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Preface

Thisbookwascompiledto address percevedneedfor anintroductorytext
onasynchronoudesign.Thereareseveralhighly technicabooksonaspect®f
the subject but no obvious startingpoint for a designemwho wishesto become
acquaintedor thefirst time with asynchronoutechnology We hopethis book
will sene asthatstartingpoint.

Thereaderis assumedo have somebackgroundn digital design. We as-
sumethatconceptsuchaslogic gatesflip-flops andBooleanlogic arefamil-
iar. Someof thelattersectionsalsoassumdamiliarity with thehigherlevelsof
digital designsuchas microprocessoarchitecturesand systems-on-chiphut
readersunfamiliar with thesetopicsshouldstill find the majority of the book
accessible.

Theintendedaudiencdor the bookcompriseghefollowing groups:

» Industrialdesignersvith abackgroundn corventional(clocked) digital
designwho wish to gain an understandingf asynchronouslesignin
order for example,to establishwhetheror not it may be advantageous
to useasynchronougechniquesn their next designtask.

»  Studentsn Electronicand/orComputerEngineeringwho aretaking a
coursethatincludesaspect®f asynchronoudesign.

The book s structuredin threeparts. Part | is a tutorial in asynchronous
design.lt addressethe mostimportantissuefor the beginner whichis how to
think aboutasynchronousystemsThefirst big hurdleto be cleareds thatof
mindset— asynchronoudesignrequiresa differentmentalapproactfrom that
normally emplo/ed in clocked design. Attemptsto take an existing clocked
systemstrip outtheclockandsimplyreplacet with asynchronoubandshaé&s
aredoomedto disappoint. Anotherhurdleis that of circuit designmethodol-
ogy —the existing body of literaturepresentanapparenplethoraof disparate
approachesTheaim of thetutorialis to getbehindthis andto present single
unified and coherentperspectie which emphasizeshe commonground. In
this way the tutorial shouldenablethe readerto begin to understandhe char
acteristicsof asynchronousystemsn a way thatwill enablethemto ‘think

Xi



Xii PRINCIPLES OF ASYNCHRONOUS CIRCUIT DESIGN

outsidethe box’ of corventionalclocked designandto createradicalnew de-
signsolutionsthatfully exploit the potentialof clocklesssystems.

Oncethe asynchronouslesignmindsethasbeenmasteredthe seconchur
dle is designemproductvity. VLSI designersareusedto working in a highly
productve ervironmentsupportedy powerful automatidools. Asynchronous
designlagsin its tools ervironment,but thingsareimproving. Partll of the
book gives an introductionto Balsa,a high-level synthesissystemfor asyn-
chronouseircuits. It is written by Doug Edwards(who hasmanagedhe Balsa
developmentat the University of Manchestesinceits inception)and Andren
Bardsle (who haswritten mostof thesoftware). Balsais notthe solutionto alll
asynchronousesignproblems put it is capableof synthesizingzery comple
systemg(for example,the 32-channeDMA controllerusedon the DRACO
chipdescribedn Chapterl5)andit is agoodwayto developanunderstanding
of asynchronousdesign‘in thelarge’.

Knowing how to think aboutasynchronoudesignandhaving accesso suit-
abletools leaves one question:what canbe built in this way? In Part 11l we
offer a numberof examplesof complex asynchronousystemsasillustrations
of the answerto this question. In eachof theseexamplesthe designerave
beenasled to provide descriptionghat will provide the readerwith insights
into the designprocess.The examplesincludea commercialsmartcardchip
designedat Philipsanda Viterbi decodedesignedat the University of Manch-
ester Partlll closeswith adiscussiorof theissueshatcomeup in thedesign
of advancedasynchronoumicroprocessorgpcusingonthe Amuletprocessor
seriesagaindevelopedat the University of Manchester

Althoughthe bookis a compilationof contrikutionsfrom differentauthors,
eachof thesehasbeenspecificallywritten with the goalsof thebookin mind—
to provide answergo the sortsof questionghata nevcomerto asynchronous
designis likely to ask. In orderto keepthe book accessibleandto avoid it
becominganintimidatingsize,muchvaluablework hashadto beomitted. Our
objective in introducingyou to asynchronoudesignis thatyou might become
acquainteadwith it. If your relationshipdevelopsfurther, perhapseveninto the
full-blown affair thathassmittena few, includedamongwhosenumberarethe
contritutorsto this book, you will, of course,wantto knov more. The book
includesan extensve bibliographythatwill provide food enoughfor eventhe
mostinsatiableof appetites.

JENSSPARS@AND STEVEFURBER,SEPTEMBER2001
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ASYNCHRONOUSCIRCUIT DESIGN
— A TUTORIAL

Author: JensSparsg
Technical University of Denmark
JSp@imm.dtu.dk

Abstract

Keywords:

Asynchronouscircuits have characteristicshat differ significantly from those
of synchronousircuits and, aswill be clearfrom someof the later chapters
in this book, it is possibleexploit thesecharacteristicso designcircuits with
very interestingperformanceparametersn termsof their power, performance,
electromagnetiemissiongEMI), etc.

Asynchronouslesignis notyetawell-establisheéndwidely-useddesignmeth-
odology Therearetextbooksthatprovide comprehense coverageof theunder
lying theoriesput thefield hasnotyetmaturedo apointwherethereis anestab-
lishedcurrriculumanduniversitytraditionfor teachingcourse®n asynchronous
circuit designto electricalengineeringandcomputerengineeringstudents.

As this authorseesthe situationthereis a gap betweenunderstandinghe fun-
damentalsindbeingableto designusefulcircuits of somecompleity. Theaim
of Partl of this bookis to provide atutorial on asynchronousircuit designthat
fills this gap.

More specificallythe aimsare: (i) to introducereaderawith backgroundn syn-
chronoudigital circuit designto the fundamental®f asynchronousircuit de-
sign suchthat they are able to readand understandhe literature,and (ii) to
provide readerawith anunderstandingf the “nature” of asynchronousircuits
suchthatthey areto designnon-trivial circuitswith interestingperformancepa-
rameters.

The materialis basedon experiencefrom the designof several asynchronous
chips,andit hasevolved over the last decaddrom tutorialsgiven at a number
of Europeanconferencesand from a numberof specialtopics coursesaught
at the TechnicalUniversity of Denmarkand elsevhere. In May 19991 gave a
one-weekintensve courseat Delft University of Technologyandit waswhen
preparingfor this coursel felt that the materialwas shapingup, and| setout
to write the following text. Most of the materialhasrecentlybeenusedand
dehuggedin acourseatthe TechnicalUniversity of Denmarkin thespring2001.
Supplementetly afew journalarticlesanda smalldesignproject,the text may
be usedfor aonesemestecourseon asynchronoudesign.

asynchronousircuits, tutorial



BALSA - AN ASYNCHRONOUSHARDWARE
SYNTHESISSYSTEM

Author: Doug Edwards,Andren Bardsley
Department of Computer Science

The University of Manchester

{ doug,bardsley} @cs.man.ac.uk

Abstract Balsais a systemfor describingand synthesisingasynchronousircuits based
onsyntax-directedompilationinto communicatindrandsha&circuits. In these
chaptersthe basicBalsadesignflow is describecandsereral simplecircuit ex-
amplesareusedto illustratetheBalsalanguagen aninformaltutorial style. The
sectionconcludeswith a walk-throughof a majordesignexercise—a 4 channel
DMA controllerdescribecentirelyin Balsa.

Keywords:  asynchronousircuits, high-level synthesis



LARGE-SCALEASYNCHRONOUSDESIGNS

Abstract

Keywords:

In this final part of the book we describesomelarge-scaleasynchronou¥/LSI
designsto illustrate the capabilitiesof this technology The first two of these
designs- the contactlessmartcard chip developedat Philips andthe Viterbi
decodedevelopedat the University of Manchester weredesignedvithin EU-
fundedprojectsin thelow-power designinitiative thatis thesponsoof thisbook
series.Thethird chapterdescribesaspect®f the Amulet microprocessoseries,
againfrom the University of Manchesterdevelopedin several otherEU-funded
projectswhich, althoughoutsidethe low-power designinitiative, never-the-less
still hadlow power asa significantobjectie.

Thechipsdescibedn this partof thebookaresomeof thelargestandmostcom-
plex asynchronouslesignsever developed. Fully detaileddescriptionsof them
arefar beyond the scopeof this book, but they areincludedto demonstratéhat
asynchronousdesignis fully capableof supportingarge-scalalesignsandthey
shav whatcanbedonewith skilled andexperiencediesignteams.Thedescrip-
tionspresentedherehave beenwrittento give insightinto thethinking processes
thata designelof state-of-the-arasynchronousystemsnight go throughin de-
velopingsuchdesigns.

asynchronousircuits, large-scalalesigns



Chapterl3

DESCALE: *

a Design Experiment for a Smart Card Application
consuming Low Energy

JoepKesselk 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 asynchronoughip for contactlesssmartcards. Asyn-
chronouscircuits have two power propertiesthat make themvery suitablefor
contactlesslevices: low averagepower andsmall currentpeaks. The factthat
asynchronougircuits operateover a wide rangeof the supply voltage, while
automaticallyadaptingtheir speedhasbeenusedto obtaina circuit thatis very
resilientto voltagedropswhile giving maximumperformancdor the power be-
ing received. Theasynchronousircuit hasbeenbuilt, testedandevaluated.

Keywords:  low-power asynchronousircuits, smartcards,contactlessievices, DES cryp-
tography

*Part of thework describedn this paperwasfundedby the EuropearCommissiorunderEsprit TCS/ESD-
LPD contract25519(DesignExperimentD ESCALE).
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Chapterl4

AN ASYNCHRONOUSVITERBI
DECODER *

LindaE. M. Brackenhkury
Department of Computer Science, The University of Manchester
Ibrackenbury@cs.man.ac.uk

Abstract

Keywords:

14.1.

Viterbi decodersare usedfor decodingdataencodedusing corvolutional for-
warderrorcorrectingcodes.Suchcodesareusedin alarge proportionof digital
transmissioranddigital recordingsystemsbecausegven whenthe transmitted
signalis subjectedo significantnoise,the decodeiis still ableefficiently to de-
terminethe mostlikely transmitteddata.

This chapterdescibes novel Viterbi decoderaimedat beingpower efficient
throughadoptinganasynchronouapproach The new designis baseduponse-
rial unary arithmeticfor the computationand storageof the metricsrequired;
this arithmeticreplacesheadd-compare-seleparallelarithmeticperformedby
corventionalsynchronousystemsLike all Viterbi decodersa history of com-
putationakesultsis built up overmary databitsto determinghedatamostlikely
to have beentransmittedat an earliertime. Theidentificationof a startingpoint
to this tracing operationallows the storagerequiremento be greatly reduced
comparedvith thatin corventionaldecodersvherethe startingpointis random.
Furthermoreasynchronousperationin the systemdescribedenableanultiple,
independent;oncurrentracingoperationgo beperformedwvhicharedecoupled
from the placingof new datain the historymemory

low-power asynchronousircuits, Viterbi, convolution decoder

Introduction

The PREST(Pover REductionfor SystemsTechnology)[1] projectwasa
collaboratve projectwhereeachpartnerdesigneda low power alternatve to

*The Viterbi designwork was supportedoy the EPSRC/MoDPowerPack projectGR/L27930andthe EU
PRESTprojectEP25242andthis supports gratefullyacknavledged.
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Chapterl5

PROCESSORS *

JimD. Garside
Department of Computer Science, The University of Manchester
jgarside@cs.man.ac.uk

Abstract

Keywords:

Computerdesignbecomesaver more complex. Small asynchronousystems
maybeintriguingandevenelegantbut unlessasynchronoukgic cannotonly be
competitve with ‘conventional’logic but canshav somesignificantadvantages
it cannotbetakenseriouslyin thecommerciaworld.

Therecanbe no betterway to demonstratéhe feasibility of somethinghan
by doingit. To thisendseveralresearclyroupsaroundhave theworld have been
putting togetherreal, large, asynchronousystems. Thesehave taken several
forms, but mary groupshave chosento startwith microprocessorsa processor
is agooddemonstratobecausdt is well defined self-containedndforcesa de-
signerto solve problemswhich arealreadywell understoodlf anasynchronous
implementatiorof amicroprocessotancompardgavourablywith asynchronous
device performinganidenticalfunctionthenthe caseis proven.

This chapterdescribesa numberof processorshathave beenfabricatedand
discusse somedetailsomeof the solutionsemployed. Theprimarysourceof
the materialis the Amulet seriesof ARM implementations- becauseheseare
the mostfamiliar to the author— but otherdevicesareincludedasappropriate.
Thelaterpartsof thechaptemwidenthedescriptiongo includememorysystems,
cacheingand on-chip interconnect,llustrating howv a completeasynchronous
Systemon Chip (SoC)canbe produced.

low-power asynchronousircuits, processoarchitecture

*The majority of the work describedn this chaptethasbeenmadepossibleby grantsfrom the European
Union OpenMicroprocessosystemdnitiative (OMI). The primary sourcesof funding have beenOMI-
MAP (Amuletl), OMI/DE-ARM (Amulet2e)and OMI/ATOM (Amulet3). Without this funding noneof
thesedeviceswould have beenmadeandthis supportis gratefullyacknavliedged.
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