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Abstract

The Balsa synthesissystemis presented.Balsa
geneatespurelyasyntironousnaciomodularcir-
cuits from CSPlke descriptionssimilar to those
of Philips’ Tangramtool. Balsatargetsstandad-
cell and FPGA technolagies by producing gate
level netlists. Placeand route can be performed
with existing commecial tools. The DMA con
troller for theAMULET 3iasyntironousmicropro-
cessomaciocellis presentecsa proof of design
flom AMULETS3i is to be fabricatedin 0.35um
3LM CMOS. Siliconis dueto bereceivedin Au-
gust2000.

1. Introduction

This paperdescribes synthesisystemcreatedo
exploretheuseof asynchronoulegicdesigrtoim-

plementchannelorientateddescriptionsof hard

ware. The systemis modelledafter the Philips
TangramHDL andtools[d whichhave beensuc

cessfullyusedtoimplementanumberof ICs,most
notablytheMynaPagerC3 whichincludesafully

asynchronougmplementatiorof the Intel 80C51
microcontrollefd]. Tangranintroducedhecon

ceptof handshakcomponentandhandshakcir-

cuits[B] andhasdonemuchto popularisehe use
of asynchronousircuitsasa synthesisargettech

nology.

1.1. Asynchronousdesign

Early computers were designed using asyn
chronoustechniques. However the adhoc na
ture of thedesignprocessparticularlydelaymarn
agementand the difficulty in ensuringracefree
and hazardfree operationled to the nearuniver-

saladoptionof a synchronoustyle of operation.

Here,a globalclock providesa meansf abstract
ing away functionalissuedrom thoseof time and
delaymanagement.

In the last 10 years,fundamentalresearchhas
solved mary of the issuesof designingasyn
chronoudinite statemachinefAFSMs)andnev
methodologiebave provideda systematiavay of
constructinglarge systems.Proponentof asyn
chronougtechnologyhave claimedthe following
adwantages:

e betterEMC
« low poweroperation

e higherperformancdaverage-casetherthan
worst-case)

« theavoidanceof clock distribution problems
e modularity

This renaved interesthasled to the development
of new toolsto tacklethe problemof automating
newv asynchronousechniquesand making them
more palatableto synchronouglesigners.These
include:

« the‘NULL CorventionLogic’ systemfrom
Theseus.ogic ]

e the Petrify [B] petrinet basedAFSM design
tool

e theMinimalist [B] burstmodemachinebased
AFSM designtool

e The Philips’ Tangramhardware description
languagementionedabove.

It is clear from interestbeing shovn in asyn
chronouglesignstartups,thatasynchronoutech
nologiesarenow gainingcommerciatredibilityin
severalsignificantnicheareas:

111 LowEMI

Thelow, uncorrelatedEMI (ElectroMagneticin-
terference)generatedby asynchronouscircuits
allows applicationsnot possible in equivalent
clocked designs.In the Philips Myna pager the
low EMI producedy theasynchronousicrocon
troller allows the processoto be left active dur-



ing the receptionof radio traffic. Consequently
the three currentpagerstandardsan be accom
modatedin softwareratherthanrequiringdiffer-
enthardwarefor eachstandardvhich would have
beenthe caseif a clocked systemhadbeenem
ployed. A genericdesigncanthusbe usedfor all
standardsherebyloweringoveralldesignandpro-
ductioncosts.

1.1.2. Clock-Skew-FreeDesign

Sharphave announceda selftimed dataeriven
media processothaving a peak performanceof
14.4GOPS" [m8]. Sharpcite the ability to build
elastic pipelineswithout worrying about clock-
skaw as a major contrikuter to the high perfor
manceof their product.

The examplesoutlined abose are concretein-

stancesf thevalueof asynchronoutechnologies.

It isprobablehatothernicheareavill emege. A-
D corverterscanhave enhancegerformancend
reliability [4] whenbuilt usingselftimedcircuits.
Asynchronousnacrocellbusegd] have mary ad
vantagesover their synchronousounterpartsal
lowing macrocellswith differing intrinsic clock
frequencieso beinterfacedeasily

1.1.3. I.P.(intellectual property) reuse

The modularity offered by selftimed systemda
cilitatesdesignreuse. The useof internaldelay-
signallingin mary asynchronousircuitsproduces
designswhich canbe placedandroutedin larg-
er designswithout compromisingtiming closure.
In this way, asynchronous.P. can be offered as
both hard (preplacedand routed) and soft (un-
placed/synthesisablehacrocells. Delayinsensi
tivity canalsomake reimplementatiomiueto cell
library migrationand processeaturesizeredue
tion easier

1.1.4. Zeropower idleoperation

Uniquely, asynchronousystemscan be put into
andout of a zeropower sleepmodevery rapidly
(submstime) [0. AT&T Laboratoriegformerly
Olivetti ResearcH.aboratory)are exploiting this
propertyin their Piconet[B] shortrangeubiqui
touswirelessLAN systemusingthe AMULET2e
[@] processar Therecever cansleep(thussaving
power) even betweenpacletssentover the radio
link. Philips have also demonstratedignificant
power savingsin their asynchronousnplementa
tion of theDCC errorcorrectorf3].

1.2. Handshake circuitsand components

Handshak componentsreparameterisableont

ponentsusedasanimplementatioriechnologyin-

dependenintermediatefor synthesisn a similar

mannerto the EDIF LPM componentet[d]. Un-

liketheEDIF componenset.eachof theterminals
of the handsha& componentss accompaniedby

request/ackneledgesignallingto indicatewhen
thedataonthatterminalisreadyandwhenthedata
hasbeenacceptedyy the party connectedo that
terminal. In thiswayhandshakcomponentsom

municatesolelyby takingpartin datahandshaks
andareconnectedogethersolely by channelsn-

cludingthishandsha&signalling.

Theuseof cooperatie handshakingn handsha&
circuits (the compositionsof handsha& compe
nents)allows circuitsto be built which do not re-
quire a global clock for internalsynchronisation.
A handshak circuit therebypresents very flex-
ible, modularinterfaceto the world. Handshak
circuits can also be themseles partitioned into
modular subcircuits(to map onto a number of
ICs/FPGAdor instancepy separatinghecircuits’
componentsnto groupsand using the channels
connectinghosegroupsastheinterfacesbetween
thosegroups. Figurel shavs how two handsha&
componentareconnectedby achannel.Here the
connectionis betweena Fetchcomponentand a
Casecomponen(the useof thiscomponentom
binationwill be explainedin the compilationex-
ample belov). The Fetch componentpresents
a handsha& requestsand datato the Casecom
ponentusingan ‘active’ port (with afilled circle)
whichthe Casereceveson a ‘passve’ port. Data
followsthedirectionof therequestn thisexample
and the acknavledgementto that requestslows
in theoppositedirection. In thisfigure,individual,
physicalrequest/ackneledgemenanddatawires
areexplicitly shovn. Datais carriedon separate
wiresfrom the signalling(it is ‘bundled’with the
control) althoughthis is not necessariljthe case
with otherdata/signallingncodingschemesNor-
mally, handsha circuit diagramsshav thechan
nel asa singlearc wherethe control and datadi-
rectionscanbe descernedrom the passie/active
natureof theportsconnecte@ndanarravheadon
thearcindicatingdatadirection.

Methodologiesexist (DI codes,dual rail encod
ing, NULL CorventionLogic)toimplementchanr
nel connectionsvith ‘delayinsensitve’ signalling
wherethe timing relationshipsetweenindividu-
al wiresof animplementedthanneldo not affect
the functionality of the channel. The methodole
giescanbe usedto implementhandshaé& circuits



which are robust to naive implementationpro-
cessvariationsandinterconnectelay properties.
In their interfacesto otherasynchronousircuits,
handsha&circuitsusuallymatchdataratesby the
useof request/ackneledgesignalling,no (potenr
tially dangerousgxplicit synchronisatiovetween
clock domainsis required. Whereasynchronous
circuitsareinterfacedto synchronousircuits,the
problemsof synchronisatiomrenoworsethanbe
tweendifferentsynchronouslock domains.

request acknowledge

0 request

request request

)«
acknowledge
request

acknowiédge /a(fk/nowledge

e«
1 acknowledge

01"

bundled data

Figure 1. Two connected handshake com-
ponents

2. TheBalsa system

Balsadepartdrom Tangramin promotinga more
coarsegrain approachto handshak circuits, pro-
motingthe useof componentsvhich areparame
terisableby behaiour andby aspectsuchaster-
minal sizingandnumbering. Theaim of Balsais
to provide syntaxdirectedcompilationwithoutthe
needto gatelevel optimisea flat netlistin order
to producesuitablysmallandfastcircuits. In the
designof asynchronougircuits, gatesare often
addedvhichagatelevel optimisermayview assu
perfluous.Thesancludegatesvhosepurposésto
provide protectionfrom hazardgresenin control
circuitsandto monitor key control signals(such
aslatchenablesignals)o provide indicationsthat
operationshave beencompleted.Producinglarg-
er, more parameterisablaandsha& components
insteadof clustersof smallercomponentsllows
suchoptimisationso eitherbeperformedatahigh-
er level, by carefulimplementatiorfor example.
Peepholeoptimisationcan be performedin a re-
strictedmannetnsidethosecomponentsvith their
interconnectionbeingexactly asdescribedn the
original syntaxdirectedeompileddescription.

An overview of theBalsadesigrflow canbefound
in figure 2. This flow shavsthe useof LARD to
perform behaioural simulationsbut the target
CAD system(after balsanetlist)canalsobe used
to perform more timing-+ealisticsimulationsand
to validatethe design. Most of the Balsatoolsare
concernedwith manipulatingthe Breezehand

shale intermediatdiles. Breezefiles canberead
by backendtools to derive implementationgor
Balsadescriptionsut alsocontainprocedureand
type definitionspassedn from Balsasourcefiles
allowing Breezeo beusedasthe packagealescrip
tion formatfor Balsa.

Improvementof the area/performanceharacter
istics of a Balsadesignis usually performedby
modifying the Balsadescriptionfor a circuit and
thentestingthe effect of thatmodificationin sim-
ulation. Usingsyntaxeirectedcompilationallows
thedesigneia clearunderstandingf the effect of
sourcedescriptiormodificationsontheimplemen
tationmakingtheproces®f designrefinemenby
descriptionrewriting much simpler thanfor less
transparensynthesisnechanisms.

Designareaestimatiorispossiblaisingthebreeze-
costtool (notshavnonfigure2) onaBreezenetlist
file. Designrefinementcan be performedusing
this areaestimateand the (very) rough timings
availablefrom LARD behaioral simulationallow-
ingdesigrrefinementsobeevaluatedndependent
of atamgetimplementatioriechnology

Timing validationof Balsageneratedmplemen

tationsis notyetimplementedaspartof theBalsa
designflow. This form of validationis currently
undertalenthroughsimulationalthoughtheuseof

existing synchronoustatictiming analysigoolsis

tobeinvesticatedaspartof furtherdevelopmenbf

Balsa.

A small example of Balsacodeis given below.
Thisis amodulo410 counterdescribedvith a two
port external interface:port aclk is a dataless
port which provides external stimuli causingthe
counterto incrementandportcount isanoutput
ontowhichthecountemplaceghatvalueeachtime
ahandshakis performedonaclk.  Thecounter
is definedas a Balsa procedurewhich can sub
sequentlybe composedwith other procedureso
form anentiredesign.As the portsto a Balsapro-
cedurearechannekonnectionsthe calling mech
anismfor sucha procedurenvolvesactivatingthe
counterandthenproviding stimulusto the proce
dures ports. This is similar to the behaiour of
VHDL processesxceptthatBalsaproceduremay
becomposedaequentiallyfor oneshotoperation,
toprovidedistributedaccesssharedesourcgper
haps)or in parallel(aspermanentomponentsas
mayary two, nonfesourceeonflicting,commands
in thelanguage.Thebodyof proceduranod10is
wrappedin a‘loop ... end’ infinite loop com
mandgiving this procedurea repeateehaiour
verymuchlikethatof a VHDL process.
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Figure 2. The Balsa design flow

— mod10.balsa:
— decade counter

async.

i nport [balsa.types.basic]
public

type C_size is nibble
constant max_count = 9

procedure modl0 (sync aclk;
out put count C_size) is
| ocal

vari abl e count_reg C_size
variabl e tmp : C_size
begin
| oop

sel ect aclk then
if count_reg /= max_count then

tmp := (count_reg+l as C_size)
el se
tmp = O
end;
count <- count_reg;
count_reg = tmp
end — complete select H/S
end — loop end
end
The ‘select ...then ...end’ commanden

closeghebehaiour of theproceduréodyinside
thehandsha&onaclk andtheoutputcommand
‘count <- count_reg ' makesthecountval
ueavailableontheportcount . Notethattheout

put commands not equivalentto a signalassign
mentis languagesuchasVHDL or Verilog, it is
achannetommunicatiorandactively participates
in a handsha& with the componentonnectedo
theportcount (or,in thiscasethetestharnessfo
transferthe valuein count_reg to thatcompo
nent. In thiswaythecommunications bothadata
maving operationanda controlfeaturein its own
right. Thismethodof typingtogetheiprocessem
thedesigndescriptionusingcommunicatingsyn-
chronous’channels(i.e. the senderand recever
aresynchronisedby thecommunicationjs similar
to CSP Balsaextendedthe CSPcommunications
semanticshowever, to includethe ability to hold
achannekcommunicatioropenwhile acommand
is executed.Thisbehaiour isimplementedy the
‘select 'command.
Figure3shavsanexamplehandshakcircuit. This
is themodulo40 counterwhoseBalsadescription
is givenin thenext section. Thecounterhasthree
portswhenimplementedactivate,aclk andcount.
The actvate port is usedto resetthe circuit and
provide the initial eventwhich startsthe circuit's
behaiour. The othertwo ports’functionsarede-
scribedbelow. This circuit consistsof 9 typesof
component:Loop, DecisionVait, SequencepBi-
naryConstFuncRyetch,Variable,Case Constant
andCallMux.

DecisionWait, Loop and Sequencéshawvn by the
‘DW’, ‘# and'’;’ symbolsn thelargecircleswhich
representCs) provide the overall circuit control
andsequencéheactionsof thedatapath.Thedata
processingomponenBinaryFuncConstRppears
twice,onceas'x /=9’ andonceas’x + 1’ Binary
FuncConstRimplementsall the binary datapath
operationswhich involve one constantand one
variableinput. Datais storedwithin the circuit
in latch componentsalled Variables(the ‘tmp’
and‘count_rey’ component$o matchthevariable
namesound in the Balsadescription). Variables
have a singlewrite portwith controlsignallingac
tivatingthelatchenableandanumberof readports
with data/controtlelaymatching.

Where datapathand control componentsmeet,
a Fetchcomponen{(‘T") is usedto transferdata
from oneplaceto another Fetchhasthreeports:a
datainput,adataoutput,andacontrolport. Hand
shalesonthecontrolportcausearequestor-input
on the datainput port. On receiptof input data,
thatdatavalueis outputontheFetchsoutputport.
Fetchcomponentaretypicallyimplementdy just
crossconnectingthe control signalsbetweenthe
threeportsandfeedingthroughdatamakingthem
effectively freecomponentsThefinal component
is CaseCasgsymbol'@’) implementacase or
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Figure 4. Modulo-10 counter example — gate level

if commanccontrolchoice. Herethe Casecom

ponentdirectseitheraconstan® (from a Constant
component)pr the resultof addingl to the vari-

ablecount_re into the variabletmp. Comparing
thiscircuit with the codegivenbelow, it shouldbe
obviousthatthisis adirectimplementatiorof that
circuit description.

Figure4 shaws the gatelevel implementatiorfor
mod10. Thisis a pre-optimisednetlistandthe di-
rect mappingof handsha& componentgo gates
canbeclearlyseen.After gatelevel peepholeop-
timisation,this circuit becomesomavhat smalt
er. Themultiplexerswith constanwalueson their
inputscanbereducedo AND gatesmostof the
delaymatchingelementsshonvn aslozengesare
removedandthedecoder/encodgrair of theCase
andCall componentsanbesimplified. Futurede
velopmentof Balsawill concentrat®n removing
theneedfor gatelevel optimisationby providing a

richersetof moreconfigurablehandshakcompe

nentgo allow HC peephol@ptimisatiortoreplace
gatelevel optimisation. Reducingtherelianceon

flat gate level circuit optimisationshelps avoid

overeagemoptimisationwhichcanruin theproper

tiesof asynchronousircuits.

An examplesimulationof this counteris shavn

in figure 7. The simulationshawvs the counterbe-

ing repeatedlyncrementedby a simpletestbench.
Theleft handwindow shavs channehctiity with

the activity on port count obviously concurrent
andenclosedvithin thehandshakonaclk . The

pairsof blocksfor eachchannelindicaterequest
andacknavledge valuesonchannelgreshovnin

smallwhite boxes. Theright handwindow is the
sourceevel Balsadehuggerandis indicatingthat
theprocedurenod10is waiting for inputon char

nelaclk inthreadnumber8.



This exampleis presentedsanillustrationof the
Balsalanguageandits compilationflow. For fa
miliarity, awell known synchronoustylecounter
hasbeenused.Experiencecdsynchronoudesign
erswould probablyusea counterbuilt in a style
moreappropriatéo theirasynchronousnplemen
tation methodologyfor exampleone of the con
stantresponséime systoliccountersdescribedy
vanBerkel [B].

3. The AMULETS3i DMA controller
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Figure 5. AMULET3i macrocell and syn-
chronous peripherals

TheAMULET3i DMA controllerispresentetiere
asa substantiakxampleof the practicalapplica
tion of Balsato arealworld designproblem. Bal-
sawasusedto implementthe controllerdueto the
uncertainstateof the designspecificationat the
time at whichthe AMULET3i projectwasunder
taken becauséBalsapromisedto allow fasterde-
signrevisionturn-aroundin responséo specifica
tion changes.

The AMULETS3 [ is a third generationfully
asynchronousnicroprocessoideveloped by the
AMULET Groupat TheUniversityof Manchester
toform partof anasynchronousacrocelbkuitable
for usein SoCapplications. AMULET3i (shavn
in figure 5) is that macrocelland consistsof: an
AMULET3 processqBKB of staticRAM, 16KB
of maskprogrammableROM, off chip memory
interface,simple synchronouseripheralbus in-
terfaceand a DMA controller The components
of the macrocellaretied togetherusingan asyn
chronoususcalledMARBLE [@]. TheDMA con
troller isrequiredto performtransferdetweerthe
AMULET3i macrocell and customer/intgrator

provided synchronouperipheralson the far side
of the MARBLE/synchronousbus bridge. In or-
derto provide bus mastercapabilitiesnot provid-
ed by the simplesynchronou$us,the DMA con
troller is situatedon the MARBLE sideof bridge
andpresentsothits programmingtarget)andbus
transfer(initiator) interfaceso MARBLE.

interrupts to CPU

Target I/F MARBLE Initiator I/F

ot ‘,,,JV,J ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L

A
ARBITER | SrcA
DstA

D Transfer Initiator
= Engine Interface

Balsa standard cell

1 ) " <~~~ Handmade standard cell
!| Register bank D
1| control -

}' Synchronous I
!| Peripheral <t---
-| Interface

Custom layout

Register Bank chunks DMA Requests/clock

Figure 6. AMULET3i DMA contr oller struc -
ture

Thedesignof the DMA controllerwasgreatlyin-
fluencedby thechangingheedof thefirst intend
ed customerfor AMULET3i andassuchhasun
deigonemary designrevisionsduringits develop
ment. Balsawasusedto implementthecontroller
becausef its fastdesignturn aroundtime, typical
of synthesisystemsandin orderto testtheBalsa
systermin arealworld application. TheDMA con
trollerisconnectedor its‘DMA requeststimulito
eachof thesynchronougeripheralg¢shovnin fig-
ure5asthethin lines)andperformdransferdased
onthestatusof thesdines. Figure6 shavsthein-
ternalstructureof theDMA controllerandits partk
tioning betweersynthesise@alsahanddesigned
standarctell andcustomlayout.

Thearrival of aDMA requestttheblock marked
Synchronou®eripheralnterfacetriggersa trans
fer by the TransferEngineand Initiator Interface
on the MARBLE initiator bus interface. Trans
fer useprogrammedddresseandtransfercounts
heldin the Registerbankcontrolandthefull-cus
tom register bank chunks. The DMA controller
providessupportfor up to 16 peripheralsvith 32
transferchannelgtransferanaybe ‘cascadedbe
tween channelson a single requestmaking this
choiceof channehumbersot sounusual)pnly 6
of thesechannelsupportfull 32b addressingind
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— countida.balsa: an aysnchronous decade counter

import [balsa.types.basic]
public

type C_size is nibble
constant mas_count = 9

$rnc]adura tod10 (syne aclk: output count: C_sized is
0ca

variabhle count_reg : C_size

wariahle tmp : C_size
begin

select aclk then
if count_req /= max_count then

else

end 5 Count count_reg ;
count_reg := tmp A

tmp := (count_reg + 1 as C_size)

Figure 7. LARD simulation of modulo-10 counter

countrangeswith theremainingchannelshaving

their addressspacedimited to the portion of the

memorymapoccupiediy thesynchronougeriph

eralsin orderto reduceheamountof stateneeded
to bestoredin thecontroller

Sﬁanda;d

Figure 8. AMULET3i DMA contr oller lay-
out

The DMA controller has beenimplementedin
0.35um Si CMOS, asshawn in figure 8, usinga
mixture of full-customlayout (the registerblocks
andSynchronou®eripheralnterface(SPI)multi-
plexer cells)andstandardatellsprovidedby ARM
Ltd. andbasedon their processndependenpro-
cessrules. Additional cells were designedin-
house for distinctively asynchronouselements
suchasmutual exclusion elementsand Muller-C
elements.The completedcontrolleroccupiegust
over 2.1mn7 of silicon areaconsistingof 70000

transistor¢lmm’ of whichis standardell synthe
sisedBalsa),containsnearly2000bits of register
stateandcanperformacompleteaeadwrite trans
fer pair in around90 ns which comfortablyout-
performghesynchronousridgeto whichit trans
fersmostof its data. Designwasundertalenusing
Compas®esignAutomationtools with the veri
fying simulationseingperformedn capacitance-
extractedayoutusingthe TimeMill simulator

Handshak channelsvereimplementedusingthe
‘bundleddata’ methodologyin which datais ac
companiecby separateequestand acknavledge
control signalswith timing constrainton the re-
lationshipshetweerndatachangesndcontrol sig-
nalling. Theserelationshipsieedto beverifiedon
theimplementatiorandsotiming verificationwas
performedby automatedexaminationof simula
tion results. A conserative designapproactalso
reducedthe likelyhoodof timing violationscon
siderably It is hopedthat future Balsabackends
will haveintegratediminganalysisandcansopro-
ducemore'risky’ circuitswhichcanbepostiayout
verified to producesmallerandfasterimplemen
tations.

Duringthedesigrprocesshecontrollerwasredim-
plementeda numberof timesto improve perfor
mancereduceareaandto changeehaiour to suit
the customer Thesereimplementationsypically
took lessthana few hoursto implement(muchof
whichwasspendeoiganisingthenonsynthesised
portionsof the design)so vindicatingthe useof
synthesis.



4. Conclusions

Balsahasalreadyproven itself usefulin rapidly
implementingdesigndor moderatespeecberiph
erals. Futurework on Balsawill includeimprove-
mentsn therichnes®f thehandsha&component
setusedor compilationwork ondatapathsynthe
sisandDI codesn datapathsjmprovementsn the
simulationervironmentandtheadditionof timing
analysido thebackendtools.
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