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ABSTRACT

Conventional asynchronouscontrol circuit design is
complex becausepotentialdesignsmust be analysedfor
theexistenceof hazardsandstatevariableraces,asthese
maycauseincorrectcircuit operation.We presentthe in-
novative CMOS direct-mapped asynchronouscircuit de-
sign approach,which, by defininga one-to-onemapping
betweenstate diagram and CMOS circuit implementa-
tion, removesthe needfor raceandhazardcircuit analy-
sis. It allows for regular, fast,multiple-input-change,non-
fundamentalmodeasynchronouscontrolcircuits to bere-
alisedin CMOStechnology.

I INTRODUCTION

Theadvancesin VLSI technologyposesignificantchal-
lengesto the designof synchronouscircuits. Sustain-
ing high-performance,clock synchronisation,power con-
sumption and noise emissionsare problemswhich in-
creasein complexity with the ever-increasingclock fre-
quencies[1][2].

Asynchronouscircuits area potentialsolutionto these
problemsas they aremodular, do not requireclock syn-
chronisation,only consumepowerwhenproducinguseful
work andhave low noiseemissions.The difficulty with
asynchronouscircuits and the fundamentalreasonwhy
historicallysynchronouscircuitsdominatedis theirdesign
complexity.

Typically, in orderto ensurecorrectoperation,whenan
asynchronouscontrolcircuit suchasanAsynchronousFi-
nite StateMachine(AFSM) is designed,it mustbe anal-
ysed for hazardsand statevariableracesunder a delay
modeldefinedby the designer[3], i.e. delay-insensitive,
speed-independentor quasi-delayinsensitive.

After theanalysisis performed,extragatesmayneedto
beaddedto eliminatecombinationalhazards,critical paths
�
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mustbeidentifiedto eliminatethepossibilityof sequential
hazardsoccurring,andnew statevariablesmay be added
to eliminateraces.In addition,thebehaviour of theenvi-
ronmentmayalsoneedto becontrolled,i.e. its speedand
thenumberof inputsthatmaychangesimultaneously.

Most asynchronouscircuits are constrainedto single-
input-changeandfundamentalmodeoperation. The for-
merimpliesthatonlyoneinputis allowedto changebefore
thecircuit changesstatewhereasthelatterimpliesthatthe
environmentresponsetime is shorterthanthespeedof the
circuit.

ThispaperpresentstheCMOS direct-mapped approach,
a novel, genericimplementationapproachthat we devel-
oped for realising AFSMs in CMOS technology. This
approachsimplifies asynchronouscontrol circuit design,
as it removes the needfor raceand hazardanalysisand
allows for multiple-input-changesand non-fundamental
modeoperation.

II DIRECT-MAPPED AFSMS IN CMOS
TECHNOLOGY

Onespecialtypeof statevariableencodingis the“one-
hot” encoding[4], which assignsa statevariablesignal
for eachstateof the statemachine.This techniqueelim-
inatesgeneralracesbetweenstatevariablesasit doesnot
encodestates. It also simplifies the circuit implementa-
tion asthelogic thatgeneratesthestatesignalsassumesa
regularform.

Basedon the one-hotencodingmethod,Hollaar pro-
poseda direct implementationof one-hotasynchronous
FSMs basedon set-resetflip-flops [5]. Our innovation
is a mappingdirectly into CMOS transistortechnology.
Wedemonstratehow direct-mappedAFSMscanbeimple-
mentedusingcomplex, dynamicCMOS gates,therefore
yieldingsmaller, simplerandfastercircuits.Ourapproach
hasbeenusedto successfullydesignnumerouscontrolcir-
cuitsfor anasynchronousprocessordesign[6].



Direct-mappedAFSMs canbe implementedin CMOS
technology using complex, dynamic CMOS gates as
shown in Fig. 1. Eachsuchgatecorrespondsto a state
in theAFSM, hencethetermstategates.

A stategateconsistsof asingleor multiple p-typepull-
up networks, a single or multiple p-type resolvingtran-
sistors,a singleor multiple n-typepull-down networks,a
singleor multiple n-typeresolvingtransistorsanda setof
backto backinverters,actingasa storageelement,at the
outputof thegate1.
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Figure 1: AsynchronousDirect-MappedCMOS State
Gate

TheFSMstatesaretheoutputsof agroupof suchgates.
Whenthe outputof a gateis high or active thenthe ma-
chine is in that state. Normally, only onestateis active
at any time, althoughit is possibleto have parallelFSM
paths,wheremultiple statesareactivesimultaneously.

III CMOS STATE GATE DESIGN

In astategate,then-typepull-down networksdetectthe
conditionsappropriateto enterthestatewhereasthepull-
up networks detectthe conditionsto leave it. The pull-
down andpull-up networksareactivatedby theresolving
transistors.The n-typeresolvingtransistorsarefed with
theoutputsof thepreviousstates,enablingthen-typepull-
down networksto dischargethestategateandsoenterthe
correspondingstate. The p-typeresolvingtransistorsare
fed with the outputsof the following statesenablingthe
p-type pull-up networks to leave the state. The number
of n-typepull-down networks dependson the numberof
statesfrom whichastatecanbeenteredandthenumberof
p-typepull-upson the numberof statesthatarefollowed
from a state. Hence,the logic for enteringandleaving a
statescaleseasily.

In thesimplestcase,then-typepull-down network will
correspondto a singlen-typetransistorfed with the sig-
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nal that triggersthe transitioninto thestate.Hence,a to-
tal of two n-typeswill be the minimum. An n-typepull-
down network may be more complex dependingon the
conditionsfor enteringthe state.Correspondingly, for p-
types,in thesimplestcasethereis a singlep-typepull-up
network, which in its simplestform is a shortcircuit, i.e.
simply connectsthe input of the inverterto thep-typere-
solving transistor. Thep-typeresolvingtransistorwill be
connectedto theinvertedoutputof thefollowing state.

In thecasewhereoneor moreof thepreviousstatesof
onestatearealsoits following states,i.e. thereareoneor
morescale-of-two loopsin the statediagram,it is neces-
saryto introducethepull-up network to ensurethat then
andp-typepartsof thegatearenever simultaneouslyON.
Thestructureof thep-typenetwork in thatcaseshouldbe
thesameasthen-typenetwork of thefollowing state,only
with invertedinputs.

The relative sizing of thep andn-typenetworks is im-
portantto eliminatetheone-hotcritical race.It mustbeen-
suredthatthecurrent,previousstatepairchangesarein the
order10� 11� 01, i.e. thenext statemustbeenteredbe-
forethecurrentoneis left. In thisrealisation,thenext state
is enteredby its n-types,whereasthe currentstateis left
by its p-types.For correctoperation,then-typeresolving
transistorof the following statemustbeON long enough
for thefollowing stateto beentered.Thisn-typeresolving
transistorwill be turnedfrom ON to OFF by the p-types
of thepreviousstate,asthesignalof thenext state’s vari-
ablebegins to rise. For the next stateto be properlyen-
tered,it must stay ON long enoughfor the stategateto
switch. It thereforefollowsthatthep-typepull-upmustbe
slower thanthen-typepull-down. This canbeensuredby
the transistorsizing by makingthe p-typesof smaller

� �
ratio comparedto the n-types. In practicehowever, asp-
typesareinherentlyslower thatn-types(aboutfour times
for theprocessesreviewed),thereis no needfor thepull-
up p-typesto have differentsizesfrom the n-types. For
the caseof morethantwo states,with their transitionre-
quirementssimultaneouslyfulfilled, correctoperationwill
occurif thedelaysof stategatesandtheir interconnections
arerelatively uniform.

IV MAPPING A STATE GRAPH TO A CMOS
CIRCUIT

Due to the one-hotcoding,a direct-mappedAFSM is
modular, i.e. it canbe constructedasa connectedsetof
AFSM segments.Figure2 shows how variouspartsof an
AFSM canbe translatedto a direct-mappedimplementa-
tion.

Figure2(a)shows how a linearportionof a stategraph
canbe implemented.The first stateis left whenthe next
is entered. In Figure 2(a), when states3 is entered,
states2 is left. This is achieved by the p-type transis-
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Figure 2: Mappingportionsof an FSM stategraphto a
CMOScircuit implementation

tor of s2’s complex gate. It is possiblefor the two in-
putsto arrive simultaneouslywithout thecircuit malfunc-
tioning, henceallowing for Multiple-Input-Change,non-
fundamentalmodeoperation.

Figure2(b) shows how a loop in thestategraphcanbe
implemented.Input z will put the machinebackin state
s1. If all threeinputsthatform theloop arehigh simulta-
neously, thenthemachinewill oscillatebetweenthethree
states.As this behaviour is usuallyunacceptablefor the
interfaceof theFSM it shouldbeguaranteedby theenvi-
ronmentthatat leasttwo inputsaremutuallyexclusive.

Figure2(c) shows how a parallelpath in a stategraph
is implemented,i.e. the casewherea statehasmultiple
possibledestinations.As statess2 ands3 in thisexample
canbothbeenteredfromstates1, theoutputfrom states1

is fedto bothof thesestates.In thecaseof parallelpathsin
thestategraph,it mustbeguaranteedby theenvironment
that the inputsthat leadtheFSM into separatepathsmust
eitherbemutuallyexclusive,or thattheirvaluehassettled
beforereachingthe statewherethe machineforks. The
latter is relevantin thecasewhereoneinput is theinverse
of theotherto avoid sequentialhazards..

Figure 2(d) shows how two parallel paths in a state
graphmaymergebackinto one.As states3 is wherethe
two pathsmergeandhencestatess1 ands2 arebothstate
s3’s predecessors,it requirestwo pull-down networks.
For the samereason,the p-typesof statess1 ands2 are
bothfed by thetheinverseof states3.

Scale-of-two Loops
As wasmentioned,in order to implementa scale-of-two
loop correctly the p-type network must be mademore
complex thana singlepull-up transistor.
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Figure3: ImplementingScale-of-two loops

Figure3(a)shows theimplementationof a scale-of-two
loopwith singlep-typetransistorsusedto leavetheAFSM
states.This circuit will not functionproperly, asthen and
p-typesof states2 will beON simultaneouslyastheFSM
is enteringstates2 from s1. This happensbecausestate
s2 is boths1’s successorandpredecessor.

To implementscale-of-two loopscorrectlythedeparture
from thestatesthatbelongto thescale-of-two loop (states
s1 ands2 in this example)mustbemadesensitive to the



inputs that causethe transition. This is shown in Figure
3(b),whereseriesp-typesareaddedto achievethis.

In the generalcase,wheretwo statesm and n form a
state-of-two loop andn is m’s successor, the p-typenet-
work of the statem mustbe identical to the n-typepull-
down of staten. If more than one scale-of-two loop is
presentbetweenstatem and its successors,then m will
havemultiplecomplex p-typenetworks.

V COMPARISON WITH OTHER APPROACHES

In this section the performanceand size of example
circuits implementedusing other designapproachesare
contrastedwith their direct-mappedAFSM counterparts.
The example circuits consideredare semi- and fully-
decoupledfour-phaselatch controllers[7] and the Sbuf-
send-ctlfinite-statemachine,whichwasoneof thecontrol
circuitsof thePostOffice chip [8]. Latchcontrol circuits
areubiquitousin pipelineddesigns,so their performance
is critical. TheSbuf-send-ctlcontrolcircuit is anexample
from a fabricatedchipdesign.

All circuits have beensimulatedat the transistorlevel
in HSPICEfor 0.8� m, 0.35� m and0.18� m technologies.
Thetransistormodelswereobtainedfrom [9].

A Latch Control Circuits
A latch controller is the control part of an asynchronous
handshakingpipeline.A latchcontrolleris saidto befully-
decoupledwhenits input andoutputhandshakesareinde-
pendentof eachother. If, ontheotherhand,theprogressof
theinputhandshakedependson theprogressof theoutput
handshakeandviceversa,thena latchcontrolleris saidto
besemi-decoupled.

Table 1 contraststhe performanceand circuit size (in
numbersof transistors)of the semi and fully-decoupled
latch controllersdescribedin [7] and implementedus-
ing the Signal Transition Graph (STG) circuit design
approach[10] and of those implementedusing direct-
mappedAFSMs. Performanceis contrastedby measur-
ing thedelaysof thehandshakesignalsof unloadedlatch-
controllers,i.e. withouta buffer anda dataregister.

ThecolumnslabeledSTGillustratethedelaysof thecir-
cuit realisedusingthe SignalTransitionGraphapproach,
whereasthe columns labeled DM illustrate the delays
of the circuit implementedusingthe Direct-MappedAp-
proach.

The Reqin� � Ackout� delay, i.e the time it takesfor
the output handshake to completefrom the initiation of
the input handshake is the cycle delayof the latch. Table
1 shows that for the semi-decoupledlatch controllercir-
cuit, thedirect-mappedapproachis closeto 10%fasteron
averagethantheSTGimplementationandincursacostof
6 transistors.On the otherhand,for the fully-decoupled

Semi-decoupled Latch Controller

0.8 � m STG DM

Reqin	�
 Ackin 	 0.39ns 0.3ns
Reqin	�
 Reqout	 0.76ns 0.99ns
Reqin	�
 Ackin � 1.59ns 1.15ns
Reqin	�
 Ackout� 2.1ns 1.9ns

0.35 � m STG DM
Reqin	�
 Ackin 	 0.13ns 0.10ns
Reqin	�
 Reqout	 0.25ns 0.37ns
Reqin	�
 Ackin � 0.56ns 0.43ns
Reqin	�
 Ackout� 0.8ns 0.7ns

0.18 � m STG DM
Reqin	�
 Ackin 	 55ps 40ps
Reqin	�
 Reqout	 101ps 148ps
Reqin	�
 Ackin � 220ps 170ps
Reqin	�
 Ackout� 310ps 290ps

size(transistors) 20 26

Fully-decoupled Latch Controller

0.8 � m STG DM

Reqin	�
 Ackin 	 1.09ns 0.33ns
Reqin	�
 Reqout	 1.07ns 0.37ns
Reqin	�
 Ackin � 2.28ns 1.26ns
Reqin	�
 Ackout� 3ns 1.4ns

0.35 � m STG DM
Reqin	�
 Ackin 	 0.38ns 0.11ns
Reqin	�
 Reqout	 0.36ns 0.12ns
Reqin	�
 Ackin � 0.74ns 0.43ns
Reqin	�
 Ackout� 1.1ns 0.5ns

0.18 � m STG DM
Reqin	�
 Ackin 	 150ps 42ps
Reqin	�
 Reqout	 140ps 48ps
Reqin	�
 Ackin � 320ps 170ps
Reqin	�
 Ackout� 440ps 200ps

size(transistors) 42 41

Table1: LatchControlcircuit Comparison

latch controller the direct-mappedapproachis signifi-
cantlyfasteratslightly over50%andrequiresroughlythe
samenumberof transistors.

B Comparison with a Burst-mode FSM example
Table2 contraststhe performanceandcircuit sizeof the
Sbuf-send-ctl FSM implementedusing the burst-mode
AFSM implementationapproachandof the samecircuit
implementedusingdirect-mappedAFSMs.Thecircuit de-
signof theburst-modeAFSM hasbeengeneratedandop-
timisedusingthe MEAT AFSM designtool. In this case
performanceis contrastedby measuringthe time it takes
the Sbuf-send-ctlcircuit to performa singledatatransfer
andthecycle time, i.e. thetime peritem for multiple data



transfers.
The columns labeled BM-FSM illustrate the perfor-

manceof the circuit realisedusing the burst-modeFSM
approach,whereasthe columnslabeledDM illustratethe
performanceof the circuit implementedusingtheDirect-
MappedApproach.

Sbuf-send-ctl AFSM

0.8 � m BM-FSM DM

singletransfertime 4ns 3.3ns
cycle time 3.8ns 3.5ns

0.35� m BM-FSM DM

singletransfertime 1.3ns 1.1ns
cycle time 1.3ns 1.2ns

0.18� m BM-FSM DM

singletransfertime 510ps 450ps
cycle time 540ps 490ps

size(transistors) 44 48

Table2: Sbuf-send-ctlAFSM Comparison

Table 2 shows that for the Sbuf-send-ctl circuit the
direct-mappedcircuit is againfaster, closeto 10%on av-
erage. The circuit size is roughly the same,the direct-
mappedcircuit is largerby 4 transistors.

VI CONCLUSIONS

This paper presentedthe direct-mappedapproachto
AFSM design using CMOS technology. The direct-
mappedapproachproducesregular, fast, asynchronous
control circuits without the need to analysethe circuit
specificationto derive a statevariableassignment.It al-
lows for multiple-input-change,non-fundamentalmode
asynchronousoperation.

Theresultspresentedfor thesethreeexamplesshow that
althoughdirect-mappedAFSMs requiremore statevari-
ables,this doesnot necessarilyimply a largercircuit size
comparedto otherapproaches.The resultsobtainedalso
show that for thethreeexamplesstudiedtheperformance
of thedirect-mappedAFSM circuit is better. For two out
of the threeexamples,i.e. the semi-decoupledlatchcon-
troller andtheSbuf-send-ctlcircuit the performanceben-
efit is on averagelessthan 10%, whereasfor the fully-
decoupledlatchcontrollertheaverageperformancediffer-
enceis quite significantat slightly over 50%. Hence,it
canbeconcludedthat,at leastfor theseexamples,despite
its simplicity, thedirect-mappedapproachcanpotentially
increaseperformance.

Dueto its simplicity andregularnatureit is possibleto
easilyautomatethe direct-mappedapproachso that tran-
sistornetlistscanbegenerateddirectlyfrom acircuit spec-

ification. It is alsopossibleto incorporateBuilt-In-Self-
Testadditions.

The CMOS direct-mappedapproachhasbeenusedto
successfullydesignnumerouscontrolcircuitsfor anasyn-
chronousprocessordesign[6].
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