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Preface

Thisbookwascompiledto addressaperceivedneedfor anintroductorytext
onasynchronousdesign.Thereareseveralhighly technicalbooksonaspectsof
thesubject,but noobviousstartingpoint for adesignerwhowishesto become
acquaintedfor thefirst timewith asynchronoustechnology. Wehopethisbook
will serve asthatstartingpoint.

The readeris assumedto have somebackgroundin digital design.We as-
sumethatconceptssuchaslogic gates,flip-flopsandBooleanlogic arefamil-
iar. Someof thelattersectionsalsoassumefamiliarity with thehigherlevelsof
digital designsuchasmicroprocessorarchitecturesandsystems-on-chip,but
readersunfamiliar with thesetopicsshouldstill find themajority of thebook
accessible.

Theintendedaudiencefor thebookcomprisesthefollowing groups:

Industrialdesignerswith abackgroundin conventional(clocked)digital
designwho wish to gain an understandingof asynchronousdesignin
order, for example,to establishwhetheror not it maybe advantageous
to useasynchronoustechniquesin theirnext designtask.

Studentsin Electronicand/orComputerEngineeringwho aretaking a
coursethatincludesaspectsof asynchronousdesign.

The book is structuredin threeparts. Part I is a tutorial in asynchronous
design.It addressesthemostimportantissuefor thebeginner, which is how to
think aboutasynchronoussystems.Thefirst big hurdleto beclearedis thatof
mindset– asynchronousdesignrequiresadifferentmentalapproachfrom that
normally employed in clocked design. Attemptsto take an existing clocked
system,stripouttheclockandsimplyreplaceit with asynchronoushandshakes
aredoomedto disappoint.Anotherhurdleis thatof circuit designmethodol-
ogy– theexistingbodyof literaturepresentsanapparentplethoraof disparate
approaches.Theaimof thetutorial is to getbehindthisandto presentasingle
unified andcoherentperspective which emphasizesthe commonground. In
this way thetutorial shouldenablethereaderto begin to understandthechar-
acteristicsof asynchronoussystemsin a way that will enablethemto ‘think

xi



xii PRINCIPLES OF ASYNCHRONOUS CIRCUIT DESIGN

outsidethebox’ of conventionalclockeddesignandto createradicalnew de-
signsolutionsthatfully exploit thepotentialof clocklesssystems.

Oncetheasynchronousdesignmindsethasbeenmastered,thesecondhur-
dle is designerproductivity. VLSI designersareusedto working in a highly
productiveenvironmentsupportedby powerful automatictools.Asynchronous
designlagsin its tools environment,but thingsareimproving. Part II of the
book givesan introductionto Balsa,a high-level synthesissystemfor asyn-
chronouscircuits. It is written by DougEdwards(who hasmanagedtheBalsa
developmentat theUniversityof Manchestersinceits inception)andAndrew
Bardsley (whohaswrittenmostof thesoftware).Balsais notthesolutionto all
asynchronousdesignproblems,but it is capableof synthesizingvery complex
systems(for example,the 32-channelDMA controllerusedon the DRACO
chipdescribedin Chapter15)andit is agoodwayto developanunderstanding
of asynchronousdesign‘in thelarge’.

Knowing how to think aboutasynchronousdesignandhaving accessto suit-
abletools leavesonequestion:what canbe built in this way? In Part III we
offer a numberof examplesof complex asynchronoussystemsasillustrations
of theanswerto this question.In eachof theseexamplesthe designershave
beenasked to provide descriptionsthat will provide the readerwith insights
into thedesignprocess.Theexamplesincludea commercialsmartcardchip
designedatPhilipsandaViterbi decoderdesignedat theUniversityof Manch-
ester. Part III closeswith a discussionof theissuesthatcomeup in thedesign
of advancedasynchronousmicroprocessors,focusingontheAmuletprocessor
series,againdevelopedat theUniversityof Manchester.

Althoughthebookis a compilationof contributionsfrom differentauthors,
eachof thesehasbeenspecificallywrittenwith thegoalsof thebookin mind–
to provide answersto thesortsof questionsthata newcomerto asynchronous
designis likely to ask. In order to keepthe book accessibleand to avoid it
becominganintimidatingsize,muchvaluablework hashadto beomitted.Our
objective in introducingyou to asynchronousdesignis thatyoumight become
acquaintedwith it. If your relationshipdevelopsfurther, perhapseveninto the
full-blown affair thathassmittenafew, includedamongwhosenumberarethe
contributorsto this book,you will, of course,want to know more. Thebook
includesanextensive bibliographythatwill provide food enoughfor eventhe
mostinsatiableof appetites.

JENSSPARSØAND STEVEFURBER,SEPTEMBER2001
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I

ASYNCHRONOUSCIRCUIT DESIGN
– A TUTORIAL

Author: JensSparsø
Technical University of Denmark
jsp@imm.dtu.dk

Abstract Asynchronouscircuits have characteristicsthat differ significantly from those
of synchronouscircuits and, as will be clear from someof the later chapters
in this book, it is possibleexploit thesecharacteristicsto designcircuits with
very interestingperformanceparametersin termsof their power, performance,
electromagneticemissions(EMI), etc.
Asynchronousdesignis notyetawell-establishedandwidely-useddesignmeth-
odology. Therearetextbooksthatprovidecomprehensive coverageof theunder-
lying theories,but thefield hasnotyetmaturedto apointwherethereis anestab-
lishedcurrriculumanduniversitytraditionfor teachingcoursesonasynchronous
circuit designto electricalengineeringandcomputerengineeringstudents.
As this authorseesthesituationthereis a gapbetweenunderstandingthe fun-
damentalsandbeingableto designusefulcircuitsof somecomplexity. Theaim
of Part I of this bookis to provide a tutorial on asynchronouscircuit designthat
fills this gap.
More specificallytheaimsare: (i) to introducereaderswith backgroundin syn-
chronousdigital circuit designto the fundamentalsof asynchronouscircuit de-
sign suchthat they are able to readand understandthe literature,and (ii) to
provide readerswith anunderstandingof the“nature” of asynchronouscircuits
suchthatthey areto designnon-trivial circuitswith interestingperformancepa-
rameters.
The materialis basedon experiencefrom the designof several asynchronous
chips,andit hasevolved over the last decadefrom tutorialsgiven at a number
of Europeanconferencesand from a numberof specialtopics coursestaught
at the TechnicalUniversity of Denmarkandelsewhere. In May 1999I gave a
one-weekintensive courseat Delft University of Technologyandit waswhen
preparingfor this courseI felt that the materialwasshapingup, andI setout
to write the following text. Most of the materialhasrecentlybeenusedand
debuggedin acourseat theTechnicalUniversityof Denmarkin thespring2001.
Supplementedby a few journalarticlesanda smalldesignproject,thetext may
beusedfor a onesemestercourseon asynchronousdesign.

Keywords: asynchronouscircuits,tutorial



II

BALSA - AN ASYNCHRONOUSHARDWARE
SYNTHESISSYSTEM

Author: DougEdwards,Andrew Bardsley
Department of Computer Science
The University of Manchester
{doug,bardsley}@cs.man.ac.uk

Abstract Balsais a systemfor describingandsynthesisingasynchronouscircuits based
onsyntax-directedcompilationinto communicatinghandshake circuits. In these
chapters,thebasicBalsadesignflow is describedandseveralsimplecircuit ex-
amplesareusedto illustratetheBalsalanguagein aninformal tutorialstyle.The
sectionconcludeswith a walk-throughof a majordesignexercise– a 4 channel
DMA controllerdescribedentirelyin Balsa.

Keywords: asynchronouscircuits,high-level synthesis



III

LARGE-SCALEASYNCHRONOUSDESIGNS

Abstract In this final part of thebookwe describesomelarge-scaleasynchronousVLSI
designsto illustrate the capabilitiesof this technology. The first two of these
designs– the contactlesssmartcardchip developedat Philips andthe Viterbi
decoderdevelopedat theUniversityof Manchester– weredesignedwithin EU-
fundedprojectsin thelow-powerdesigninitiativethatis thesponsorof thisbook
series.Thethird chapterdescribesaspectsof theAmulet microprocessorseries,
againfrom theUniversityof Manchester, developedin severalotherEU-funded
projectswhich, althoughoutsidethelow-power designinitiative,never-the-less
still hadlow power asa significantobjective.
Thechipsdescibedin thispartof thebookaresomeof thelargestandmostcom-
plex asynchronousdesignsever developed.Fully detaileddescriptionsof them
arefar beyondthescopeof this book,but they areincludedto demonstratethat
asynchronousdesignis fully capableof supportinglarge-scaledesigns,andthey
show whatcanbedonewith skilledandexperienceddesignteams.Thedescrip-
tionspresentedherehavebeenwrittento give insightinto thethinkingprocesses
thatadesignerof state-of-the-artasynchronoussystemsmightgo throughin de-
velopingsuchdesigns.

Keywords: asynchronouscircuits,large-scaledesigns



Chapter13

DESCALE:
�

a Design Experiment for a Smart Card Application
consuming Low Energy

JoepKessels& Ad Peeters
Philips Research, NL-5656AA Eindhoven, The Netherlands

{Joep.Kessels
�
Ad.Peeters}@philips.com

TorstenKramer
Kramer-Consulting, D-21079 Hamburg, Germany

Kramer@kramer-consulting.de

Volker Timm
Philips Semiconductors, D-22529 Hamburg, Germany

Volker.Timm@philips.com

Abstract We have designedan asynchronouschip for contactlesssmartcards. Asyn-
chronouscircuits have two power propertiesthat make themvery suitablefor
contactlessdevices: low averagepower andsmall currentpeaks.The fact that
asynchronouscircuits operateover a wide rangeof the supply voltage,while
automaticallyadaptingtheir speed,hasbeenusedto obtaina circuit thatis very
resilientto voltagedropswhile giving maximumperformancefor thepower be-
ing received.Theasynchronouscircuit hasbeenbuilt, testedandevaluated.

Keywords: low-power asynchronouscircuits, smartcards,contactlessdevices,DES cryp-
tography

�
Partof thework describedin thispaperwasfundedby theEuropeanCommissionunderEspritTCS/ESD-

LPD contract25519(DesignExperimentDESCALE).
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Chapter14

AN ASYNCHRONOUS VITERBI
DECODER

�

LindaE. M. Brackenbury
Department of Computer Science, The University of Manchester

lbrackenbury@cs.man.ac.uk

Abstract Viterbi decodersareusedfor decodingdataencodedusingconvolutional for-
warderrorcorrectingcodes.Suchcodesareusedin a largeproportionof digital
transmissionanddigital recordingsystemsbecause,evenwhenthe transmitted
signalis subjectedto significantnoise,thedecoderis still ableefficiently to de-
terminethemostlikely transmitteddata.

This chapterdescibesa novel Viterbi decoderaimedat beingpower efficient
throughadoptinganasynchronousapproach.Thenew designis baseduponse-
rial unaryarithmeticfor the computationandstorageof the metricsrequired;
thisarithmeticreplacestheadd-compare-selectparallelarithmeticperformedby
conventionalsynchronoussystems.Like all Viterbi decoders,a historyof com-
putationalresultsis built upovermany databitsto determinethedatamostlikely
to have beentransmittedat anearliertime. Theidentificationof a startingpoint
to this tracingoperationallows the storagerequirementto be greatly reduced
comparedwith thatin conventionaldecoderswherethestartingpoint is random.
Furthermore,asynchronousoperationin thesystemdescribedenablesmultiple,
independent,concurrenttracingoperationsto beperformedwhicharedecoupled
from theplacingof new datain thehistorymemory.

Keywords: low-power asynchronouscircuits,Viterbi, convolution decoder

14.1. Introduction

ThePREST(Power REductionfor SystemsTechnology)[1] projectwasa
collaborative projectwhereeachpartnerdesigneda low power alternative to

�
TheViterbi designwork wassupportedby theEPSRC/MoDPowerPack projectGR/L27930andtheEU

PRESTprojectEP25242,andthis supportis gratefullyacknowledged.
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Chapter15

PROCESSORS
�

Jim D. Garside
Department of Computer Science, The University of Manchester

jgarside@cs.man.ac.uk

Abstract Computerdesignbecomesever more complex. Small asynchronoussystems
maybeintriguingandevenelegantbutunlessasynchronouslogiccannotonlybe
competitive with ‘conventional’ logic but canshow somesignificantadvantages
it cannotbetakenseriouslyin thecommercialworld.

Therecanbeno betterway to demonstratethefeasibility of somethingthan
by doingit. To thisendseveralresearchgroupsaroundhavetheworld havebeen
putting togetherreal, large, asynchronoussystems. Thesehave taken several
forms,but many groupshave chosento startwith microprocessors;a processor
is agooddemonstratorbecauseit is well defined,self-containedandforcesade-
signerto solve problemswhicharealreadywell understood.If anasynchronous
implementationof amicroprocessorcancomparefavourablywith asynchronous
device performinganidenticalfunctionthenthecaseis proven.

This chapterdescribesa numberof processorsthathave beenfabricatedand
discussesin somedetailsomeof thesolutionsemployed.Theprimarysourceof
thematerialis theAmulet seriesof ARM implementations– becausetheseare
themostfamiliar to theauthor– but otherdevicesareincludedasappropriate.
Thelaterpartsof thechapterwidenthedescriptionsto includememorysystems,
cacheingandon-chip interconnect,illustrating how a completeasynchronous
Systemon Chip (SoC)canbeproduced.

Keywords: low-power asynchronouscircuits,processorarchitecture

�
Themajority of thework describedin this chapterhasbeenmadepossibleby grantsfrom the European

Union OpenMicroprocessorsystemsInitiative (OMI). The primary sourcesof funding have beenOMI-
MAP (Amulet1), OMI/DE-ARM (Amulet2e)andOMI/ATOM (Amulet3). Without this funding noneof
thesedeviceswould have beenmadeandthissupportis gratefullyacknowledged.
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