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Abstract

The Balsa synthesissystemis presented.Balsa
generatespurelyasynchronousmacromodularcir-
cuits from CSP-like descriptionssimilar to those
of Philips’ Tangramtool. Balsatargetsstandard-
cell and FPGA technologies by producing gate
level netlists. Placeand routecan be performed
with existing commercial tools. The DMA con-
troller for theAMULET3iasynchronousmicropro-
cessormacrocell ispresentedasaproof of design
flow. AMULET3i is to be fabricated in 0.35µm
3LM CMOS. Silicon is dueto bereceivedin Au-
gust2000.

1. Introduction

Thispaperdescribesa synthesissystemcreatedto
exploretheuseof asynchronouslogicdesigntoim-
plementchannelorientateddescriptionsof hard-
ware. The systemis modelledafter the Philips
TangramHDL andtools[15] whichhavebeensuc-
cessfullyusedto implementanumberof ICs,most
notablytheMynaPager[13] whichincludesafully
asynchronousimplementationof the Intel 80C51
microcontroller[11]. Tangramintroducedthecon-
ceptof handshakecomponentsandhandshakecir-
cuits [5] andhasdonemuchto popularisetheuse
of asynchronouscircuitsasasynthesistargettech-
nology.

1.1. Asynchronous design

Early computers were designed using asyn-
chronoustechniques. However the ad-hoc na-
tureof thedesignprocess,particularlydelayman-
agement,and the difficulty in ensuringrace-free
andhazard-free operationled to the nearuniver-
saladoptionof a synchronousstyleof operation.
Here,a globalclock providesameansof abstract-
ing awayfunctionalissuesfrom thoseof timeand
delaymanagement.

In the last 10 years,fundamentalresearchhas
solved many of the issuesof designingasyn-
chronousfinite statemachines(AFSMs)andnew
methodologieshaveprovideda systematicwayof
constructinglarge systems.Proponentsof asyn-
chronoustechnologyhave claimedthe following
advantages:

• betterEMC
• low poweroperation

• higherperformance(average-caseratherthan
worst-case)

• theavoidanceof clockdistributionproblems

• modularity

This renewed interesthasled to thedevelopment
of new toolsto tackletheproblemof automating
new asynchronoustechniquesand making them
morepalatableto synchronousdesigners.These
include:

• the ‘NULL Convention Logic’ systemfrom
TheseusLogic [17]

• the Petrify [6] petri-net basedAFSM design
tool

• theMinimalist [8] burstmodemachinebased
AFSM designtool

• The Philips’ Tangramhardware description
languagementionedabove.

It is clear, from interest being shown in asyn-
chronousdesignstart-ups,thatasynchronoustech-
nologiesarenow gainingcommercialcredibilityin
severalsignificantnicheareas:

1.1.1. Low EMI

The low, uncorrelatedEMI (Electro-MagneticIn-
terference)generatedby asynchronouscircuits
allows applicationsnot possible in equivalent
clocked designs.In the Philips Myna pager, the
low EMI producedby theasynchronousmicrocon-
troller allows the processorto be left active dur-



ing the receptionof radio traffic. Consequently,
the threecurrentpagerstandardscan be accom-
modatedin softwareratherthanrequiringdiffer-
enthardwarefor eachstandardwhichwould have
beenthe caseif a clocked systemhadbeenem-
ployed. A genericdesigncanthusbeusedfor all
standardstherebyloweringoveralldesignandpro-
ductioncosts.

1.1.2. Clock-Skew-Free Design

Sharphave announceda self-timed data-driven
media processorhaving a peak performanceof
14.4 -1GOPs [16]. Sharpcite the ability to build
elastic pipelineswithout worrying about clock-
skew as a major contributer to the high perfor-
manceof theirproduct.

The examplesoutlined above are concretein-
stancesof thevalueof asynchronoustechnologies.
It isprobablethatothernicheareaswill emerge. A-
D converterscanhave enhancedperformanceand
reliability [14] whenbuilt usingself-timedcircuits.
Asynchronousmacrocellbuses[4] have many ad-
vantagesover their synchronouscounterpartsal-
lowing macrocellswith differing intrinsic clock
frequenciesto beinterfacedeasily.

1.1.3. I.P. (intellectual property) reuse

The modularityofferedby self-timed systemsfa-
cilitatesdesignreuse.The useof internaldelay-
signallingin many asynchronouscircuitsproduces
designswhich canbe placedand routedin larg-
er designswithout compromisingtiming closure.
In this way, asynchronousI.P. can be offered as
both hard (pre-placedand routed)and soft (un-
placed/synthesisable)macrocells. Delay-insensi-
tivity canalsomake reimplementationdueto cell
library migrationand processfeaturesizereduc-
tion easier.

1.1.4. Zero power idle operation

Uniquely, asynchronoussystemscan be put into
andout of a zero-power sleepmodevery rapidly
(sub-ms time) [1]. AT&T Laboratories(formerly
Olivetti ResearchLaboratory)areexploiting this
property in their Piconet[2] short-rangeubiqui-
touswirelessLAN systemusingtheAMULET2e
[9] processor. Thereceiver cansleep(thussaving
power) even betweenpacketssentover the radio
link. Philips have also demonstratedsignificant
power savingsin their asynchronousimplementa-
tion of theDCCerrorcorrector[12].

1.2. Handshake circuits and components

Handshake componentsareparameterisablecom-
ponentsusedasanimplementationtechnologyin-
dependentintermediatefor synthesisin a similar
mannerto theEDIF LPM componentset[7]. Un-
liketheEDIF componentset,eachof theterminals
of thehandshake componentsis accompaniedby
request/acknowledgesignalling to indicatewhen
thedataonthatterminalisreadyandwhenthedata
hasbeenacceptedby the party connectedto that
terminal. In thiswayhandshakecomponentscom-
municatesolelyby takingpart in datahandshakes
andareconnectedtogethersolelyby channelsin-
cludingthishandshakesignalling.

Theuseof cooperativehandshakingin handshake
circuits (the compositionsof handshake compo-
nents)allows circuitsto bebuilt which do not re-
quire a global clock for internalsynchronisation.
A handshake circuit therebypresentsa very flex-
ible, modularinterfaceto the world. Handshake
circuits can also be themselves partitioned into
modular subcircuits(to map onto a number of
ICs/FPGAsfor instance)byseparatingthecircuits’
componentsinto groupsand using the channels
connectingthosegroupsastheinterfacesbetween
thosegroups.Figure1showshow two handshake
componentsareconnectedbyachannel.Here,the
connectionis betweena Fetchcomponentand a
Casecomponent(theuseof thiscomponentcom-
binationwill be explainedin the compilationex-
ample below). The Fetch componentpresents
a handshake requestsand datato the Casecom-
ponentusingan ‘active’ port (with a filled circle)
which theCasereceiveson a ‘passive’ port. Data
followsthedirectionof therequestin thisexample
and the acknowledgementto that requestsflows
in theoppositedirection. In thisfigure,individual,
physicalrequest/acknowledgementanddatawires
areexplicitly shown. Data is carriedon separate
wiresfrom thesignalling(it is ‘bundled’with the
control) althoughthis is not necessarilythe case
with otherdata/signallingencodingschemes.Nor-
mally, handshakecircuit diagramsshow thechan-
nel asa singlearcwherethe controlanddatadi-
rectionscanbedescernedfrom thepassive/active
natureof theportsconnectedandanarrowheadon
thearcindicatingdatadirection.

Methodologiesexist (DI codes,dual rail encod-
ing,NULL ConventionLogic) to implementchan-
nelconnectionswith ‘delay-insensitive’signalling
wherethe timing relationshipsbetweenindividu-
al wiresof an implementedchanneldo not affect
the functionalityof thechannel.Themethodolo-
giescanbeusedto implementhandshake circuits



which are robust to naive implementation,pro-
cessvariationsandinterconnectdelayproperties.
In their interfacesto otherasynchronouscircuits,
handshakecircuitsusuallymatchdataratesby the
useof request/acknowledgesignalling,no (poten-
tially dangerous)explicit synchronisationbetween
clock domainsis required. Whereasynchronous
circuitsareinterfacedto synchronouscircuits,the
problemsof synchronisationarenoworsethanbe-
tweendifferentsynchronousclockdomains.
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Figure 1. Two connected handshake com-
ponents

2. The Balsa system

Balsadepartsfrom Tangramin promotinga more
coarsegrain approachto handshake circuits,pro-
motingtheuseof componentswhich areparame-
terisableby behaviour andby aspectssuchaster-
minal sizingandnumbering.Theaim of Balsais
toprovidesyntaxdirectedcompilationwithoutthe
needto gate-level optimisea flat netlist in order
to producesuitablysmallandfastcircuits. In the
designof asynchronouscircuits, gatesare often
addedwhichagate-leveloptimisermayview assu-
perfluous.Theseincludegateswhosepurposeisto
provideprotectionfrom hazardspresentin control
circuitsand to monitor key control signals(such
aslatchenablesignals)to provide indicationsthat
operationshave beencompleted.Producinglarg-
er, more parameterisablehandshake components
insteadof clustersof smallercomponentsallows
suchoptimisationstoeitherbeperformedatahigh-
er level, by careful implementationfor example.
Peepholeoptimisationcanbe performedin a re-
strictedmannerinsidethosecomponentswith their
interconnectionsbeingexactlyasdescribedin the
originalsyntax-directed-compileddescription.

An overview of theBalsadesignflow canbefound
in figure2. This flow shows theuseof LARD to
perform behavioural simulationsbut the target
CAD system(afterbalsa-netlist)canalsobeused
to performmore timing-realisticsimulationsand
to validatethedesign.Mostof theBalsatoolsare
concernedwith manipulatingthe Breezehand-

shake intermediatefiles. Breezefiles canberead
by back-end tools to derive implementationsfor
Balsadescriptionsbut alsocontainprocedureand
typedefinitionspassedon from Balsasourcefiles
allowingBreezeto beusedasthepackagedescrip-
tion formatfor Balsa.

Improvementof the area/performancecharacter-
istics of a Balsadesignis usuallyperformedby
modifying theBalsadescriptionfor a circuit and
thentestingtheeffect of thatmodificationin sim-
ulation. Usingsyntax-directedcompilationallows
thedesignera clearunderstandingof theeffectof
sourcedescriptionmodificationsontheimplemen-
tationmakingtheprocessof designrefinementby
descriptionrewriting much simpler than for less
transparentsynthesismechanisms.

Designareaestimationispossibleusingthebreeze-
costtool(notshownonfigure2)onaBreezenetlist
file. Designrefinementcan be performedusing
this areaestimateand the (very) rough timings
availablefromLARD behavioralsimulationallow-
ingdesignrefinementstobeevaluatedindependent
of a targetimplementationtechnology.

Timing validationof Balsageneratedimplemen-
tationsis not yet implementedaspartof theBalsa
designflow. This form of validationis currently
undertakenthroughsimulationalthoughtheuseof
existingsynchronousstatictiminganalysistoolsis
tobeinvestigatedaspartof furtherdevelopmentof
Balsa.

A small exampleof Balsacode is given below.
This is a modulo-10 counterdescribedwith a two
port external interface:port aclk is a dataless
port which providesexternalstimuli causingthe
counterto incrementandportcount is anoutput
ontowhichthecounterplacesthatvalueeachtime
ahandshakeisperformedonaclk. Thecounter
is definedas a Balsaprocedurewhich can sub-
sequentlybe composedwith otherproceduresto
form anentiredesign.As theportsto aBalsapro-
cedurearechannelconnections,thecallingmech-
anismfor suchaprocedureinvolvesactivatingthe
counterandthenproviding stimulusto theproce-
dure’s ports. This is similar to the behaviour of
VHDL processesexceptthatBalsaproceduresmay
becomposedsequentially(for one-shotoperation,
toprovidedistributedaccessasharedresourceper-
haps)or in parallel(aspermanentcomponents)as
mayany two,non-resource-conflicting,commands
in thelanguage.Thebodyof proceduremod10 is
wrappedin a ‘loop … end ’ infinite loop com-
mandgiving this procedurea repeatedbehaviour
verymuchlikethatof aVHDL process.
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–– mod10.balsa: async.
–– decade counter

import [balsa.types.basic]
public

type C_size is nibble
constant max_count = 9

procedure mod10 ( sync aclk;
output count : C_size) is

local
variable count_reg : C_size
variable tmp : C_size

begin
loop
select aclk then

if count_reg /= max_count then
tmp := (count_reg+1 as C_size)

else
tmp := 0

end;
count <- count_reg;
count_reg := tmp

end –– complete select H/S
end –– loop end
end

The ‘select … then … end ’ commanden-
closesthebehaviour of theprocedurebodyinside
thehandshakeon aclk andtheoutputcommand
‘count <- count_reg ’ makesthecountval-
ueavailableontheportcount . Notethattheout-

put commandis not equivalentto a signalassign-
mentis languagessuchasVHDL or Verilog, it is
achannelcommunicationandactivelyparticipates
in a handshake with thecomponentconnectedto
theportcount (or, in thiscase,thetestharness)to
transferthevaluein count_reg to thatcompo-
nent. In thiswaythecommunicationisbothadata
moving operationanda controlfeaturein its own
right. Thismethodof typingtogetherprocessesin
thedesigndescriptionusingcommunicating‘syn-
chronous’channels(i.e. the senderand receiver
aresynchronisedby thecommunication)issimilar
to CSP. BalsaextendedtheCSPcommunications
semantics,however, to includetheability to hold
a channelcommunicationopenwhile a command
isexecuted.Thisbehaviour is implementedby the
‘select ’ command.
Figure3showsanexamplehandshakecircuit. This
is themodulo-10counterwhoseBalsadescription
is givenin thenext section.Thecounterhasthree
portswhenimplemented:activate,aclk andcount.
The activateport is usedto resetthe circuit and
provide the initial event which startsthe circuit’s
behaviour. Theothertwo ports’functionsarede-
scribedbelow. This circuit consistsof 9 typesof
component:Loop, DecisionWait, Sequence,Bi-
naryConstFuncR,Fetch,Variable,Case,Constant
andCallMux.

DecisionWait, Loop andSequence(shown by the
‘DW’, ‘#’ and‘;’ symbolsin thelargecircleswhich
representHCs)provide theoverall circuit control
andsequencetheactionsof thedatapath.Thedata
processingcomponentBinaryFuncConstRappears
twice,onceas‘x /= 9’ andonceas‘x + 1’ Binary-
FuncConstRimplementsall the binary datapath
operationswhich involve one constantand one
variable input. Data is storedwithin the circuit
in latch componentscalled Variables(the ‘tmp’
and‘count_reg’ componentsto matchthevariable
namesfound in theBalsadescription).Variables
haveasinglewrite portwith controlsignallingac-
tivatingthelatchenableandanumberof readports
with data/controldelaymatching.

Where datapathand control componentsmeet,
a Fetchcomponent(‘T’) is usedto transferdata
from oneplaceto another. Fetchhasthreeports:a
datainput,adataoutput,andacontrolport. Hand-
shakesonthecontrolportcausearequest-for-input
on the datainput port. On receiptof input data,
thatdatavalueisoutputontheFetch’soutputport.
Fetchcomponentsaretypically implementsby just
crossconnectingthe control signalsbetweenthe
threeportsandfeedingthroughdatamakingthem
effectively freecomponents.Thefinal component
isCase,Case(symbol‘@’) implementsacase or
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Figure 4. Modulo-10 counter example – gate level

if commandcontrolchoice.HeretheCasecom-
ponentdirectseitheraconstant0 (from aConstant
component)or the resultof adding1 to the vari-
ablecount_reg into thevariabletmp. Comparing
thiscircuit with thecodegivenbelow, it shouldbe
obviousthatthisisadirectimplementationof that
circuit description.

Figure4 shows thegatelevel implementationfor
mod10. This is a pre-optimisednetlistandthedi-
rect mappingof handshake componentsto gates
canbeclearlyseen.After gatelevel peepholeop-
timisation,this circuit becomessomewhat small-
er. Themultiplexerswith constantvalueson their
inputscanbereducedto AND gates,mostof the
delaymatchingelements,shown aslozenges,are
removedandthedecoder/encoderpairof theCase
andCall componentscanbesimplified. Futurede-
velopmentof Balsawill concentrateon removing
theneedfor gatelevel optimisationby providing a

richersetof moreconfigurablehandshakecompo-
nentstoallow HCpeepholeoptimisationtoreplace
gatelevel optimisation.Reducingtherelianceon
flat gate level circuit optimisationshelps avoid
over-eageroptimisationwhichcanruin theproper-
tiesof asynchronouscircuits.

An examplesimulationof this counteris shown
in figure7. Thesimulationshows thecounterbe-
ing repeatedlyincrementedby asimpletestbench.
Theleft handwindow showschannelactivity with
the activity on port count obviously concurrent
andenclosedwithin thehandshakeonaclk . The
pairsof blocksfor eachchannelindicaterequest
andacknowledge,valuesonchannelsareshown in
smallwhite boxes. Theright handwindow is the
sourcelevel Balsadebuggerandis indicatingthat
theproceduremod10is waitingfor inputonchan-
nelaclk in threadnumber8.



Thisexampleis presentedasanillustrationof the
Balsalanguageandits compilationflow. For fa-
miliarity, a well known synchronousstylecounter
hasbeenused.Experiencedasynchronousdesign-
erswould probablyusea counterbuilt in a style
moreappropriateto theirasynchronousimplemen-
tation methodologyfor exampleoneof the con-
stantresponsetimesystoliccountersdescribedby
vanBerkel [3].

3. The AMULET3i DMA controller
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TheAMULET3i DMA controllerispresentedhere
asa substantialexampleof the practicalapplica-
tion of Balsato a real-world designproblem.Bal-
sawasusedto implementthecontrollerdueto the
uncertainstateof the designspecificationat the
time at which theAMULET3i projectwasunder-
taken becauseBalsapromisedto allow fasterde-
signrevision turn-aroundin responseto specifica-
tion changes.

The AMULET3 [10] is a third generationfully
asynchronousmicroprocessordeveloped by the
AMULET GroupatTheUniversityof Manchester
to formpartof anasynchronousmacrocellsuitable
for usein SoCapplications.AMULET3i (shown
in figure 5) is that macrocelland consistsof: an
AMULET3 processor, 8KB of staticRAM, 16KB
of maskprogrammableROM, off chip memory
interface,simple synchronousperipheralbus in-
terfaceand a DMA controller. The components
of the macrocellaretied togetherusingan asyn-
chronousbuscalledMARBLE [4]. TheDMA con-
troller is requiredto performtransfersbetweenthe
AMULET3i macrocell and customer/integrator

provided synchronousperipheralson the far side
of the MARBLE/synchronousbusbridge. In or-
der to provide busmastercapabilitiesnot provid-
edby thesimplesynchronousbus,theDMA con-
troller is situatedon theMARBLE sideof bridge
andpresentsbothitsprogramming(target)andbus
transfer(initiator) interfacesto MARBLE.
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Figure 6. AMULET3i DMA contr oller struc -
ture

Thedesignof theDMA controllerwasgreatlyin-
fluencedby thechangingneedsof thefirst intend-
ed customerfor AMULET3i andassuchhasun-
dergonemany designrevisionsduringits develop-
ment. Balsawasusedto implementthecontroller
becauseof its fastdesignturnaroundtime,typical
of synthesissystems,andin orderto testtheBalsa
systemin areal-worldapplication.TheDMA con-
troller isconnectedfor its‘DMA request’stimulito
eachof thesynchronousperipherals(shown in fig-
ure5asthethin lines)andperformstransfersbased
onthestatusof theselines. Figure6 showsthein-
ternalstructureof theDMA controlleranditsparti-
tioningbetweensynthesisedBalsa,handdesigned
standardcell andcustomlayout.

Thearrival of aDMA requestat theblockmarked
SynchronousPeripheralInterfacetriggersa trans-
fer by theTransferEngineandInitiator Interface
on the MARBLE initiator bus interface. Trans-
fer useprogrammedaddressesandtransfercounts
heldin theRegisterbankcontrolandthefull-cus-
tom register bank chunks. The DMA controller
providessupportfor up to 16 peripheralswith 32
transferchannels(transfersmaybe‘cascaded’be-
tweenchannelson a single requestmaking this
choiceof channelnumbersnotsounusual),only 6
of thesechannelssupportfull 32b addressingand



Figure 7. LARD sim ulation of modulo-10 counter

countranges,with theremainingchannelshaving
their addressspaceslimited to the portion of the
memorymapoccupiedby thesynchronousperiph-
eralsin orderto reducetheamountof stateneeded
to bestoredin thecontroller.

Figure 8. AMULET3i DMA contr oller lay-
out

The DMA controller has been implementedin
0.35µm Si CMOS,asshown in figure 8, usinga
mixtureof full-customlayout (theregisterblocks
andSynchronousPeripheralInterface(SPI)multi-
plexer cells)andstandardcellsprovidedby ARM
Ltd. andbasedon their processindependentpro-
cessrules. Additional cells were designedin-
house for distinctively asynchronouselements
suchasmutualexclusionelementsandMuller-C
elements.Thecompletedcontrolleroccupiesjust
over 2.1 2mm of silicon areaconsistingof 70000

transistors(1 2mm of whichisstandardcell synthe-
sisedBalsa),containsnearly2000bits of register
stateandcanperformacompleteread;write trans-
fer pair in around90ns which comfortablyout-
performsthesynchronousbridgeto whichit trans-
fersmostof itsdata.Designwasundertakenusing
CompassDesignAutomationtoolswith the veri-
fying simulationsbeingperformedoncapacitance-
extractedlayoutusingtheTimeMill simulator.

Handshake channelswereimplementedusingthe
‘bundleddata’methodologyin which datais ac-
companiedby separaterequestandacknowledge
control signalswith timing constraintson the re-
lationshipsbetweendatachangesandcontrolsig-
nalling. Theserelationshipsneedto beverifiedon
theimplementationandsotiming verificationwas
performedby automatedexaminationof simula-
tion results.A conservative designapproachalso
reducedthe likelyhoodof timing violationscon-
siderably. It is hopedthat futureBalsaback-ends
will haveintegratedtiminganalysisandcansopro-
ducemore‘risky’ circuitswhichcanbepost-layout
verified to producesmallerandfasterimplemen-
tations.

Duringthedesignprocessthecontrollerwasre-im-
plementeda numberof timesto improve perfor-
mance,reduceareaandtochangebehaviour tosuit
thecustomer. Thesere-implementationstypically
took lessthana few hoursto implement(muchof
whichwasspendreorganisingthenon-synthesised
portionsof the design)so vindicatingthe useof
synthesis.



4. Conclusions

Balsahasalreadyproven itself useful in rapidly
implementingdesignsfor moderatespeedperiph-
erals.Futurework onBalsawill includeimprove-
mentsin therichnessof thehandshakecomponent
setusedfor compilation,workondatapathsynthe-
sisandDI codesin datapaths,improvementsin the
simulationenvironmentandtheadditionof timing
analysisto theback-endtools.
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