingof asuccessor
state[6][13].

Figure1 shows anset-resetflip-flop AFSM implementationof a
sequentialportionof a statediagram.Portionsof statess1,s2and
s3areshown. States2is enteredon thetransitionof signalx. The
circuit operatesas follows: if input x is asserted,thenthe output
of the NAND gateto which x is input will drop asboth x ands1
arehigh. Theconsequenceof this is thesettingof states2andthe
resettingof states1.
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Figure1: One-hotGate-Level AFSM segment

2.1 One-Hot Gate-level AFSM DelayAnalysis
In this sectionthe delay assumptionsfor correctoperationof

one-hotgate-level AFSMs areidentified. For a gate-level AFSM,
thefollowing delaypathsmaybedefined:



� (a)Setinputdelay, i.e. delaybetweenthesetinputof astate(theset
inputof thestateflip-flop) andthestateoutput,∆(s).

� (b) Resetinput delay, i.e., delaybetweenthe resetinput of a state
(the resetinput of the stateflip-flop) andthe invertedstateoutput,
∆(r).

� (c) Statesettingdelays(setpaths),i.e. delaysbetweenthe prede-
cessorstatesignaloutputsandthestateoutput. This comprisesthe
delaysthroughcombinationallogic andthestateflip-flop. For state
n with m predecessorsthesedelayscanberepresentedas∆n

�
1 � (sp),

∆n
�
2� (sp),... ∆n

�
m� (sp)for m predecessors.

� (d) Stateresettingdelays(resetpaths),i.e. delaysbetweenthecom-
plementaryoutputof a state(invertedversion)andthe statesignal
outputsof its predecessors.This comprisesthe delaysthroughpo-
tentially combinationallogic and the flip-flops of the predecessor
states.For staten with m predecessorsthesedelayscanbe repre-
sentedas∆n

�
1 � (rp), ∆n

�
2� (rp), ... ∆n

�
m� (rp) for m predecessors.

Thesecritical delaysareidentifiedfor states2in thesimplegate-
level AFSM segmentof Figure1. In orderto ensurecorrectcircuit
operationone-hotcritical racesbetweentwo or morestatesmustbe
avoidedfor all statesof theAFSM.

2.1.1 One-hotracebetweena pair of states.
The correctorderof statetransitionsis 10� 11� 01. The con-

dition for correctoperationis that the next statemustbe properly
enteredbeforethe previous stateis left. In CMOS one-hotAF-
SMs[14] this translatesto selectingappropriatetransistorsizesfor
then-typetransistors,usedto entera state,andp-typetransistors,
usedto leavea state.

In gate-level AFSMs,theconditionfor correctoperationdepends
on the thresholdpoints of the set-resetflip-flops, i.e. the point
whereflip-flops changestate. If all the NAND gatesforming the
set-resetflip-flopsareidentical,thenit is nearlyimpossibleto make
thecircuit fail for a 2 statetransition,asthecircuit is delayinsen-
sitive, i.e. will work correctly for arbitrary delaysof wires and
gates. However, if NAND gatesof different thresholdsare used
(different N

P transistorsizing for example) it is possiblethat the
previous state’s flip-flop changesstate,beforethe next state’s has
flipped.Thistypeof failureis illustratedin Figure2,wheretheout-
put waveformsof anHSPICE[10] simulationof two AFSM states
s1ands2areshown. Thetop andbottompanelsof Figure2 show
the two outputsof stateflip-flops s1 ands2, i.e. s1 andns1and
s2andns2respectively. Failurehasbeenachieved by moving the
thresholdpointof thes1flip-flop towardsVDD andloadingns2.
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Figure2: RaceFailur ebetweena pair of statesin HSPICE

It is possibleto expressdelayconstraintswhichwill ensureone-
hot racefree transitioningeven if the NAND gatesare non uni-
form. A staten is enteredby a setpath,∆n(sp),whereasit is left
by a correspondingresetpath,∆n(rp). Thus,for one-hotracefree
operation,the delay throughthe resetpathand throughthe com-
binationallogic leadingbackto the set input of the statemustbe

longerthanthedelayof settingthestateoncethesetinput is being
driven(for all possiblesetandresetpaths),i.e.:

∆n(rp) + (∆n(sp)- ∆(s)) � ∆(s) �
∆n(rp) + ∆n(sp) � 2∆(s) (EQ1)

To ensurethat this delayassumptionholdsit is possibleto bias
the∆(s)and∆(r) delayssothat∆(s) � ∆(r) holds.

2.1.2 One-hotracebetweenthreeor morestates.
In the caseof threestatesdifferent transitionordersarepossi-

ble: 100� 110� 010� 011� 001 or 100� 110� 111� 011� 001.
In any case,state101 shouldnot be reached.The prohibited101
statecanonly bereachedif themiddleof thethreestateshasbeen
setandresetbeforetheleft statehasbeenreset.This canonly oc-
cur if theright stateis set(thusresettingthemiddlestate)andthe
middlestateresetfasterthanthemiddlestatecanresetthestateon
the left, i.e. thesituationto avoid is: ∆(spof right state)+ ∆(rp of
right state) � ∆(rp of middlestate).For two states,n-1 andn, the
oppositeconditionmusthold for correctoperation(for all possible
setandresetpaths),i.e.:

∆n(sp)+ ∆n(rp) � ∆n � 1(rp) (EQ2)

Dueto thenatureof one-hotcoding,ensuringthatone-hotcrit-
ical racesdo not occurfor morethanthreestatescanbeachieved
by ensuringthat two andthreestateracesdo not occur for every
possiblesequenceof two andthreestatesof theAFSM.

To summarise,correctcircuit operationfor a one-hotgate-level
AFSM canbeguaranteedif equations(EQ1)and(EQ2)abovehold
for all statesof theAFSM. In thenext sectionswe identify thefea-
turesof theEDA toolsthatcanbeusedto implementasynchronous
circuits.

2.2 AsynchronousCir cuit Specifications
In orderto describea gate-level asynchronouscircuit into a syn-

thesistool, a circuit netlist form mustbe used,sincesynthesisis
not (asyet) possible.Onesuchform is theSynopsysGTECH[17]
(GenericTECHnology)format,whichallows for acircuit to bede-
scribedin termsof generictechnology-independentunsizedgates.
It is thenpossibleto both mapthe GTECH specificationinto any
technologyandto specifypathconstraintswhichwill appropriately
sizethetechnologymappedgates.

2.3 Delay Constraints and Hierar chy
In asynchronouscircuit design,only true pathdelaysare rele-

vant to the circuit operation. For example,the delay constraints
describedin theprevioussectionmaybeverifiedby measuringthe
truepathdelaysfor the correspondingpaths.However, it is often
the casethat static timing analysisreportsa path delay inappro-
priately, i.e. by combiningarrival timesof signalswhich will not
change.In addition,timing analysisis particularlyconfusedby the
feedbackof stateregisters. Careful hierarchicaldefinition of the
circuit canovercomethisproblem.Pathswhichareto bemeasured
andconstrainedby thesynthesistool shouldnot containfeedback.
For example,the setandresetNAND gatesmay needto be con-
strainedso that ∆(s) � ∆(r) holds. If a cell is describedso as to
makefeedbackexternalto it, it is thenpossiblefor delayconstraints
to befulfilled appropriatelyby thesynthesistool.

2.4 Constraint Specification
Thedelayconstraintsof direct-mappedAFSMspresentedin Sec-

tion 2.1arerelative, i.e. thedelaysof critical circuit pathsareinter-
related.Thereis currentlylittle supportfor relativeconstraintspec-
ification in contemporaryEDA tools, even thoughstandardssuch
as SDF (StandardDelay Format) v3.0 supportthem [12]. How-
ever, it is possibleto specify absolutetiming constraintson cir-
cuit pathsthroughthe commonlyusedGCF (GeneralConstraint
Format) timing constraints[1]. Experimentsperformedwith Ca-
dence’sPearltiming analyserdemonstratedthattiming analysisfor
GCFpath_delay constraintsconsidersthe true pathsbetween



thespecifiedpoints.GCFconstraintsarealsocompatiblewith Ca-
dence’s P&R (Placementand Routing) tools. However, as GCF
constraintsaredesignedto be imposedonly on external,top-level
pins, it wasfound necessaryto introducedummypins to a physi-
cal designfile (DEF format)to beableto constraintheappropriate
paths.

2.5 Physical Design
HierarchicalP&R allows for timing constraintsto be localised

to theindividualcircuitsandmakestheprocessof constrainingcir-
cuitsmanageable.Thebreakdown of asystemintoconstituentparts
is a very naturalprocessfor asynchronoussystems,as theseare
generallycomposedof asynchronousblockswhich communicate
with eachother via delay-insensitive asynchronoushandshaking
protocols.Therefore,it is straightforwardto draw blockboundaries
at thehandshake interfaces.In this way, constraintsarelocalised,
andat thetop (block) level, whereblockscommunicate,it mustbe
ensuredthat thehandshake dataare“bundled”, i.e. synchronised,
to their correspondinghandshake controlsignals.

3. AN EXAMPLE DESIGN
Wenow demonstratetheprocessof realisingafully-asynchronous

circuit usinga conventionalEDA flow by manuallyconstraining
anexamplecircuit: anasynchronous,5-stage,32-bit pipeline,con-
structedoutof fully-decoupledfour-phaselatchcontrollers[4][13].
Thecircuit wasmappedto theVST-UMC 0.18µm technology.

3.1 Constraint Specification
Table 1 shows the delay analysisfor the critical pathsof the

unconstrainedversionof the circuit. The timings of Table 1 are
obtainedby mappingtheGTECHcircuit specificationto thetech-
nology library and then measuringthe critical path delays. The
numbersin bold representthe path delaysreportedby the Pearl
FindPathsBetween command(with false pathsblocked) on
thecritical paths,whereasthenumbersin italics representthepath
delaysreportedby theDC report_timing command.TheDC
timings areobtainedby measuringthe pathdelaysat appropriate
levelsof hierarchyso thatfalsepathsarenot considered.As Pearl
allows for falsepathsto beblockedat the top level, thePearltim-
ingsaremoreaccurateasthey includeinputandoutputloading.

State ∆(s) ∆(r) ∆(sp) ∆(rp)

ackin 0.11/0.06 0.04/0.03 0.25/0.17 0.18/0.15
waita 0.07/0.06 0.04/0.03 0.19/0.16 0.14/0.15
reqout 0.11/0.06 0.04/0.03 0.24/0.16 0.18/0.15
waitr 0.04/0.03 0.06/0.05 0.18/0.15 0.15/0.15
idle 0.10/0.06 0.04/0.03 0.26/0.20 0.15/0.15

Table1: UnconstrainedLatch Controller DelayAnalysis(in ns)

Table2 showsthedelayanalysisfor theconstrainedcircuit. This
versionof thecircuit wastechnologymappedandthenconstrained
so that the thedelayof the resetgateof thestateflip-flops wasat
leasttwice thatof thesetgate,i.e. ∆(r) � 2∆(s), andthebundled-
dataassumptionon the output requestholds, i.e all dataoutputs
are synchronisedto signalreqout. Imposingthe ∆(r) � 2∆(s)
synthesisconstraintto all statesensuresthataftercircuit synthesis
thedelayconstraintsnecessaryfor correctcircuit operationof the
one-hotAFSM, i.e. ∆n(sp)+ ∆n(rp) � 2∆(s)and∆n(sp)+ ∆n(rp) �
∆n � 1(rp), will befulfilled for all states.

State ∆(s) ∆(r) ∆(sp) ∆(rp)

ackin 0.06/0.03 0.09/0.09 0.20/0.15 0.23/0.18
waita 0.04/0.03 0.11/0.09 0.17/0.14 0.20/0.18
reqout 0.06/0.03 0.09/0.09 0.20/0.14 0.24/0.19
waitr 0.04/0.03 0.10/0.09 0.17/0.14 0.20/0.23
idle 0.06/0.03 0.13/0.09 0.22/0.20 0.23/0.18

Table 2: ConstrainedLatch Controller DelayAnalysis (in ns)

By usingthedataof Table2 theconditionsfor correctcircuit op-
erationcanbecalculated.In this way, constraintscanbespecified

whichcanpropagatethroughoutthephysicalpartof theEDA flow.
The valuesof the critical delaysareshown in Table3. As canbe
seenby thistable,∆n(sp)+ ∆n(rp) � ∆n � 1(rp) is atighterconstraint
to ∆n(sp)+ ∆n(rp) � 2∆(s).

State ∆ �
n� (sp)+ ∆ �

n� (rp) 2∆(s) ∆ �
n 	 1� (rp)

ackin 0.43 0.12 0.23
waita 0.37 0.08 0.23
reqout 0.44 0.12 0.23
waitr 0.37 0.08 0.24
idle 0.45 0.12 0.20

Table3: ConstrainedLatch Controller Critical Delays(in ns)

From thefiguresof Table3 an absoluteupperdelayboundcan
beobtainedfor theresetpathof eachstate,i.e. ∆(rp). Thisvalueis
equalto thesumof thesetandresetpathsof thenext state.There
is no upperboundon the setpath, i.e. ∆(sp),but thereis a lower
boundfor both thesetandresetpathsdueto thesamedelaycon-
straintequation. Table4 shows appropriateminimum andmaxi-
mum absolutedelayconstraintson the setandresetpaths. These
delayconstraintscanbespecifiedin GCF file format, for themto
be usedin the physicalpartsof the EDA flow, by usingthe GCF
path_delay construct.

State ∆(sp)range ∆(rp) range

ackin 
 0.20 
 0.23, � 0.37
waita 
 0.17 
 0.20, � 0.45
reqout 
 0.20 
 0.24, � 0.37
waitr 
 0.17 
 0.20, � 0.45
idle 
 0.22 
 0.23, � 0.44

Table4: AFSM DelayConstraints (in ns)

Whenthe circuit entersthe physicaldesignphaseof the EDA
flow andis P&R, the pathdelayswill change.As the delaycon-
straintsareexpressedasabsolutenumbersandnot relatively, it is
likely that althoughthe absolutetimings may have changed,the
relative timingsarestill within theappropriaterangesandabsolute
timing violations reportedby the tools are not affecting the cir-
cuit’s operation.If contemporaryEDA tool flows did supportrela-
tive timing constraintsthatwouldbeidealfor describingthetiming
constraintsof asynchronouscircuits. Then, it would be possible
to userelative timing constraintspecificationsto ensurethatasyn-
chronouscircuitsoperatecorrectlyandabsolutetiming constraints
for pathsthatimpacton thecircuit’sperformance.

3.2 Physical Design
Cadence’s DesignPlannerwasusedfor hierarchicaldesign,Sil-

icon Ensemblefor block-level P&R andIC Craftsmanfor thetop-
level routing. The top-level floorplanandfinal layout areshown
in Figure 3. The five stagescorrespondto the samesynthesis-
constrainedlatch controller circuit (as describedin the previous
section),only with differentaspectratios.After floorplanning,each
stagewasP&R separatelyin both thetime-driven(with GCFcon-
straints)and in the non time-driven (connection-driven) modeof
theP&R tools.

Figure3: AsynchronousPipelineFloorplan and Layout

Even in time-driven mode,small violations, lessthan50ps,of
thepathconstraintsmanifested.Figure4 graphicallyrepresentsthe
violationsreportedby PearlafterP&R for thenontime-drivenand



time-driven versionsof the32-bit fully-decoupledlatchcontroller
circuitsrespectively. Theviolationsshown areminimumpathvio-
lations,i.e. thepathswerefasterthanspecified.
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Figure4: Rangeof Timing Violations (in ns)

Table5 shows thetimingsof thepost-layoutcritical pathsof the
time-drivendesign.As canbeseenby thesetimingsthecircuit will
operatecorrectlyeventhoughthe timing analyserreportsabsolute
timing violations. Contrastingthis tablewith Table3, which con-
tainsthecritical post-synthesisdelays,we canseethat thedefined
absolutedelayshave controlledtheplacementandroutingprocess
effectively andhave produceda circuit with delaysvery closeto
thespecification.

State ∆ �
n� (sp)+ ∆ �

n� (rp) 2∆(s) ∆ �
n 	 1� (rp)

ackin 0.42 0.12 0.18
waita 0.31 0.08 0.23
reqout 0.56 0.12 0.18
waitr 0.40 0.08 0.30
idle 0.39 0.12 0.17

Table 5: Time-drivenPost-Layout Path Delays(in ns)

State ∆ �
n� (sp)+ ∆ �

n� (rp) 2∆(s) ∆ �
n 	 1� (rp)

ackin 0.22 0.04 0.09
waita 0.19 0.04 0.11
reqout 0.25 0.10 0.09
waitr 0.23 0.04 0.14
idle 0.22 0.04 0.09

Table 6: Non Time-drivenPost-Layout Path Delays(in ns)

Table 6 shows the timings of the post-layoutcritical pathsof
the non time-driven design. Thesetimings demonstratetwo im-
portantpoints. Firstly, they vary greatly from the post-synthesis
timings (which estimateplacement),indicating that the synthesis
timingswereconservative andaffectedthe time-driven placement
of thecircuit negatively. Theconnection-driven algorithmsof non
time-drivenmodehaveproducedafastercircuit byminimisingpath
lengthsandpackingthecircuit. Secondly, despitethe fact that the
delaysandratiosof thedelayshave changed,therelative pathcon-
straintsstill hold. Thesizingof thesetandresetgatesof thestate
flip-flops, i.e. synthesisconstraint∆(r) � 2∆(s), andthe bundled-
datasynthesisconstraintsmake it hardfor theplacementandrout-
ing tool to violatetherelative constraintsfor sucha smallcircuit.

4. CONCLUSIONS
We have shown that it is indeedpossibleto exploit featuresof

conventionalsynchronousEDA flows to implementasynchronous
circuits. It is relatively straightforward to expresstherelative tim-
ing constraintsthata gate-level direct-mappedcontrolcircuit must
fulfill for correctoperation.Thus,it is possibleto performtiming
verificationof theasynchronouscircuit’spathconstraintsatvarious
stagesof the EDA flow. Furtheron, by exploiting thesupportfor
timing-drivendesignthatEDA toolsprovide, it is possibleto per-
form time-driven P&R, henceallowing for the asynchronouscir-
cuit’s critical pathdelaysto staycloseto the specificationduring
thephysicaldesignstages.However, asrelative timing constraints
are not as yet supportedby commercialEDA flows, the timing
constraintsof anasynchronouscircuit mustbedescribedasabso-
lute constraintsparticularto a specificimplementationtechnology.
Suchconstraintsareeffectively stricterthantheequivalentrelative
constraintswhich they representandlimit circuit performance.
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