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Abstract

This paperpresentsan approachby which asynchronousgircuits
canberealisedvith acorventionalEDA tool flow andcorventional
standarctell libraries. Basedon a gate-leel asynchronousircuit
implementatiortechnique direct-mappingandby identifying the
delayconstraintsandexploiting certainEDA tool featuresthis pa-
perdemonstratethata corventionalEDA tool flow canbe usedto
describeplace routeandtiming-verify asynchronousircuits.
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B7.1.[Integrated Cir cuits]: TypesandDesignStyles

General Terms
Design,ExperimentationStandardization
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1. INTRODUCTION

Asynchronouslesignhasoftenbeenquotedasanalternatve de-
signapproachwhich canhelp overcometheimplementatiorprob-
lemsof Deep-Sub-MicrofDSM), high-performanceynchronous
circuits, i.e. maintaininglow clock skew, efficient clock buffer-
ing, high-paver consumption high Electromagnetidnterference
(EMI) [9][3]. However, the adoptionof asynchronousliesignhas
beenhinderedby the lack of commercialsupportandinability to
designasynchronousystemausingcorventionaltools. In this pa-
perwe shav how aclassof asynchronousircuits canbe manually
described timing-constrainedand timing-verified and then auto-
matically placedand routed using corventional EDA tools. Our
emphasiss on asynchronousontrol circuits but the sameprinci-
plescanbeappliedto asynchronoudatapaths.

2. ASYNCHRONOUSCIRCUITS IN EDA

A variety of approachesxist for the designandimplementation
of asynchronougircuits [5]. Transition-basedpproachespec-
ify circuits andsystemsn termsof signaltransitionsusing Petri-
nets[11], thenusingSignal TransitionGraphs(STGs)[2] mapthe
specificatiorinto animplementabléAsynchronous-inite StateMa-
chine(AFSM) form. Micropipelinecircuits[16] areasynchronous
pipelinesthatmayincorporatdogic betweertheir stagesProgram-
ming/compilationapproache$8][19] startfrom a circuit specifi-
cationin a formal language then througha sequencef syntax-
transformationsderive circuit descriptions. Finally, FSM-based
asynchronouslesignapproachesnclude asynchronougiuffman
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machineq18], Burst-ModeAFSMs [15][21] and Direct-mapped
AFSMs[6][14]. However, only afew of theseapproachearesuit-

ablefor EDA. The fundamentatequirements thatthey usestan-
dardlogic gates. An importantadditionalrequirementis that the

derivedcircuitspossesgasyto determindiming constraintsyhich

canbe supportedhroughouthe stageof anEDA flow.

Two industrial-strengttasynchronou€DA tool flows actually
exist, theTangramool setwhichhasbeenusedo designthe80C51
microcontrollef20] andthe Theseud.ogic tool flow [7]. However,
the former is basedon proprietorytools, whereasthe latter uses
proprietorystandarctell libraries.

In thiswork we fully-automatethetiming verification,placement
androutingof asynchronousircuitsusingstandarcEDA toolsand
standardcell libraries basedthe direct-mappingapproachintro-
ducedbyL. A. Hollaar[6], whichusesset-resetlip-flopsfor gener
atingandstoringthestatesf a“one-hot’encodedFSM[18]. The
one-hotencodingeliminatesgeneralracesbetweenstatevariables
andsimplifiesthecircuitimplementatiorasthelogic thatgenerates
the statesignalsassumes regularform. One-hotAFSMshave the
attractive propertythat their timing constraintsfor correctopera-
tion areindependenbf the actualcircuit specificationjn contrast
to otherasynchronouslesignapproachesin Hollaar's implemen-
tation eachstatecorrespondso a set-reseflip-flop. Thecondition
for enteringa stateis fed to the setinput of the states flip-flop,
whereaghe conditionfor leaving the stateis fed to its resetinput.
Thesetandresetconditionscanbeimplementedy combinational
logic. Theresetconditionis in mostcaseghe settingof asuccessor
state[6][13].

Figurel shavs anset-reseflip-flop AFSM implementatiorof a
sequentiaportion of a statediagram.Portionsof statess1,s2and
s3areshavn. States2is enteredon thetransitionof signalx. The
circuit operatesasfollows: if input x is assertedthenthe output
of the NAND gateto which x is input will dropasbothx andsl
arehigh. The consequencef this is the settingof states2 andthe
resettingof states1.

: Figure 1. One-hotGate-Level AFSM segment
2.1 One-Hot Gate-level AFSM Delay Analysis

In this sectionthe delay assumptiongor correctoperationof
one-hotgate-leel AFSMs areidentified. For a gate-leel AFSM,
thefollowing delaypathsmaybe defined:



e (a)Setinputdelay i.e. delaybetweerthesetinput of a state(theset
input of the stateflip-flop) andthe stateoutput,A(s).

o (b) Resetinput delay i.e., delay betweenthe resetinput of a state
(the resetinput of the stateflip-flop) andthe invertedstateoutput,
A(r).

e (c) Statesettingdelays(setpaths),i.e. delaysbetweenthe prede-
cessorstatesignaloutputsandthe stateoutput. This compriseghe
delaysthroughcombinationalogic andthe stateflip-flop. For state
n with m predecessorthesedelayscanbe representedsAn ) (sp),
Dn2)(SP), ... Dn(m) (sp)for m predecessors.

o (d) Stateresettingdelays(resetpaths),i.e. delaysbetweerthecom-
plementaryoutputof a state(invertedversion)andthe statesignal
outputsof its predecessorsThis compriseshe delaysthroughpo-
tentially combinationallogic and the flip-flops of the predecessor
states. For staten with m predecessorthesedelayscanbe repre-
sentedasy 1) (1p), Lniz) (rP), - Lnimy (1) for m predecessors.

Thesecritical delaysareidentifiedfor states2in thesimplegate-
level AFSM segmentof Figurel. In orderto ensurecorrectcircuit
operatiorone-hofritical racesbetweertwo or morestateamustbe
avoidedfor all statef the AFSM.

2.1.1 One-hotracebetweera pair of states.

The correctorderof statetransitionsis 10—+11—01. The con-
dition for correctoperationis thatthe next statemustbe properly
enteredbeforethe previous stateis left. In CMOS one-hotAF-
SMs[14] thistranslatego selectingappropriatdransistorsizesfor
the n-typetransistorsusedto entera state,and p-typetransistors,
usedto leave a state.

In gate-level AFSMs, theconditionfor correctoperatiordepends
on the thresholdpoints of the set-resefflip-flops, i.e. the point
whereflip-flops changestate. If all the NAND gatesforming the
set-resetlip-flopsareidentical,thenit is nearlyimpossibleio make
thecircuit fail for a 2 statetransition,asthe circuit is delayinsen-
sitive, i.e. will work correctly for arbitrary delaysof wires and
gates. However, if NAND gatesof differentthresholdsare used
(different% transistorsizing for example)it is possiblethat the
previous states flip-flop changesstate,beforethe next states has
flipped. Thistypeof failureisillustratedin Figure2, wheretheout-
put waveformsof anHSPICE[10] simulationof two AFSM states
slands2areshavn. Thetop andbottompanelsof Figure2 shav
the two outputsof stateflip-flops slands2,i.e. slandnsland
s2 andns2respectiely. Failure hasbeenachieved by moving the
thresholdpoint of the s1flip-flop towardsVDD andloadingns2.
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] Figure Z2: Racefrallurebetweena pair ot statesin HSPICE

It is possibleto expressdelayconstraintavhich will ensureone-
hot racefree transitioningeven if the NAND gatesare non uni-
form. A staten is enteredby a setpath,Ay(sp), whereast is left
by a correspondingesetpath,An(rp). Thus,for one-hotracefree
operation,the delay throughthe resetpath and throughthe com-
binationallogic leadingbackto the setinput of the statemustbe

longerthanthe delayof settingthe stateoncethe setinputis being
driven (for all possiblesetandresetpaths),.e.:

An(rp) + (Bn(sp)- A(S)) > A(s) =
An(rp) + An(sp) > 2A(s)  (EQ1)

To ensurethatthis delayassumptiorholdsit is possibleto bias
the A(s) andA(r) delayssothatA(s) < A(r) holds.

2.1.2 One-hotracebetweerthreeor more states.

In the caseof threestatesdifferenttransitionordersare possi-
ble: 100-110-010—-011-001 or 100-110-+111—+011—001.
In ary case,state101 shouldnot be reached.The prohibited101
statecanonly bereachedf the middle of thethreestateshasbeen
setandresetbeforetheleft statehasbeenreset. This canonly oc-
curif theright stateis set(thusresettingthe middle state)andthe
middle stateresetfasterthanthe middle statecanresetthe stateon
theleft, i.e. the situationto avoid is: A(sp of right state)+ A(rp of
right state)< A(rp of middle state). For two statesp-1 andn, the
oppositeconditionmusthold for correctoperation(for all possible
setandresetpaths),.e.:

An(sp)+ An(rp) > An-1(rp)  (EQ2)

Dueto the natureof one-hotcoding, ensuringthat one-hotcrit-
ical racesdo not occurfor morethanthreestatescanbe achieved
by ensuringthat two andthreestateracesdo not occurfor every
possiblesequencef two andthreestatef the AFSM.

To summarisecorrectcircuit operationfor a one-hotgate-level
AFSM canbeguaranteeif equation§EQ1)and(EQ2)above hold
for all statesof the AFSM. In the next sectionsve identify thefea-
turesof the EDA toolsthatcanbeusedto implementasynchronous
circuits.

2.2 AsynchronousCir cuit Specifications

In orderto describea gate-level asynchronousircuit into asyn-
thesistool, a circuit netlistform mustbe used,sincesynthesiss
not (asyet) possible.Onesuchform is the SynopsysGTECH[17]
(GenericTECHnNology)format,which allows for acircuit to bede-
scribedin termsof generictechnology-independeninsizedgates.
It is thenpossibleto both mapthe GTECH specificationinto ary
technologyandto specifypathconstraintsvhichwill appropriately
sizethetechnologymappedjates.

2.3 Delay Constraints and Hierar chy

In asynchronougircuit design,only true path delaysare rele-
vant to the circuit operation. For example, the delay constraints
describedn the previous sectionmaybe verified by measuringhe
true pathdelaysfor the correspondingaths. However, it is often
the casethat static timing analysisreportsa path delay inappro-
priately i.e. by combiningarrival times of signalswhich will not
changeln addition,timing analysisis particularlyconfusecdby the
feedbackof stateregisters. Careful hierarchicaldefinition of the
circuit canovercomethis problem.Pathswhich areto bemeasured
andconstrainedy the synthesigool shouldnot containfeedback.
For example,the setandresetNAND gatesmay needto be con-
strainedso that A(s) < A(r) holds. If a cell is describedso asto
male feedbaclexternaltoit, it is thenpossiblefor delayconstraints
to befulfilled appropriatelyby the synthesidool.

2.4 Constraint Specification

Thedelayconstraint®f direct-mappedFSMspresenteéh Sec-
tion 2.1arerelative, i.e. thedelaysof critical circuit pathsareinter-
related.Thereis currentlylittle supportfor relative constrainspec-
ification in contemporanEDA tools, even thoughstandardsuch
as SDF (StandardDelay Format) v3.0 supportthem [12]. How-
ever, it is possibleto specify absolutetiming constraintson cir-
cuit pathsthroughthe commonly usedGCF (GeneralConstraint
Format)timing constraintd1]. Experimentsperformedwith Ca-
dences Pearltiming analysedemonstratethattiming analysisfor
GCF pat h_del ay constraintsconsidersthe true pathsbetween



the specifiedpoints. GCF constraintsarealsocompatiblewith Ca-
dences P&R (Placementand Routing) tools. However, as GCF
constraintsaare designedo beimposedonly on external,top-level
pins, it wasfound necessaryo introducedummy pinsto a physi-
cal designfile (DEF format)to beableto constrairthe appropriate
paths.

2.5 Physical Design

HierarchicalP&R allows for timing constraintso be localised
to theindividual circuitsandmakesthe procesof constrainingeir-
cuitsmanageableThebreakdavn of asysteninto constituenparts
is a very naturalprocessfor asynchronousystemsas theseare
generallycomposedf asynchronouslocks which communicate
with eachother via delay-insensitie asynchronoushandshaking
protocols.Thereforejt is straightforvardto drav blockboundaries
at the handsha& interfaces. In this way, constraintsarelocalised,
andatthetop (block) level, whereblockscommunicateit mustbe
ensuredhatthe handsha& dataare“bundled”,i.e. synchronised,
to their correspondingnandshag control signals.

3. AN EXAMPLE DESIGN

Wenow demonstratéheproces®f realisingafully-asynchronous
circuit usinga conventional EDA flow by manually constraining
anexamplecircuit: anasynchronouss-stage 32-bit pipeline,con-
structedoutof fully-decoupledour-phasdatchcontrollerg4][13].
Thecircuit wasmappedo the VST-UMC 0.18im technology

3.1 Constraint Specification

Table 1 shaws the delay analysisfor the critical pathsof the
unconstrainedrersionof the circuit. The timings of Table 1 are
obtainedby mappingthe GTECH circuit specificatiorto thetech-
nology library and then measuringthe critical path delays. The
numbersin bold representhe path delaysreportedby the Pearl
Fi ndPat hsBet ween command(with false pathsblocked) on
thecritical paths,whereaghe numbersn italics representhe path
delaysreportedby theDC r eport _t i mi ng command.TheDC
timings are obtainedby measuringhe pathdelaysat appropriate
levels of hierarchyso thatfalsepathsarenot considered As Pearl
allows for falsepathsto be blocked at the top level, the Pearltim-
ingsaremoreaccurateasthey includeinputandoutputloading.

[State [ As) [ AW [ Asp) [ A(p) |
ackin || 0.12/0.06 | 0.040.03 | 0.250.17 | 0.180.15
waita || 0.070.06 | 0.040.03 | 0.190.16 | 0.140.15
reqout || 0.1170.06 | 0.040.03 | 0.240.16 | 0.180.15
waitr || 0.040.03 | 0.060.05 | 0.180.15 | 0.150.15
idle 0.100.06 | 0.040.03 | 0.260.20 | 0.150.15

Table 1: UnconstrainedLatch Controller Delay Analysis (in ns)

Table2 shavs thedelayanalysisfor theconstrainedircuit. This
versionof the circuit wastechnologymappedandthenconstrained
sothatthe the delay of the resetgateof the stateflip-flops wasat
leasttwice thatof the setgate,i.e. A(r) > 2A(s), andthe bundled-
dataassumptioron the outputrequestholds, i.e all dataoutputs
are synchronisedo signalr eqout . Imposingthe A(r) > 2A(s)
synthesiconstraintto all statesensureghataftercircuit synthesis
the delay constraintsecessaryor correctcircuit operationof the
one-hotAFSM, i.e. Ap(sp)+ An(rp) > 2A(s) andAn(sp) + An(rp) >
An_1(rp), will befulfilled for all states.

[ State | A(S) | A(n [ Asp) | Alp) |
ackin 0.060.03 | 0.090.09 | 0.200.15 | 0.230.18
waita || 0.040.03 | 0.12/0.09 | 0.170.14 | 0.200.18
reqout || 0.060.03 | 0.090.09 | 0.200.14 | 0.240.19
waitr 0.040.03 | 0.100.09 | 0.170.14 | 0.200.23
idle 0.060.03 | 0.130.09 | 0.220.20 | 0.230.18

Table 2: Constrained Latch Controller Delay Analysis (in ns)

By usingthe dataof Table2 theconditionsfor correctcircuit op-
erationcanbe calculated.In this way, constraintscanbe specified

which canpropagatehroughouthe physicalpartof the EDA flow.
The valuesof the critical delaysareshavn in Table3. As canbe
seerby thistable, An(sp)+ An(rp) > An—_1(rp) is atighterconstraint
to An(sp) + An(rp) > 2A(s).

[ State [[ &n(Sp)+Am(p) [T 2A(S) | An-y(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

Table 3: Constrained Latch Controller Critical Delays(in ns)

Fromthefiguresof Table3 an absoluteupperdelayboundcan
be obtainedfor theresetpathof eachstate,.e. A(rp). Thisvalueis
equalto the sumof the setandresetpathsof the next state.There
is no upperboundon the setpath,i.e. A(sp), but thereis a lower
boundfor boththe setandresetpathsdueto the samedelaycon-
straintequation. Table 4 shavs appropriateminimum and maxi-
mum absolutedelay constraintson the setandresetpaths. These
delay constraintscan be specifiedin GCF file format, for themto
be usedin the physicalpartsof the EDA flow, by usingthe GCF
pat h_del ay construct.

[ State ]| A(sp)range| A(rp)range |
ackin > 0.20 >0.23<0.37
waita >0.17 > 0.20 < 0.45
regout > 0.20 > 0.24 < 0.37
waitr >0.17 > 0.20 < 0.45

idle > 0.22 >0.23<0.44

Table4: AFSM Delay Constraints (in ns)

Whenthe circuit entersthe physicaldesignphaseof the EDA
flow andis P&R, the pathdelayswill change.As the delaycon-
straintsare expressedas absolutenumbersandnot relatively, it is
likely that althoughthe absolutetimings may have changedthe
relative timingsarestill within theappropriateangesandabsolute
timing violations reportedby the tools are not affecting the cir-
cuit’'s operation.If contemporanDA tool flows did supportrela-
tive timing constraintshatwould beidealfor describinghetiming
constraintsof asynchronousircuits. Then, it would be possible
to userelative timing constraintspecificationgo ensurethatasyn-
chronouscircuits operatecorrectlyandabsolutetiming constraints
for pathsthatimpacton thecircuit’s performance.

3.2 Physical Design

Cadences DesignPlannewasusedfor hierarchicaldesign,Sil-
icon Ensembldor block-level P&R andIC Craftsmarfor thetop-
level routing. The top-level floorplanandfinal layout are shavn
in Figure 3. The five stagescorrespondo the samesynthesis-
constrainedatch controller circuit (as describedin the previous
section) only with differentaspectatios. After floorplanning.each
stagewasP&R separatelyn boththe time-driven (with GCF con-
straints)andin the non time-driven (connection-dsien) mode of
the P&R tools.

t 3
shage stageb
staged =
ot
&
stagel o

Figure 3: AsynchronousPipeline Floorplan and Layout

Evenin time-driven mode,small violations, lessthan 50ps, of
thepathconstraintsnanifestedFigure4 graphicallyrepresentthe
violationsreportedby Pearlafter P&R for thenontime-drivenand



time-driven versionsof the 32-bit fully-decouplediatch controller
circuitsrespectiely. Theviolationsshavn areminimum pathvio-
lations,i.e. the pathswerefasterthanspecified.

0.3 0.3

0.25 non-TDD  memm 0.25 TDD
0.2 0.2
0.15 0.15
0.05 I I 0.05
0 0 I I I H = =

0123456789 01234567
Figure 4: Rangeof Timing Violations (in ns)

Table5 shavs thetimingsof the post-layoutcritical pathsof the
time-drivendesign.As canbeseerby theseimingsthe circuit will
operatecorrectlyeventhoughthe timing analysereportsabsolute
timing violations. Contrastingthis tablewith Table 3, which con-
tainsthe critical post-synthesiglelays,we canseethatthe defined
absolutedelayshave controlledthe placementaindrouting process
effectively and have produceda circuit with delaysvery closeto
the specification.

State | Aw(Sp)+ &) [ 2A(8) | Apn_n(p) |

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

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

State | Am(Sp)+ &) [ 2A(8) | Apn_n(p) |

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

idle 0.22 0.04 0.09

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

Table 6 shaws the timings of the post-layoutcritical pathsof
the non time-driven design. Thesetimings demonstratéwo im-
portantpoints. Firstly, they vary greatly from the post-synthesis
timings (which estimateplacement)jndicating that the synthesis
timings were conserative and affectedthe time-driven placement
of the circuit negatively. The connection-dsien algorithmsof non
time-drivenmodehave producedafastercircuit by minimisingpath
lengthsandpackingthe circuit. Secondlydespitethe factthatthe
delaysandratiosof the delayshave changedtherelative pathcon-
straintsstill hold. The sizing of the setandresetgatesof the state
flip-flops, i.e. synthesisconstraintA(r) > 2A(s), andthe bundled-
datasynthesigonstraintsnake it hardfor the placemenandrout-
ing tool to violate therelative constraintfor sucha smallcircuit.

4. CONCLUSIONS

We have shavn thatit is indeedpossibleto exploit featuresof
corventionalsynchronou€DA flows to implementasynchronous
circuits. It is relatively straightforvard to expressthe relative tim-
ing constraintdhata gate-leel direct-mappedontrol circuit must
fulfill for correctoperation.Thus, it is possibleto performtiming
verificationof theasynchronousircuit’s pathconstraintsat various
stagesof the EDA flow. Furtheron, by exploiting the supportfor
timing-driven designthat EDA tools provide, it is possibleto per
form time-driven P&R, henceallowing for the asynchronousir-
cuit’s critical pathdelaysto stay closeto the specificationduring
the physicaldesignstages However, asrelative timing constraints
are not as yet supportedby commercialEDA flows, the timing
constraintof anasynchronousircuit mustbe describedasabso-
lute constraintgarticularto a specificimplementatiortechnology
Suchconstraintsareeffectively stricterthanthe equivalentrelative
constraintsvhich they represenaindlimit circuit performance.
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