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Abstract

Two majoradditionsto the Balsaasynchronousircuit synthesisystemarepresented.

Firstly,anew backendfor generating LS| andFPGAiImplementationsf Balsadescriptions
is described.Thisbackendallows parameterisedeneratiorof handsha&componentfrom

templatedescriptions.

Secondlya new methodfor producinghandsha& circuitswhich arebetteroptimisedduring
constructions described A numberof newv handsha&componentareintroduced.Eachof
thesecomponentdyy virtue of their greaterdegreeof parameterisatiortanreplaceclusters
of existinghandsha& componentsThesegrarameterisedomponentareusedto implement
bespole synchronisationencoding/decodingndbitwise word division/constructioropera
tionsusingcomponenspecificoptimisationsvhich replacethe, potentiallydangerousgate

level optimisationgreviously used.

ThedesignandVLSI implementatiorof a substantiatestdesignusingBalsa,a 32 channel
DMA controller is also presented.This DMA controller was constructedas part of the
AMULET3Ii asynchronouprocessomacrocell. It is a hybrid synchronous/asynchronous
designusinga combinationof full customhanddesignedtandardtell andBalsasynthesis.
The AMULETS3i macrocellhasbeenfabricatedas part of the DRACO communications

controllerIC.

A simplified,fully asynchronousersionof thisDMA controlleris alsopresentedh orderto

illustratetheuseof the optimisationgpresentedh thethesis.
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Chapter 1. Introduction

This thesisextendsprevious work on the asynchronougircuit synthesidanguageBalsa

[B] and on Handshak Circuits [B] (both Balsa and handshak circuits are introducedin

Ehapter).

Theseextensionsinclude the developmentof a new synthesisback-endfrom the Balsa
handshag&circuit intermediatdile formatBreeze(Breezds describedn BZ4-17)) into CMOS
and FPGA implementations.This back-endreplacegshe simpleback-endfor the language
TangraniBg) developedaspartof theEXACT projected. Thatolderback-endvasspecifictco
theCadence&AD ervironmentandthe (locally developed) AMULET low-power celllibrary
[a.

Also presentecdrea numberof optimisationgor producingimplementation®f handsha&
circuits without requiring gate level optimisation. Theseoptimisationscentrearoundthe
useof a numberof new handsha& components.Thesecomponenthave a higherdegree
of parameterisatiothan haspreviously beendescribedand are capableof incorporating
a numberof existing optimisationschemeshandsha& circuit control resynthesif the
sortpresentedy Kilks, VercauteremndLin [25, encoder/decoderonstructiorsuchasthe
BalsaCasecomponentbespole synchronisatiomomponentandbettersupportfor bitfield

extractionandword reconstruction.

Theaim s to be ableto synthesiséBalsacircuit descriptionsnto handshaé circuitswhich
have simplerstructureghanthosepreviously possible. Thesesimplerstructureseducethe
numberof interconnectingchannelsand superfluoussynchronisationsnherentin imple-
mentationswhich usehandsha& channelso communicatéetweerall componentsThese
improvementsaresoughtwithout resortingto the potentiallyunsafegatetevel circuit optim-

isation.

Two designexamplesllustratethe useof Balsato constructpracticalcircuits. Thefirst, de
scribedn ghaptem, isa32channeDMA controllerconstructedisinga hybrid of synchron

ousandasynchronoutechniquesvith themajority of theasynchronouportionconstructed

12



1.1. Asynchronous design

usingthe new Balsabackendbut without the nev componentslescribedn Ehapiel. This
DMA controllerhasbeenfabricatecaspartof the AMULET3i portionof the DRACO com

municationdC.

The secondexampleis a simplet fully asynchronoudDMA controllerbasedon the same
registerstructureasthe AMULET3i DMA controller Thiscontrolleris usedto illustratethe
improvementsn Balsasoptimisationstratgy describederein. Justificationgor thechoice
of aDMA controllerasa typical Balsadesignaregivenin B6-1 The designof this simple

controllerandtheanalysisof the controllersimplementatioraregivenin Ehapiery.

Thebulk of thework describedn thisthesisis concernedvith the constructiorof the new
Balsabackendandtheuseof thatbackendto constructhe DMA controllerintegratedinto
AMULETS3Ii. Theaim of thisdesignexampleis to shav thata direct,optimisedeuringcon
struction approacho asynchronousmacromodulalogic synthesisanbeeffective at produ
cingpracticalcircuitimplementationsThenenw componentpresentedh have (for
themostpart)not beenimplementedandassuchrepresenthenext stepin producinganim-
proveddirectsynthesi®ackendfor Balsa. Thesenew componentandoptimisationshould,
thereforepe consideredo be alesssignificantpartof thiswork thanthe backendor DMA

controllerdesigns.

Theremaindelof thisintroductorychapterntroducesomebasicconceptof asynchronous
designwhich may not be familiar to somereaders.The final sectionof this chapter@I2

givesa shortoverview of thestructureof theremaindeof thethesis.

1.1. Async hronous design

Thedesignmplementatiomndsynthesisechniqueslescribedn thisthesisareall asynchron
ousin nature. The work describedhereindoesnot try to measurehe advantage®f asyn
chronougechniquesver conventionalsynchronouspproachesThatbeingsaid,therearea
numberof propertiesvhichasynchronousircuitsposseswhichareclaimedto bringbenefits

over their synchronousounterpartsThesenclude:

Easier/more intrinsic modularity — Modularity involves designingcircuit units which

Chapter 1. Introduction 13



1.1. Asynchronous design

canbe easilyinterfacedto eachotherto constructlarger circuits. Modular interfacesallow
connectedinitsrunningat differentratesto communicatevithout undueadditionalcontrol
complity. This is easierto achiere usingasynchronousiandshakinddetailedin BT}
thanusingclock synchronisedransferdetweerunits. Asynchronousinitscanbe madeto
wait for eachotherby delayingthetransitionson handsha&controlsignalswithoutincurring
eitherdelaysquantisedo the clock periodor failurescausedy metastabilitywhentrying to
synchronisealata. Theuseof asynchronoubandshakinganbeappliedto very smallcircuit
elementgo allow the benefitsof modularconstructiorto be exploited within asynchronous

circuits. Thisis themajorreasorfor usingasynchrog in thework describedn thisthesis.

Reducedenergy consumption—Driving theclock distributiontreeandthetransistorsvhich
gatethe clock onto latchescan consumea considerablgroportionof the enegy supplied
to a synchronousircuit. Well designedasynchronougircuits can avoid consumingas
muchenegy assynchronousgircuitswherepartsof the circuit areidle for a portionof the
time. Synchronouslesignscanusetechniquesik e clock gating, voltagescalingandclock

frequeng scalingto achieve similar results albeitwith morecomplicatedmplementations.

Impr oved electro-magneticcompatibility — As a large proportionof theenepy dissipated
by synchronougircuits is from gates/interconneatonnectedo the clock, E-M radiation
emittedby synchronousircuitstendsto becorrelatedo theclock’'sfrequeng andharmonics
thereof. This correlatedadioemissioncanmale it difficult to operateradiorecevers,meet
emissionstandardsindprovide enoughcurrentto thecircuit at clock edges.It hasbeenob-

senedthatalthoughanasynchronousircuit performingsimilarwork mayemitasimilartotal

amountof E-M radiationthatradiationis muchlesscorrelatedo thecircuit cycletimedueto

thevariationin cycle time causedy changesn interfacetimings,datadependenbperation
timing andthermalandsupplyvoltagevariation. Spreadinghe E-M emissiongver a larger
rangeof frequenciesnakesit mucheasierto operateadioreceversnearasynchronousir-

cuitsandto reducetheamountof shieldingrequired.ReducedEMI is amajorreasorfor the

adoptionof the AMULET3i macrocellaspartof the DRACO chipdescribedn B6-3

Ar chitectural benefits— It is possibleto implementsomestructuresusing asynchronous
techniquesvhich may not be possiblewhen using a single clock. Asynchronousircuits

cancontainportionswhich operateat a speedappreciablyhigherthanthe ‘ambient’ cycle

Chapter 1. Introduction 14



1.1. Asynchronous design

time by relyingonlocally loopingcontrolsynchroniseavith moreglobalcontrolonly when
necessaryThis principle may be usedto implementcheapeformsof circuit elementdike
multipliersby allowing a fastiterative multiplier to replacea moreexpensve combinatorial
(or moreslowly iterating) multiplier. The multiplier in the AMULETS3i is built usingthis
principle[E]. Anotherexampleistheboundarybetweersoftwareandhardware. ThePhilips
Myna pagenBnj[24] exploitstheimproved EMI characteristicef asynchronousircuitsto run
theradioreceverandcontrollingmicroprocessaatthesameime. Thisallowsall threeof the
dominantpagerstandard# beimplementedisingthesamehardware. Previoussynchronous
pagersnustcontainadditionalhardwarefor eachpagerstandardo receve thedifferentdata

pacletformatsfrom theradioreceverwhile the microprocessois sleeping.

Themajorityof modernasynchronousircuit designtechniquesrebasedntheuseof hand
shakingto communicatdetweerunits. Theform of handshakingndits role is a defining
parameteof a particulardesigntechnique.The majority of asynchronousircuitsare not
designedwith arbitrarily placedtiming constraintandsotechniquesrealsooftencharae
terisedby their approacho delaymanagementDelay managemerllows the designerto
be surethata circuit will functionunderchange®f circuit delaysdueto temperaturéuctu
ationsyariationsn fabricationprocessandimplementatiortechnologyetageting(e.g.pro-
cesgnigration). Theconsistenapplicationof asystenof timing assumptionser moreeasily
validatedtiming constraintss termedadelaymodel Thewaythatdataistransportedround

asystemandtheway thatdatacorrespondgo controlis determinedy thedataencoding

The remainderof this introduction to asynchronousircuit design techniquesoutlines
the commonhandshakingrotocols,delay modelsand dataencodingsusedin the design
techniqueslescribedn ghapierd. All of theseechniquesndcommonasynchronougerms
arerelevantin thediscussiorof handsha&circuitsin chapterd. Two componentcommonly
usedin the implementatiorof asynchronousircuits,alsodescribedthe ubiquitousMuller
C-elementin BI.T.3 andthe S-elementin BL.L.

1.1.1. The handshake

A largepartof thecontrolin asynchronousircuitsis devotedto the communicatiorof data

andcontrolsignallingfrom onepartof a circuit to another Without a globalclock, thereis

Chapter 1. Introduction 15



1.1. Asynchronous design

noglobalperiodicsourceof eventswhich canbeusedoy communicatinginitsto signalwhen
datais providedandtakenin acommunication Bespole solutionsto this probleminvolving
control signalswhich corvey readinesso communicatedata validity and the receiptof
dataare possiblein eachcasewherea communications formed. To simplify the task of
building suchcommunicationcontrol systemsthe notion of the handshak and the data
channelwereintroduced.Handshaksareusedwheretwo or moreunitsrequirecontrolof a
synchronousransferof databetweerthem. Handshakscanalsobeusedasamechanisnfior
synchronisingwo unitswithouttheexplicit transferof data(e.g.toimplementokenpassing

schemesr controlsharedesources).

Wherethedataandhandsha&controlsignallingfor acommunicatiorareconsidere@single
conceptualnit, thatcommunicatingconnections often calleda channel Of thetwo units
connectedby achannelpneunitis active it initiatesthehandshakby issuingarequesto the
otherunit, andthe otheris passiveit recevestherequestandreplies(whenit is ready)with
anacknowledg@ment A handsha&which consistof theexchangeof only two tokens(one

requestpneacknavledgementjs thesimplestform of handshak.

first transfer second transfer
/—/\ﬁ /—/%
reg. | Z
processing
ack. 2»
data g
data setup time data hold time

Figure 1.1. 2-phase handshaking

Whentwo symbolhandshakingsimplementedisingwiresrepresentingequesandacknav-
ledgementwith transitionson thosesignalscommunicatinghetokens thisis called2-phase
handshakingr transitionsignalling Thetwo phasesrethe periodshetweerarequestand
its acknavledgementformingthehandshakitself, andthe periodbetweeranacknavledge
mentandthe next requestforming theidle phase Figurél.1shovs anexampleof 2-phase
handshakingvith bothrequestandacknavledgesignalsstartinglow, both going high after
thefirst handshak,thenbothfalling again afterthe seconchandsha&. Notethatrisingand

falling signaltransitionsareequvalentin this scheme.Datavalidity is signalledby the ar-

Chapter 1. Introduction 16



1.1. Asynchronous design

rival of therequessignalatthetarget. Datais allowedto becomenvalid at theinitiator on
receiptof theacknavledgemenby theinitiator. 2-phaséandsha&scanalsobeconstructed
usingasinglesignallingwire whichtheactive unit raisedo indicatea requesaindthepassve
unit dropsto signalan acknavledgement.Controlof thedriving of the controlsignalmust
be passedetweerunitsin betweerevents. Thisform of handshakings calledsingletrack

handshaking but is not consideredn theremaindeof thisthesis.

In the 2-phaseexample,datais shavn asa setof wiresaccompaying the signallingwires
with matcheddelaysto thosewires. This way of attributing datato a pair of handsha&
signallingwiresis termedbundled data andis a very commonmethodfor implementing
cheapbut non-DI (seeBT- LB channels.

- broad proc. -

req. /—Zf
early proc. = Jate proc. —
ack. 77/ -

broad push iR R
early push W
late push W

Figure 1.2. 4-phase push handshaking

1.2 shawvs anothercommonform of handshaking- 4-phasehandshaking4-phase
handshakinganbe simplerto implementin CMOSthan 2-phaseasthe absolutdevels of
signalscanbeusedto determinghe phaseof thehandshaknotjustthedifferencan request
andacknavledge.Unfortunatelytorestoraghesignallingwirestotheirinitial statesattheend
of eachcommunicationtwo extraphaseseedeaddedothehandsha&in orderto sequence
thereturn-to-zeroof the two signallingwires. Datavalidity in 4-phasehandsha&scanbe
signalleda numberof ways,themostcommonof which (early, late andbroad datavalidity)
areshavnin figuregl.2.

Thedirectionof acommunicatiorinitiating requesheednotbethesamedirectionasthatof
thedata. Theexamplegyivensofarillustrateonly communicationsvherethedataflowswith
therequest.ThesearecalledpushcommunicationsAnotherform of communicatioris pos
sible thatwherethedataflowsfrom targetto initiator undercontrolof theacknaviedgement.
Figure1l.3shavs thecommondatavalidity schemesisedwith pull communication#n both
2-phaseand4-phasénandshakingNotethatin 2-phasegull and4-phaséroadpull the cost

Chapter 1. Introduction 17



1.1. Asynchronous design

C» broad proc. -

req. f
early proc. “~ Jate proc.
ack. 27/ Lo

RN N
2-phase pull s SO it
broad pull AR
cayp —

KKK KKK XK XXX
late pul R aeaanaae €

4-phase

Figure 1.3. 2/4-phase pull handshaking

of implementingthe channelmay be high asdatamustbe held valid betweenhandshags.
Thismayinvolve addinglatchego animplementatiorfor eachpull channel.For thisreason,

in 4-phasénandshaking,educedorotocolded areuseful.

In reducedsignallingschemeghe datacommunicateanaybecomenvalid beforethe event
which would ordinarily signalthe completedreceiptof that datais sentor receved. For
example thereducedoroad4-phasegushprotocolallows the datato becomanvalid before
thefalling edgeof theacknavledgement.Thisis similar to the early4-phasgushprotocol
(andassuchearly 4-phasenputscanbe connectedo 4-phasereducedoroadoutputs)but
a reducedprotocolmay imply other constraintavhich allow the datareceving unit to be
iImplementeanoreeasily/cheaplyfigurél.4shavsasimpleimplementatiorof ahandshak
controlledwrite port to a transparentatch. The acknavledgemenfor the write is formed
from the delayedrequestandsoactsasa latch strobe. This beingthe casea reducedoroad
input may be presentedo the latchin placeof a broadinput wherethe dataon thatinput

remainsvalid until atleastthepointwherethelatchcloses.

Reducedlatavalidity is mostusefulwhenusedwith 4-phasebroadpull signalling. Using
theacknavledgemensignalasa latch controlsignalwith 4-phasébroadpull at theinitiator
is very corvenient. Whenreducedbroadsignallingis used the constraintthat dataremains
valid whilst the acknavledgesignalremainshigh andremainsvalid for someperiod after
thatin orderto allow its useasa datastrobe. Readportsareshavn on the latchexamplein
figuré 1.4 aschannelsonsistingof theoutputof thelatchanda delayelemenin thecontrol
pathfor delaymatching. Wherea readis performedon this latch, which is thenfollowed

by a write, the readdatabecomesnvalid beforeanothemreadcanbe made. For the latchto

Chapter 1. Introduction 18



1.1. Asynchronous design

rreq

rack

duced broad
wreq (re uced broa

broad
wack

>~

4
required write
data validity W
read data valid ><
reduced broad  broad
wa +—( o) G

wd —:

wr | LE - 1IT

LATCH
N
a

Figure 1.4. A latch using reduced broad push and pull protocols

supportbroadpull readsthe dataon this readport mustbe maintaineduntil the next read.
If, however, it is understoodhatthe latchwill not bewritten until therecipientof thelatch
datahascompletedts read(i.e. eithertotally finishedwith the dataon thatportor latcheda
copy of it), thereadportcanbeconsideredo supportaform of reducedoroadprotocol. The
acknavledgementrom thisreducedoroadhandsha&can,in turn,beusedasa latchcontrol
or validity indicationfor the dataon thatreadport. Usingthesebroadetrvalidity signalscan
malke minimumlatchenablgulsewidth constraintgasietto meetthanwhenearlysignalling
isused. Early signallingwould entailusinga latch controlpulsewhich only spangherising
acknavledgeto falling requesportionof thepull handsha&(asshovn in figuré 1.4). Using
thereducedprotocol(with its two eventson the acknavledgemenbccurringbeforetheend
of handshak datavalidity), a delayplacedin the acknavledgemenpathis usedtwice so

allowing smaller easierto implementdelayelementdo beinserted.

Thecostof usingreducedrotocoldn thesewaysis agreaterrelianceontiming validationto
ensurecorrectcircuit behaiour. Thismaynotinvolve ary additionaldesignstepdor circuits

which usebundleddata(in which considerablealidationmayalreadybenecessary).

1.1.2. Delay models

Most designtechniquesnake at leastsomeassumptionaboutthe timing characteristicef
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componentandwires. In synchronouslesignassumptionaremade(which needto beval-
idatedin layout) aboutthe arrival time of the clock signalat clocked components Further
assumptionaremadeabouttherelationshipbetweerpropagtiondelayanddatahold times
whenusingedgetriggereddevices thepropagtiondelayof combinatoriaklementbetween
latchesandtheperiod,duty andtiming relationshietweerclocks. Theglobalnatureof the
synchronisatiofiormedby clock andlatchedcontrol/datanakesconnectingircuitsrunning
at differentratesmoredifficult thanin asynchronousystemswvherethe handsha& andpar

tially (or wholly) delayinsensitve communicationsnake interconnectiorof circuitseasier

Asclockratesncreasandcircuitfeaturesizesshrink(leadingtoadominancef interconnect
delaysover gatedelays) thesetiming assumptionecomdessandlessrealisticsomaking
globalsynchroly difficult to achieze. Asynchronousircuit designabandongheuseof glob-
al synchronisatiorn favour of local synchronisatiorbetweencommunication/participating
units. Theuseof localisedcontrolin thiswayrequiredifferentapproache® delaymanage

mentthanthoseusedin synchronouslesign.

Asynchronougircuitsmustmeetsimilar criticalfpathconstraintsassynchronousircuitsin
orderto beusefulin theirintendedapplicationsln addition timingrelationship®etweenocal
communicatiorsignalsinternalto asynchronousircuitsmustbe validatedto ensurecorrect
circuit functionalityundersimilar worstcaseconditionsasrequiredfor synchronousalida
tion. In synchronouslesignijt is oftenpossibleto achiere timing closureby loweringthetar-
getclock rateof thesystem.For anasynchronousircuit, however, it maynotbepossibleto
rescuea designby suchasimpleconstraintrelaxation. Adjustingthecyclerateof thecircuit
by changinghetiming of theernvironmentis ofteneasyto achieze. Unfortunatelythetiming
of internalcircuit stageswhichmayaffectcircuit functionality is rarelyeasyto controlin this
way. Forthisreasontheproblemof achiezingtiming closurefor anasynchronousircuit can

be potentiallygreateithanthatof a similar synchronousircuit.

Delay modelshelp in simplifying the specificationand validation of timing constraints.
Circuitsdesignedwith a particulardelaymodelin mind areoftensimplerto designandare
easierto validateby comparison/cosimulatiowith their specificationdecauset is easier
to identify placeswheretiming constraintieedto be met. This is particularlytrue of the

designof synchronousircuits. At moderatesircuit speedstherequiremento distributethe
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globalclockto all partsof acircuit with only a smallamountof skew is notdifficult to meet.
Circuit areacanbe reducedoy migratingthelocal communicatiorcontrollogic requiredin
asynchronousircuitsinto global,clock synchronised@ontrolwith datatransfergjuantisedo

multiplesof theclock period.

In thedesignof asynchronousircuits thereareanumberof commonlyapplieddelaymodels.
Delaymodelsmayincludedelay/timingassumptionandconstaints Delayassumptionare
globally appliedsimplifiedmodelsaboutthe natureof delayswithin acircuit. Populardelay
assumptionscludethoseabouttherelative significanceof interconnecover gatedelayfor
examplejn speedndependentircuits),thebehaiour of wire forks (in quasidelayinsensit
ive circuits)andtheminimumresponséime of a circuit’servironment(e.g.thefundamental
mode describedn §Z:47]). Constraintaretiming requirementsvhichareappliedatspecific
pointsin acircuitin aresponséo a functionalneedfor thatrequiremenat thatpointin the
circuit. A goodexampleof timing constraintsarethedatabundlingrequirementg systems

with singlerail bundledeatainterfaces.

Circuitsbuilt usingtiming assumptionsr containingtiming constraintsieedto betestedo
ensureghatthe assumptionarerealisticandthatthe constraintaremet. Timing validation

in thecurrentBalsasystems discussedh B4-4-P
Populardelaymodelsinclude:

Delay-insensitive (DI) cir cuits

DI circuitsrequireno timing constraintor assumptiondetweengatesto be presered for
circuit functionality to be guaranteed Unfortunately at gate level, few interestingcircuits
conform to the delay-insensitie ideal. For this reason,delay-insensitiity is most often
appliedto larger, morecoarselygrainedunitsconstructedisingothertiming regimesin order

to make themeasierto compose.

Quasi-dela y-insensitive (QDI) cir cuits

QDI circuitsarelike DI circuitsexceptthatforksin wiresmaybe assumedo beisodronic.

Isochronicwire forks areforks which resultin transitionsat the leavesof the fork arriving
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at the sametime (or within someacceptablyshortperiodof time of each). This propertyis
commonlyusedfor the demultiplexing of requestignalsto a numberof units,whereonly
oneunit is readyto acknavledgeat a time. Theinitiator of the requesttanbe certainthat
therequeshasbeenwithdravn whenit recevesanacknaviedgemento thefalling request
(for a4-phasecircuit). TheQDI assumptiortanalsobe extendedo includeassumptionsf
isochronicpropagtion aftera numberof logic gates’distancefrom the fork (the extended
isochronicfork andQ"DI delaymodelsmm)). AlthoughQDI is anattractiely simplemodel,
it cansometime®eover-restricting,especiallywherethe‘probings’atthefar endsof afork

canbeguaranteedb occurat suitablywell separatetimesis.

Speed-independent (SI) cir cuits

In Sl circuits,interconnectelaysareassumedo beinsignificant,only componentxhibit
appreciabledelays. Forks in wires are assumedo be isochronicand so unacknevliedged
forked signalsare assumedo have changedbasedon the obsenration at a single point on

afork.

Scalable Delay-insensitive (SDI) cir cuits

Scalabledelay-insensitie circuits allow the principles of speed-independertircuits to
be appliedto larger designsthan may be justified by their, potentially unrealistic,delay
assumptionsSDI wasdevelopedto allow regionsof a circuit whicharesmallenoughfor the
speed-independeassumptioro hold to beidentifiedsoallowing a designto be partitioned.

SDIlwasusedto implementthe TITAC-1andTITAC-2[E3 microprocessors.

1.1.3. Data encoding

The way in which datais communicatedrom one part of a circuit to anotheris alsoan
importantdesigndecision. In synchronouslesign datais usuallybinaryencodedvhere2"
distinctsymbolscanberepresentetly boolearogic symbolg0, 1} onnwireswith all of the
possiblecombination®f booleansymbolson thosewiresrepresenting symbol. Theclock

is usedto signalthevalidity of boththesedatasignalsandthecircuit’scontrolsignals.
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Bundled data

Bundleddata(alsoknown assingle-rail)communicationnvolvestransmittingcontrol and
datatokenson separataviresto which fixed timing relationshipsare applied. The useof
binary encodingwith request/ackneledgesignallingis the mostcommonlyusedform of
bundleddata. Bundleddatais populardueto the ability to separateontrolfrom datapath.
Unfortunatelythis separatiomftenrequiregheuseof explicit delaycomponentsr matched
pathsfor controland datato bring control and datapathtimings back togetherwheredata
signalspasghroughprocessinginits. Timing validationis necessaryo ensurehatbundling

constraint@aremetanddelaysareof appropriatesizes.

One-hot codes

In casesvherethe numberof symbolswhich canbe communicateds small, one-hot(or
unary)encodingnaybe used. One-hotencodingentailsusingn wiresto encoden symbols,
onewire persymbol. Oneof then wiresis heldhigh (at 1) andthe othern — 1 areheldlow

(0) to encodea particularsymbol.

With one-hotencodingthereis an obvious extra statefor the n wires which canbe used
to indicatethat no symbolis being communicatedthis is whenall n wires are held low.
Making useof this quiescenbr NULL state(NULL CorventionLogic, seeSZ. 4.} callsthe
quiescenstateNULL) allowsthewirescommunicating one-hotvalueto alsocommunicate
thevalidity of thatvalue. Encodingdatavalidity in with datais the key to whataretermed

delay-insensitiveodes

Delay-insensitive codes

DI codesareencoding®f dataonwiresin whichrulescanbewrittenfor whendatais valid (in
thecaseof onehotencodingwhenary wire becomesigh)andfor whenthecommunicating
wiresarequiescentin onehot:whenall thewiresarelow). Theseulesmustdefinehow data
symbolanapontothesignallevelsof thewireswhichphysicallyimplemenicommunications.
Thismappingmustalsoincludearepresentatiofor the quiescenstate. Thesimplestexten
sionsto onehot encodingjn thedomainof DI codesarethe n-of-m codes.In thesecodes,

symbolsareformedby raisingexactly n of the mwiresfor eachcommunicatior(soonehot
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encodingonnwiresis 1-of-n encoding).Oneof (;: symbolgplusthequiescensymbol)may
be transmittedwith eachcommunicatiormakingn-of-m codescheapeito implementthan
onehot encoding(in termsof numberof wires)at the expenseof morecomplicatedencod

ing/decodingo/from binary.

It is importantthat choicesof data validity/symbol encodingrules can be decodedin a
delay-insensitie manner For communicationsvhich make useof the quiescentstateto
separatsymbolsjt is only necessaryo ensurdghatno symbolssetof significantwire levels
Is a subsef anothersymbols. Wherethe numberof significantwire levels (usuallyhigh
wires)for eachsymbolisthesamgasin n-of-mencoding)thisdelay-insensitierequirement

is alwaysmet.

Handshakingommunicationsanbe formedusingDI codesby addingan extra controlsig-
nal. For pushcommunicationghe completion/ialidity operationon thedatawiresprovides
arequestthe extra controlsignalformstheacknavledgeflowing in the oppositedirectionto
thedata. For a pull communicationthecontrolsignalcarriesherequestyith thevalidity of
encodedlatasignallingacknavledgemenof thatrequest.4-phasédl codedhandsha&suse

thequiescenstateastheloweredcontrolsignalstate.

Delayinsensitve codescanbe usedin transitionsignallingby usingrulesfor datavalidity
basedon a numberof transitionshaving taken placeon the signallingwires. No quiescent
statels necessargndthecommunicatiorwill beveryenegy efficientdueto thelow number
of signaltransitions.Unfortunatelytransitionsignalled(2-phasepl codescanbeexpensve
in circuit areato decode/encodmakingthemmaostsuitablefor applicationsvherecommu
nicationenegy mustbe keptto a minimumbut sparseencodingsuchasonehot encoding

maybetooexpensvein wires. Off-chipcommunications anexampleof suchanapplication

(3.

Communicationganbe madeof severalbundlesof wires,eachwith its own dataencoding.
Validity of dataon the whole communicatioroccurswheneachof the individual bundle’s

datais valid. Themostcommonof theseschemess dual-rail encoding.

Dual-rail encoding
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Dual-rail encodingis a 1-of-2 encodingwhereeachbit of datais carriedby 2 wires. A
handsha& constructedisingdual-railencodingwill take 2n + 1wiresfor n bits of data. A
datavalid signalfor a dual-railcommunicatiorcanbeformedby ORingthe 2 wiresof each
bit andthencombiningthoseindividual bit valid signalsusingan AND operation(or, more

often,atreeof Muller C-elementsisdescribedn BT-T73).

Dual-rail solutionshave beenthe mostpopularway of implementingDl interconnectlueto
the easewith which binarydatacanbe encodedo/decodedrom dual-railcommunications.
Many of thesystemslescribedn useor haveuseddual-railencodingo implement
interconnect.Thecostof theC-elementreerequiredor synchronisationf datawith control

signalscanbecomea majorcostin dual-raildatapaths.

1-of-4 encoding

Recentlyl-of-4 encodingof pairsof bitsin acommunicationpasbecomepopularfor asyn
chronousdatapathmplementations1-of-4 encodingakesthe samenumberof wiresto en
codeasdual+ail encodingandhassimilarly simpleencoding/decodingircuitsfor translation
to binaryencoding.Theadwantage®f 1-of-4 over dual+ail encodingncludereducedower
andsimplifieddataoperations.In 1-of<4 encodingonly 2 transitionsarerequiredon 1 wire
(or 1transitionon 1wire for 2-phasesignalling)for each2b of datacommunicatedDual+all
encodingequirest transitiondor each2b of datacommunicatedor 2 transitionsn 2-phase
signalling),twice asmary transitionsasfor 1-of4. Dataoperationsaresimplerbecausél
implementationof combinatorialfunctionstend to find sumef-productsimplementations
wherethe producttermsaremintermsof the databits input to the operator In dual+ail en
coding,a mintermover a pair of 2b agumentgnvolvesa functionof 4 inputs(2 inputsper
argument,1 of thoseperbit). 2b mintermsn 1-of-4 encodinghowever, consistof only 2 in-
puts(linputperargumentlinputfor each2b of agument).Any functionimplementedisa
sumof mintermdsor 1-of-4 encodedlatawill, thereforepesmallerthana similarexpression

in dual+ail encoding.
1.1.4. The Muller C-element

The Muller C-elementis oneof the mostcommonadditionsto the basicsetof logic gates
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madein orderto make the implementatiorof asynchronousircuitseasier It is described
hereasit formspartof theimplementation®f other larger componentsaterin this thesis.
TheC-elements alsopresenteasit is usedto implementcontrolanddatasynchronisations
in mary asynchronoudesignstyles(specifically mary of the stylesdescribedn Ehapier3).
It is suchacommonlyusedcomponenthat,wherepossiblethe C-elementsimplementedis

astandarccell in orderto make its operationasfastaspossible.

TheC-elemenprovidesan AND functionfor signaltransitions.Figurg¢l.5shavsthecircuit
symbol,operationalaveformsand a typical transistorlevel implementatiorfor a 2-input
C-element.Startingwith both of its inputslow, the 2-input C-element outputwill alsobe
low. Whenall itsinputshave gonehigh,the outputthengoeshigh. Thisbehaiour is similar
to an AND gate. Unlike an AND gate,both inputsmustthenfall for the outputto fall. To
implementthis function, the C-elementmust contain some storageelement(the weakly

maintainechode'nQ’ in thefigure).

SIS

weak

Figure 1.5. The Muller C-element

C-elementsireusefulfor synchronisingontrolsignaldy waitingfor all of themto transition
in the samedirection. They canbe usedto implementDI joins of forked controlwherean
AND gatewould not synchronisehereturnto-zerotransitionsof the signalsmakingup that
control. A bubbleontheinputof a C-elementindicateghatthatinputis prefired at circuit
resettime. Prefired inputscanbeusefulfor markinginitial statesn systemsuilt usingnet
worksof C-elements A commonexampleisaFIFOwith C-elementontrol. Prefiredinputs
areplacedonacknavledginginputsto thelatchcontrolto allow previousacknavledgements
(or reset)to triggerthe startof the next controlcycle. Bubbledinputscanbe implemented

by invertingtheinput signalin question(giving the bubbleits corventionalmeaning).A C-
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elementwith all its inputsprefired/invertedis equivalentto a C-elementwith aninvertedout
put. Moving inversionsaroundsystem®f C-elementgwith thecorrectresetstatesfangive

similarinversionstatesaving benefitaasin circuitsof corventionallogic gates.

Whenusedin QDI or Sl circuits,C-elementsrealsooftenrequiredto allow pulseson one
input to be ignoredif the otherinput(s)hase not madea successfutransition(not a pulse)
sincethe last outputfiring. C-elementganalsobe constructedo respondo transitionsin
only onedirectionon particularinputs. Theseformsof C-elemenareknown asgeneralised

C-element®r asymmetricC-elements.
1.1.5. The S-element

The S-elementg](alsoknown asa Q-module[gd)) is a circuit elementcommonlyfoundin
theimplementatiorof handshak components An S-elementas4 connectiongorming 2

request/ackneledgehandsha&pairs—‘Ar’/* Aa’ and'Br’/'‘Ba’.

The A’ pair of signalsform the initiating handsha&. Raising‘Ar’ causeghe S-elemento
raise’'Br’. A completed-phaseéhandshakcannow take placeon ‘B’ before'Aa’ is raisedto
signalacknavledgemenbf theinitiating handsha&. The'A” handsha& maynow take part

in areturn-to-zeroFigurél.6shavsthesymbol behaiour andgatelevel implementatiorof

i i}} B
T

anS-element

Ar — —= Br
@) S o Ar
Aa = ~— Ba

Ba
Aa——/ J
Br — Aa
Ba

Figure 1.6. The S-element

Embeddingone handsha& within a phasg(or acrossa numberof phase®f) anotherhand
shaleis known asenclosue. Enclosures essentiato the constructiorof handsha& circuit

controlcomponentssit allows a handsha&to representhe actvity of ataskusingthere-

1The emptyandfilled circleson the handsha& portsidentify ‘A’ asa passiveport and‘B’ asan activeport. This
distinctionis explainedin E3=B
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guestto startthe taskandthe returningacknavledgemento signalits completion. The S-
elementsroleis to allow full 4-phasénandsha&sto be enclosedvithin therequestisingto
acknavledgementising phaseof anotherhandsha&. Therising acknaviedgemenof this
enclosinghandsha& canthenbe usedto stimulateanotherS-elementso forming a chain.
The4-phasdandsha&sonthe‘B’ portsof thesechainedelementsvill therebybesequenced
without overlapping. S-elementsanalsobe usedto issueconcurrentindependentt-phase
handsha&sby sourcingthe‘Ar’ inputsof anumberof elementgrom a singlerequessignal.
A treeof C-elementganthenbeusedto gatherthe'Aa’ signalgo form anacknavledgement

to thatsourcerequest.

1.2. Thesis Structure

Theremaindeof thisthesiss dividedinto sevenchapters:

Chapierd. Asynchronousynthesis
This chapterpresent®xisting asynchronougesignmethodologiesnddiscussesgheir
propertiesvhich make automatedircuit synthesigpossible.

Chapterd. Handshak Circuits, TangramandBalsa
Handshak circuitsform thebasidor thesynthesisnethodusedby Balsa. Theextentof
theBalsasystem(andthePhilipsTangramsystento whichit isrelatedyasdescribedy
my M.Phil.thesidB] is presenteth orderto separatanprovementsnadeto Balsaby this
work from previousBalsadevelopment.Chapter2 and3form thebackground/pngous
work descriptions.

Chapied. TheBalsaback-end
The Balsasystemdescribedpreviously omitted a meansfor producingcircuits from
handsha& circuit intermediatalescriptions.The designandimplementatiorof sucha
back-ends describechere. Theimproved useof the LARD asynchronousnodelling
languageasa Balsasimulationengineis alsodescribed.

Chapield. New Handshak Components
New componentsare proposedto improve Balsa synthesis. The impact of these
component®n speed/areafficieng of synthesisedlesignds describedqualitatvely

hereandquantitatvely in chapiery.
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Chapted. TheAMULET3i DMA Controller

Thedesignandimplementatiorof the AMULET3i DMA controlleris presentedThis

controlleris offered asan existenceproof of designflow for Balsaand represents
reasonablsizeddesignchallenge.

Chapter]. Evaluatingthe New Handshak Components
A secondsimpler DMA controllerdesignis presentecand usedto evaluatethe new

handsha& componentslescribedn Ehapier.
Chapte. Conclusions
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The majority of large synchronouslesignaundertalentodayincludea degreeof synthesis.
Synthesidreesthecircuitdesignefrom therepetitve anderrorpronetaskof handconstruct
ing eachpartof acircuit from availablecell library gatesandmacros.Synthesislsoallows
designgo be morequickly revisedandretagetedto meetchangesn specificatiorandim-

provementsn procesgechnology

In orderto be successfulasynchronoudesignapproachemustoffer the designemot only
the concretebenefitsdescribedn BI-1 but mustalsoallow synthesian the sameway as
conventionalsynchronouslesignallows. To thisend,mary of theapproachessedto design
asynchronousircuitscanbe(or havebeenautomatedo somedegree. Thischaptedescribes
anumberof of theseaxistingasynchronoudesigrapproacheandenumeratetheirstrengths
andweaknessesSomeof theideasembodiedn theseotherapproachesyhicharenotused

in handshag&circuits,arerevisitedin chapien.

2.1. Design flows for async hronous synthesis

All synthesisystemssharethe problemsof fitting into existing designflows. As synthesis
systemftenhave their own designentrymethodjntegrationis oftenlimited to therealisa
tion of abad-endfor thosesystems.Thisbackendinterfaceghe synthesigool with theex-
istingdesignentrymethodof the CAD systenusedioimplementdesigns.Thisdesigrentry
usuallytakesthe form of importing netlistsinto commercialCAD tool baseddesignflows.
Commercialtools are often the only solutionfor CMOSimplementatiorasthe designkits
necessario describehetargetCMOStechnologyothe CAD systenmarespecifido particular
CAD systemsandoften containencryptedor hiddeninformationwhich make it difficult to
port thosekits onto othersystems.FPGA programmings oftensimilarly closeddueto un
publishedorogrammingitstreanformats. More positive reason$o useexistingcommercial
toolsinvolve makinguseof commerciakynthesiserasbackendsto homegrown systems,
usingthe designmanagementacilities of thosesystemr integratingsynthesisediesigns

with circuitsdesignedisingotherdesignentrymethods.
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Figure¢2.1shavsatypicalsynthesislesignflow with thesynthesiseback-endCAD toolsand
possibladesignfeedbaclkpathsshavn. Notall of theasynchronoudesignmethodslescribed
in this chapterare,strictly speakingsynthesisystemgwherethis termis takento referto
automatedystemdor designimplementationalthoughmary of the stageshaovn in

2.1areapplicableto un-automatedystemsoo (albeitwith processingerformedoy hand).

Input description

‘Synthesiser’
‘Model generator’ ‘Behav. sim.’
Synthesis intermediate Behavioural Simulation

(VIF, HCs, HDL model) sim. model results
‘Synthesiser tech. mapping’

‘Functional simulation’

) _ Simulation
Gate-level netlist > esults
‘Place and route’
‘Timing Timing sim.
. extractor  Timing realistic Simulation
Si/ FPGA layout sim. model results
‘Energy model Power sim.
\ &ractor  Energy realistic Simulation
- —>
sim. model results
Key:
‘Tool’ / Automated process
Object / File » Object/ File

Figure 2.1. Typical synthesis design flow

Thedesignflow startawith thedesigndescription.Thisis enteredusingthelanguageschem
aticor graphicablescriptiormechanisnspecifidothesynthesisnethod.Many systemsillow
this descriptionto by simulatedto allow the designto be functionallyvalidated. A ‘correct’
designcanthenbe presentedo the synthesiseto produceanimplementation.Knowledge
of thetargettechnologyis requiredto performthis synthesis.Technologyspecificchoiceof
tamgetcells,timing, areaandpower tradeeffs canalsobemade. Onceimplementeda design
canthenbesimulatedagain. Thissimulationcanbeusedto confirmthattheimplementation

behaesin thesameway astheoriginal descriptiorandalsoto provide timing+ealisticsimu
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lation of theimplementation.

The implementationcan then be committedto CMOS layout or to an FPGA using place
androutetools(althoughplaceandrouteis, increasinglybecomingpartof synthesis).Once
committedto layout,further simulationcanconfirmthatthe implementations functionally
correctandobeystiming constraint®iecessarto ensureeliableoperatiorundertemperature,
voltage hoiseandproceswariationconditions. Timing extractiontools(or equvalentcapa
citanceandresistancextraction)areusedto construcimodelsfor thissimulation. In parallel
with simulationof theimplementationstatictiming analysiscanbe usedto confirm correct
timing operationn all casegnotjustthosewhichthesimulationcovered).Formalverification
of thecorrectnessf theimplementatiorprocessnayalsobeundertalen,althoughthisis not
shavn onfiguré2.1.

At ary stagan theimplementationsimulationandtiming validationof thedesignjt maybe
necessarto make changeso thedesignby changingeithertheoriginaldesigndescriptioror
oneof theformsthe designtakesat later stage®f synthesigright down to thefinal layout).
The implementatiorprocessnay involve a numberof cyclesarounda design— synthesise
—evaluatedesignloop. Therole of userinterventionin the synthesiprocessandthechoice
of how mary of theimplementatiorstepghisloopingshouldincorporateas afunctionof the
synthesisnethodusedandthe extentto which the usercanaffectthatmethods outcomeby

modifyingtheinput description.

2.2. Directness and user inter vention

Directnesss a claimedadwantageof handshaé& circuitsandothersynthesisnethodswhich
involvesmapping.oneto-one,constructsn the input descriptioninto modulesof theimple-
mentation. Directnessallows the userto affect the implementatiors propertiedirectly by
changingheinputdescription.Theoutputof all synthesisystemss affectedby the‘appro
priatenessodf theinput descriptionto that system. Systemavhich make stateencodingde
cisiong(suchassynchronous SMsandthegraphicabsynchronoustatemachineapproaches
describedater in BZ9 are often affectedby the regularity and symmetryof descriptions

whichcanresultin pathologicallypbadimplementationfor descriptionsvhicharealmostput
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not quite,regular. Directsynthesisnethodsallow thesecasedo beavoided.

Unfortunately directnessanalsoresultin larger andslower circuitsdueto aninability to
exploit the tighter implementationgossiblefor circuits which do exhibit symmetryand
regularity. Directly implementedcontrol often involvesa more sparsestateencodingdue
to the controlbeingdispersedver a numberof components.The macromodulasynthesis
methodslescribedn thenext sectioneachsuffer from aspect®f thisinefficieng/ causedy

theirdirectnature.

2.3. Macromodules and DI inter connect

In orderto simplify thetiming closureproblem,mary systemsareimplementedvith delay-
insensitve interconnectbetweenunits with someinternal timing constraints. The units
in suchsystemscan be separatelylayedeout in orderto make timing constraintseasierto
handle. Preplacedunitscanthenbe composedvith the interconnecbverlayedto produce
theentiresystem.Applying delayinsensitve interconnectt a systemtop4evel leadsto the
notion of asynchronousn-chip andoff-chip buses. This systemlevel useof asynchronous
technologiess increasinglybecominga targetfor systemdesignresearchasit allows asyn
chronougechniqueso beintroducednto otherwisecorventionalsynchronousystems.The
MARBLE macrocellbusdescribedn is anexampleof suchanasynchronousys

temlevel bus.

Takingthedelayinsensitve interconnectipproactcloseto its fine limit for granularitygives
riseto the maclomodulardesignmethodologiegafterthe macromodulesystem{gs which

useda similar, LEGOO-brick approacho circuit construction).Any designmethodology
which makesuseof handshakinghannelandsmall(althoughgreateithangatesized)mod

ulesto constructcircuitsis hereconsideredo be macromodularModulesin thesesystems
areusuallyconstructedrom smallnumberof logic gatesandmayhave internaltiming con

straintsresohablein layoutby locality of placement.Theseinternalconstraintareusually
QDI or equipotentiakegion (regionsof interconnectvhichcanbeassumedb actlikeasingle
node modelledby asinglevoltage)likein nature. Wheredataprocessings required gither
delayinsensitve or bundleddatainterconnectanbeused. Usingbundleddatainterconnect

does,however, incur extra complity in layout or layout timing validationto ensurethat
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bundlingconstraintaremet.

Macromoduladesignstylesexist for handconstructiorof circuitsandfor automateaircuit
synthesis.Existing systemsnclude: Clark’s macromodulesSutherlands micropipelines,
Brunvands OCCAM-basedsystemand,of coursehandshaé circuits. The micropipelines
approachis presentedirst asit is a commonlyused,relatively recentdesignstyle which
incorporatesnary of thecommoncontrolstructure®f oldersystemsMicropipelinesarealso

presentedirst asthe AMULET microprocessorarebasedn micropipelineideas.

2.3.1. Sutherland’ s micr opipelines

Micropipelineded] arepredominantlyusedto constructhand-huilt circuits. Thedesignstyle
is usefulfor constructingecircuits consistingof pipeline stageswith or without processing
logic betweenstages.Asynchronouscontrol of the latchesbetweenstagesallows themto
behae in an elasticmanneyallowing datato flow straightthroughFIFO stagesvhenthe

pipelineis emptyandripple through(beinglatchedwhenthe pipelineis busier

Pipelinestagesreconstructedisingeithercompletionsignallingin dataoperation®r by the
useof bulk delays. Theuseof suchdelaysis shawvn, in parallelwith the functionalunit, in
figurg2.4. Thesestagexanthenbecombinedoy connectingheirincoming/outgoinghan
nels. Signallingis performedusing2-phasehandsha&swith bundleddata. Micropipeline
macromodulesict on signals,not on request/ackneledgechannelsignallingpairs. Char
nelsonly becomewell definedatahigherlevel of abstractiowheremicropipelinestagesre

composed.

Channelforks andcombinesarethe simplestcontrol structuresisedin Micropipelinesand
canbeimplementedisingthe elementshavn in figuré 2.2. Thesearethecommonmacre
modulesof micropipelinedsystemandincludethefamiliarMuller C-elemenfor signalsyn
chronisatiorandtheXOR gateusedasasignalmemgecomponent.Thebasiccontrolelements

usedin Micropipelinesare:

XOR gateand C-element— XOR gatesarecommonlyusedto implementOR functionsfor
events(oftenknown asa memgeoperationto combinetwo mutuallyexclusiely transitioning

2-phasecontrol signalsinto one. C-elementsare usedin Micropipelinesto implementa
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signallingjoin (synchronisationpperation.Thissynchronisatioms anAND functionapplied

to bothup anddown-goingsignaltransitions.

call — Call allowschannemultiplexing basednrequessignalarrival order Requestenthe
callelementsinputs(‘R1’ and‘R2’) areforwardedto therequesoutput’'R’. Acknowledge
mentsto the requesutputare carriedbackto the acknavledgementorrespondingo the
requestingnput (‘D1 and'D2’). A callmustreceivve mutuallyexclusiverequestso function

correctly

arbiter — The arbiter can be usedto provide a decisionbetweenpossibly simultaneous
requestnputs. It is oftenfoundconnectedo thecall elemento form anarbitrateccall (often
providedasanelemenin its own right asmary optimisationsrepossiblevherecall follows
anarbiter). Onrecevingrequest®n‘R1’ or ‘R2’ or both,adecisionis madeandonerequest
iIsgrantedoy transitioningeither'G1’ or‘'G2’. ‘G1'/'D1’ and‘G2'/‘'D2’ form handsha&pairs
with atransitionon ‘D1’ or ‘D2’ freeingthe arbiterto servicefurtherrequests.The arbiter
canbea difficult elemento implementasit requireghe useof a mutual-exclusionelement
to preventpossiblemetastabilitypresenin theelementfrom propagtingto theoutputsG1’

and‘G2’ while adecisionis made.

select— The selectcomponents usedto directanincomingsignalto oneof two outputsin

themannerof a controldemultipleer.

toggle— Thetoggleelementemitstransitionsalternatelyon the dottedandundottedoutputs
with a singleoutputtransitionoccurringfor eachinput transition. The dottedoutputis the

first outputto emitatransition.

capture-passlatch — Pipelinelatchescan be built aroundthe captule-passlatch a latch
structurewhich incorporateghe latch-openinglelay asa delay betweeninput and output
signalpairs. Datais capturedy thelatchon receiptof atransitionon the capturenputand

is invalidated(thelatchmadetransparent)y a transitionon the passnput.

A commonadditionto the micropipelinemacromodulesetis the decision-wait[E] (also
showvn in figuré2.3). Decision-vait implementsa ‘gate’for anumberof input signalsunder

the controlof acommon‘trigger’ signal. Decision-vait implementationgor 2 and4-phase
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Figure 2.2. Micropipeline elements

signallingareshovn in figuré 2.3. Notice thatthe 4-phasedecision-vait is just a meando
encapsulatanisochronidork betweeranumberof synchronising:-elementsThe2-phase
versionis similar but usestwo XOR gatesto restorethe level of the trigger input of the

C-elementvhichisn’t fired backto its pre-triggerstate.

Decision-waits can be usedto implementthe micropipelinecall elements.An XOR gate
combinesnputrequestso form the outputrequestindthe decision-vait is usedto trackthe
input to which the acknavledgemenimustbe returned. The fork necessaryo implement
thischoiceis encapsulatety thedecision-vait. Thisfork-encapsulatiors especiallyuseful
in similar 4-phasecircuits wherecleanreturn-to-zerdetweenactivationsis required. The
2-input,singletriggerdecision-vait canalsobe generalisedo a n-input (rows) x mttrigger
(columns)device. In this nomenclaturethe commonn-input decision-vaitshave ann x 1

geometry

Much of the detail of micropipelinedcircuitsis concernedvith the control of transparent
latches. The capture-pasktchis a usefulelementasit implementghe controlnecessaryo
openandclosea latchunderntwo source®f 2-phaseontrol. Thecapture-passtchdoeghis
by usingbothcontrolsignals(capture- ‘C’ andpass- ‘P’) to drive alatchcell andgenerate
‘done’signalqcapture-done ‘Cd’ andpass-done ‘Pd’) to passackasacknavledgements.

A two stageFIFO composef capture-pasktch stagess shavn in 2.4.ThisFIFO
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Figure 2.3. Decision-wait element and implementations

shows the generalpushdriven natureof datamovementin a micropipelineandthe useof
invertedinput C-elementdo provide circuit initialisation. A similar latch controller (also
shavn in figuré 2.4) canbeimplementedisinga corventionaltransparenkatchwith theuse
of amemgeandtoggleto generatalatchtransparensignal(‘LE’, the‘LEd’ signalisthe‘LE’

delayedby driving thelatches¥rom the captureandpasssignalsof thefirst controllet

Pipelinesnaybeforkedandjoinedeitherconditionally(multiplexing/demultipleing)orwith
forkedpathscomingbacktogethelin asynchronisatioifthemoreusualuseof thetermsfork
andjoin). Simplechanneforksmaybeimplementedvith a C-elementandawire fork. De-
multiplexing (forking with only onedestinatiorchannetakingthedata,completinghecom-
munication)canbeimplementedvith aselectelementandameige. Channejoins/combines
arepossiblewith melgeor C-elementsn therequespath. Whereachanneis forked,delays
in thecontrolpathamaybenecessario ensurghatthebundlingconstraint®f controlandthe
demultiplexing of forkeddataportionsof thechannebremet. Theuseof bundleddatain the
pipelinestageshemselesalsomakestiming closuremoredifficult toachieve. In somecases,
asMicropipelinesarecommonlyusedto describgrocessingipelinesthephysicallayoutof
adjacenpipelinestagesnaymalketiming constraint®asietto meet. Thefork andC-element

structuresrecommonin otherdesignmethodologiesvhich usechannecommunications.

Sutherlands original Micropipelinesmadeuseof 2-phasecontrol signalling. 2-phasesig
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Figure 2.4. FIFOs with capture-pass and transparent latches

nalling makesthe constructiorof pipelinelatchcontrollersconceptuallyeasierasconsidera
tionsof returnto-zerophase controldonotarise. Thecompleity of individualmacromoe
ulesis greateffor 2-phasesignallingsolutionghanfor simple4-phasemplementationsThis
addeccompleity isdueto theneedo maintainstataen thosemacromodulet trackthelevels
of outputsignalsbetweerhandsha&s. 2-phasesignallingalsomakestheimplementatiorof

pull channeltransactiongmpracticalby requiringextra latchego beintroducedo hold data
valuesbetweerhandshaks. In similar 4-phasamplementationsthe requestreturnto-zero

canbe usedto signalto the datasourcethatthe datahasbeentaken andmay subsequently
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be removed from a channel. Pull channeldind applicationsn busdesign[g][62] andin DI
implementatiorof channelforks. In Micropipelinestheseapplicationanay requireeither

isochronidforksor thebreakingof the‘rules’ of thedesignstyle.

When using 4-phasesignalling with Micropipelines,the memge elementis implemented
with an OR gate,the selectelementhbecomes simpledemultiplecer andthetoggleelement
becomedargely redundant. Latch control also becomesa major concernwith 4-phase
signalling. Controllersusingdifferent4-phaseprotocols,varying degreesof parallelismof

theinput andoutputhandshag&sandothertricks are possible[e9[E3 andneedto be chosen

for particularpipelineapplications.
2.3.2. Macromodules

Macromodule$ss] weredevelopedby Clark at WashingtorUniversityduringthelate 1960s
asasystentor constructindargedigital circuitswhichwerecomposeaf pre-kuilt blocksof

asynchronouslgommunicatingunctionalunits— macromodulesCircuitsbuilt usingthese
blocksneededotiming validation. Theblocksthemselesandinterconnectingablesvere
built to presere bundlingconstraintbetweerdataandcontrol. Datawasencodedn binary
with two controlsignalsinitiation (requestandcompletion(acknavledge). Pulseonthese

controlsignalsconstitutedequestandacknavledgeevents.

The macromodulesvere physically constructedusing rack mounted,plug in modules
built using off-the-shelf SSI logic gate ICs. Interconnectconsistedof connectiongnade
by the juxtapositionof the modulesin therack andthe additionof patchcablesto join one
macromoduléo another Dataconnectionfiadafixedwidth of 12bwhichcouldbeextended
by theuseof additionalmacromoduleby connectingheinternalcarryusingtherack-based
interconnect.Thecontrolstructurepossibleusingmacromoduleareverysimilarto thoseof
micropipelines.Mergeandrendezwuselementcombinesignalsin the samewaysasXOR
gatesandC-elementslofor transitionsignalling. A call elementlsoexistsandhasthesame
behaiour asits micropipelinesuccessorDatais communicatedy pushhandsha&swith
controlgatingof datapossibleusingadatagatemodule. Thedatagateprovides4 handshak
ports:a pair of datainputs,onefor inputdatato be gatedby thismoduleandtheotherwhich

passesneinputdataungated(thisinput canbe usedto cascadelatagateso producecontrol
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drivendatamultiplexers),acontrolinputwhich enableshetransferanda dataoutput. A data
gateconnectedo aregisterwrite is very similarin structureo amicropipelinedcontrol/data

synchronisatiofeedinga latch.

Thedatagatealsoseresasimilarfunctionto thetransferrecomponenin handsha&circuits
(describedasthe BalsaFetchcomponentn B3'5). Themaindifferencas thatatransferrer
pullsits input datafrom the sourcingmoduleratherthanallowing for datacommunications
to driveinputs(suchaslatchwrite portsdirectly). In controltermsmicropipelinesepresent
amoredataflav-likeapproachwith controlfollowing data. Macromodulegncouraggating
of flowing datausingthe datagate module,similar gatingin micropipelinesmustbe built
with ad-hocsynchronisationHandshak circuitsaremorecontroldrivenwith thetransferrer

forming partof mostcommunications.

2.3.3. Brunvand’'s OCCAM synthesis

Brunvands macromodulasynthesiq3 systemmakesuseof the channebased CSPHke
programminglanguageOCCAM [B8 to describecircuits. Descriptionsare automatically
synthesisethto composition®f control,variableread/writeanddatapathmacrocellsmple-
mentedwith 2-phasesignallingwith bundleddata. Theconnectionbetweercomponentare
expresse@sseparateequestacknaviedgeanddatasignalswith componentplaceddirectly
toform final, gatelevel circuit netlists. Peephol@ptimisationof thosenetlistsis usedto trim
unuseccomponentsTheboundariesf themacrocellareusedo restrictoptimisationgrom

removing hazardeliminatingredundang from designs.

2.3.4. Plana’s pulse handshaking modules

PlanalEl describesa systemof macromodulegor constructingecircuits using pulse-mode
handshaking Pulse-modesignallinghasbeenusedin othersystemsn early asynchronous
systemssuch as Macromodulesand MU5 [E3, an asynchronousnainframedevelopedat
ManchestetJniversity Pulse-modesignallinghas,morerecently beenusedto implement
arbiterdgd andin systemsvherepulsedoperationis moreappropriatéo theimplementation
technologysuchasJosephsojunctionbasedRSFQIlogic [EF]. Planasexamplecircuitsbuilt

usingthe pulse-modeomponentarehandconstructedbut a pseudo-codes usedto describe
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circuits’specificationsvhich couldbe usedasthebasisfor a synthesisystem.

Themacromodulethemselesaredescribedisingpetrinetswith signalpulselabelledtrans
itions. Thesepetrinet descriptionsare flow-table synthesisednto gate level implementa
tions. Protocoladaptersllow the moreusual2 and4-phaséhandshakingircuitsto connect
to portsof pulsemacromodulesln constructionpulsehandshakingombinegheconceptual
simplicity andlack of redundanphase®f 2-phasedesignwith a quiescenstatewhich can
bedeterminedy signallevels(requestow, acknavledgelow) which 4-phasedesignsenjoy.
Sequencingontrolcomponentganbeimplementedvith just wiresandmemging of signals
requireonly anOR gate. Unfortunatelyajoin elementrequireghreeC-elementsn its con
structionwhereonly oneis necessaryn 2 or 4-phasesignalling. Optimisingaway joins be-

comesa moreimportantoptimisationthanmaybethe casewith corventionalhandshaking.

Timing validationfor pulsemodecircuitsmustensurehatpulsesarewide enoughto be ob-
sened by destinatiormacromodulesafterinertialinterconnectlelaysaretakeninto consid
eration. Pulsesnustalsobe suitablyseparatedo prevent delaysfrom coalescingadjacent
pulses.Theseconstraintsouldbedifficult to ensuran newver, subum, CMOStechnologies

wheretheratio of interconnectlelaysto gatedelaysis rapidly changing.

Planaadditionally describessomeimproved sequencerfor usein 4-phasedevel-sensitve
signalling. Theseimprovementsconcentrateon overlappingthe return-to-zergophasesof
adjacentsequencedperations.Conflictscausedoy theseoverlappingscanbe resohed by

includingextra gatesto re-introducehe completesequencingn a case-by-caskasis.

2.4. Other async hronous synthesis approaches

Macromodularcircuit compositionis not the only commonlyusedapproacho the design
of asynchronousircuits. Methodswhich synthesisesynchronouslescriptiongirectly to
cornventionalogic gatesor transistoilevel implementationalsoexist. Amongstthesearethe
useof classicabsynchronoustatemachinespetri-net/STGasedsynthesisandburst-mode
asynchronoustatemachines.Theseapproachesequirethe userto describethe circuit’s
behaiourin termsof individualsignaltransitionsisingstate-diagram-liginputdescriptions.

Theseapproachewill hencefortthereferredio asthegraphbasedapproaches.
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Graphbasedapproachesanbe unnecessarilgomplicatedo work with for large circuit de-
scriptions. Languagebasednterfaceswhich usegraphdescriptionsasanintermediataep
resentatiormake it mucheasierfor existing, synchronousndustrialdesignerso make use
of asynchronoudesign(aswell asincreasingproductvity for experiencedisynchronoude-

signers).

Two otherapproachearedescribedelon: NULL CorventionLogic (NCL) andCommunie
atingHardwareProcesse€CHP). NCL isamethodor describind®| implementatiomf func
tionsusingthresholdogic gatesin a way which allows the simpleadditionof pipeliningto
functionalunits(muchlikein Micropipelines).CHPis a CSPlkelanguagdor whichasyn

thesismethodexiststo produceQDI implementatiorby languagdevel designrefinement.

2.4.1. ‘Classical’ async hronous state machines

The formalisationof asynchronousnethodologiedegan with synthesisof asynchronous
statemachines Machinesveredescribedisingthesamekind of statediagramnotationused
for synchronousviealy statemachinesand wereimplementedwith corventional,boolean
logic gates. Methodssuchasflow-tablesynthesigra exist to derive implementationgrom
state diagrams. Theseasynchronousnethodshave the samekinds of computationally
expensve problemsof stateencodingandlogic optimisationcommonin synchronoustate

machinesynthesis.

Asynchronoustatemachinesvork by generatingputputand‘new’ statesignalsasfunctions
of themachinesinputsand‘old’ statesignals.Thedifferenceébetweerasynchronouandsyn
chronoustatemachinessthatthenew statesignalsareconnectedlirectlyto theold statesig
nalswithoutinterveninglatchegesultingin blocksof combinatorialogic with feedback.The
lack of latchesanda clock to provide discretepointsof statechangemeanghata transition
from onestateto anothemayalsopasshroughmary intermediatetransienistatesvith one
or morestateor input bits changingoetweerstates.Theimplementatiorof sucha machine
mustallow all possiblgpathdrom onestablestateto anotheto beallowedbut withoutcausing
hazardonthecircuit’'soutputs. For example for anoutputof a machinewhichis heldhigh
in two statesa transitionbetweernthosestatesmustnot be allowedto pulsethat outputlow

while switchingfrom onesumtermof thatoutputsfunctionbeingtrueto another Redundant
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termsmustbeincludedto maintainthatoutputduringthe statetransition.

The (required)redundanyg introducedto prevent hazardsnay be removed by zealougyate
level optimisation.Thismakestheuseof the function-preservingpgic optimisatiormethods
usedfor synchronoustatemachinesynthesisinsafe.In orderto keepthe compleity of the
stateassignmenandstatechange/outputazardeliminationundercontrol(in orderto make
synthesiscomputationallytractable)a numberof behaioural assumptiongre commonly
imposedon the behaiour of the ervironmentin which thesecircuitsareplaced. The most
commontwo assumptionarethefundamental-modassumptiormndthesingleinputchange
assumption The fundamental-modef operationassumeshat no input signal changes
occurwhile the stateof a machines settlingaftera previousperiodof input changeactuity.
Thesingleinput changeassumptiomequireshatinput change®ccuroneatatimein order
to reducethe numberof pathsbetweenstablestates. The two assumptionsre often used
togetherwith classicalasynchronoustatemachinesthis restrictssuchmachinedo single
input changeseparatedby enoughtime for internalstateto settle. The singleinput change
assumptiorcan make this classof circuits difficult to work with asthe function of mary
asynchronousontrollersis to coordinateasynchronouslrriving signalswhich, obviously,

mayoccursimultaneously

Thedifficulties of working with classicalsynchronoustatemachinesandwith thetractab
ility of thesynthesisoutehave ledto adeclinein their useasa circuit descriptiorapproach.
Thisis evidentfrom thedeclinein theteachingof theapproacto engineeringtudents.The
designof asynchronoustatemachinegsormeda commonpartof digital designtextbooksin
the1960sand1970sasa methodfor constructindatchesandflip-flops. By thelate1970sand
1980smostsuchtextbooksinsteadconcentratedn the practicalitiesof synchronouslesign
andtheuseof thenew VLSI technologiesTheuseof burstmodeandpetrinetsynthesihiave

largely supplantedhemamongstsynchronoudesignadwcates.

2.4.2. Petri-net synthesis

Petrinetsweredevisedasa formal,graphicaimeandor describinghebehaiour of concur
rentsystemg[r makessomeinterestingcomparison®f petrinetswith otherconcurreng

formalisms).Theirusein circuitdesignmakesit easieito describesystemsvhichareconcur
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rentataveryfinelevel (whenusedo desigrsignallevel circuits). Thiskind of concurrenbp-
erationcanbemoredifficult to expressn statediagramswithout draving multiple diagrams
or resortingto expandingthe Cartesiarproductof the statesof all the concurrenportionsof

adesign.

A petri-netconsistsof placesand transitionsconnectedogetherby directedarcs. State
is representetby the flow of tokensarounda systemwith the tokensresidingin the places
betweeractions. Eachdirectedarcconnects placeto a transitionor a transitionto a place.
Placeto transitionarcsprovide tokensfor transitionsvhich mayallow thattransitionto fire.

Transitionto placearcscarrytokensaway from firing transitiongowardsothertransitions.

A transitionmay fire whenall the arcsleadingto it comefrom placeswhich hold at least
onetoken. A fired transitionwill emit a tokeninto eachof the outgoingarcsfrom it and
sointo eachof the placesconnectedo thosearcs. Tokensarenot necessarilypresered by
thetransitionfiring action:the useof multiple outputarcsfrom a transitionallow tokensto
bereplicated(a fork). Multiple outputsfrom a placeallow a choiceof actionsbetweerthe
tamgettransitionganarbitrationor choicemadeby anotheplacestoken)andmultiple inputs
to a placeallow memging of token paths. Transitionsare usuallyannotatedvith actionsto
take placewhenthattransitionfiresor a condition(in additionto thepresencef afull setof

tokens)which mustbe satisfiedfor a transitionto fire.

[anieZ1 shows five waysof using petrinet fragmentso describecommoncontrol struc
tures. Fork andjoin canbe usedtogetherto performa numberof parallelpathsthroughthe
netwhich, synchronisendjoin backinto a singlepath. Choiceandmemgecanbeusedin a
similarway to allow a choicebetweerpaths. Drawing all the placedor petrinetswhichare
composedanostlyof singleinput/singleoutputplacesecomesedious.For thisreasonplaces
areoftenomittedwherethey areof little interest.Petrinetfragmentdor thisabbreviatedform

areshawvn in thesecondow of figuresin

Placegnay, in generalcontainzeroor moretokensalthoughthe subsebf petrinetswhich
only allow O or 1 tokensto occupy a placeare particularlyuseful. Theseare called safe

petrinets.

Thepositionof tokensin a petri-netis calledthe markingof thatnet. At the startof its life,
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Table 2.1. Petri-net fragments

anethasaninitial markingof tokensin placesrepresentinghe ‘reset’stateof the system.
Eiqure2.5givesanexamplepetri-net(usingthe abbreviatedform of petri-netdiagram)with

2 tokensin its initial marking. This petri-netrepresentshe 2-input decision-vait element
describedn BZ3l it is safeand haslevel change®n input and outputsignalsannotating
its transitions. Transitionswith output signal changesare actionswhich the circuit must

perform transitionswith input signalchangesrefiring conditionsfor thosetransitions.

P initial tokens

‘free’ choice
(made by environment)

‘controlled’ choice
join

fork

Figure 2.5. 2-way decision-wait petri-net

To differentiatebetweersignaltransitionsandpetri-nettransitionsor statetransitionsthe termsignal change will
beusedto referto achangen thelevel of physicalwire borne signal.
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Thistypeof signal-transition-describingterpretedgetri-netis known asa SignalTransition
Graph(STG)[m]. STGsarethe basisfor the circuit synthesisapproachessedby thetools
SIS B9, Petrify [9 and CASCADE [@]. Many of the synthesisalgorithmsprovided with
SISwill only synthesisa subsebf thesedescriptionsvhich containno choice. Petrify, on
the otherhand,can synthesisesafenetswith choiceandalsonetswith booleantransitions
guardsin additionto signaltransitions. CASCADE takesdescriptionsn a extendedform
of STGknown asageneralise®TG(gSTG). CASCADEmakesuseof thetoolsPetrifyand
3D (a burst-modetool, burst-modemachinesaredescribedn the next section)assynthesis

back-endso producecircuitsfrom transformedrersionsof its input gSTGdescriptions.

Thecompleity of petrinetsynthesisiesmainlyin theallocationof statesignalgdo represent
the stateof the signalsand markingin orderto distinguishmarkingswhich have the same
inputsignalpattern. Thisstateencodingcanbedervedby handby insertingextratransitions
into a netandannotatinghosetransitionsassignaltransitionson internal signals. Thesen-
ternalsignalsarethe feedbacksignalsmakingup the stateholdingin thatnet'simplementa
tion. Theintentionin addingtransitiondor thesesignalgs to partitionthecircuitinto regions
in which like input signalspatternsn stateswith differentoutputs/successatatescanbe
distinguishedy differencesn the stateof internalsignals. Theautomatiorof thiscomplete
statecodingmalkestheuseof petrinetsynthesissanintermediatdorm of circuitdescription

for higherlevel synthesisystemgossible.

Petrinetshave beenusedby Kilks, VercauteremndLin [E5 to reimplementontrolin hand
shale circuits. Fragment®f petrinetsrepresentinghe controlpathsthroughthe handsha&
circuitscontrolcomponentsverecomposedndtheresultingpetrinetspresentedo a petri-
netsynthesigool for stateassignmendndcircuitimplementation Only thehandsha&chan
nelsattherootandleavesof thetreewereleft intactby this mappingprocess.Thisform of
optimisationof a clusterof handsha& componentsnto a moretightly stateencodedorm
(with the reducedareaand possibleperformancencreasehis implies)is suggestie of the

form of handsha&_circuit optimisationmethodgresentedh chapiem.
2.4.3. Burst-mode machines

Burstmodemachineggg] arevery similar to classicalasynchronoustatemachines.Beha
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viour is describedwith a statediagramannotatedvith input change/outputhangesignal
change®n the stateto-statetransitionarcs. Figure 2.6 showvs the 2-way decisionwait ele
mentdescribedasa burstimodemachine. The doubleringedstateS1is theinitial machine
state.StatesS2andS3reachabldy raisingC togethemwith eitherA or B respectrely. Notice
thatmorethanoneinput signalchangecanbe partof theinput signalchangeof a stateto-
statetransition. Morethanoneoutputchangecanoccurat eachstatetransition(althoughthis

isnotshavnin thegivenexample).

C+A+/ A+ C+B+/B'+
@/\@
\/ \/
C-A-/A- C-B-/B'-

Figure 2.6. 2-input decision-wait burst-mode machine

The concurrentourstsof input or outputchangest statetransitionsgive this form of state
machinesheirname.Thesignalchangesnakingupaburstmayoccurin any orderallowing

a singleinput burstto expressheinput eventreorderingwhich is sooftenrequiredin asyn

chronousnachines.Unfortunatelythisis theonly form of concurreng availablewith burst-
modemachinesinlessa numberof machinesareconnectedogether A backendfor Balsa
which mapsonto burstinodemachineshasbeendevelopedby Chelcedms]. Thisbackend
amal@matesstreamsof sequencedontrolinto single burstmodemachinedut requiresa

fork/join structureanda separatiornto multiple machinego implementconcurreng.

Two populartools exist to implementburst-modemachines3D [ and MINIMALIST
[e8]. Both tools producefundamental-mod@nplementationgvith SI timing assumptions.
Fundamental-modeperationplacesa requirementon the ervironmentto not respondto
outputchange®y changingeircuit inputsuntil theinternal(fed back)stateof thecircuit has
settled. This modeof operationdoes,howvever, make statecodingeasierby not having to
considerstatechangeslueto inputchangewhilst theinternalstateof themachines settling.
Fewer restrictionsare,asa consequencef this simplification,placedon the optimisations

which maybe performedon animplementatiorwithout compromisinchazardsafety

Simplifyingthestatecodingproblemmalkeslarger(sequentialjlescriptionsractablan burst-

modemachineghanin STGsynthesis.It could be arguedthatwhenpartitioninga specifie
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ationsinto communicatindourstinodemachinesthe statecodingproblemss replacedwith
theproblemof pickingwhereto placethetransitionsonthewiresconnectingheburstmode
machinegogether A recentsynthesisystemACK [g8], usesburstimodemachinegor syn

thesiswith automatigoartitioningof theinputdescription.

2.4.4. Communicating Hardware Processes — CHP

CHP is anotherCSP-like language.lts main distinguishingfeaturesfrom macromodular
systemdike Brunvands OCCAM synthesis8Z-3-3, Tangramand Balsa are the use of
languagdevel signallingexpansionandthe probeprimitive to make implementableircuit

descriptiongrom userentereddescriptions.

Signallingexpansionallows the synthesiseto resshufflehandsha&sto allow the choiceof
protocolto bevariedon acommunicatiorby-communicatiorbasisn orderto producea bet
terimplementation.The probeallows the valueof aninput signalto be sampledn orderto
implementchoicebetweennput communications.The probecanalsobe usedto write de
scriptionswhich useindividual signals(ratherthanhandsha& channelsjo form communie

ations.

Burns[m2] describesan early CHP-like languagewith one-hotencodeddataandthe probe
construct. Martin goeson to apply his productionrule basedtransistorlevel synthesis
approacho theimplementatiorof CHP descriptionggn.. CHP hasbeenusedto implement
anumberof substantiatestdesignge2|[&1. More recently TanneffE9 hasbegundeveloping

commercialCAD toolsusingthe synthesisnethodsusedwith CHP.

2.4.5. NULL Conventional Logic — NCL

NULL ConventionLogic wasdevised by Fant[eg] andis promotedby Theseud.ogic Inc.
(0] asa completedesignsolutionfor designingdelayinsensitve asynchronousircuits. The
NULL cornventionin the nameis the useof the quiescenstate(usuallywith all signalsof a
communicatioriow) to separatéokenin datacommunicationandcontrolhandsha&s. Data
isencodedn adelayinsensitvefashionusingdual+ail or 1-of-4 encodingsising4-phasesn
codinggo allow theNULL stateto bediscernedy signallevelsratherthantransitionhistory.

Controlis also4-phase.Thesamecompletionsignalconstructiorcostswhich arepresentn
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otherDI systemsarealsopresenin NCL (andaresimilarly expensve to implement).

Whatdistinguishe®NCL from otherDI approachess theuseof thresholdgatesto implement
logic. Thresholdgatesarelogic gateswhich have outputswhich fire whenthe sumof the
weightson active inputsexceedsa fixed gate threshold. For thresholdgateswith weights
of 1onall inputs,thethresholds justthe numberof inputsto beactive for theoutputto fire.
For example a2-inputOR gateis a 2-inputthresholdjatewith a thresholdof 1anda 2-input
AND gateis a similarthresholdgatewith athresholdof 2.

& I

Hysteresis threshold gate Threshold gate
firing threshold = 2 firing threshold = 2
RTZ threshold = 0 RTZ threshold = 2

Figure 2.7. NCL threshold gates

Thresholdgatescan be generalisedo include two thresholdsthe firing thresholdand the
thresholdbelow which the outputwill returnto zeroafterfiring. NCL implementationsire
madeup of suchgatesbut with fixedreturnto-zerothresholdf zero. Theseareknown in
NCL sterminologyashysteesisthresholdgates The symbolsusedby NCL for thesecom-
ponentsareshavn in figurg 2.7. Hysteresighresholdgatesmake it easierto build circuitsin
whichtheNULL states propagtedbut wheregatesholdtheir statewhile theirinputschange
from firedto NULL states.A 2-input,thresholdof 2 hysteresighresholdgateis equivalent
to a 2-input C-element. Note that replacingplain thresholdgatesin a combinatorialkircuit
with hysteresigjatesresultsin a circuit with thesamdogical function(e.g.AND gatesto C-
elementshput with latchingpresent.Hysteresiggatescan be more expensve to implement
thanplainthresholdgatesalthoughit is easyto make useof thestoragdanherentin thegates

to form pipelinedprocessingtagesvith alittle extracontrol.

Synthesiof NCL circuitsfrom logical descriptionsanbe performedoy mappingtwo level
booleanimplementation®f thosefunctionsinto mintermsimplementedwith C-elements
andOR gatesto implementAND andOR planesusingDIMS [&1]. The C-elementandOR
gatesof DIMS canthenbemappedntotheirthresholdyateanaloguesThenext stagasthe
difficult, currentlyunautomatedyartof theNCL synthesipath. Simplehysteresishreshold

gatescanbe optimisedinto thresholdgateswith morecomplicatednput weightings. These
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optimisationsare not easilyautomatedand are the subjectof further researchyy Theseus.
Figure¢2.8shavs atypical, fully optimised NCL implementatiorof a (dual-rail)addercell.
Noticethatmorethanoneinput of the 5-thresholdgatesis connectedo the samesignalso

forming weightedinputs.

co 1 . 0
A S
—A 0 \\/ 3 .
TP I \
cl \
cl ;co

Figure 2.8. NCL hysteresis threshold gate adder

A large numberof possiblehysteresisand plain thresholdgatesare possiblewith varying
number®f inputsandthresholdsalues.Only asubsebdf theseggatesareeasilyimplementable
as CMOS gatesdueto the limits of transistorstacksizesin modern,low V,, CMOS. In
optimising thresholdgatesof an implementationthesesmall, implementablegatesmust
be consideredhetechnologymappingtarget. In technologiesuchasFPGAs, larger gates
may be possibleor it may be adwvantageou# eithertechnologyto producelarger gatesby
expansionnto booleanfunctionswith feedbacl{suchasmight be generateavith flow-table
synthesis).This expansioncompromiseshedelay-insensitity onthe NCL approactalbeit

usingsimilar Sl or QDI assumptionthatmaybeappliedin macromodulaapproaches.

2.5. Chapter summary

A numberof differentapproachet thedesignof asynchronousircuitshave beenpresented.
Eachof theseapproachesitherusesor canmake useof automatedsynthesido generate
circuitimplementationsSomeeature®f thesesystemsrealreadyusedwith theHandshak

Circuits implementationapproach— such as macromodularconstructionand peephole
optimisation.Othershave beenappliedto theoptimisationof certaincomponentsr clusters

of components- suchaspetri-netandburst-modeamachinesynthesis.
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Chapter 3. Handshake Circuits,
Tangram and Balsa

The Balsa systemusesthe Handshak Circuits asynchronousnacrocell baseddesign
paradigmasanintermediateéepresentatiofor synthesise8alsadesigns.Handshakcircuits
werecreatedor usein the synthesif the languagerangramcreatedoy PhilipsResearch.
They areintendedo complementesigndescriptiorstylesbasedaroundtheuseof synchron

ous channecommunicationi themannerf CSP|ES.

Thischapteiis intendedasanintroductionfor readersinfamiliarwith handshag&circuitsand

Balsa. As such,it is aslightly disjointedcollectionof sectionsoveringthetopics:

TheBalsalanguage.

*  Thehandsha&circuitsparadigm.

e Thestructureof handsha& component$thecomponentsf handsha&circuits).
* A notationfor describinghandshak& componenbehaiours.

* TheBalsahandshakcomponenset.

*  Someaspect®f Balsacompilation.

A fuller explanationof Balsa synthesisis available elsavhere[B], asis a more formal
introductionto the original handshag& circuitsmethodology®l. A longerdescriptionof the
Balsalanguageanbefoundin theBalsaUserManual[en] and(for comparison)heTangram

languagedescriptioncanbefoundin the TangramManual[&3].

3.1. Handshake circuits

Handshak circuits combinemacromoduladesignwith delay-insensitie communications
to producea designmethodologyin which entiredesignsaredescribedisingmacromodules
connectedogetherby asynchronousommunicatiorchannels.Eachhandshak component

(macromodule)n a designis aninstanceof a library cell which maybe parameterisetb a

lin the sensef bothsenderandrecever beingsynchronisedy a communication
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3.1. Handshake circuits

limited degree. Thereareonly asmallnumberof suchcellsdefinedn aparticularhandshak

componenset

activate

Figure 3.1. A simple handshake circuit (a modulo-10 counter)

3.2. The Balsa langua ge

The Balsalanguagevascreatedo provide a sourcelanguagdor compilinghandsha& cir-
cuits. For thisreasonjt is very similar to Tangram. Circuits are describedoy procedues
which containdescription®f processemitialisedby anactivationport. Proceduresommu
nicatewith otherprocedureby mean®f handsha&ports. Communicationbetweerparallel
composegbrocedurenstantiationgrecombinedusingthechannecombinatiorcomponents
describedn theprevioussection.Most proceduresonsistof abodycommandvhosebeha
viourisperpetuallyrepeatedisingaloop ... end loop. ThisisthesourceBalsadescription

for the counterexamplegivenin figuré 3.1.:

import  [balsa.types.basic] -- 1

public
type C_size is nybble -- 2

constant max _count = 9

procedure modl0 (sync aclk; output count: C _size) is -- 3
local -- 4

variable count_ reg : C_size

variable tmp : C_size

begin

loop -- 5

select aclkk then -- 6
if count_reg /= max_count then -- 7
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3.2. The Balsa language

tmp := (count_reg + 1 as C_size) -- 8
else
tmp = O
end ;
count <- countreg ; -- 9
count_reg = tmp
end
end

end
This example containsexamplesthe use of most of the Balsafeaturesnecessaryo read

laterexamples:

1. Pre-compilednoduleinclusion. In this caselbalsa.types.basic] only defines
somecommontypes:byte, nybble ... The public  keyword separategmportsand

file-local definitions(delimitedby the keyword private ) from thoseexportedfrom

thismodules.

2. Typeandconstantleclaration.

3. Proceduraleclaratiorwith syncandoutputports.

4. Localvariables/latches.

5. Indefiniterepetitionwith loop . Onceactvatedaloop neverterminates.

6. Passveinputenclosuraisingselect . Thecommand#sidetheselect areenclosed
in thehandshakonaclk ,aclk iseffectively theactivationfor thesecommands.

7. if ...then ...else ...end statements.

Assignmentexpressiongndtypecasting.
9. Output synchronisingcommunication. An input communicationlooks like this:

channel -> variable

OtherBalsafeaturesareexplainedasnecessaryheredescriptionsisingthosefeaturesare

used.A shortreferenceyuideto Balsasyntaxandsemanticss givenin

3.3. Handshake components, ports and channels

Eachhandsha& componenhasoneor moreportswith which it canbe connectegoint+to-
point to a port of anotherhandsha& componenby a channel [Figure3.1shavsa simple
handsha& circuit composemf n handshak componentéinked by m channels.Eachchan

nel carriesrequestandacknaviedgemensignallingaswell asanoptionaldatapayloadwith
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requestslowing from theactivecomponenports(filled circles)towardspassivecomponent
ports(opencircles). Acknowledgementfiow in theoppositedirectionto requestin theusual
fashion.Wherea channekarriesdata the directionof thatdatais indicatedby anarron on
thatchannekarc. Notethatthedirectionof datamaybedifferentfrom thedirectionof sig

nallingto supportpushandpull portandchannelgall of thesetermsaredefinedin BI-L1).
To completethechannel/porterminology:

* A syncor nonputchannel/ports onewhich carriesnodata.

*  Thedirectionof aportisthedirectionof dataonthechannetonnectedo thatportwith
respecto theport'scomponent.Valid directionsareinput andoutput

*  Thesensef aportis thesignallingdirectionon thatport. Activeportssourcerequests
onchannelgonnectedo themandpassivehanneteceverequestéromtheirchannels.
Thecombinationof senseanddirectionon portsgivesriseto four differentport natures
for databearingports: actve input, active output, passve input and passve output.
Passve input and active outputchannelscanbe connectedisingonly pushchannels.
Active input and passve outputchannelscanbe connectedusingonly pull channels.
Nonputportsalsohave a sensegiving the port naturesactive syncandpassve sync.

* Thetype of a channel/ports the datatype to which valuescommunicatedsia that
channel/poraremembers.For mostpurposesthetype of handsha&componenports

areconsideredo bejust simplebit vectors.

Although the handshag circuits in this thesisare implementedusing the bundled data
cornvention,it isnotnecessarto provide anexplicit reques{or acknavledgemenin thecase
of pull channelsherethateventis codedin the dataon a channel(asis the casewith the
delay-insensitie codesintroducedin BT-I-3. In particular earlierversionsof the Tangram

designflow tagetteddual-railimplementations.

3.4. Notation

Each of the handsha& componentdescribedin the next sectionis accompaniedy a
descriptionof thatcomponents behaiour. This behaiour is expressedn a new notation

similarto vanBerkel'shandshak circuit calculus
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Van Berkel’s handsha& circuit calculusdescribeshe behaiour of componentsn termsof
thesequencing;oncurreng andenclosuref theirhandshaks. Theportsof acomponenare
assumedo bereceptve to incomingrequestat all timesandassuch,underthe assumption
of aDI environmentwhereburstsof inputsor outputsmayvalidly occurin ary order These
assumptionsnake the handsha circuit calculusconvenientfor constructingsuccinctyalid
behaioursfor handshak componenbut do not allow subtletiesof implementatiorsuchas
preciseenclosureandconcurreng semanticso be expressed.Thecalculusallowsfor mary
implementationdhandsha& expansionsandrefinements$o a descriptiorto be dervedfrom
a singledescriptionandassuchprovidesa minimum degreeof specificatiorfor handsha&
components.Componentbehaiour must be describedn other ways (trace descriptions,

STGs/petri-netstategraphs)n orderto allow implementatiordetailsto be expressed.

This new notationis introducedto allow the overlappingsof handsha&srequiredto imple-
menthandsha& componentgfficientto be explicitly expressed.For example to allow the
distinction betweensituationswherehandshaksare concurrentlycomposedand areinde
pendentof eachotherand casesvherethosehandsha&shave synchronisedeturnto-zero
phases.This new notationis, like van Berkel’s calculus,directly mappableonto 4-phase
refined(signallingordering/interleaing expanded)descriptionof thosecomponents Al-
thoughvanBerkel's notationis intendedto be mappednto arefinedimplementatiorby less
directmeans.UnlikevanBerkel’'snotationdatacommunicationareincludedin thenotation
in amorecompletewvay (vanBerkel [8] tendsto useTangramiik e descriptionsatherthanthe

handshag&circuit calculusto expressataoperations).

Thisshortintroductionto thenew notationwill concentrat®n the expansionof termsin the

notationwherechoserhandshakingrotocolsareassumean thevariouschannels.

3.4.1. Term expansion

To produceanimplementationa choiceof handsha& protocolsmustbe madeandterm ex-
pansiondor thoseprotocolsappliedto termsof the notation. Eachterm expandsinto two
handshag&phasegheupphaseindicatedby theoperator A’ andthedown phaseindicatedoy
theoperatorv’. A completeexpansiorof adescriptiorbecomeacompletecircuitbehaiour

by sequentiallyjcomposingup anddown phasego form a whole handshak. The simplest
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expansionis for anactive synccommunicationgenotedoy the nameof the port/channebn
which the communicatiortakesplace. For example,a 4-phasephaseexpansion(asa trace
descriptionalbeitwith the assumptiorof areceptve ervironmentandthe reorderabilityof
input/outputbursts)of anactwve syncis (channelslenotedoy lower caseletters,commands
by uppercaséetters):

Alc) =c 1 ;¢ 1

v =c ;¢
The operatorggiven in the expansionsherecomposea tracedescriptionof the expanded
operationsalbeit with the assumptiorof a receptve, reorderringervironment. Expansions

into petri-netfragmentsaresimilarly direct.

Commandcombining operatorsalso have expansionsinto two phases. The phasesof
the combinedcommandsnay be composednto partsof eitherup or down phasesf the
combined=xpansion.Thethreesimple commandombiningoperatorgandtheirexpansions

in 4-phasébroadsignalling)are:

Sequencing-A ; B

A(A 5 B) = A(A); v(A); A(B)

V(A ; B) =v(B)
Concurrency—A || B

A(A I B) = (a(A); v(A) I (v(B); v(B))

V(A || B) = ¢ (emptya andv of A andB arenotseparated)
Concurrencywith synchronisedphases-A , B

A(A, B) = a(A) |a(B)

v(A, B) =v(A) ||v(B)

Enclosureof a commandinside a passve sync communication(betweenrequestand
acknavledge)is averycommonoperation.Thehandshak&circuit calculusallowsthechoice
of expansiortobemadewhereseveralexpansiongxistfor aparticulamprotocole.g.a4-phase
broadpushhandshag@mayencloseacommandik eanearlyhandsha&(betweerir + *and‘a
1 "), likealatehandsha&(betweerir | "and‘a { ’ or by enclosingwo, sequencegortions
of thecommandetweerbothearlyandlateof theseeventpairs(i.e.’r 1 ;aA(C);at ;r | ;

v(C);a | ’). Usingmoreconcurreng, theenclosureouldbebetweerr t+ "and‘a | ’. The
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new notationuseghedifferencesn thewaythatphase®f subcommandarepacledinto the
phasesf thecompouncommandvhenusingthecontrolcompositioroperatorso makethis
enclosurechoice. Theenclosurgsymbolizedoy theoperator : ) providedby this notation
(in thiscaseijn all 4-phaseprotocols)s:

Ac: C)=c 1t,;a(C)c,t

vic: G =c | ,;v(C)c, !
The useof thetwo paralleloperatorsandthe placingof the final down phaseof a sequen
cing operatorin the down phaseof its expansionallows usefulenclosureso be expressed
usingthis ‘phaseby-phaseenclosureoperator (c: [ B, C] describes coupledfork oper
ation (asin thecomponentork) and‘c: [ B || C] describeswo independenparallelop-
eration(asin the Concurcomponent).Similar sequentiabperationg@repossiblgin 4-phase
broad):‘c: [ B; CJ is a sequencingwith shared/paralleteturntozero of ‘C’ and ‘c’;
‘c: [B; C; skip] istheenclosureof ‘B’ and‘C’ in theup phaseof ‘c’ with sequencedC’
and‘c’ returnto-zero. Notethat' ; * associatesghttodeft and’ : * bindstighterthan* || ’,
“,’and’; 'sothat'‘c: B; C; C4 means[[[c: B]; C]; C4].

Thephaseby-phaseenclosur@peratomakesboththedistinctionbetweerthedifferentforms
of paralleloperatomecessariput doesavoid a notationwith mary complicatecenclosurep-
eratoran whichit would bemoredifficult to write protocolindependentlescriptions.There

areanumberof othercombinationoperatorgroviding controloperations:

Precedenceverriding/gr ouping—[ C]
A([C]) = a(C)
v([C]) =v(C)
Indefinite repetition—#[ C ]
A(#[C]) = (4(C); v(C)) O
V(#[C])=¢
Communicationchoice—[a: A | b: B]J...
A(fa: A | b:B]...)=a 1t;a(A)a, 1 | (O 1;4B);b 1t | ..
v([a: A | b:Bl..)=a i« ;v(A);a, 1 | (b 1;v(B);b ¢ |..
(Thepassve input/outputoperators !I° "and’ 7’ canbeusedin placeof “ : '.)

Guardedchoice-[e -~ A | f - B | ...]
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A([e - A | f - B | ..])=if ethena(A) | f thena(B) | ... fi
v([e - A | f - B | ..])=if ethenv(A) | f thenv(B) | ... fi

3.4.2. Data operations

Dataoperationgncludeinput/outputcommunicationsgxpression@and assignmento vark
ables. Expressionsare largely uninterestingand usually expandto just a piece of logic
betweerrequestindacknavledgeof theactivatinghandsha&. Assignmenis consideredo
beaspeciakaseof acommunicatiorbetweerexpressiorandvariablewith pull handshaking
usedto demanda resultfrom anexpression.Input/outputcommunicationgrethe mostin-
terestingoperations.Tangramtreatstheseoperationgik e their CSPcounterpartsvith atom
ic expressiorto port/channetransferdor outputsandport/channeto variabletransferdor
inputs. The componentsisedto implementthesecommunicationgxpandthe transferinto
handsha&sandexploit controlsequencings/hich overlapdatavalid phase®f handshag&s

to form acommunications.

Therearetwo forms of eachof the input and outputcommandspassve and active forms.
The passve formsallow commandgo be enclosedetweernrequestandacknavledgein a
similarwayto* : *. Active outputalsoinvolvesanenclosuref theoutputvalueexpressions
evaluationwith theoutputsignalling. Only actve inputresembleghe Tangramcommunica
tion, its right handsidetermmustbeavariable. Theformsof thefour communicatiorcom

mandsare:

Passveinput

channel 7 command
Activeinput

channel 7 variable
Passve output

channel I° expression
Active output

channel!” expression

N.B.commandandexpressios arethesameorm of termexceptthatexpressios mayhave
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avaluewhichis usedby thecommunicatioroperator

With thepassveinput,thiscommands enclosedn thehandshagmakingupthecommunica
tion. Thisenclosures abothwaysenclosuravheretheexpansioris for mixturesof thesame
protocolsonthechannebndwithin thecommand.Wherethecommandcommunicationare
broadandthe channeis early, this enclosuras anup enclosure.The effect is to ensurehat
the commands fully enclosedn the datavalid phaseof theincominghandsha&. Active
outputhasa similar, datavalid-overlapping gxpansion.Theexpressions actvatedfirst with
itsacknavledgemenprovidingtherequestor thecommunicationWheretheexpressionuses
earlycommunicationgit is effectively a pull communication)enclosuref thephase®f the
outputcommunications betweerup anddown phase®f theexpressior(theearlydatavalid
periodof a pull handshak). Using broadactive output,datais only invalid during the up
phaseandsothedown phasesf expressiorandchannemayrunconcurrently Passveoutput
worksin asimilarway but with enclosuref theexpressionn thecommunicatiorhandsha&
ratherthaninterleaving of phases.An expressionn theseexpansionss eithera command
returninga valueor a moreusualexpressionin termsof boundvariables/alueson channels

in whichtheexpressioris enclosed.

All commandsvhich communicatelataareconsideredo returnthatdataasa valueandso
canbe usedasexpressions.This allows deeperenclosure®f communicationcommands
without requiringintermediatevariables. ‘Pure’ expressionterms(channelnamesyariable
namespperatoron values...) areshavn in italics for emphasis.Considerthe definition
of the transferrercomponent(called Fetchin Balsa)which is usedto transferdatafrom
an active pull handsha& port (‘inp’) to anactive pushport (‘out’) underthe directionof a
passve syncport (‘activate’):It’shandsha&circuit calculusspecificatior(signallingonly) is
‘#[ actvate: [ inp; out]]. This specificatiormirrorsthe componens 2-phaseefinement
well but is not suggestie of the cheaplatch-freeimplementationsvith control-interleaing
which areusedwith 4-phasegrotocols. The BalsaFetchcomponensdescriptions:
#[ activate: [out I" inp 7" inp]]

Activateencloseghe action. The active outputon ‘out’ cannotoccuruntil the active input
on‘inp’ hasreturnedavalue. Onreceiptof anacknavledgmenbn'inp’, thecommunication

on ‘out’ is begun and completesvith an enclosureof handshaksbetweeninp’ and‘out’.
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Thehandsha& on activateis similarly intertwinedwith the‘inp’/‘out’ communication.The
expansionof this componentwith 4-phasebroad push and 4-phasereducedbroad pull
channelss:

A =#[ activate: B]

B=out! inp 7 inp

A(B) =inp t ;out 1
v(B) =inp | ;out

A(A);v(A) = (activate 1 ;inp, 1 ;inp, t ;out 1 ;out 1 ;activatg 1 ;
activate | ;inp, | ;inp, | ;out | ;out | )0
The obvious implementationof this specificationis a group of threewires (plus the data
connectionspetween‘activatg’/inp /, ‘inp_/‘'out,’ and ‘out /‘activatg’. This is exactly
the implementatiorcommonlyappliedfor this component.Using the datavalid enclosure
expansionfor outputsallows controlinterleavingsto be directly readfrom the descriptions
for datacommunicatiorcomponentsWheresuchenclosuresrenot possible(with 2-phase
pull/4-phasédroadoutputdor instance)atchesanbespecifiedn thedatapatiof theexpan

sionto extendthedatavalidity of signals.

3.5. Types of components

The handsha& componentsetsusedby Tangramand Balsaare very similar. The Balsa
componentset presentechere containsmost of the Tangramcomponentsalthoughsome
may have differentnames.Variousimprovementgo the Tangramcomponensethave been
discussedn otherplaceded|[@] anda numberof differenthnameshave beenappliedto same
componenbr the samenameappliedto componentsvith differentportsstructuresor be-
haviours. In orderto avoid confusion,Tangramterms(variable transferrersequenceicon
cursorandsoon)areusedto referto commoncomponentypesbetweerBalsaandTangram.
BalsacomponenhamegVariable Fetch SequenceConcurrespectrely) areusedto referto
thosecomponentsvith theirBalsaspecificport structures TheBalsacomponenhamesave

initial capitallettersto differentiatehemfrom the moregenerallangramterms. Thenames
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of Tangramhandsha& componentaregivenalongwith thecomponentefinitionsof those
Balsacomponentsvhichareidenticalor similarto their Tangramantecedents thecompon
entdescriptionsn thenext section.NotethatBalsacomponentareparameterisabliey port
typesandarrayedport cardinalitiesbut not by port sensesFor this reasonsomeTangram
componentsnapontomorethanoneBalsacomponentypewith differentportsensen each

component.

The componentdescriptionsbelov reflectthe completeBalsacomponentsetasit stood
beforethe work describedn of this thesis. They aregroupedinto a numberof
componentlassedy thepartthey mostcommonlyplay in handshak&circuits. Thereasons
for this division are explainedlater (83 alongwith optionsfor reducingthe numberof

components eachelass.

3.5.1. Activ ation driven contr ol components

Thecontrolcomponentprovidetheeventsusedoy othercomponent$o sequencéheiractiv-
ities. Eachcontrolcomponenhasa passie syncactivationportandoptionallya numberof
active syncoutputactivationports. Connectinghe outputactivationport of acomponento
theactivationportof anotherllowscontroltreeso beconstructed whichactvity attheleaf
portsis controlledby a singlecollective activation port on the root component.Activity on
theoutputactivationsis enclosedvithin handshak&son the actvationport andsoleaf activ-
ity is enclosedvithin handsha&son theroot componens activation. As thesecomponents
areusedprimarily to implementcommandcompositionn handsha&circuit HDLs, theterm
commands usedbelow to referto activationtriggeredsubcircuitsconnectedo controlcont
ponentsbutputactivationchannels.TheBalsacontrolcomponentare:ContinueHalt,Loop,

SequencezoncurandFork.

Contin ue and Halt

Continueand Halt arethe simplesthandsha& components.Continues only functionis to
acknavledgeall requestpresentedo it andHalt'sis to never acknavledgesequestsThese
two componentsireusuallyonly usedto tie off unusedactivations(usuallybeforeapplying

optimisationswhich simplify the componentconnectedo the Continue/Halt). The Balsa
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Contin ue / Halt [RUN[~]/ STOP[~]|
(passive syncinp)

Continue:#[ inp]
Halt: stop

Loop [REP]
( passie syncactiate;

activate 40@.— activateout  active syncactivateOut)

activate: #[ activateOuf]

Figure 3.2. Continue, Halt and Loop handshake components

commandscontinue  and halt map directly onto thesecomponentsalbeit with the

Continuealmostalwaysbeingremovedby thecompiler

Loop

Loop providesunboundedepetitionof acommandconnectedo theactive ‘activateOuten
closedin a handshak on ‘activate’. As thishandsha&cannever be acknavledgedtheac
knowledgemenpathleadingfrom the ‘activate’port backup the controltreecanbe pruned.
Thetermpermanents usedo describénandshak&circuit fragmentgsuchasthosewith Loop
bearingactivations)which returnno activation acknavledgement.Useof the activationre-
questin permanentircuitsissimilar. Theuseof resesignaldn othermethodologies which

componentfiave no explicit activations. LoopimplementgheBalsaloop command.

Sequence and Concur

SequencandConcurform a large partof handsha& circuit controltrees. They areusedto
activatea numberof commandgeitherin sequencer in parallel)underthe control of the
activatehandshak. In simpleimplementationshandshakson SequencéactivateOut’ports
don't overlapandthoseon Concur‘activateOut’portsareindependenfi.e. don't have syn

chronisationof returnto-zerophasedor 4-phasemplementations).This handsha& inde-
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soupucount Sequence / Concur [SEQ/PAR]

o ( parameter outputCount cardinal;

: activateOut] passiesyncactvate;

array outputCounbf active syncactivateOuf)

activate

Sequencef[ activate: [ activateOuy; ...; actvateOuf, coune 111
Concur#[ activate: [ actvateOuf || ... || actvateOuf,, count 1] ]

FouputCount Fork [FORK]

o ( parameter outputCount cardinal;
outf] passve syncactvate;
array outputCounbf active syncout)

#[ actvate: [outy, ..., OUL o coune 1]]

Figure 3.3. Sequence, Concur and Fork handshake components

pendenceanay be unnecessarwherecommandsonnectedo a componens ‘activateOut
portscansafelyoverlap/besynchroniseavithoutdeadlockin Sequence/Concuespectiely.
Performancencreaseanbe gainedin circuits using Sequenceomponentsf the useof
sequencings analysedand partially overlappinghandshaks are allowed. A numberof
improved sequenceranda methodof analysingmacromodulacircuits have beendevised
by PlanalEl. Theuseof morevariantsof Concurcomponentanproducemprovementsn
circuit area(Concurswith independenbutputsarequite expensve, the alternatvesmay be
slower in somecaseshut aregenerallysmaller). A commonoptimisationis to usea Fork

insteadof a Concurwhereall thecommand®f thatConcurarepermanent.

Fork

The Fork is usedasboth a replacementor Concurasdescribedabore andalsoasa con
nectioncomponentor multicastsyncchannels.Forkscanbeimplementedust with anout
putCountway wire fork andan outputCountinput C-elementwhereasConcurscostan ex-
tra S-elementfor eachactivateOutport. In 2-phaseamplementationsi-ork and Concurare

identical.
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3.5.2. Contr ol to datapath interface components

A smallnumberof componentallow controlsyncchannelso interactwith datatransactions.
Thetransferer isthemostcommonof thesecomponentst controlsthetransferof datafrom
an active input port to an active outputport underthe control (andenclosurepf a passve
activation port. Componentsvith activationsimplementinglooping and condition control
operationaswell asthe Casecomponenfwhichtranslateslatavalueson apassveinputac
tivationportinto actiity ononeof anumberof active syncports)alsofall in thiscomponent

class. Thecompletesetof componentss: While, Bar, Fetch False\ariable Case.

While
activate Wh I l e [D O]
@, ( passve syncactiate;
1
guard —— @ activateOut active input guard: 1bits;
active syncactivateOut)

#[ activate: [guard? g; [g — activateOuf]]

#guardCount = B ar [BAR]
guardinput(] — .
L ( parameter guardCount cardinal;
passie output guard: 1 bits;
passve syncactvate;
array guardCounbf activeinput guardinput 1bits;
array guardCounbf active syncactivateOut)

guard

activateOut[] activate

#guardCount ‘.’

#[guard!” (c := [guardinpy} 7 ... 7 guardInpu&u‘,ﬂdCOlmt_1 7

choosgguardinput,, ..., guardlnputguardCOunH) DE=-D1 ||
#[ activate: actvateOut]

Figure 3.4. While and Bar handshake components

Onactwation,the While componentequests guardvariableonthechannefguard’. If this
guardvalueistruethenthecommancdonnectedo ‘activateOutis activated. While continues
to requesiguardsand activatethe commandconnectedo ‘activeOut’until the guardvalue
become$. Theactivationisthenacknavledged.TheWhile componenis usedoimplement
the Balsawhile commandwith a singleguardandcommand.Bar canbe usedto extend
the While to implementwhile commandswith multiple guardsandcommandglike CSP

guardeccommands).
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Bar

Bargathergguarddrom its ‘guardinput’portsonreceiptof aguardrequest.TheOR of these
guardss returnedon the ‘guard’ port. If the Bar componenthenrecevesarequesbn ‘ac-
tivate’,oneof thecommandsvhich correspond#o atrueguardis actvated. In commonim-
plementationghis behaiour requiresBar to containstate(held betweerguardandactivate
handsha&s)identifyingthecommando actiate. In thecasethatmorethanoneguardinput
istrue,anarbitrarychoiceis madeaboutwhichcommando execute.In practicalimplement
ations thecommand$ave a fixed priority andsothe choiceof commando executecanbe
determined.Thefunctionchoosen thegivenbehaiour (in figuré 3.4) performsthe choice,

returning-1to indicatethatno outputwasto beactvated.

Fetch

Fetch [TFR]

_ _ ( parameter width : cardinal;
i o passie syncactvate;
activeinput inp : width bits;
active output out: width bits )

activate

#[ activate: out I" inp 7 inp]

ineadporCount 1 FalseVariable
" ( parameter width : cardinal,
parameter readPortCountcardinal;

. width o read[]
write

width

passieinput write : width bits;
active syncsignal;
array readPortCounof passive output read)

signal

#[ write 7 [v = write; signal]] ||
#lread " v] || ... |l #[ reaq. gprcount—1 V1

soupuicount Case [CASE]
5 ( parameter inputWdth : cardinal;
‘ activateOut] parameter outputCount cardinal;
parameter specification string;
passveinput inp : inputWidth bits;
array outputCounbf active syncactivateOut)

inputWidth
inp

specification

#[ inp 7 [ decodé¢outputCountspecificationinp) # —1 -
aCt'\‘/a‘teOu(!iecodéoutputCoun,tspecificatior,linp) % - 1] ]

Figure 3.5. Fetch, FalseVariable and Case handshake components
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Fetchis the Balsanamefor thetransferrer Thiscomponents themostcommonway of con
trolling adatapatfirom a controltree. Transferrerareusedto implementassignmeninput
andoutputchannebperationsn Balsaby transferringa datavaluefrom a pull datapatrand
pushingt towardsapushdatapath.Thecomponentsnthe‘inp’ portareeitherdatapatttom-
ponentgformingexpressionspr connectiorcomponentgforminginputcommunicationsn
ports/languagével channels). The componentgonnectedo the ‘out’ port areeithervark
ablesor connectiorcomponentformingoutputcommunicationsnlanguagdevel channels.
For example,Balsaimplementsf commandsy transferringthe guardvalue (from a pull
datapattrepresentinghe guardexpressionpntoa Casecomponent.ln 4-phasemplement
ation,therearemary choicesof handsha& expansionfor Fetch,particularlyif a variety of
protocolsareusedby connectedontroltrees. Fetchimplementationgypically consistsolely
of portto-port wire connections.The problemsassociatedvith optimisingwire-only com

ponentsvithout flatteninga netlistarediscussedaterin thischapter

FalseVariable

TheFalse\ariableis usedto implementhepassveinputcommunicatiocommandsrbit -
rate andselect inBalsa.Thearrival of arequesbnthe‘write’ porttriggersahandshak
onthe'signal’port. A commandonnectedo ‘signal’isthenfreeto readthevalueof thecom:
municationon ‘write’ by usingthe ‘read’ ports. In implementationa False\ariablecontains
nolatchesandsoreadingrom the‘read’portsonly makessenseavhile thehandsha&is taking
placeonthe‘write’ port (andsothe‘signal’ port). False\ariablecanalsobeconsideredo be
aconnectiorcomponenandis usuallyusedwith theDecisionWit componento introducea

controlactivationto the passve input operation.

Case

TheCasecomponenis usedo implementdatato controldecoder$or usein Balsacase and
if commandsOnreceiptof arequestinddatavalueontheport‘inp’, Caseriggersexactly
oneor noneof theoutput‘activateOut’ports. Themappingof inp valuesto choiceof activ-
ateOutport is determinedy the specificatiorparamete(the choiceis madeby the decode
functionin the behaiour givenin 3.5). As anexample,a specificatiorof “0;1..2;3”

definesa decodemith threeoutputsthefirst triggeredby aninput valueof 0, the secondoy
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inputsof eitherlor 2 andthethird by aninputvalueof 3. AsadecoderCaseis alsousedto
implementassignment#o arrayswith indexed variableson their left-handsides. The Balsa
Casecomponentanbeusedto replaceatreeof thesimplerTangramCASE component$as
describedn [B]) andisthefirst Balsahandsha&componento make useof specificatiorstring

to allow a greaterdegreeof parameterisatiothanjustarrayedoort cardinalitiesandtypes.

3.5.3. Pull datapath components

Compileddataoperationg+, —, ...) in TangramandBalsaconsisiof asyncchannemeeting
atransferrercausingaresultto berequestedrom atreeof pull datapatrcomponentample-
mentingtherequiredunctionandpushinghatresultontoanoutputchannebrintoavariable
(variablesarethe componentsvhich implementHDL level variablesaslatches). The pull
datapaticomponentsorm anactivationdriventreein the sameway ascontrolcomponents
but with variablerinputchannelsittheleaves. Theactivationsof thesecomponentarepull
portswith theincomingrequestlowing (andforking) towardstheleavesof thetreewith the
resultflowing (andjoining) backto theroot formingtheresultacknaviedgementimproved
datapatircompilationis amajoritemin the ‘future work’ section(88-)) andconsequentlyhis
classof componentsiasremainedargely unchangedrom Tangramandthroughtherestof
thisthesis. The datapaticomponentsre:Adapt,Mask, ConstantUnaryFuncBinaryFunc,

CombineandCaseFetch.

Adapt and Mask

AdaptandMaskhaveverysimilarfunctions. They areusedo modify thevaluecomingin on
the‘inp’ portandpresenit onthe‘out’ portin aslightly modifiedform (thefunctionsadapt
andmaskstandn for theseoperationgn thebehaioursgivenin figuré3.6). In thecaseof Ad-
apt,thisinvolvestruncatingtheupperbits of or zeropadding/sign-etendingtheinputvalue.
Adaptis usedoimplementypecoercion®nnumericvalues.Maskis usedo seleciarbitrary
bits from anincomingvalue,the bit positionsbeingdeterminedyy the bit selectparameter
mask. AdaptandMaskimplemenjustenoughmappingunctionalityto implementrfangram
andBalsadatamanipulations.It is easyto seethatmary of thecomponentsharameterised
formsconsistsimply of wiresandtied-off/danglingsignals. Remwing thesetypesof glue

componentss a majoroptimisationaim.
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Adapt [ADAPT]
noutsSones ouputsSines ( parameter outputWdth, inputWidth : cardinal;
inp ——— out parameter outputlsSignednputlsSigned boolean;
passie output out: outputWdth bits;

activeinput inp : inputWdth bits )

#[ out I inp 7 adaptoutputWdth, inputWdth, outputlsSignednputlsSignedinp) ]

Mask [FILTER]
o o ( parameter outputWdth, inputWdth : cardinal;
inplvnz: Y o parameter mask: inputWidth bits;
passie output out: output\Wdth bits;
activeinput inp : inputWdth bits )

mask

#[ out I inp 7 maskKoutputWdth, mask inp) ]

Figure 3.6. Adapt and Mask handshake components

Constant

Constantsprovide constantdata valuesto pull channelsat the leaves of datapathtrees.

Constantprovide thesamekindsof obviousoptimisationopportunitiesasAdaptandMask.

UnaryFunc

UnaryFuncimplementsthe negate (2’s complementland complementoperationsin pull
datapaths SeparaténputWidth and outputWdth parameterallow resultsto have different
typeto theargumentsandallow a limited form of optimisationof Adapt/Maskcomponents

on UnaryFundnputsandoutputs.

Binar yFunc

BinaryFundmplementshebinarydatapatloperationg+, -, =, #, <, >, <, =, 0, 0)
ontwo inputs. A totalof sevenparameterareprovidedto configurethetypesandsignedness

of theinputsandoutputsallowing similar Adapt/Maskoptimisationsaswith UnaryFunc.

Combine

Combinecomponentsre usedto bit-wise concatentat¢éhe valuescomingin from the two
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Constant [CST]
( parameter width : cardinal;

out parameter value: width bits;
passive output out : width bits )

#[ out I° value]

UnaryFunc [UN]
teSined . ( parameter outputWdth, inputWidth : cardinal;
inp ——— O out parameter op: UnaryOperator,
parameter inputlsSigned boolean;
passive output out: outputWdth bits;

activeinput inp : inputWdth bits )

#[out I” inp 7 op(outputWdth, inputlsSignedop, inp) ]

Binar yFunc [BIN]

inputAlsSigned

P oups e ( parameter outputWdth : cardinal;

] 7 _. outputwidtl . X . .
o O out parameter inputAWidth, inputBWdth : cardinal;
nps 7 parameter op : BinaryOperator;

parameter outputlsSignedboolean;
parameter inputAlsSignedinputBlsSigned boolean;
passive output out: output\Wdth bits;
activeinput inpA : inputAWidth bits;
activeinput inpB : inputBWidth bits )

#[ out I” inpA 7 inpB 7 op(outputWdth, outputlsSignednputAlsSigned
inputBIsSignedop, inpA, inpB) |

Figure 3.7. Constant, UnaryFunc and BinaryFunc handshake components

input ports‘LSInp’ and‘MSInp’. Combinegmplementthetupling expression®f Tangram
and the record and array constructionexpressionsof Balsa. The Balsa compiler also
insertsCombinedo reconstructariablereadportsfor variableswhich becomesplit during
compilation. Writesto Variablecomponentsannotselectonly a portionof bitsto write and
sosingleHDL level variablesbecomemultiple Variablecomponentsvith Split components
in thewrite pathsandCombinesn thereadpaths.Combinesre lik e othergluecomponents,

simplywireswith arequeswire fork andacknavledgesynchronisation.

CaseFetch
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Combine [COMBINE]

g _— ( parameter outputWdth : cardinal;

7L> outputWidtl

N out parameter LSInputWdth, MSInputWdth : cardinal;
MSinp passie output out: outputWdth bits;

activeinput LSInp: LSInputWdth bits;
activeinput MSinp: MSInputWidth bits )

#[ out I” LSInp 7 MSInp 7 combingLSInp MSInp) ]

l, \\ #inputCount Case FetC h
( parameter width, indexWidth : cardinal;

)
O

indexwidth

index —/ i

it <— ™ parameterinputCount cardinal;

~+~ . parameter specification string;
passiveoutput out: width bits;
activeinput index : indexWidth bits;

array inputCountof activeinput inp : width bits )

out

#[out " index 7 inp,_ .. 7 NP 4o ]

Figure 3.8. Combine and CaseFetch handshake components

CaseFetcls usedto implementindexedarrayreads.Onreceiptof an‘out’ requestanindex
valueis pulledon the ‘index’ port. Thatvalueis usedto selectoneof the‘inp’ portsfrom

whichto provide thevaluebackalongtheport‘out’.

3.5.4. Connection components

Thisclassncludescomponentsisedio connectogetherchannel®f thesamesenseprovide
synchronisatiotvetweermultiple channelandcombinetheactivity of anumberof channels
to allow multiplexing andresourcesharing. This classalsoincludesvariablesasthey occupy
the samepositionsin a handshaé circuit asothertypesof channelconnectioncomponent.
Otherthanvariablestheconnectiorcomponenté ahandsha&circuit aretheonly compon
entswhosepresencésn’t explicitly describedn the HDL sourcefor thathandshak circuit.
Thisis becausehey areusuallypresentisglueto implementHDL level channelsandin par
ticular, the multicastnatureof TangramandBalsachannels.Thegreatempartof connection
componentsmplementationgonsistof just portto{ort wire connections.For thisreason,
optimisingandcombiningconnectiorcomponentgivesusbettercontrolof thelocationof

troublesomevire forkswhich cancausewire loadanddrive strengthmanagementroblems
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in implementation.

The collection of synchronisingand resourcesharingconnectioncomponentds mostly
borronved from the Tangramcomponentset with the addition of parameterisedrrayed
ports.Theconnectiorcomponentare: ContinuePushlaltPushCall, CallMux, CallDemux,
Passvator, PassvatorPushforkPush,Synch, SynchPull,SynchPushDecisionWait, Split,
Arbiter andVariable.

Contin uePush and HaltPush

Contin uePush / HaltPush [RUN[PUSH]/ STOP[PUSH]|
( parameter width cardinal,
hinp passweinput inp : width bits )

ContinuePush#[ inp]
HaltPushstop

Figure 3.9. ContinuePush and HaltPush handshake components

ContinuePuskndHaltPushhave identicalbehaioursto ContinueandHalt exceptthey con
sumeincomingdatavalues. They areusedmostlyto cappushdatapath&eforeoptimisation

andhave justasboringimplementationsastheir controlcounterparts.

Call{,Mux,Dem ux}

TheCall componentsreall usedto provide aresourceonnectedo thecommonactive port
to circuitsconnectionto the passve ports. The signallingrequiredto achieve this resource
sharingis provided by a micropipelinestyle ‘call’ element.Call component&xpectoneof
the passie portsto berequestingheresourceat atime andprovide no hardwarein theirim-
plementationso enforcethis condition. The CallMux and CallDemuxcomponentgrovide
datapatlsteeringaswell ascontrolsignalling. CallMux operatessa multiplexing element,
usefulin pushpipelinesfor combiningsequencedutputcommunications/ariableassign
mentsinto single outputbundles/writeport bundles. CallDemuxsenesa similar demulti
plexing role for usewith sharednput ports. In bundleddataimplementationsCallDemux

componentsanberealisedwith thecontrolsignallingof a Call componenanda numberof
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Call [MIX[]]

\ ( parameter inputCount cardinal;
array inputCountof passve syncinp;
active syncout)

inp[] L

#[[inp,: out | | NP, outcount- 1+ OUt]]
l/\#inpulcount CaIIMux [MlX[PUSH]]
( parameter width : cardinal;
out parameter inputCount cardinal;

array inputCountof passveinput inp : width bits;
active output out: width bits)

#[[out ! inp, | ... | out! mpmputCOUm_l]]
CallDemux [MIX[PULL]]
( parameter width : cardinal,
width
inp parameter outputCount cardinal;

array outputCounbf passive output out: width bits;
activeinput inp : width bits )

#[[outy " inp 7 inp | out " inp 7 inp | OUt, iputcount- 1 "inp 7 inp]]

Figure 3.10. Call, CallMux, CallDemux handshake components

wire forksfor thedatapath.

Passiv ator{,Push}

Passvatorsallow the synchronisatiorof handshakson channelsonnectedo active ports.
ThesyncPassvatoris usuallyusedto implementmulticastsyncchannelsvhereall thechan
nelsarelocal (i.e.no active ‘expansion’portis requiredto passhe handsha& on to another
synchronisingomponent) PassvatorPushsith outputCounbf limplementonnectionsf
active outputto active input portsin command/procedu@mposition.PassvatorPushsvith
greatenutputCountgareusedn thesamecontext to connecteanulticastchannelsvith data,

again without expansiorports.

ForkPush

ForkPushs similarto the Fork component A valuepushedn on port‘inp’ is sentoutalong
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yfeount Passiv ator [PAS[~]]
\ ( parameter count: cardinal;

inpll array countof passvesyncinp)

#linpy:inp: ..o inpg ey |
\ FoupuCoun Passiv atorPush  [PAS[PUSH]|
( parameter width, outputCount cardinal;
e/ inp array outputCounbf passive output out: width bits ;

width

passieinput inp : width bits )

#[outy " out, I" ... I out o coune 1 F NP 7 INP]

soutputCount /1 ForkPush [FORK[PUSH]|
" ( parameter width, outputCount cardinal;
passieinput inp : width bits;
array outputCounbf active output out: width bits )

i width " out[]
inp

width

#[inp 7 [out, " inp, ..., out,,,coune 1 | INP]]

Figure 3.11. Passivator, PassivatorPush, ForkPush handshake components

eachof the‘out’ ports;returningacknavledgementaresynchronisedForkPushs asurpris
ingly rarelyusecomponentit canbe usedon its own to implementmulticastdrom anactive
outputportto anumberof passveinputports. Whereary actveinputsarepresenti-orkPush

canbecombinedwith SynchPustho form a completemulticastcommunicatioriree.

Sync h{,Pull,Push}

The Synchcomponentsmplementsynchronisatiomf a numberof inputs,performa hand
shale onanactive outputandthenacknavledgeeachof thoseinputs. Theactive outputport
canbe usedasan ‘expansion’port to passthe synchronisatioron to anothercomponenbr
to aportof thecircuit asawhole. The SynchPulicomponentravs datafrom its active port
which is distributedto its inputsduring acknavledgement.This canbe usedto implement
multicastinputsfrom circuit ports. The SynchPuslis very similar to a ForkPushbut hasthe

active expansionport aout. SynchPusltould have parameterisableumberof theseexpan
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" #inputCount Syn C h [J Ol N [.._]]
\ ( parameter inputCount cardinal;

inp[l array inputCountof passie syncinp;

active syncout)
#[inp,: inp, @ ...: out]
“\#outpulCount Sync hPu” [JO'N[PULL]]
( parameter width, outputCount cardinal;
width
~—— inp array outputCounbf passie output pout: width bits;

activeinput inp : width bits )

#[ pout, I" pout I" ... I POUL, i otcount- 1 " inp 7 inp]

| FoutpuCount SynchPush  [JOIN[PUSH]|

( parameter width, outputCount cardinal;
passveinput inp : width bits;
array outputCounbf passie output pout: width bits;
active output aout: width bits )

#[ pout) I” pout 1" ... I° POUL, sucount- 1 I”inp 7 aout!” inp]

inp

aout

Figure 3.12. Synch, SynchPull and SynchPush handshake components

sion portsto producea generalmulticastsynchronisatiocomponentvith a single passve
inputandaselectiorof passve andactive outputports. Thiswasnotdoneinitially asSynch
Pushis moreoftenusedto connecto circuit portsratherthanto connectpassve inputsto a

multicastchannel.

DecisionW ait

The DecisionWait components usedto synchroniseone of the input requestf a Balsa
select commandschannelswith theactivationchannel. The ‘inp’ and‘out’ portsmatch
one-to-oneanincomingrequesbn oneof the'‘inp’ portsis fed throughto thecorresponding
out port on receiptof theactivationrequest.Theacknavledgemento that‘out’ portis sent

backto theactiationportaswell asits ‘inp’ ports.

The DecisionWit getsits namefrom the useof a decisionwait elementin its implementa

tion. Decisionwait encapsulatetheisochronidork ontheactivationrequestequiredto im-
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activate DecisionW ait

(parameter portCount cardinal;

“ outf] passie syncactvate;

- ] array portCountof passie syncinp;
fportCount ! ! #porCount array portCountof active syncout)

#[ actvate: [inpy:ouly | ... | INBocoune 1 OUoncount-11]

Split  [SPLIT]
Logoy Pty e ( parameter inputWidth : cardinal,
Msom;+ inp parameter LSOutputWdth, MSOutputWdth : cardinal;
MSout passieinput inp : inputWidth bits;
active output LSOut: LSOutputWdth bits;
active output MSOut: MSOutputWdth bits )

#[inp 7 [LSOut I bitfield(0, LSOutput\With — 1,inp) ||
MSOut " bitfield(LSOutputWdth, inputWdth - 1,inp)]]

#readporiCount /1 Variable [VAR]
o> ( parameter width, readPortCourtcardinal;
parameter name; string;
passieinput write : width bits;
array readPortCountf output read: width bits )

read[]

width

#[ write 7 v = write] ||
#[ rea% r V] ” ” #[ Ifeacltleadl%rtCount—l r V]

Figure 3.13. DecisionWait, Split and Variable handshake components

plementsuchaninputselectioroperation.Thisencapsulatioallows circuitsto bebuilt with
passve input selectionwithout requiringchanneldo actas‘probes’by distributing this fork.
Usinga DecisionWaitto implementinput ‘filtering’ is similarto theonehotencodedahannel

input of Burns[4].
Split

Splitis usemostlyto split channelsapproaching variablewrite port. Bitfield extractionon
variablereadportsis performedoy theMaskandAdaptcomponentandsono pull variantof

the Split components necessary

Variable

VariablesimplementHDL level variables. Although the aborve descriptionsuggestshat
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parallelreadsandwrites are possiblethis is not the case. The compilationmechanisnfor
HDLs must ensurethat actvity on the write port and read ports are mutually exclusive.

Concurrenteadsareallowedandarenot synchronisedvith eachother

Arbiter

Arbiter
inpA outa (syncinpA, inpB, outA, outB)

#[[inpA: inpB | inpB: outB]]

Figure 3.14. Arbiter handshake component

The Arbiter implementsa decisionbetween2 incomingsyncchannels.A requestarriving
ononeof theinputswill be passedntothe correspondingutput(anda handsha&will be
performed)f only oneinputis active. If bothinputsaresimultaneoushactive, a decision

betweerinputsis madeandonly a singleoutputis actvated.

Arbiteris necessarin placesvheredecisiondetweera pair of synchandsha&swhich may
overlapis necessaryTheArbiter containsamutual-exclusioncircuit elemenwhich contains
afilter circuit allowing this decisionto be madewithout causingan metastableignallevels

to beexposedo thatelementservironment.

3.6. Compiling into handshake circuits

Handshak circuitsareusuallygeneratedby synthesigrom adescriptiormadein ahardware
descriptionanguageatherthanconstructedby hand. Tangramwasthe originallanguageof
handshak& circuitsand Balsais, superficially a replacementor Tangramin thisrole. Tan
gramandBalsaarebothimperatve,channebrientatedanguagesot unlike OCCAM. The
staticprocessleclaratiorandchannecommunicatioomodelmapwell ontohardwareinstan
tiationandasynchronousontrol. Thehandshak componensetchoserto implementthese
languagesirealsotailoredto allow languageconstructgo be mappedby synthesispneto-
oneontoparticularhandshak componentsThebasisfor thismappingis the Tangramcont

pilation function(describedn moredetailin chapter7 of vanBerkel'sthesigH]). Thedirect
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natureof thiscommando componentmappings claimedasanadwantageoy Tangramover
lessdirectsystemgsuchassynchronou¥HDL synthesis)allowingthedesigneto influence
the implementationdirectly throughthe sourcedescription. Maintaining directnessunder

optimisationregimesis a majoraim of the synthesisnethodwork embodiedn Ehapien.

As well asdefiningthe languageto handshag circuit mappingsfor individual (leaf) com:
mandsthe compilationfunctionalsodescribeshe waysto combinecontrolactivationsand
connectdatabearingchanneldo form sequentiabnd parallelcompositionof commands.
The control componentsiescribedn B3.5]lare usedto describethe activation control of
composedommandsthe datapathcomponentgareusedto implementexpressiongandthe
connectiorcomponentsreusedto combinechanneldeft danglingby communicationsgx-
pressiorargumentsandassignmentlestinations Variablesareplacedto terminatedangling
read/writechannelsorrespondingo thelanguagdevel variablesvhencommandcombina

tion passebackuptheparsereethroughtheir declarations.

3.7. Chapter summary

Thischaptehasintroducedsomeof thefeatureof previouswork onBalsaandBalsashand
shale componenset. Thenext chaptedescribesion thecomponentsf thissetaremapped
into implementationdy thebackendof the Balsadesignflow. Chapter will thendescribe

anumberof new componentintendedo improve onthecomponensetdescribedere.

Thekey featureof handsha&circuitsoverothermacromoduladesignstylesistheconsistent
useof channelgo connectall the componentsn a design. It is assumedn the following
chapterghatthisis a desirablepropertyandthatthe advantage®f directnesandfine grain
DI implementatior{or, moreusually DI controlsignallingwith bundleddata)areattractve

enoughfor thischannel-ricrarrangemento be presered.
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Chapter 4. The Balsa Back-end

This chapterdescribeshe new toolsaddedto the Balsasystemto allow handsha& circuits
generatedby thebalsa-dBalsacompilerto beimplementedandsimulated. The badk-endof
the Balsasystemis the pathfrom a Breezenetlistto a silicon or FPGAimplementatiorof
thatnetlist. ThispathinvolvestheBalsatool balsa-netlistatarget(commerciallCAD system
anda numberof CAD systemspecifictechnologydescriptionsand scriptsprovided by the

Balsasystem.

The simulationsystemdescribedn this chapterusesthe tool breeze2hcto corvert Breeze
netlistsnto modelsan theasynchronousiodellinglanguagd ARD [22. LARD modelsallow
behaioural simulationof Balsadesigndeforetechnologymappingby the Balsaback-end.
Theversionof breeze2lardiescribechereis a muchimprovedandexpandedversionof the

tool describedn earlierwork [g].

4.1. The Balsa design flow

Designflowsbasednhandsha&circuitsusethedirectnessf handsha&circuitbasedHDLs
to handsha circuit compilationto allow the design— synthesise- evaluatecycle of design
revisionby userintervention(asdescribedn 82 to beasfastaspossible.Usingbehaioural
simulationto performtheevaluationphaseof thisdesignoopallowsveryfastdesigrrevision
albeit at the costof realistictiming and (possibly)a compromisen the faithfulnessof the

modellingof individualhandsha& components.

In orderto allow practicaldesignrevision whensimulationat gateor layoutlevelsis used,
the executiontimesof partsof the designflow following Balsacompilationinto handsha&
circuits must be suitably fast. This implies that thoseback-endtools be constructedwith
a similar regardto directnes®f implementatiorasthe Balsacompiler Figuré4.1shovs a
designflow for BalsausingbothLARD behaiouralsimulation(whichis discusseih B4.5:1)
andCAD systemative simulationmethods.Threedesignoopsareshavnin thedesigrflow.

ThesedesignloopsuseLARD (behaioural),gatelevel (functional)andfinal layout (timing
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Object / File » Object / File

Figure 4.1. Balsa design flow

accurateyimulationtoolsrespectrely to allow simulationto be performedat differentpoints
in thedesignflow. In atypical designall threelevelsof simulationcompleity areusedas

thedesignapproachetds final version.

A numberof toolsareinvolvedin thisback-end:

Balsa-c:Balsato Breezecompiler
The Balsa compiler produceshandsha& circuits from Balsa descriptions. These
handsha&circuitsareexpressedn thefile formatBreezgwhichis describedn thenext
section).Balsacompilationis performedusingthedirectcompilationmethoddescribed
in B3h

Breeze2lardLARD behavioural modelgeneration
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Breeze2lardyeneratesnodelswritten in LARD which can be compiledand run to
performbehaiourallevel simulationsof theinput Breezefile (andsothe sourceBalsa
description).Breeze2lard¢danalsogeneratsimpletestharnessefr simulateddesigns.
Thetestharnessesanbeaugmentedby theuserusingthe LARD language.
Balsa-netlist:Handshake componentnetlist generator
In orderto implementthe netlist describedby a Breezefile (Breezeis describedn
84T, versionsof the handshak componentsisedwithin thatfile mustbe generated
andimportedintotheCAD systenusedioimplementhedesign.Balsa-netlisperforms
this parameterisedomponenexpansionand generatesetlistsfor thesecomponents.
It alsogenerateshe netlist which connectshesecomponents.This ‘top level’ netlist
will be equivalentto the netlist describedby the Breezefile but with the handshak
channeldetweercomponentslecomposethto signallevel connections Balsa-netlist
is describedn B4:2
Balsa-{pv, ihdl, xi}: CAD systemnetlist entry
The netlistsgeneratedy balsa-netlisareimportedinto the target CAD systemdiy a
numberof scripts,oneper CAD systemwhich drive the netlistimport tools of those
systems.Thisprocesss notveryinterestingandsono furtherexplanationis included.
Target CAD system
Balsadesignsare,ultimately, implementedusing existing CAD tools. The choiceof
taget CAD systemaffectsthe netlistgeneratiorof balsa-netlisandthe templateused
by balsa-netlisto generatdhandsha& componennetlists. The CAD systemaisedwith
Balsaaredescribedn B4-Z5

All the Balsatoolsdescribedn this chapterbegin with a handsha& circuit netlistin Breeze.

A shortdescriptiorof the Breezdfile formatis givenbelow.
4.1.1. The Breeze handshake circuit netlist format

Thefile format Breezds usedasboth a compiledlibrary formatfor balsa-candasaninput
formatfor the (designmplementingpack-endandthe otherhandsha&circuit manipulating
tools describedin this chapter A Breezefile containshandshak circuit netlists with

parameterisedandsha&componentasthecomponeninstancesndhandsha&channelsas

theinterconnectionbetweernthesecomponents EachcompiledBalsaprocedureas present
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in theoutputBreezdile asaseparatbandshakcircuit netlistdescribedisa Breezepart. As
anexample the Breezdfile for thedecadecounterexamplegivenin figure 3.1is (with some
of thelessinterestingportionsremoved):

-- Breeze internediate file (balsa fornmat)
-- Created: Sun Sep 3 18:06:18 2000

-- By: bardsl ea@liss.cs.man.ac. uk (Linux)
-- Wth balsa-c version: 3.1

-- Conmmand: bal sa-c npdl10

import  [balsa.types.synthesis]
import  [balsa.types.basic]

type C_size is 4 bits
constant max_count = (9 as 4 bits)

part modl0 (
passive sync activate;
passive sync aclk;

active output count : 4 bits ) is
attributes (

isProcedure,isPermanent,

noOfChannels=24,line=9,column=1 )

local
sync "@14:3" #1
sync "aclk"  #2
push channel “count” #3 : 4 bits
pull  channel "tmp" #4 : 4 bits
: -- omtting sonme channel declarations
begin
$BrzVariable ( 4,3,count_reg[0..3]
#5,{#13,#18 #7} )
$BrzVariable ( 4,1,tmp[0..3] D #H24,{#4} )
$BrzCallMux ( 4,2 : {#10#15}#24 )
$BrzLoop ( #1,#23 )
$BrzDecisionWait (1 : #23,{#2},{#22} )
$BrzSequence ( 3 : #22,{#20,#8,#6} )
$BrzCase ( 1,2,0;1 . #21,{#11,#16} )
$BrzFetch ( 1 : #20#19,#21 )
$BrzBinaryFunc ( 1,4,4,NotEquals,false,false,false
#19,#18#17 )
$BrzConstant (4,9 : #17 )
$BrzFetch ( 4 : #16,#14,#15 )
$BrzBinaryFunc ( 4,4,1,Add,false,false,false
#14 #13#12 )
$BrzConstant (1,1 : #12 )
$BrzFetch ( 4 : #11,#9#10 )
$BrzConstant ( 4,0 : #9 )
$BrzFetch  ( #8HTH3 )
$BrzFetch  ( #6,#4.#5 )

b
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end
A Breezefile containsthe import , type andconstant declarationgpresentin the

sourceBalsafile from which it wascompiled. WhereparameteriseBalsaproceduresvere
describedn thesourceBalsafile, theBalsacodenecessario generat@arameterisedersions
of thoseproceduress alsoincludedin the Breezefile (parameterisegroceduresirea new

additionto the Balsalanguagedescribedn B4.5). Thesedeclarationgndpiecesof code

areusedwhenthefile is re-importednto balsa-dy animport line in anotheBalsafile.

Theonly Breezepartdescribedn this exampleis mod10, themodulo-10counterexamples
procedure.The port list of mod10 containsthreeport declarationsvith sensesgirections
andBalsatypesfor eachone. A Breezeparthasthe sameport structureasits sourceBalsa

proceduravith theadditionof anexplicit activationport.

A part’s attributes sectiongives some details of the part which make subsequent
parsingeasier TheattributeisProcedure identifiesthis asa compiledBalsaprocedure,
so guaranteeinghat the first port of the partis a corventionalprocedureactivation. The
attributeisPermanent  specifiegshatmod10 onceactivated,will not returnanactivation
acknavledgemen(thisinformationcanbe usedto optimisethe pathfrom theactivationof a
circuitwhichincludesmod10 to theactivationof mod10). ThenoOfChannels attribute
is usedby balsa-ao allocatespaceaheadf readinga (potentiallylong) channelist in order
to improve performance Thefinal two attributesline  andcolumn , identify the position
in thesourceBalsafile atwhichthispart’scorrespondindalsaprocedurevasdefined. This

locationis usedby breezeZ2lardo helpwith sourcdevel detugging.

Themainbodyof the partconsistof two portionsithechanneldeclarationsndtheinstantt

atedhandsha&components.

Part channels

The partchanneldeclarationspecifythe direction,push/pullsenseandtype of eachof the
portsandinternalchannels.Thechannelsn a Breezefile arenumberedsequentiallyrather
thannamed. Thefirst few of thesechannelgorrespondo the portsof the part. In thiscase,
channelgtl, #2 and#3 correspondotheportsactivate ,aclk andcount respectiely.

Numberingthe channelsaandportsthis way makesprocessingf the componentgasierand
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makesdeterminingvhethera channeis connectedo a port easier(a numbercomparisoras

opposedo anamesearch).

It is notobviousfrom thisexample but thetypesof databearingchannelsarespecifiedusing
only theform n bits (wheren > 1). Thissimpletyping,alongwith the overlappingof
channelsand ports,makesit possibleto procesBreezefiles without knowledgeof Balsa

typing. All theinternalchannel®f a partaretypedin a similarway.

The nameswhich appealin quotesin the channeldeclarationsarethe nameswvhich should
appeain behaiouralsimulationof thispart. Thesenamespecifywhichportor variablethis
channeflowsto or from, or in thecaseof syncactivationchannelsthepositionin thesource

file of thecommandwhich thischannehctiates.

Part components

Thecomponeninstantiationsnsidea partcancontainparameterisedandsha&components
from thehandshakcomponenset(identifiableby their$Brz prefix)andalsoinstantiations
of previously declaredBreezeparts. Handshak componentnstancesave their parameters
specifiedat thebeginningof theirargumentlist. Theparameterfor handsha&components
arerestrictedn typetointegers stringsandenumeratiovalueqthebooleanvaluedrue and
false areenumeratiovalues).Theparameterarespecifiedn theorderin whichthey are

presenin thecomponentefinitionsgivenin 3%

Thenumberdollowing theparameter&ftertheseparating ) specifythechannelso which
this componentconnectqagain in the sameorder asthe componens definition). Where
arraysof portsare presenton a componentchannelnumberlists areenclosedn bracedo
delimit individual arrayedports. The cardinality of arrayedportsis, in all of the defined
handsha&componentsstatedexplicitly in oneor otherparameteof thatcomponenandsoa
tool processin@ Breezdile canignorethebracesf it sowishesandusetheparameteralone

to determingheportsto whichthatcomponentshannekonnectionshouldbemade.

Breezepart instanceshave the sameform ashandsha& componentinstancesexceptthat
no nameprefixis presentindno parameterareallowed. A commandine optionto balsa-c

canbeusedto flatteninstance®f Breezepartsusedwithin otherpartsinto their constituent
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handsha& components.

4.2. Handshake component generation —
balsa-netlist

Gatelevel implementation®f a Balsahandsha&k componentanbe generatedby applying
the parameterfrom a Breezeinstantiationof that componento the templatefor thatcom
ponentheldbytheBalsabackend. Thegateggeneratethy these¢emplatesrenottargettech
nologycellsbut aregeneridogic gateswith unlimitednumbersf inputs. All thehandshak
componentsvailableto Balsaaredescribedoy a commonsetof templategthe ‘common’
technologywith specialtargettechnologyspecific versiononly usedin specialcases.The
templatesare written in a handshak componentdescriptionlanguagewhich is processed
to producethosegenericgates. Target technologyimplementationsre then generatedy
technologymappingthosegeneriagates. Thesetechnologyspecificnetlistscanthenbewrit-
tento disc(in CAD systemnative netlistformats)andimportedinto the CAD databasesf
thebackendCAD tools.

Figure¢4.2 shavstheprogres®of a designthroughthistechnologymappingback-enddesign
flow. The ‘gen’ stageof componentgenerationperformsthe templateapplicationinto
genericgates. Thegenericgatesarethenmappedntogateswith realisticnumbersf inputs
(to matchthe numbersof inputsavailableon gatesof the targettechnology)by the ‘mapl’
process.The ‘map2’ processhenreplaceshesesmallergateswith cellsfrom thetargetcell
library soproducinghefinalimplementation Thegeneratedetlistis thenoutputin aformat

appropriateo thetarget CAD systemby the‘net’ process.

Balsa-netlisis writtenin Schemdg3], a dialectof Lisp, andexecutedusingthe GNU Guile
Schemaenterpreter@d. This choiceof implementationanguagesllows nen additionsto
thetool to berapidly developedandfor the CAD interfacescriptingandheavy datastructure

processingf balsa-netlisto shareacommoncodebase.

4.2.1. Handshake component templates —gen

The templatesdescribingparameterisetiandsha& componengeneratiorcontaindescrip
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Figure 4.2. Balsa back-end design flow

tions of thosecomponent@scombinationf the genericgatesasdescribedabore. As an
example,considerthe expansionof a 4-way Fork componen{Fork is describedn B35}
which appearsn a Breez€file as:

Fork (4 : #1, {#2, #3, #4, #5))
Fork hasatemplaten the‘common’technologywhich describesinimplementatiorof Fork
in which anincomingrequestpn portinp , is forked to form outgoingrequest®n eachof
therequestsf thechannel®f portout . A treeof C-elementgathersacknaviedgmentérom

theout portsandreturnsanacknavliedgemento inp . Thetemplatefor thisimplementa

tionis:
(primitive-part "Fork™
(parameters
("outputCount" (named-type  "cardinal"))
)
(ports
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(sync-port "inp"  passive)
(arrayed-sync-port "out* active O
(param “outputCount"))

)

(symbol

(centre-string "M

)

(implementation
(technology “four_b_rb"

(nodes)

(gates

(c-element (ack "inp") (ack (each "out")))
)

(connections

(connect (req "inp") (reqg (each "out")))
)

)
)
)

This template containsnot only an implementationfor Fork (in protocol combination
four_b_rb —4-phasdroadpush/reducetiroadpull, seegZ4-, butalsotheordertypesand
cardinalitiesof thatcomponens parameterandports. Noticethattheout portis arrayed
overoutputCount  portelementsnatchingthefour channelg#2,#3, #4.#5) usedin the
exampleinstance.The symbolsectionof the templategivesa descriptionof a stringto be
usedbythebreeze2pbandsha&circuit ‘pretty printer’(describedn [B]). Theimplementation
of Fork is split into threeparts:theinternalnodesto the componen{nodes ), the gatesin-
ternaltothecomponentgates ) andtheconnectiondetweerportsof thecomponentcon -
nections ). Separatinghe internal gates(which may include internal connections/wire
renamingsjrom theexternalport crosseonnectiongllows handshak&circuitsto bepartially
flattenedto remove portto-port connectionsvhich aredifficult to representn mary netlist

formatsandmalke signalloadmanagemendifficult.

Whencorvertedto targettechnologycells,two circuitsaredescribedo implementthisform
of Fork:Brc_Fork4 andBrz_Fork4 . Brc_Fork4 containghecellinstanceslescribed
in the(gates ...)sectionof the circuit description. Thesecellsform the functionalbulk
of the circuit and presentan externalinterfacewhich consistsof a subsetof the portsof
the Fork component.The Brz_Fork4 circuit containsthe whole circuit implementation
in the form of aninstanceof Brc_Fork4 ) andthe port-to-portconnectionsmplemented

with logical buffer componentsThesebuffersmustberemovedduringthe back-endefore
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circuitimplementation.

The Brz_Fork4 componens externalinterfaceis a setof portsto matchthe 5-ported
Fork giving in the Breezeexamples,i.e. a 10-portedcircuit with alternatingrequestand

acknavledgeports.

Thesinglegatein Fork's(gates ...)sectionis:
(c-element (ack "inp") (ack (each "out")))

Gatedescription®f thisform maybeinstantiatechsa numberof genericgates. In thiscase,
atreeof C-elementss generatedo join the 4 acknavledgement®n the out portsto the

acknavledgemenbntheinp port. Portsandarraysof portsareidentifiedby their names
andtheack ,req anddata operatorsplit off therelevantwire portionsof the portsgiven

asargumentgothem. Theeach operatorexpandgshearrayedportspassedo it into alist of

all theconstituenportsof thosearrayswhich canthenbepassedo oneof thewire-selecting
operators.n thiscasethewiresresultingfromthe(ack (each ...)) termformtheinput

to amulti-way C-elemenimplementedasa balancedreeof three3-inputC-elements.The

connect commandwhichis usedin the (connections ...)sectionworksin a similar

fashionto thec-element gateandexpandsinto a setof connectingouffer genericgates
fromtherequesbf inp totherequest®f eachof theportsof out . Wheretheargumentgo

thegategeneratingommandgonsistof morethanonebit, anumberof similar setsof gates
aregeneratedo implementhesame&unctionon respectre bitsof eachargumentgiving rise

to a2 dimensionahrrayingof gategeneration.

This2 dimensionahrrayingof gates(by cardinalityof algumentsandbitwisewidth of each
argumentpllowsall theconnectiorcomponentto beimplementederyconcisely Operators
for slicing, bit-reversing bitfield-extractingandslice-combiningallow theinternalsof other
usefulcomponentgsuchasthe mary formsof BinaryFunc)o be described.Operatorsalso
exist to describeconditionalexpansionof gatesin orderto make implementatiordecisions
basedn componenparametersThelanguagaloesnot, however, includeexplicit operators
to iteratvely generategates. The bit-rearrangingoperatorsallow all the current Balsa
handsha& components$o be describedisingonly theiterationimplicit in the2 dimensional

expansionof gates.
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4.2.2. Generic component decomposition — mapl

Thesinglegenericgateproduceddy the expansionof a4-way Fork is:

(c-element “inp_0a" "out_0a" “out_la" “"out_2a" “out_3a")
Thisis a4-inputC-elementwvith outputconnectiorto signalinp_Oa . Noticethatonly one
gateis generate@sall theamgumentdo thetemplategatehada cardinalityof one. Also note
thatsignalnamesave beentechnologymappednto compound®f portname portindex (0
for un-arrayegborts)andtheportionof thechanneivhichthissignalrepresent§ for request,

a for acknavledgemenandd for datain thistechnology).

Themappingof thisgateinto smallerimplementabl@atess performedby ‘mapl’underthe
directionof maximumgatefan-ininformationprovided by thetechnologydescriptiorfiles.
Thistechnology(theexampleis usingthe‘ams035‘technologyhasonly 2-inputC-elements

andso‘mapl’returnsthesetof gates:

(c-element2 ("internal_0d" 0) "out_Oa" "out_la")
(c-element2 ("internal_0d" 1) "out 2a" "out _3a")
(c-element2 “inp_0a"  ("internal_0d" 0)
("internal_0d" 1))
Two internalnodesareintroducedasbits of thebussignalinternal_0d . Decomposition

of C-elementshisway producesitreeof C-elementsvhichis notcapableof recoseringfrom
theremoval of aninputtransitionbeforethetree’s outputhastransitionedasa consequence
of thatsignal. Thesedecompositionareacceptabléor thisapplication. Applicationswhich
which requirea C-elementto toleratepulseson inputsmustmalke useof simple2-input C-

elements.

AND, OR,NAND, NOR and2-level (AND/OR) implementation®f decoders/encodesse

handledwith similar, treebuilding, gatedecompositionomechanisms.

4.2.3. Target technology gate mapping — map2

The secondstageof thetechnologymappingprocesgproducesargettechnologycellsfrom
thesimplegatesproduceddy ‘mapl’. Connection®nthesimplegatesaremappecdntothe
pin orderof thetargettechnologycellsandthenameof thetargetcellsaresubstitutedor the

simplegatenames.Thecellsproducedor the4-way Fork are(in the Balsanetlistformat):
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(instance c2 ("internal_0d" 0) "out_0a" "out_la")

(instance c2 ("internal_0d" 1) "out 2a" "out _3a")

(instance c2 "inp_0a" ("internal_0d" 0)
("internal_0d" 1))

4.2.4. Netlist generation — net

Balsainternalnetlistsfor generatedircuitsareoutputin CAD systemnative netlistformats
usingthe ‘net’ netlistgenerators Netlist generatiorinvolvesgatheringprototypedor cells

usedby the generatedhetlist, pruning unusedsignalsand adding connectiongo power

componentfrom powersignalreferencem theBalsanetlists. TheBrc_Fork4 component
definitionis output,in structuraMerilog,as:

module BrcFork_4(out_3a, out 2a, out la, out Oa, inp_Oa);
input  out_3a;

input  out_2a;

input  out_1a;

input  out_Oa;

output inp_Oa;

wire [1:0] internal_Od,;

wire vcc, gnd;

LOGICO gnd_circuit (gnd);

LOGIC1 vcc_circuit (vce);

c2 10 (internal_0d[O0], out Oa, out la);

c2 11 (internal_0d[1], out_2a, out _3a);

c2 12 (inp_Oa, internal_0d[0], internal_0d[1]);
endmodule

4.2.5. Commer cial CAD systems

TheBalsaback-endyeneratedjatelevel netliststo importinto target CAD systemsn order
to producecircuit implementations.To date,threeCAD systemdave beentargetted,each
with its own netlistformat,namingcorventionsandtool flow. Balsacurrentlyhasa number
of namedtechnologyback-endggiven herein parenthesesgachtargetingoneof thethree
CAD systemslescribedelon. Eachof theseechnologieslsospecifiesanetlistformatand
namemappingschemgwhich charactersreallowableandescapingnechanismsor these

characterso usewith thatnetlistformat.

CompassDesignAutomation toolsfrom Avant! (armlr7)
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Compas$md is a completelC designpackagewith schematientry, simulation,stand
ardcell compilersandlayoutdesignpackagesBalsanetlistsareenterednto Compass
usingCompass natie netlistformatNLS. Schematicaregeneratedrom thesenett
istsby the netlistimport procesandtheseschematicareusedto producdayoutusing
thestandarctell placeandroutetool PathFinder Compassvasusedwith a cell library
providedby ARM Ltd. to implementthe AMULET3i describedn Ehapterd. The AM-
ULETS3i DMA controllerwasproducedisingBalsasynthesisvith thistechnology Syn
opsiss TimeMill [ wasusedto simulatethesemplementedlesignsat bothschematic
(preplaceandroute)level andafterlayoutwasgenerated.

Xilinx Alliance FPGA designtools (xc4000e yirtex)
The Xilinx Alliance tools [77] are usedto generatgoprogrammingstreamsfor Xilinx
XC4000EandVirtex FPGAdevices. Innovedas Paverview [B9 CAD systemis used
to enterhanddrawn top level schematicgor FPGA pin connections Balsanetlistsare
importedinto Ponvervien andschematicor thosenetlistaregeneratethy theViewlogic
tool ViewGenif sodesired.EDIF 200 netlistsareusedto importinto Ponvervien andto
export netlistsfrom Pawverview into the Xilinx Alliancetools. TheXilinx toolsarethen
usedto mapthe Balsadesigninto FPGA look-uptableentriesandinterconnectindto
generatehebitstreamusedto programthetargetFPGA.

CadenceDesignFramework Il (ams035)
Cadencdm is usedto enterdesignslestinedor silicon,standarctellimplementations.
Currentlyonly the AMS 0.35um 3LM procesgi is supportedisingCadences Silicon
Ensembleplaceandroutetools and Verilog [Z3 simulation. Verilog structuralnetlists
aregeneratetby balsa-netlistor importationinto Cadenceandschematicaregenerated
from thesenetlistsby the Cadencetool ihdl. Cadenceas a more popularIC design
tool thanCompassndsothe majority of work on futuretechnologiesvill probablybe

conductedusingCadencéools.

The currentback-enddoesnot allow the technologydescriptionto containary technology
specificoptimisationsor compilation optionsfor usewith the Balsato Breezecompiler
balsa-c. Suchcompilationguidelinesmay be addedin future revisionsof the technology

mappingportionof theback-end.
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4.3. Component implementations

The handsha& componenimplementationgproducedby this back-endfrom its template
arevery similar to theimplementation®f TangramandBalsahandsha& circuitsdescribed
elsavhere. The synchronisinggomponent$Synch,Passvator ...) consistof wire forks and
C-elementreestransferrersrebuilt usingonly wiresandvariablesarebuilt with transparent
latchesusing the delay causedby driving the latch enablesignalto provide a write port
acknavledgement.The Call componentsiave corventionalmeigedrequestandC-element

gatedacknavledgementglik e thosedescribedn §Z2-31).

Currently Balsahandsha&circuitsusethesamehandshakingrotocoldor all pushchannels
and anothersingle protocolfor pull channels.Pushand syncchannelsuse4-phasebroad
signalling. For pushchannelghis choicemakesdatavalidity aslong aspossible(in order
to simplify dataprocessingomponentsandin syncchanneldo allow cheapeiparallelism
(by useof Fork insteadof Concur)anduseof the return-to-zerghase.Using broadpush
signallingwith a cheapwires-onlytransferrerequireshatthe pull componentsnakingup

the expressiorsourcingthattransferreikkeeptheir datavalid for sometime afterthe endof

theiroutputhandshaks.

Using4-phasdoroadpull for thesexpressiorchannelsvould beidealin orderto providethis
longdatavalidity. Unfortunatelybroadpull requireghatvariablereadportskeeptheirvalues
betweerhandsha&sevenwherethatvariableis writtento. For thisreasonpull channelsre
implementedusing4-phasereducedbroadsignalling. Input datato pull componentss al
lowedto changéetweeronehandshakandthenext althought mustremainvalid for atleast
aslong asthe datavalid periodof the pushhandsha& on the outputsideof a transferreito
whichthepull channels connectedIn practicethisconstrainis metby thestrictsequencing
of writesandreaddo variablesenforcedby thecompilationprocess A variablesourcingthe
pull channebf atransferrepnwhichatransfelis currentlytakingplacewill notbewrittento
until the handshak& controllingthattransferre(which completelyencloseshe output,push,

handsha&)hascompleted.

The pull dataprocessingcomponentgBinaryFunc,UnaryFunc Split, Constantand Case

Fetch)areimplementedn sucha way thattheir dataprocessingortionsoperatecorrectly
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(performsthe correctlogical function) even betweerhandshag&s. For componentgontain
ing anadderstructurethe carrychainof theadderis implementedisinga pair of carryand
carryvalid signals. Carryvalid canbe usedwhenthe components activated,alongwith a
completiordetectiortreeto provideamatchedgathdelayto correctlyreturnanacknavledge
mentwhendatais ready Duringthe extendedvalidity periodbetweerhandsha&srequired
by reducedroadsignalling,thecarrychaincontinuego functioncorrectly(andsotheadder

continuego producecorrectresults)ut the carryvalid signalsarereturnedo zero.

4.4. Problems with this back-end

This back-endhasa numberof outstandingproblems. Someof theseare relatedto the
way that this back-enddoesnot optimiseor performsignal drive strengthanalysisacross
componenboundaries Otherproblemsarerelatedo thelack of consistentiming validation

in thecurrentback-end.

4.4.1. Signal drive strengths

Managingdelayscausedy theload on signalsdueto signalfan-outis currentlyperformed
by compiling tablesof ‘required drive strengthsfor all the signalswithin a handshak
componenwhile producingthe parameteriseglersionof that component.This takulation
is automatedthe errantsignalsarereportedto the userin orderof their lack-of-drive. Any

cellswhichareincapableof driving theiroutputsignalscanthenbereplacedy morestrongly

driving cellsor buffer cells.

Insertionof buffersto increasesignal drive strengthis currently performedby handasit
is difficult to geta goodview of the problemscausedby poorly driven signalsuntil after
simulation. Whensimulated a designyieldsinformationaboutthe delayscausedy poor

drive acrosssignalboundariesndatthecircuit peripheries.

The large numberof Balsahandsha& componentsvhich consistlargely of feedthrough
connectiongrom oneport to another(e.g.Adapt, Fetch,Split, Combine)makesa hierarch
ical approactio managingsignalbufferingimpracticalasrealistic,staticvaluesfor theloads

presentedby theinputsto handsha&componentsannotbe compiled. Flatteningtheseport-
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to-portconnection®y usingthetwo componen{Brz andBrc prefixcomponentgxpansion
of handshak& componentxanallow thesefeedthroughconnectiongo be removed but at
the costof producingmorecomplicateddifficult to traverseschematics/netlistgEiqure4.3
shavs theimplementatiorof the 2-way Decision\\ait handsha& component.The acknav-

ledgementgor the outputsyncchannelsarefed directly backto the input syncchannelsas

partof theenclosingportto-portconnectionsBrz wrapper

BrzDecisionWait_2

,,,,,,,,,,,,,

Figure 4.3. DecisionWait handshake component implementation

Two obvioussolutionspresenthemseles:the consistentiseof timing analysison produced
circuitsto choosepointsin thetop level netlistto placebuffersandthe adoptionof a setof
handsha& componentsvhich have fewer feed-througltonnectionsindso fewer signalsto
complicatepartiallyflattenedflattenedupto theBrc componentsyetlists. Thecomponents

describedn areintendedin part,to addresshisfeed-througtproblem.

4.4.2. Timing validation

Timing analysiof Balsasynthesisedircuitsis currentlyundertalenby ‘exhaustve’ simula
tion of thefinal,implementedayoutof thosedesigns.Simulationtracefilescanbeanalysed
to ensurdhatsignaltransitionsarefastenough(addressinghesignaldrive strengtiproblem)
andthat bundling constraintoon channelsandtiming constraintsnternalto the handsha&

componentsremet.

Unfortunately this form of analysiscannot be guaranteedo exposeall timing problems
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asit maybeimpossible(or at leastimpractical)to exhaustvely exercisea particulardesign.
Thereforestatictiming analysiswvill haveto beaddedo futureversionof theBalsaback-end
which producemplementationsvhich requireinternaltiming constraintso beobeyed. It is

alsoplannedto target Balsaat the newer approacheto delay-insensitie circuit generation
(suchasn-of-mcodesandNCL). TheseDI approachewill notrequiretiming analysisother

thanto treatslow signaltransitionsdueto poorly drivensignals.

4.5. Other new design flow features

The new Balsaback-endisn’t the only new part of the Balsadesignflow. As mentioned
previously, animproved versionof the LARD simulationinterfacehasbeendeveloped. A
numberof additionsto balsa-candthe Balsalanguagéehave alsobeenmadesincethe work
describedn [B]. Two toolsto helpwith designmanagementalsa-mdandbalsa-mghave

alsobeendeveloped.
4.5.1. LARD simulation — breeze2lard

LARD [T is essentiallya flexible programminganguagewith very fine grain threads,
a run time ervironmentwith sourcelevel dehuggingandan acknavledgemenof the im-
portanceof channelcommunication.Channelcommunicatiorin LARD is implementedyy
carefuluseof sharedmemory non preemptve threadingand parameterisetiyping and al-
thoughveryflexible is very easyto breakby accessinghe sharednemorydirectly or by fail-
ing to enforcemutually exclusive sender/receer useof thetwo endsof a channel.LARD
has,however, beenof greatusein producinginitial designdor AMULETS3i. Theability to
write large,behaioural,channekconnectedlockswhich simulatequickly allowing realistic
amountsof codeto berun onamodelledprocessorllowstheuserto try differentprocessor

organisationsn a shortspaceof time.

An exampleof theuseof LARD asa simulationback-endior Balsawasgivenin [6]. This
original tool mappedBreezehandsha& circuitsinto LARD by instantiatingnodelsof each
componentin that handsha circuit asa separatd ARD processproducinga structural
modelof the Breeze. Structuraltranslationleadsto very slowv simulationsdueto the heavy

channelcommunicationcostin LARD and also slow channelviewer startupdue to the
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potentiallylargenumberof channelsnvolved. Balsasdatatypingwassimulatedusingarrays

of boolearvaluesto simplify bitfield extraction/concatenation.

Sincethen,amuchimprovedtool, breeze2lardyasbeendevelopedto allow Balsadesigngo
beautomaticallyranslatednto LARD toallow designvalidationandsimulation.Breeze2lard
created ARD modelshy translatingBreezehandshaé circuit files either structurallyinto
LARD (in thesameway astheold Breezeto LARD translator)r by recoveringbehaioural
descriptiongrom the handshaé circuit controlflow. Structuraltranslationis usedasa fall
back positionwhen performingbehaioural descriptionrecovery for portionsof the hand

shale circuit for which rulesfor reconstructindpehaiour do not exist.

Unfortunatelythe existing versionsof LARD poseda numberof additionalproblemswhen

usedasa simulationenginefor Balsa.

Changesto LARD

Many of theproblemsnherentin usingLARD asaBalsasimulationernvironmentarearesult

of itsinitial designandemphasi®n higherlevel modelling. Thesanclude:

« Balsadatatypesareof fixedlengthbut Balsadoessupportintegersof lengthsgreater
than the machineword. LARD modelstypically usethe built in type int which
representasinglemachinevordto move dataaroundLARD doesnhotsupportarbitrary
precisionintegers.

*  LARD doesnotsupporthitwiserecordfield positioning. A typesuchasrecord a :
5 bits; b : 3 bits end in Balsais an8bit longtypewith two fieldscovering
bitfields [4..0] and[7..5] respectrely. LARD only supportshamedfield extractionon

wholewords.
* LARD channelsdon't supportpull channelbehaiour. The standardLARD channel

modelprovidesonly abstract2-phasdik e channebehaiour.

e LARD doesnt supportsourcelevel delugging of arnything but LARD. The user
cannotrenumberthelinesin a LARD file to make theuseof alanguagdranslatedo
LARD transparentin C thiscanusuallybe achiezedby usingthe preprocessacpp(1).
cppremovesall preprocessodirectvesand expandsmacrosbut makesthesechanges

transparento theuserby addingexplicit filenamesandline numbersn its outputformat
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whichthecompilerusego generatelelugginginformation.

« The LARD channelviewer cant display enumeratedypes, multi-precisionintegers
(however they areimplemented)r recordstructuresn ary form other than simple
formattedintegers.

*  Thelargenumberof channelgpresenin handshak circuit descriptiondeadto LARD

modelswhich compileandrunvery slowly.

Theneedfor all of thesefeaturehasbeenmetby addingthemeitherto the LARD language,

its interpreteror by rewriting someportionof aLARD library.

Multi-precision integers were adoptedby adding supportfor the GNU Multi-Precision
arithmeticlibrary (libgmp) [82] to LARD. Formattedprinting and parsingwere addedby
makingC-like printf andscanfformatstringbasedprinting and parsingfunctionsavailable
in theLARD language Thesdormattingoperationsverewritteninto thecodeof theLARD
interpreterto allow themto be usedby thechanneliewer for signaldisplay Bitfield record
typesaresupportedy bit extractingvariablereadoperation®n multi-precisionintegers. To
supportsourcdevel Balsadehugging,cppstyle‘# linenofilename'directvesarerecognised
in inputfilesby the LARD compiler(lcd). Pull channelsareprovidedby arewrittenchannel
library which modelschannelrequest/ackneledgepairsasindividual signalswith 4-phase

handshags. All thesenaw featuresveremadeavailablein LARD version2.0.12.

The oneremainingproblemis the large numberof channelgresentin translateddesigns
whicharestructurallygeneratedrom Breeze.Parameterisethodelsof the Balsahandsha&
componentsetwere handwritten in LARD which the translationtool would composeto
generatea structuralmodel of the Breezehandsha& circuit. Translationcould insteadbe
performedfrom Balsaitself resultingin more behaioural modelswith fewer unnecessary
channels A largeproportionof thesechannehreassociateith thecontroltreerootedatthe
‘activationchannel{effectively theresetwire) of thecircuit sothereplacemenof thistreeby
LARD codewould significantlyreducethe sizeof the simulationmodel. Unfortunatelythis
would alsomalke thetranslatiortool dependentn the syntaxstability of the Balsalanguage
whereaghe useof Breezeonly requiresnev LARD componentimodelsto be written for
new handshak componentsFortunatelydueto the directnatureof Balsacompilation,we

canperformthe samecontrol translationby examiningthe control handsha& components
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danglingoff theactivationchannel.

Behavioural models

Behavioural descriptionsarerecoveredfrom handshag& circuitsby notingthatthesecircuits
consistmainly of a controltreeterminatedn transferrercomponents.The transferrerare
themseles connectedo expressionor channelson their input sidesand to variablesor
channelson their outputsides. Their functionis to transferdatafrom their inputsto their
outputsunderthe control of their data-lesssync control channels.Eigure 4.4 shaws this

generalcoathangerandbow ties’structure.

~—— gctivation channel

~+—— control component tree

-
-« | control channels

\ A 0

expression trees Ivalue trees

Figure 4.4. Control tree structure in handshake circuits

A diagramof thiskind canbedrawn for any handshak&circuit asall controlflows,ultimately,
from thecircuit activation. Considetthis smallbuffer example:

procedure  buffer (
input i : byte;
output o : byte ) is

variable X : hbyte

begin
loop
i > X
0 <- X;
0 <- (x +1 as byte) -- add one
end
end

The handshaé& circuit diagramandactivationtreefor the compiledversionof this example
isshawn in figuré4.5(with channehumbersndicatedon bothdiagrams).Thiscircuit actsa
single-placéduffer whichsendutits recevedinputvaluetwice (oncewith its originalvalue

andasecondimeincrementedpeforeacceptingasecondnput. Theactivationtreestructure
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is simply a tree with threetransferrerseachconnectedo the variablex andrespectrely
connectedo portsi , 0 ando. Theincremenexpressioronx by thethird communications
showvn aspartof the expressiortreeon thatcommunication.Thetwo connectiongo porto
areshavn withoutamultiplexer (Theindicatedcomponenin thehandsha&circuit diagram)
asary possibleactivationof thetreewill neverresultin non-mutuallyexclusive writesto that
port. Themultiplexeris notshavn ontheactiationtreediagramasconnectiorcomponents

arenot shavn in this notation.The translatorhandlesthe activation tree by keepinga set

activate

(4.5)

Figure 4.5. A simple buffer example: handshake circuit and activation tree

of root channelgo control treeswhich needto be traversed. The majority of the control
componentgLoop, Sequencé)Vhile, Concur...) areknown explicitly to thetranslatorand
arecorvertedto atreerepresentingheLARD codeto generate Expressionandlvalueqthe
componentreeconnectedo oneor morevariablewrite portsor outputchannelsarehandled
by two additionafunctionsworkinglik etheactivationtreecrawler but alongdatapathso and
from variablesandports. The expressiorandlvaluefunctionsarecalledwhentheactivation

treecrawler reaches transferrer

Chapter 4. The Balsa Back-end 98



4.5. Other new design flow features

As LARD doesnot requireexplicit multiplexing or control demultiplexing for forks and
joins in channelsthe translatorgeneratesio codefor thesecases.If a controltree hasa
channelconnectedo a Call block thenthis is treatedin the sameway: an explicit channel
communications placedin the LARD codeandthe channehumberof thiscommunication

is addedo theworking setof unexaminedcontroltrees.

Onceall the controltreesof a procedurénave beenexaminedthe LARD codeis generated.
Thecodefor the buffer exampleis:
‘BP_buffer* (

‘P_activate’ . var(SyncChan),
‘P_i* . var(PullChan(8)),
‘P_o* . var(PushChan(8))
) : expr(void) =
(
‘VO_x[0..7] . var(BalsaVariable)
Init  (*VO_x[O..77], VO_x[0..7]) ;
forever  (
‘P_activate’ ? ( Body of sel ect encl osed
forever  (
‘VO_x[0..7]' = (P_i* 2 (?P_i)) ;i nput
‘P._ o ! Read (‘"VO_x[0..7]) ; out put
‘P o ! (Read (‘VO_x[0..7]) +

s2mpint  ("1")[7 to O]
) ) )

) .
The generated ARD codeis almostexactly the sameasthe sourceBalsacode(in control
structuraf notin syntax). Themajordifferencastheadditionof theouterP_activate*
? (forever ...) loop which allows this procedureto be structurallycomposedandto
respondo anexplicit activation. If thiswerenot presentandthe controlstructurefollowed
the Balsaexactly, it would be difficult to accommodatéhe notion of sharedblocksof code

without morecomplicatedanalysisof theinput code.

Considethesamesxamplewith thetwo outputcommunicationseplacedy callsto ashared
block of code(withouttheincremenin theseconccommunication) Firstin Balsa:

shared out is begin o <- x end

i > x; out (); out ()
Resultingin thegeneratedl ARD code:

forever  (

Chapter 4. The Balsa Back-end 99



4.5. Other new design flow features

‘C10_ @6:23* ? this is the shared bl ock

( ‘P_o* ! Read (‘VO_x[0..7]) )
) |
forever (
‘VO_x[0..7] = (‘P_I" ? (?'P_iY) ;

sync (‘C10_@6:23") [* call */ ;
sync (‘C10_@6:23") [* call */
)

If thecalltothisproceduravasusedasanactivationthenthesharedlock codewould never
terminate. The sharedblockscould be re-implementedvith local LARD procedures$ut it

wasconsideredo be moreflexible to make theactivationexplicit in thisway.

Test harness generation

Testharnessef®r LARD simulationgsanbecreatedy breeze2lardlongwith LARD models
of Balsacircuits. The generatedestharnessesan provide valuesto inputsto the circuit

undertest(eitherconstanbor from a file) andcaptureoutputof thecircuit to file. Othertest
behaiours(e.g.connectingaBalsadescribednicroprocessaio asimulatednemorysystem)

canbecreatedoy addingto the LARD testharnessy hand.

Greatersupportfor usingBalsaitself to describéestfixturesfor circuitsis plannedn future

versionsof thebehaioural simulationsystem.

4.5.2. New balsa-c features

Two new featurehave beeraddedo Balsaaspartof thiswork: parameterisepgrocedureand

outputselection.

Parameterised procedures

Parameterisegbroceduredave argumentsother than port connectionsvhich are usedto
determineaspect®of the procedureséxpansionwheninstantiated. Theseparametersnust
beconstantait compiletime asthey aretypically usedto controlthesizeandnumberof ports
andchannelsvithin the expandedorocedure.As anexample,considerthis definition of an
n-input multiplexer with w bits ~ wide inputsandoutput(thetype cardinal  is usedin
configurationto indicatearny naturalnumber):

procedure  Mux (
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parameter w : cardinal;
parameter n : cardinal;

array n of input inp : w bits;
output out : w bits ) is
begin
if n = 0 then print error,"Parameter n should not be
zero"
| n =1 then
loop
select inp[0] -> inp then
out <- inp
end
end
| n = 2 then
loop
select inp[0] -> inp then
out <- inp
| inp[l] -> inp then
out <- inp
end
end
else
local
channel out0, outl : w bits
constant mid = n/ 2
begin

PMux over w, mid of inp[0..mid-1],outO I
PMux over w, n-mid of inp[mid..n-1],outl I
PMux over w, 2 of outO,outl,out
end
end
end

This definition constructghe requiredmultiplexer by recursve decompositiorinto 2-way
multiplexers. The n and w parametersan be appliedto producean expansionof this
multiplexer (in this casea 4-way, 32b multiplexer)so:

procedure Mux_4 32 is Mux over 4, 32
This parameteappliedversionof Mux is boundto the nameMux_4_32 for laterinstan

tiation.

ParameteriseBalsaprocedureareexpandedy re-examiningthecodeof theprocedurevith
theparameterseplacedy constantslt is necessarfor balsa-do dumpoutthe sourcecode
for parameterisegrocedureso compiledBreezefilesin orderto allow otherBalsafiles to

expandtheir own versionf the procedures.
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Output selection

Balsadescriptionanbe written in which behaiour canbe affectedby the arrival of one
of a numberof input communications.The Balsaselect andarbitrate statements
areusedto expresshisinput choice. An exampleof theuseof select canbeseenin the

parameterisedrocedureexamplegivenin the previoussection.

Tangramselect semantichave previously allowed selectionon bothinputsandoutputs.
Thisis easyto provide in Tangramasthe communicatioron which the selectionis baseds
sequencedvith the commandto executeasa consequencef that communication.Input
selectionsirethereforderminatedn assignment® variablesandoutputcommunicationare
sourcedy expressionshothof which occurbeforethebodycommandf the Tangransel

...les command.

Balsaselect commandshowever, enclosethe body commandwithin the input commu
nicationin orderto allow the valueon the input channelto be used(unlatched)nsidethat
command.To allow behaiour to be affectedby the orderof arrival of requestgor outputs,
it would beusefulif thecommandattachedo theselect endof communicatiorcouldbe
performedbeforethe outputcommunication.Unfortunatelydueto theuseof reducedroad
signallingfor pull (outputselectionthannelsthevalueof theoutputexpressiomustbecon
stantuntil sometime afterthe endof the communicatiormakingit difficult to exploit inter-

estingoverlappingof outputcommunicatiorandcommandactivation.

Output selectionis, therefore,implementedas a strict sequencingf two operationsthe
activation of the chosencommandand the output communication.A single term of a
selectiorcanconsisiof anumberof channelsall of whichmustarrivebeforethecommands
activated. If someof thesechannelareinputs theactivatedcommandtanmake useof their
valuego performsomeoperations.Thisoperated-owaluecanthenbeassignedo avariable

beforebeingcommunicatedutwardsby the outputchannel®f theselection.

For example,anincrementewhich recevesrequestsrom bothits input and output,reads
theinputvalueandthenreturnsanincrementeaopy of thatvalueto theoutputaftertheend
of theinput communicatiorcould be describeqwherethe outputcommunicatioraspart of

select guardis expresseahannel<- expression:
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procedure  AllPassivelnc (
input i : byte;
output o : byte ) is
variable X . hbyte

begin
loop
select i, o <- x then
X = (i + 1 as byte)
end
end
end

Thisprocedures fairly uselesssa buffer stagehowever. Theoutputandinputcommunica
tionsaretoocloselyinterlocked. A morerealisticuseof outputselections to build monitors
aroundsharedesourcesFor example thisparameterisepgrocedureouldbeusedo provide
asinglereadport,singlewrite port arbitratedaccessharedvariable:

procedure  SharedVar (

parameter t : type; -- paraneter is a type
input  write
output read : t ) is
variable sharedvar : t
begin
loop
select write then
sharedvVar := write
| read <- sharedvar then
continue
end
end
end

Thebodyof thereadcommands continue  asnobodycommands required.

SequencePull
( parameter width : cardinal,

width signal .
out widh passive output out;
-~ inp

active syncsignal;
activeinput inp : width bits )

#[ out I” [ signal; inp 7 inp]]

Figure 4.6. SequencePull handshake component

Outputselectionsimplementedn handshakcomponentsisingthenen SequencePutlom:
ponent.SequencePudictslikea Sequenceomponenbut hasa pull activationport(out ) on

which a valuefrom the secondsequencegort (inp , whichwill be connectedo the output
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expressionranbeconnected Thebodycomandof theselections connectedvia theselee
tion hardware usedwith input selection)to the first sequencedutputof the SequencePull

(portsignal ). SequencePul'symbolandbehaiour areshovn in figuré4.6.

4.5.3. Design management — balsa-md, balsa-mgr

Two tools have beenwritten to help with designmanagementbalsa-mdand balsa-mgr
Balsa-mdis a inter-file dependeng analyserfor Balsafiles which can produceMakefiles
to describethe building of Balsaprojectsand LARD simulation. Balsa-mgris a graphical
front-endfor balsa-mdwhich allows projectsto be constructecandtestharnessefor those
projectdo bedescribed Bothtoolscanbeextendedo addnew rulesfor drivingtheback-end
toolsdescribedn B4:2

Balsa-mdis written in Schemeusing the same codebaseas the other back-endtools.

Balsa-mgiis writtenin C usingthe GTK+ GUI toolkit for its graphicalfront-end.

4.6. Chapter summary

This chapterhas describeda programmablenandsha& componentgeneratorwhich can
producegatelevelimplementationsf all thehandshagkcomponentiescribedn Ehapted. A
methodor simulatingBalsadesigndy reconstructingpehaiouralmodelgwrittenin LARD)

from Breezdiles. Thesemodelscanthenbeexecutedo simulatethesourcedesign.

This back-endmakesuseof templatego performits componenexpansions.it is hopedin
futureto adaptthenotationdescribedn §3-4to allow mary of these¢emplateso bereplaced
by synthesiof behaioursdescribedn thatnotation. In addition,futurework will include

theimprovementof thesourcdevel deluggingandsimulationservicesfferedby LARD.
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Components

This chapternntroducessomenen handshak components.Thesecomponentareintended
to solve someof theproblemswith producingadirect,hierarchicalmplementationsf hand
shale circuitsgeneratedrom thecurrentBalsasynthesisoute. Theaimis to producehand
shale circuitswhicharecomposeaf fewer, largerhandsha&componentsPeephol®ptim-
isationat the handshaé circuit level is usedto replaceclustersof existing handsha& com
ponentvith thesenew, morehighly parameterisedomponents/hich shouldhelpreducehe

amountof gatelevel optimisationnecessarto produceacceptablyptimalimplementations.
Thischapteiis composeadf threesections:

1. A brief overview of the problemsinherentin existing handsha& circuit synthesis
and some justification for introducing larger handsha& componentgo help solve
theseproblems.

2. Description®f theproposeden componentandrulesfor their use.

3. A summaryexplainingtheremainingproblemswvhichtheintroductionof thesecompon

entsdonotsolve.

discussetheapplicationof thesecomponent$o theimplementatiorof a substan
tial testdesign. Comparison®f this testdesignwith andwithout the new componentsre

quantified.

5.1. The trouble with Balsa handshake cir cuits

This sectiondescribeghe problemswith the handshak circuits approachwhenusedasa
generabpproacho designdescription.Limitationsof the handsha& circuitsusedwith the
‘old’ Tangramsystemandthe currentBalsasystemaswell assomerecentimprovementdo

theTangransystemarediscussed.

Handshak circuits provide an attractvely simple way to implementasynchronousogic
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circuitswith channebasedlescriptions.Theuseof explicit request/ackneledgehandshak&
signalling to implementcommunicationdetweencomponentsnirrors well the structure
of channelbasedHDL descriptions.This usefulfeaturemakesautomatedyntax-directed
and hand-lilt implementation®f channelbaseddescriptionseasierin handshag& circuits
thandescriptionswritten in other paradigmgsuchas networks of statemachinesor RTL
level descriptions).Unfortunatelynot all designdind their mostnaturaldescriptionsn the

sameparadigm.

Implementationcomposedrom van Berkel’s original handsha& componentset (the set
usedwith the versionof Tangramdescribedn [8]) tendto consistof largenumbersf small
handsha&componentgachwith fixed(i.e.unparameterisethehaiours. Thesmallnumber
of availablehandshak componenformspresenin the provided handsha& componenset
beliesthe fact that eachcomponentwhich a handshak circuit containsmay be different,
parameterisedersionof oneof thosecomponentsThisleadsto circuitscomposef large
numberof componentselectedrom alibrary containingalargeselectiorof parameterised
componentgwhich have previously beenexpandedfrom templatesoy a mechanisniike
thatdescribedn B4.9). Handshak circuit netliststhereforehave a tendeng to becomean
unwieldymessof toomary componentselectedrom alibrary whichis uncomfortablyarge

andwith toomary interconnectinghannels.

The Balsahandshak componensetis largely the sameasthe original Tangramhandsha&
componenset. Thesamesmall,unparameterisecbntrolcomponentarecombinedwith the
sameconnectiorcomponents$o producesimilarly fine-grainhandsha& circuits. The Balsa
componentsgo,however, tendto have parameterisedumberof ports(e.g.n-portSequencers
ratherthantreesof 2-port SEQcomponentsjo allow a numberof like componentd$o be
combinedn orderto allow local,specifiaimplementatioroptimisationgo beappliedto these
componenta&ndfor handshak circuitsto be generatedvhich arelessclutteredby internal

controlchannels.

Thebenefitof thisprincipleof replacingaclusterof componentsiith asingleparameterised
componentwhose implementationis locally optimisedfor areaare clear What is less
obviousis theimprovementin synthesiglirectnesgthe notion of directnessvasintroduced

in BZ:3, especiallywhendirectnesss appliedto the pathfrom handshak circuitsto their
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final implementations.Larger handsha& componentsallow the netlistsproducedby the
Balsaback-endo bemorecomprehensiblandeasierto understandby thedesigner Larger
componentglsomake hierarchicaplaceandroutemorepracticalwhich mayhelpeasethe

problemof achieving timing closure.

Preservindhierarcly in handshag circuit implementationgndkeepingsynthesiglirectall

thewayto the gate/standardell level is theeasiestvay to improve thelink thatthedesigner
hasbetweertheinput Balsadescriptiorandthe structureof thefinal implementatiorof that
description.Althoughtherearedirectimplementationfor eachof thehandsha&circuits,and
thesedirectimplementationsaneasilybecomposedo form handsha&circuits,thesenhand

shale circuitsdo not alwaysreflectthe bestoptimisedgate level implementation®f those
circuits. A numberof problemsexist aseitheraconsequencef directcircuitimplementation

or asoutstandingproblemswithin handshak&circuits.

5.1.1. Signal drive strength management

Signaldrive strengthmanagemenis concernedvith ensuringthat eachsignalin animple-
mentations sufficientlywell drivento ensurdhatit possibleo drivethenumberof cellinput
loadsto whichit isconnectedor, moreusuallyin CMOS thedriveis largeenougho produce
anacceptablgmalldelayandacceptablyastedgespeed).Thisisusuallyonly aproblemwith
iImplementationestendedo befabricatedas|Cswheresignaldrivesmustbe handledoy the
designeliby eitherinsertingbuffering cellsor by replacingexisting cellswith cellsof greater

drive strength.

Theproblemof insertingbuffersinto hierarchicahandsha&circuitswasbriefly discussedh

BZ 41l Thiswasin relationto feed-througtsignalswithin handsha& componentandtheir
implementationgn the new Balsaback-end.Partial flatteningof handsha& circuit netlists
wassuggestedsasolutionwith theadditionaldrive providedby insertingcomponentbefore

theforksin signalsexposedn thetoplevel of thecircuit by thatflattening.

Signaldrive strengthproblemsalsoappeain Balsahandshag& circuitsaroundvariableread
ports. The signalforks which provide datato eachof a Variablecomponensreadportsare
drivenonly by the latch cell which formsthat Variables storageelement. The decisionnot

to insertbuffering (by default) in this situationwastaken becausehe majority of readport
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bits areimmediatelydiscardedoy Mask or Adapt handshak componentsn orderto make
bitfield selection®n variablecontents.Drive strengthproblemsalsooccurat thereadports

of False\ariablesn thesameway.

5.1.2. Contr ol optimisation

Thecontrolin handsha&circuitsis composeaf a smallnumberof handsha& components
(Loop, SequenceConcur While ...) composedo construciactivationtrees(asdiscussedn
B35 landB8Z45). Thesdreegroviderelatively conserativeimplementationsf sequential
andconcurrencommandcompositionwith no overlapof handsha&sin sequentiallycon
posedcommandand handsha& independencen commandsonnectedn parallel. Balsa
doesnot currentlyperformarny analysison sequentiallicomposed@ommands$o determinef
theiractivationhandsha&scouldbeoverlappedeitherin partor in whole)to allow moreef-
ficienthiding of thereturnto-zerophase®f activationhandshags. Also, parallelcomposed
commandseednot alwayshave totally independenactivationhandsha&s,a degreeof syn

chronisatioris oftenallowable.

For sequencingPlanadescribegust sucha systemof overlappedsequencecircuits [E]]
basednthework of Martin [E9], JosephBailey [8], KagotaniandNarya [£2] anda systenmof
datahazardavoidancemethodsvhenusingthesecircuits. Thesecircuitscanbe constructed
from sub-components the sameway as existing Tangramsequencersre constructed
from S-elementsResynthesigechniquefave alreadybeendiscussedin B2 42 8243 for
building bettercontrolcircuitsto replaceclustersof handsha& componentsThesetypesof

improvementgo controlcomponentarenot yetintegratedinto Balsa.
5.1.3. Channel construction

Many of theconnectiorcomponentsvailablein Balsaexist only to provide synchronisations
and megesin communicationdetweensync channelsand datapaths.Theseconnection
componentsre usedto constructBalsalanguagdevel channeldy connectinghandshak&
channeldrom input/outputcommandsand proceduranstantiations. Communication®n
channelseedto be directedto the input which is currentlyactive in a way that preseres

delay-insensitiity. Multi-cast communicationglsoneedto be routedto just thoseinputs
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which arepartyto the multi-castat this pointin thedescriptiof

VanBerkel describeshe Tangramcompilationfunctionfor providing anactve-input/output,
passve interconnectsolution which preseres delayinsensitvity in systemswith simple,
choicefreecommunicationsTheTangrancompilationfunctiondescribeshannetombina
tion in compilationby usingthreeportedconnectiorcomponentsvhich provide connections
betweentwo commandsThethird portof eachof theseconnectiorcomponentsontinueshe
communicatioriormedby thatcomponenbnto othersequentiallyr concurrentlycomposed
commands Peephol®ptimisationcanreduceportionsof theseconnectiorcomponentrees

into themorecompaci-portedformsmentionedn theintroductionto this section.

In singlerail implementationghe datapatifork anddemultiplexing componentgareessen
tially identicalto their datalesequvalentswith just forked datapathwiring asan addition.
Theneedo presenthannebasednterfacedo theirenvironmentsnakestheimplementation
of channekynchronisatiomn handsha& circuitslesselegantthanin techniquesuchasmi-

cropipeline§8Z-31) wheredatapattandcontrolareseparatedndwherebundlingconstraints

needonly beimposedat majorinterfaces.

Difficult synchronisatiorarrangementalsocomeaboutwherepassve input operationson
thesamechannebccurin severalplaceswithin abodyof code. With actveinputcommands,
therequest$rom thecontroltreearepasseanto theconnectiorcomponentso becombined
by C-elementsnto completesynchronisationsSequencedhputsat differentpointsin the
circuit descriptiorcanbecombinedusingcall elements With passve inputs,however, Balsa
currentlyimplementschannelcommunication/contradynchronisatiorwith a False\ariable
componentollowedby anetwork of DecisionWaitandSynchcomponentsin orderto allow
multiple inputson the samechanneltherequesfrom the communicatiormustbe forkedto
all inputtingFalse\ariablecomponentgor alternatvely, a singleFalse\ariablecouldbeused
with forking of the ‘signal’ port requests)the acknavledgemento this requestis sourced
by only one input commandwith the requestbeingwithdravn from all the inputsby the
applicationof thisacknavledgement.Thisarrangemernis not delay-insensitieandassuch

is notcompatiblewith achannebasedmplementationn Balsa. The CallActive component

Multi-castcommunicationspread singleoutputcommunicatiorontomary, parallelcomposednputs.e.g.c <-
1] c -> vl || c -> v2 hastheeffectof assigninglto bothof thevariablesrl andv2.
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wasprovidedto performthis type of forkedrequestsingleacknavledgemenbehaiour in
non-DIchannelsFigurg5.1shavs anexampleof theuseof CallActive (shavn as’|!’) with

atwo pointinputonchanneh.

activatel

command1

command2

Figure 5.1. Sequenced passive inputs implemented with CallActive

All of theseconnectiorandconditionalsynchronisatiomombinationg€anbe moreelegantly
implementedby the introduction of ‘programmable’synchronisation/calcomponentsn
which the synchronisatiorand call choicescanbe expressedasa specificationstringin a
similar way to the Casecomponent.Implementationganthenbe madeby localisingthe
isochronicwire-forks requiredto implementpassve input structuresand to simplify the
constructiorof theBalsachannel$®y allowing thedatapatiandcontrolto beseparatedithin

thenew component.

5.1.4. Operations with individual signals

Whereit is necessaryo describebehaiour in termsof individual signaltransitionsa system
basedentirely on channelcommunicationss insufficient. Signallevel operationscan be
implementedn handsha& circuitsby usingsmallinterfacecomponentsvhich have channel
interfaceson one side and signalinterfaceson the other Thesecomponentsan perform
operationsuchas:probingof signallevels,waitingon signaltransitionsandassertindevels

onindividualsignals.

In orderto make signallevel descriptiongpossible Tangramhasadoptedanguageonstructs
for handlingthegeneratiorof transitionsonindividual signalsandfor waitingoninputsignal
transitions.Thesdanguageonstructhave beeradoptedo makebuildinginterfacesetween

Tangramhandsha&circuitsandtheirenvironmentsasiefed]. In particularTangrancircuits
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canbebuilt towait for clockedgedo allow easieiinterfacingwith synchronougrnvironments

(24

Balsadoesnot includethe ability to performoperationson individual signals. The signal
level manipulationcomponentsretypically only usedat the peripherief circuitsandso
it is considereceasyenoughfor the designerto make thosecomponentgartof the circuit
surroundingheBalsasynthesisedomponentsWhereindividualsignalmanipulatiorisused

insidea descriptionthesignalscanoftenbereplacedy channelr by extra control.

5.1.5. Datapath operations

Directly compileddatapathsontainarich sourceof potentialgatelevel datapattoptimisation
opportunities.Thisis especiallyiruewhereconstantareusedasinputsto datapattcompon
ents. Considerthisexampleof a Tangram/CSRBtyleinputselectioroperatiorbetweerchan
nelsc andd whicharereadinto variablex_v andd_v andfor whichthecommand< and

D areactivatedaccordingo whichinputarrivesfirst (thecommunicatiormandbodycommand

aresequenced):
local
variable s . bit -- store choice of input channel
begin
loop
select c then
cv  =<c|l s:=0
| d then
dv = d|| s =1
end ;
if s then Celse D end
end
end

Thehandshag& circuit for this exampleis givenin fiquré5.2. Notethattheassignmentsto
s aremadethrougha multiplexer attachedo the constant® and1 andactivatedby thetwo
armsof theselect command.Asall datain Balsais encodedn binary, asinglebit variable
composeaf asinglelatchis usedo storethevalueof s. Thisvariablethemultiplexer(Call-
Mux component)iwo transferrerand Constantcomponent$orming the two assignments
tos could,thereforepereplacedy asingleRSlatchwith achanneinterface. Alternatively
a singlecomponentould replacethe pushmultiplexing of constantgo allow the input to

thevariableto beencodedrom theactvity of theactivationchanneldo thetwo, assignment
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forming,transferrersAsthevalueassignedo s is, ultimately, decodedgninbytheif state
mentactivatingoneof thecommand€ andD, it mayalsomake sensdo hold s in aonehot
encodedorm. In thisexample thetrueandcomplemenbutputsof the RSlatchmentioned
previously could be used. With morethantwo inputsto handle,morelatch bits would be

needed.

Figure 5.2. Tangram-style select handshake circuit

The currentsetof componentpresentfor implementingexpressiongnake it expensve to

build dataoperationsvhich manipulatendividualbitsof asourcevordandconstructresult
word from theseoperations Figureé5.3shavs theimplementatiorof a bit reverseoperation
on a 4 b agument. This circuit involves gatheringfour argumentsfrom the samesource
variable(v) (Maskcomponentareusedo selecindividualbitsfrom thesourcevariable)and

thencombiningtheminto a singleword usinga treeof Combinecomponents.

4
0b1000
'@O—Lo

1
060100 P @‘ -

0b0001

Figure 5.3. 4b bit reverser handshake circuit
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Unfortunately each Combine componentcontainsa C-elementto synchronisethe two
incomingwords. TheseC-elementaresuperfluousmereas,whensinglerail bundleddatais
useddelaymatchingof thetwo variablereadscanbecombinedandthe C-elementemoved.
Performingthis optimisationon the technologymappedgatelevel netlist of the handsha&
circuit hasbeendescribedoy Peeterged]. If gatelevel optimisationis to be avoided,other

mean®f removing thesesuperfluouslatapattsynchronisationsiustbeemployed.

Thisproblemis exacerbatedby theway thatvariablesaresplit into Variablehandsha&com
ponentdy the compilationprocess.This process$reaksvariablesnto smallenoughpieces
thatall variablewrites canbe satisfiedby full-width writeson individual Variablecompon
ents. For examplea 24b variabledeclaredas:variable v : array 3 of 8 bits
for which the assignmentsz[0..1] = ...andv[l..2] = ...areperformedwill be
splitintothreeVariablecomponentsepresentingachof thethree8b portionsof thevariable.
Thosethreeportionsrepresenthe largestnon-overlappingsetof bitfields of v for which
atomicwrites(writing all bitsof abitfield) arepossible.Writing to split variablegequireghe
written datato similarly be split usinga Split component.Split does however, containa C-
elemento synchroniseicknavledgementseturningon its outputchannels.This C-element
iIsunnecessarpr similarreasonso theredundang of C-elementpresentn combiningvark

ablereads.

5.2. New handshake components

CompiledBalsadescriptiongppeain Breezenetlistfilesascomposition®f handshakcom:
ponentsandnothingelse. For thisreasonit makessenseo attackthe problemswvhich Balsa
suffersfrom by thinking of new handsha& componentsThecomponentintroducedn this
sectionaredistinguishedrom thosedescribedn by theiruseof specificatiorstring
parametergapartfrom Caseand CaseFetchvhich areearly examplesof thesecomponent
types). Thespecificatiorstringsareusedto specifypartor all of thebehaiour of particular

instance®f thesecomponents.

TheBalsahandshakcomponensetcaneasilybeextended.All thatisneededsadescription

of thenew component#n boththetemplateanguagedescribedn andin LARD.
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The specificationstring processingnecessaryto make template expanding decisionsis

providedby addinggatedefinitionsandexpressiorfunctionsto thetemplatdanguage.

For example the Casecomponents currentlydefinedusinga onehot decodinggeneriocgate
calleddecode . A functioncalledcomplete- encoding? !is alsoused.Complete-

encoding? returnstruewhenthe Casespecificatiorstringpassedo it specifiesanoutput
for every input encoding. This informationcanbe usedto conditionallyplacean ‘else’ ac

knowledgemenpathin the Casecomponens expansion.

5.2.1. PatchVariable

Variablecomponents Balsahave asinglewrite portandasmary readportsasarenecessary
to satisfyall of the pointsin a descriptionwhich readfrom thatvariable. The problemsof
forksandunnecessargynchronisations readsdescribedn B5-IT-bstemfrom thisorganisa
tion. Newer versionsof Tangram[ed] abandonvariablereadportsto remove thesevariable
readsynchronisationgdescriptiorof analternatve,gatelevel optimisationapproacho this
problemis givenby Peetergssd)). Thisis anacceptablapproactwheredatais bundledwith
controlinsteadof having datavalidity encodedwith the data. Herethe control pathfor the
variablereadportsisjustaloopof wire from requesto acknavledgewith anoptiontoinserta
delayelemenobrincreasehedriveonthedatawiresif timing constraintg&renotmet. A Balsa
Variableimplementedhiswaylooksmuchlik ethechanneloadabldatchexampleshavnin
fiqurgl.4.

Futurework on Balsawill includerenavedinterestn theuseof DI codedo encodelata(see
B8l Thisbeingthecasereadportsareanimportantandintegralpartof variablecomponents
(or at leastthe generatiorof a dataencodedchandshak by requestof a transferreror pull

datapatlitomponenisrequired).lt isalsodesirablgo keepvariablereadsandwritestogether

to allow thestrict netlistform of Breezedescriptiongo be presered.

What is proposeds a more generalVariablecomponentwith parameteriseavidth write
ports (with the multiplexing built into the variable)and parameteriseavidth read ports.
The readportswould, additionally be parameterisetb allow the permuting,concatenation

1A guestiormarkattheendof a procedurenamein Schemedentifiesthat procedureasa predicatgthisis like the
‘p’ suffix usedin otherLisps). Thetemplatdanguagegenerallyfollows Schemenaming/typingcorventions.
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andsign-etensionof readdata(which mayimply datarecodingfor DI codes)}hatwould
otherwiseonly bepossiblewith Adapt,Mask,andCombinecomponentsSuchageneralised

Variablecomponen{namedPatch\ariableafterits ‘patchbox’readandwrite ports)is shavn
in figuré5.4.

writePortWidths[0] ;'\

oo PatchVariab le
- read] ( parameter width : cardinal,
p e parameter writePortCount cardinal;

parameter readPortCountcardinal;
parameter writeSpecification string;
parameter readSpecificationstring;
parameter writePortWdths: array writePortCounbf cardinal;
parameter readPort\Villths: array readPortCounaf cardinal;
array i in 0.. (writePortCount 1) of passveinput write :i bits;
array i in 0..(readPortCount1) of passie output read: i bits)

write[]

writePortWidths |
[writePortCount-1]

Figure 5.4. Generalised variable handshake component — PatchVariable

Thebehaiour of thiscomponents greatlyaffectedby its parametersasis its port structure
(andsothebehaiour is omittedfrom thedescriptiorgiven). Thewidth parametespecifies
thetotal bitwisewidth of the setof latcheswithin thevariable thewritePortCount and
readPortCount  parameterspecifythe numberof eachof thoseport types. The most
interestingparameterarethewriteSpecification andreadSpecification . The
sameform of encoding-specifyingpecificatiorstringsusedby the Casecomponents used
to describethe bitwise combinationf Patch\ariablelatch bits usedto form reador write
port connections Repeatedbits could be specifiedby a bit numberandrepetitioncount(to

implementsign-ectensionfor instance).

In orderto allow readand write portswith differentwidths, a new form of arrayedport
needdo be definedwhoseindividual port widthsaredeterminedy valuesin the specifica
tion strings. Thesenew arrayedportsusethe final two parametersvritePortWidths

and readPortWidths for their individual widths. This informationis, strictly speak
ing, redundantsthe two main specificatiorstringsprovide the port widthsimplicitly. The
PortWidths  parameterare,however, decipherablén Balsa(they arearraysof cardinals)
andsothe heterogenousAdth arrayedportscould be madeconsistenwith the Balsatype

systenmusingthenew syntax:
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array namein rangeof
ThePatch\ariablecanbeusedo replacehoseVariablecomponentbrokenupby bitfield as
signmentge.g.assignment® element®f anarray orrecord typedvariable)r Variables
whosereadvaluesarefrequentlycombinedwith Combinein orderto make their usemore
efficient. At theextremeall thevariablesn acircuit couldbereplacedy asinglePatch\ari
ablealthoughjn practice pnly thecommoncase®f brokenandcombinedvariablesneedbe

combined.Considetthis simplebyteaddressablesgisterexample:

procedure  WordReg (
input  byteSelect 2 bits; -- byte to read/wite
input  byteWrite byte;
input  wordWrite 32 bits;
output byteRead byte;
output wordRead 32 bits
) is local
variable reg array 4 of byte
begin
loop
select byteSelect, byteWrite  then
byteRead <- reg[byteSelect]; -- read then wite
reg[byteSelect] = byteWrite
| wordWrite then
wordRead <- (reg as 32 bhits); -- read then wite
reg = (wordWrite as array 4 of byte)
end
end
end

Without Patch\ariable this examplewould be implementedy four 8b Variableseachwith
two readports,onefor theindividual bytereadsandthe otherto be combinednto thesingle
32b read. Eachvariablehasa multiplexer sourcedwrite port takingdatafrom the byteand
word inputs. The old implementatiorof WordReg is shavn in figurg 5.5. Noticethatthe
Casecomponenusedin thisimplementatioralreadymalkesuseof specificatiorstrings. A
pair of (interim)componentsSplitEqualandCombineEquajwith thesamesymbolsasSplit
and Combinerespectiely), are alsousedto reducethe componenicountby not requiring
individual8b x 8b ~ 16b,16b x 8b  24b... CombineandSplitcomponents.

Thesynchronisationm the Split/Combinepair requiredto form the 32b wide portscouldbe
saved by usingPatch\ariable. This saving would be morepronouncedor a bit addressable
registerwhere32 way Splitsand Combinesarerequired. Large amountsof the ‘clutter’ in

handshaé& circuitsis therebyremoved by Patch\ariable. Fiquré5.6 shavs the dataportion
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activate —(i : bi

byteWrite

byteO

bytel

byte2

byte3

doReadWord doWriteByte

byteSelect
doWriteWord

doWriteByteO

doWriteBytel

doWriteByte2

doWriteByte3

32
wordWrite

doWriteWord
word

(CaseFetch)

— byteSelectl
doReadByte

byteRead

[
doWriteByte1—_) 0 .
bytel ‘
doWriteByte2—() 0 .@
e ‘ H . doReadWord

8..15

dowriteByte3—() O 16.23
24.31
’ 3 L

Figure 5.5. WordReg implementation using Variable components

wordRead

of the samecircuit (the controlportionis the sameasfiqure5.5) with a Patch\ariableused
to encapsulatenuchof the detail (componentparameterisedith specificationstringsare

shovn ascurvedboxesratherthanascircles).

Theeliminationof thebytewide multiplexersin thenew implementatiomeducednuchof the
write port compleity in thiscircuit. Thisis particularlyusefulasthe multiplexing decisions

for circuitswith complicatedvariablewritesarebestmadecentrally

Patch\ariableis nottheonly componentvhich couldbenefitfrom specificatiorstringsto se
lectbitstomultiplex or presento ports. PatchCallMuxPatchCallDemuandPatchRalse\ark

ablecomponentsnayall bepotentiallyuseful.
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PatchVariable (32, 5, 5,
"0..31;0..7;8..15;16..23;24..31", "0..31,0..7;8..15;16..23;24..31",
{32,8,8,8,8},{32,8,8,8,8} :...)

(PatchVariable)
O

word

0..31

O

doReadWord

doWriteByteO:
1 o 32
byteO 0.7 0..31 wordRead
doWriteBytel.
2
bytel 8.15 reg[0..31]
doWriteByte2.
3 0.7
byte2 16..23
8.15
doWriteByte3: 16..23
4
byte3 24.31 24.31

Figure 5.6. WordReg implementation using a PatchVariable component

(CaseFetch)

byteSelectl
doReadByte

8
byteRead

5.2.2. ControlTree

Resynthesi®f controltreesin handsha& circuitsis a popularform of optimisation. The
Loop, SequenceConcurand Fork componentgan easilybe combinedin a singlecontrol
componento make the circuit partitioninginvolvedin this taskeasier(the port structureof
sucha components simplerif While, Bar andCasecomponentareomitted). A nev com
ponentControlTree with aspecificatiorstringdescribinga subsebf thehandsha&notation
describedn §3-4 could be usedto parameteriséhe component.ControlTree’s symboland

portstructureareshavn in fiqure5.7.

tospucom ControlTree

T 0 ( parameter outputCount cardinal;

activateOut] parameter specification string;

passve syncactvate;

array outputCounbf active syncactivateOut)

o
8
3
=

activate

c
=]
T
2
o
@
o
@

Figure 5.7. Generalised control tree handshake component — ControlTree

ControlTreeis not only of usewhereresynthesiss used. SequencandConcurcomponents
form the majority of controltreesin Balsa. Both of thesecomponentsrebuilt from S-ele

mentsto allow thegreatestndependencéor handshaksconnectedo their passve ports. It
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is only strictly necessaryo placethe S-elementsn a controltreeat thetreesleaf channels.
Controltreescould,thereforebereplacedy 2-phase€ConcurandSequencenplementations
(like the cheapFork and Fetchcomponentsyvith S-elementhandsha& component®n the

leaves(or ControlTreecouldbeusedfor moreflexibility).

TheCallcombinatiorof activationchannelsoaccessharedesourcesouldalsobeincorpor
atedinto ControlTree. A Call consist®f adecisionwait structurdn orderto handleacknav-
ledgementgjustlik e thecall elementescribedn 8Z-37). Thisdecisionwait elementcould
beremovedwhereit sourcesicknavledgementsnlyto S-elementge.g theoutputactivations
of Concuror Sequenceomponents)r singleinputsof C-elementge.g.theoutputactivations
of Fork componentsasboth of thesecomponentsretolerantof spuriousackknavledge
mentswhilst otherwisedle. Encapsulatinghis reducedcall in ControlTreemay allow the

extentof theisochronicforksformedby theforkedacknaviedgmento becontrolled.

5.2.3. PassiveConnect, Connect

Connectionnetworks connectingonly sync channelconnectiondall into two cateories:
thosewhichconnecbnly theactive portsof othercomponentsi.e.areall-passve)andthose
with bothactive andpassve port connections.The Passvatoris the simplestexampleof an
all-passveinterconnectomponentbut nottheonly one. Considerthis Balsadescription:

select ¢ then
continue

| d then
continue

end

A compiledform of thisdescriptiorcontainsaaDecisionWittoimplementheselect com
mand,connectedo channelg andd andsourcingrequest$o Continuecomponentgwhich
arenothingbut loopsof wire from requesto acknavledgement) Despitethepresencef the
Continuecomponentsthis is a usefuldescription.It findsapplicationsfor example where
tokensare passedoy datalesthhandshag&sand a decisionmust be madebetweenmultiple

source®f tokens.

Unfortunatelythereis no currentsingle handsha& componento implementthis select
structure. Wherec andd are sourcedfrom morethanone place(e.g.from a command:

sync c¢; sync d; sync c)orarepartof amulti-castotherconnectionrcomponents
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will be connectedo the synchronisingcomponentdorming this select command.In
the sameway asCall’'s within controltreesmay be optimised(seeB5.Z-), amalgamations
of synchronising/calcomponentsnay be combinedto betteradwvantage. The centralised,
all-passve, synchronisation/catomponentPassveConnecis proposed.Its port structure
andsymbolareshowvn in figure5.8. A similarcomponenConnectalsoshowvn in figurg5s.8,
not to be confusedwith the TangramCON straightconnectolcomponent)s definedfor use
with syncchannelnterconnectvith sourcing(otherwiseirreducible)passve inputs. These
two componentsanreplaceall of thecomponentsSynch Passvator, DecisionWit, Fork and

Call; eitheraloneor in their variouscombinations.

PassiveConnect

( parameter count: cardinal;
parameter specification string;
array countof passiesyncinp)

connect

specification

inp] —

Connect

( parameter passiePortCount cardinal;

ainp]] parameter activePortCount cardinal,
parameter specification string;

array passvePortCounbf passie syncpinp;
array actvePortCounbf active syncainp)

connect

pinpl]

specification

#activePortCount

Figure 5.8. Generalised sync interconnect — PassiveConnect, Connect

Similargeneralisedonnectiorcomponentsanbedefinedfor databearingcommunications.
Four groupsof portswould be necessargnthesecomponentspassve inputs,active inputs,
passveoutputsandactiveoutputs.Componentwith only actveconnectionarenotpossible,
neitherareBalsacomponentsvith arrayedoortswith noconnections Databearingcompon
entswith eithernoinputsor no outputsaresimilarly uselesgusually). Therequiredcombin
ationsof componentsvould includeall nine combination®f {passve inputs,active inputs,
both sense®f inputs} x {passve outputsactive outputs,both sense®f outputs}. These
componentsvould needtheheterogenouarrayedoortstructureslescribedor thePatch\ark
ablecomponen(85.Z.]). Thiscompl«ity is probablysuggestie of theinadvisabilityof ad
optingthesecomponents Futurework on datapatimanipulation(see§8) will includein-
vestigationsof thepartialseparatioof dataandcontrol. Thismayincludethesimplification

of thehandshakingvithin datainterconnectomponentdy usingthe Connecttomponento
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controldatafliawv.

5.2.4. Encode

Therearemary exampleof casesvheretheCallMux componentieadingto variablesor out
putcommunicationseedto selectbetweerconstantsin thesecasesgirectimplementations
will resultin multiplexercellswith oneor moreinputstiedoff toOor 1. Forexampleconsider
this (rathercontrved)exampleof a 2b complemenbperation:

case vl of -- vl1, v2 are 2 b vari abl es

0 then v2
| 1 then v2
| 2 then v2
| 3 then v2
end

OFrLNW

Thehandsha&componenimplementatiorof thisexampleis shavn in figuré5.10. Thefour
Constantomponentsourcingthe CallMux (via four transferrersaremultiplexed between
to form the write portto v2. Theequvalentflattenedmultiplexer organisationfor thisim-
plementations alsoshavn in figurg5.10. Thisarrangemens clearlya very inefficientway
of implementedhe desiredvalueencodingwheregatelevel optimisationacrosshandsha&

componentss undesirable.

Theactivationchannelsonnectedo thetransferrersourcingthe CallMux effectively actas
asetof one-hotencodednputselectdor thesemultiplexers. More optimalimplementations
canthereforebeproducedy logic optimisationof anexpressionnvolving only theseselect
inputs. ThecomponenEncode(figurée 5.9)is intendedto replacethe Constantsi-etchsand

CallMux in thisarrangemenuith just suchanoptimisedmplementation.

P Encode
\‘ st ( parameter outputWdth : cardinal;
out parameter inputCount cardinal;
parameter specification string;
array inputCountof passve syncinp;
active output out: outputWdth bits )

inp]  —

Figure 5.9. Encode handshake component

Encodeperformsthe reverseoperationto the Casecomponent. Casemapsan incoming

binarywordinto activity ononeof asetof one-hotactive outputgencodeansyncchannels).
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Figure 5.10. 2b complement operation

Encodeis usedto mapone-hotencodednputsbackinto binary Using Encodethe case
commandexample given above can be implementedwith one Casecomponentand one
Encodecomponentasshavnin figuré5.11. A similararrangementanbeusedo implement

ary logicalfunctionalbeitwith a one-hotencodedntermediate.

. (Case) (Encode)
activate

O

Figure 5.11. 2b complement operation — using Encode

@->3;2;1;0

Encodespecificationstringsmust specifythe input valueswhich mapto eachoutput. The
gatesfor theseencodingscanbe built usingthe samelogic optimisationusedto construct
Case.An encode gateaddedothetemplatdanguages all thatisneededo expresghisuse
of optimisation.Bothencode anddecode arehandledby theBalsaback-endoy running

anexternallogic optimiser

5.3. Chapter Summary

This chapterhasintroduceda numberof newv componentdor usewith the Balsadesign

flow. Of thesecomponentspnly Encodeis currentlygeneratedy balsa-c. The peephole
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optimisationpatterngor theothercomponentfave notyetbeenintegratednto balsa-c.The
optimisedmplementatiorof theDMA controllerdescribedn thenext chapteihastherefore,

hadthesecomponentappliedby hand.

Theoptimisationglescribedn thischapteldonotaddressheremoval of transferrecompon

entsor (for themost)partimprovementsn datapattsynthesis.Thesetwo pointsarerelated
asa potentialform of optimisationof dataoperationsn handsha&circuitsis thetransforma
tion of the‘pull expressionto ‘pushlvalue’structurgormedby transferreramto entirelypush

pipelines. Thisis consideredo befuturework (88-)).
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Chapter 6. The AMULET3i DMA
Contr oller

Thischaptempresentshedesignandimplementatiorof a DMA controllerusingBalsa. This
controlleris a mixed asynchronous/synchronodssignbuilt for the AMULET3i macrocell
[B2]. Thiscontrollerwasimplementedisinga combinationof Balsa full-customlayoutand
handdesignedstandarccell logic. The Balsaportionswereimplementedwvithout the new
componentsletailedn thepreviouschapteandassuchit representavalidationof theBalsa

designflow usingthenew back-endwith a substantiatiesignexample.

The DMA controller communicateswith the CPU, memory and peripheralsthrough
MARBLE asynchronousiacrocelbusinterfacego allow themto beintegratednto different

versionof the AMULET3i macrocell.

A secondfully asynchronou€$)MA controlleris presenin thenext chapter

6.1. Suitability of DMA contr oller s as Balsa
examples

A DMA controllerhasa numberof propertieswhich make it a suitableexampledesign.

Theseanclude:

Substantialsize
A multi-channeDMA controllercontaindotha considerabl@umberof configuration
registersandalsothemechanisntequiredto selectbetweertheseregisters.In addition,
theapparatuso dealwith incomingrequestsrom multiple DMA requessourcess of
significantsize.

Autonomouscontrol
Once programmedthe controller will perform autonomougransferoperationswith
little or noexternalstimulus. Thespeedf thecontrollercanbemeasuredby theperiod
of thesetransferloopsand sothe compleity of the testbenchrequiredto drive the

controllercanbekeptto aminimum.
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Registerbasedoperation
Thetransfemperformingportionof thecontrollercanbeconstructecsa sequentialoop
of registerreadjransferregisterupdateoperations Building thecontrolthiswayusing
sharedregistersin preferenceto communicatingsub-controllergyives greaterscope
for optimisationswhich improve register accessefficieng/ and optimisationswhich
resynthesissequentiatontrolthana morehighly concurrentlesign.

Arbitration issues
Accesdo the configuratiorregisterss possiblefrom boththe CPUandthe controller’s
transferapparatus.Mutually exclusive, arbitratedaccesseso the register bank must
be provided by the controller In boththe AMULET3i andfully asynchronousontrol
descriptionssituationsare describedvherethe arbitrationfor the DMA registersand
arbitrationfor accesgo the bus canpotentiallyconspireto causedeadlock. Solutions
to theseproblemsaredescribedvhichinvolve thepartitionof the controllerinto (large)
parallel threadsof operation. Thesepartitioningsare good examplesof the use of

parallelismandchannecommunication$o solve fundamentatiesignissues.

6.2. The AMULET micr oprocessor s

The AMULET group’s mainresearcleffort to datehasbeenthe developmentof existence
proofsthat practicalmicroprocessorsan be constructedusingasynchronouslesigntech
nigues. ThreeprocessorbBave sofarbeendeveloped.All threeweredesignedo executeur-
modifiedARM binarieson architectureappropriatéo the ARM architectur@ndasynchron

ousimplementation.Theseprocessorare:

AMULET1 (B8] — A test piece demonstratingeasibility of a full customasynchronous
processommplementedvith Sutherland2-phasemicropipelinednethodology AMULET1
wasjust a microprocessocoreon a singledie, presenting 2-phaseasynchronousterface
to off-chip I/0. AMULET1 hasbeenfabricatedon two differentsilicon processesequiring

only maskscalingto work correctly

AMULET2e [ — An embeddablemicroprocessomwith on-board memory/cacheand
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peripheralgpresenting corventionallooking microprocessobusinterfaceto off chip RAM
andperipherals AMULET 2e representsa move from a pureproof of approacho a usable
device andalsoa moveto 4-phasesignalling.The AMULET2e dieincludesa processocore
(theAMULET2), 4KB of memorywhichcanbeconfiguredaseitherfastRAM or asa64-way
associatie cacheanoff-chip memoryinterfaceusinganon-chipdelayasatiming reference
andan8b off-chip I/O port. AMULET2e hasbeenfabricatecandanumberof demonstration

boardshave beenconstructedisingthedevice.

AMULETS3i [B0] — A processqrRAM, peripheralshard macrocellheld togetherby an
asynchronousnacrocellinterconnectous which also presentsa synchronousnterfaceto
on-chipsynchronougperipherals. AMULETS3I is integratedinto the otherwisesynchronous
DRACO communication$C.

6.3. AMULETS3i and DRACO
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Figure 6.1. The AMULET3i macrocell

The AMULET3i macrocellformsthe main currentresearcteffort of the AMULET group.
The AMULET3i macrocellconsistsof a numberof componentsuilt using a variety of

tools and connectedogetherby a macrocellbus and connectedo off-chip and on-chip
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synchronoudus interfaces. AMULETS3i’ s first applicationwill be aspart of the DRACO
communication$C (shavnin figure6.2). Thecomponentef AMULET3i are:

AMULET3 —AMULET3 isa4-phasenicropipelinedmplementatiorf aprocessocapable
of executingthe ARM vA4tinstructionset[8]. Theprocessoconsistof roughly50%(by area)
of customdesignediatapatland50%of standarcell logic. Thestandarcellsusedin this
andothercomponent®f the whole macrocellweredesignedy ARM Ltd. to a proprietary
setof portabledesignrulesfor 0.35um and0.25um 3LM CMOSprocessesin addition,a
largenumberof peculiarlyasynchronousellsweredesignedy groupmembergo improve
the performancef controllerspresenin the design. This groupof cellsconsistanostly of
symmetricasymmetriandcomple gateinput C-elementandweredesignedo the same

portabledesignrulesasthe stock‘synchronoustell library.

The customdatapatiwasdesignedo handlesinglerail datawith bundledcontrolanddelay
matchedoulk delays. Datadependentlelaysonly exist whereearly completionof iterative
instructions(e.g. multiplies) or forwarding of register datafrom the queuemechanisma
registerforwardingmechanismmovel to AMULET3 in thearenaof asynchronouprocessors
[B3) reducesheexecutiontimeof instructions.Connectionbetweerthestandaraell control

andthedatapattprovide theflow controlthroughthedatapath.

The controllersin the standardcell blockswere designedpartly by handand partly using
petri-net synthesisusing the tool Petrify [M9. Petrify producesequationsdescribingthe
implementatiorof SI controllerswhich a skilled operatorcanthenmaponto the available
standardcells. A large proportionof the comple cellsin thelocally built cell library are
presenbonly because¢hey arerequiredto optimisecritical pathseithersynthesisear hand
built controllers. Theuseof Petrify hasaidedthe constructiorof correctcontrollers(which
have, never theless,beenhandoptimisedafterwards)andalsosenedasa verificationtools

for handdesignectontrollerswith difficult to understandbehaiours.

The whole AMULETS3 processorcore macrocellconsistsof about100000 transistorsand
occupiesapproximatelyd mn? of silicon or about20% of the whole AMULET3i macro

cell area.

MARBLE - TheManchesteAsynchronoudkesearctBusfor Low Enegy is afully asyn
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chronousnulti-initiator macrocelinterconnecbususedo connecthe AMULET3 macrocell
to its memoryandperipherals MARBLE consistf singlerail buswiring anda centralised

controllerproviding arbitratedaccesso the busanda singlepoint of addresslecoding.

8KB RAM —TheRAM is connectedlirectlyto theprocessocoreby two ‘local’ busesone
for instructionstheotherfor data. Thesebusesarein turnconnectedo MARBLE througha
pair of bridgesoneinitiator bridgeto allow theprocessoto acces$IARBLE andonetarget
bridgeto allow otherbusinitiatorson MARBLE (notablythe DMA controller)to accesshe
RAM. TheRAM isorganisedas8 blocksof 1KB with independenpipelinedaccesso each

block. TheRAM is constructedrom full customcells.

MARBLE/Synchr onous Bus Bridge (MSB) — The MSB is a target interface connected
to MARBLE which allows simple strobedsynchronougperipheraldo be connectedo the
AMULETS3i macrocell.Thisinterfaceis usedo performall transferbetweertheAMULET3

andsynchronousommunicationperipheralsn DRACO.

DMA Controller — A 32 channelIDMA controllerusedprimarily to transferdatabetween
peripheralssynchronoufRAM andthe 8 KB of onimacrocellRAM. The DMA controller
is connectedo MARBLE throughtwo interfacesA targetinterfacethroughwhich the con
troller is programmedndaninitiator interfaceby whichthecontrollerperformsts transfers.
Transfersaneitherbe performedreerunning(suchasablockto block memorycopy) or be
initiatedby aDMA requessignal. TheDMA requestsn DRACOall comefrom theaccom
parying synchronougeripheralsandsothe partof the controllerwhich mapsincomingre-
guestso DMA channelss aregulararrayof multiplexer cellsfeedinginto synchronoustate
machinespnefor eachDMA channel. Theremaindeof theDMA controlleris madeupof a
numberof full customregisterbankblockscontaininghecontrollerchannektateandalarge
block of standaratell logic synthesiseffom a Balsadescriptiorwith afew dozenextracells

of handdesignedogic.

Test Interface — The testinterfaceis an 8 b wide off-chip interfaceactingasa MARBLE
initiator to allow testdatato befed into theprocessofor productiontestinganddesignvalid-

ation.

16KB ROM — The ROM is 8b wide andis ‘mask programmable’.lt is usedto bootstrap
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themacrocelllndmaycontaina programspecificto thelCsintendedapplication. The ROM
consistof a MARBLE tametinterfaceandafew handdesignedjates(actuallytheresultof
optimisingPetrify output)in standaratell alongwith a compilednon-self-timedROM block

constructedy a ROM compilershippedwith the CMOSprocess.
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Figure 6.2. DRACO communications IC (AMULET3i is the lower half of this IC)

The AMULETS3i macrocelwasconstructedisinga mixtureof designapproacheandimple-
mentationstyleswith handdesignedandsynthesisedtandardtell, full customdatapatrand
memoriesandcompiledregularblocks. Whenit is fabricatedt will beoneof thefirst asyr
chronousnicroprocessotisnplementedor commercialise(theTangramsynthesise80C51
&1 is arguablythefirst). AMULETS3i alsoexecuteghe sameinstructionsetasthe,already

widespreadARM microprocessom@ndcouldbeusedasareplacemenfor thesgprocessorin
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systemen-chip applicationsvhereits potentiallow power andlow EMI propertiesvould be

useful.

Both of the DMA controllerspresentedn the remaindeiof this chapteraresuitablefor use
with AMULET3 andMARBLE. Thehybrid asynchronous/synchronatentrollerisactually
embeddeavithin AMULET3i whereashesimpler fully asynchronougontrolleris provided
for applicationsvherean AMULET 3i-lik e macrocelis usedin a systemwith asynchronous

peripheralgperhapsvith aMARBLE to asynchronouperipherabridge).

6.4. The AMULET3i DMA contr oller

The AMULET3i DMA controllersrole is to transferdatabetweenmemoriegboth on the
AMULETS3i macrocelandonthesynchronougperipherabus)andthesynchronougeripher
alspresentn acompleteSoC. Thesdransfersnvolve processingynchronousequestérom
peripheralandinterfacingto MARBLE to performthosetransfers.Thesynchronousature
of thearriving requestandthe peripheralsvould seemto suggesthatthe DMA controller
shoulditself be synchronousnd locatedon the synchronousus. This wasnot possible,
however, dueto the simple,strobednatureof the synchronouduswhich is only capableof
supportinga singlebusinitiator. For boththe AMULET3 andthe DMA controllerto per
form accessesn the synchronoususin suchanarrangementhe MSB would berequired
to supportaccessemitiatedon MARBLE from initiatorson the synchronou$us. In order
to reducethe compleity of the MSB, this behaviour is not supportedsorequiringthe DMA
controllerto beplaceddirectlyon MARBLE andmakingan(atleastpartially)asynchronous

implementatiorpossibleanddesirable.

In orderto performtransfersnitiated by synchronou®MA requeststhe controlleris com
posedof a mixtureof asynchronouandsynchronousinitsboundtogetherby asynchronous
controlsynthesisedrom thelanguageBalsa. Theuseof synthesigo implementthe control
portionsof thedesignallowedthe DMA controllersstructureto berapidly re-engineeredn

responsé¢o thechangingequirementsf the provider of thesynchronougeripherals.
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6.5. DMA contr oller requirements

TheDMA controllerwasdesignegrimarilyto transferdatabetweerperipheralandmemory
by initiating pairsof MARBLE read-then-writ@perationdbetweerpairsof units. Thereare

mary complicatingfactors:

*  Only a certainnumberof transfersshouldbe performedfor eachDMA ‘run’. Count
registersarerequiredto keeptrackof thenumberof completedransfers.

«  Memoryaccessemustbe performedon sequentiahddressesSourceanddestination
addressregistersare requiredto hold the addresse®f peripheralsand memories.
Incrementerareneededo updateaddressegistersaftermemoryaccesses.

A DMAclientrequessignallingmechanisms necessaryo allow peripheralgo signal

theirreadines$o betransferredo/from.
*  Toallow mary peripheral$o have outstandingransfersanumberof entiresetof count,

addressndcontrolregistersmustbekept,onefor eachDMA channel

A DMA requesto channefkequesimappingtableandassociatednappinghardwareis
neededo mapperipheraldo DMA channels.

*  Todecidewhichof anumberof outstandingequestso servicefirst, a priority ordering
of requestsnustbeimplemented.This orderingcanbe basedon the orderof channel
numbergo whichrequestsnap.

* Eachchannelrequiresa numberof control bits to specify suchthings asthe DMA
requestnumberfor this channelwhetherto incrementaddresseand decrementhe
countregistersfor eachtransferwhetherthechanneis enabledr not.

*  Freerunningandmemoryto memorytransferswithout DMA requestsignallingmust
alsobesupported.

* In DRACO, the peripheralanay eachhave a setof addressefrom which datamust
be transferredon eachrequest. To supportthis, a request'chaining’ mechanismis

implementedequiringextra controlbits for eachchannel.

Thedesignof theDMA controllerwasinfluencedgreatlyby the structureof the peripherals
outsidethe AMULET3i subsystem.The designerof theseperipheralsspecifiedthat the

DMA controllerwould be requiredto supportl6 DMA requestsignalsand 32 channelsn
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orderto accommodatéhe corvoluted seriesof chainedtransfersequiredwhena number
of peripheralsrein use. Ordinarily, a DMA controllerwould have a moremodestumber
of channelgtypically 4 or 8) anda larger numberof requestshanchannels.The provision
of asmary as32 channelgesultsin atotal of 3648b of stateusing32b addresseandcount
valuesand18b control(theneedfor 18b of controlis explainedlater). Thesestatebitswould

beheldin theDMA controllersregisterfile.

To reducethesizeandnumberof registersrequiredto hold the control,countandaddressn-
formation.thechannelsarepartitionedinto two types:long channelsvith full 32b addresses
andcountregistersandshortchannelsvith 16b registers.In additionto reduceghecomplex-
ity of therequesto channelmappinghardware,the shortchannelsarefurther dividedinto
headand chain-only channels.The headchannelsare capableof receving DMA requests
from peripheralsand so requirerequesthandlingand mappinghardware. The chainenly
channelspn the otherhand,canonly receve requestassubsidiarytransferan a chainof
transfersnitiatedby a heador long channel. Theadditionof thesechannetypedistinctions
doesaddto thecompleity of theregisterbankcontrolin thecompletectontroller however.

After introducingthenew channetypes,only 2240b statebitsarerequired.

6.6. The anatomy of a transf er

A transferbeginswith a DMA requestrriving on oneof theDMA requessignalsshovn at
thebottomof fiqure6.3. Therequests presentedo thesynchronougeripheralnterface(the
SPI). TheSPlIfiltersincomingrequestsnapsclientrequest®ntoDMA channelsandcleans

up requessignalsbeforeferryingthemonto thetransferengine.

The transferengineis the power-houseof the DMA controller It recevesrequestdrom
the SPlandinitiatestransfers.Wheninitiating a transferthetransferenginewill interrogate
theregisterbankcontrolfor channeregistervaluesto passon sequentiallyasreadandwrite
addresset® MARBLE usingtheinitiator interface. Theinitiator interfaceis shovn in
6.3asanintermediatebetweenthe transferengineandthe MARBLE initiator interface. It
actsto ‘buffer’ requestsor transfersallowing request$or subsequertransferso behandled

by the SPlandtransferenginein parallelwith the currenttransfer Theinitiator interfaces
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operatiorandthe mechanisnusedto updateregisterbankregistersareexplainedin E6-8

Performinga transferis a relatively simple operation. Unfortunately there are problems
(describedn B6.9 inherentin having theregisterbankasa sharedesourceaccessiblérom
boththetargetinterfaceonMARBLE andthetransferengine. Thesgroblemsomplicatehe

way in whichtransferon MARBLE andrequest$or registerbankaccessreinterleaved.

6.7. Handling DMA requests —the SPI

In a completelyasynchronougnvironment,arbitersare neededto selectbetweenunsyn
chronisedncomingrequestsin AMULETS3Ii, however, the peripheralaresynchronousind
soprovide clock synchronisedMA requests Whererequestsirrive in suchasynchronised
manneyarbitrationis not only unnecessaryt is unwise. Thelikelihoodof anarbitersignal
becomingnetastablandsorequiringapossibldengtty resolutionsincreasedf all theinput
signalsarepresentedvithin thesameshortperiodof time. For thisreasonit wasdecidedo

implementthe SPlusingsynchronousechniques.

The SPI controlsthe mappingof 16 incomingsynchronougeripheralrequestonto DMA
controllerchannelsandthefiltering out of requests$or disabledchannelsFor thisreasorthe
channekenableandrequesnumberto channehumbermappingdor all channelsarestored
in the SPI. In addition,a globalfake requestegisteris includedat thefront of the SPI. The
fake requestegisterallows the SPIto be testedby introducingsoftwaregeneratedequests
atthefront of therequesto channemappingblock. The SPI'sregisterscanbeprogrammed

fromtheregisterbankcontrol(andsofrom thetargetinterfaceusingtheaddress/dataundles
shovnin figuré6.3.

Eachincomingclient requests processedy the SPlusinga small statemachinepnema
chineperDMA channel.Thesestatemachinesllow incomingrequestso belatchedandfor
theregisterbankcontrolto beableto setandresetrequests.Theregisterbankcontrolresets
transferequestin theSPlattheendof eachtransfer Requestsanalsobesetby theregister
bankcontrolto allow freerunningtransfergo beenabledor thatchannel. Thechannektate
machinesctasmodulo3saturatingountergountingrequestsEachnew requesincrements

therequestounterandeachrequestesetfrom theregisterbankcontroldecrementthere-
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questount. Keepingcountof outstandingequestsllowsanenv DMA requesto beissued
by a peripherabssoonasa previousrequeshasbegunto beactedupon. In thisway, a perk
pheralwhichisreadby a DMA transfemeednotwait for thewholetransferto becompleted
beforerequesting@secondransfer A peripherasourcingdatafor atransfercanusetheDMA
initiated readon itself asanimplicit acknavledgemenftor its DMA transferrequest.The
peripheralkcanthenhappily signala secondransferto take place therequestor which the
SPIduly counts. Thatsecondequestvill notbeacknavledgedtheDMA initiatedreadtake
place)until afterthefirsttransfethasbeencompletedandsoonly amaximumof 2 outstanding
requestsieedbe countedon eachchannelhencethe modulo3 counterbehaiour. Theuse
of asynchronou$Plimplementatiorallowstherequessignalto be‘synchronouslypulsed’
sogiving greatefflexibility tothedesigneof peripheral$n thewaythattransferequestsnay

begenerated.

The processedequestsrom the channelrequeststatemachinesare bundledtogetherand
presentedo the transferengineasa singleword. The transferengineselectsa channelon
which to perform a transferby applying static prioritisation of channelrequestswith the
channelpriorities beingsetby the channelnumber;channel0 hasthe highestpriority and

channeR1hasthelowestpriority.

6.8. Accessing the register s

Onreceiptof a DMA requestthetransferenginerequests copy of theregistercontentdor
thatrequest channefrom theregisterbankcontrol. After performingthetwo initiator bus
transaction®f the transfer updatedcopiesof the channelregistervaluesareretiredto the

registerbank. Thiscontrolinteractioncanbeachiezedin a numberof ways:

6.8.1. Single register bank access with locking

Thetransferenginecouldlock theregisterbankwhile readingregistervalues. The updated
valuescouldthenbecalculatedy theregisterbankcontrolandwrittenbackwhenthetransfer
enginefreesthelock. In thisway, theincrementersisedin registervalueupdatecanreside

in the registerbank controlblock andsave on transferringhe valuebackfrom the transfer
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engine. The channelstatusbits could be updatedwhile incrementingegistervaluesasthe

transferwould actuallyhave beencompleted.

The register bank is locked during the entire period of the transfer This meansthat the
transferengineneedsiolocalregistergo hold thechannetegistervaluesastheregisterbank
readportscanretainthesevaluesduringthetransfer Unfortunatelylockingtheregisterbank
preventsaccess$o theregisterbankfrom thetargetinterfacewhile thetransfeiis takingplace.
If anotheiinitiating device hasclaimedthebusto accessheDMA controllerstargetinterface
andthetransferenginehasalreadylockedtheregisterbank,readregisterbankvaluesandis
preparingo readfrom thebususingits initiator interface thenneitherthetransferenginenor

theotherinitiator device canproceedandsothe systembecomesleadlocled.

Thistypeof busmanagemertiazardcanoccuron split transferandatomictransferbusesin
atomictransferbusest canbefixedby thetransferengineclaimingthebus(withoutissuing
an addresspeforelocking the registerbank. The two bustransactionsvhich make up the
DMA transfercouldthenbecarriedout with buslockingenabledo preventanothelinitiator
attemptingo readthelocked DMA registerbank. In a split transfersystemtheaddressnd
dataportionsof thebusmustbeclaimed(arbitratedor) separatelgoit is possibleor aniniti-
atorto havealreadyissuedanaddresso theDMA registerbankcontrolandthenrelinquished
controlof the addresgortion of the busbeforethe transferenginestartsits transfer If the
transferenginethenlockstheregisterbankcontrolandclaimstheaddresgortionof thebus
beforetheinitiating device canclaimthedataportionof thebusandcompletdats transaction,
thetransferenginemay be preventedfrom thenclaimingthe dataportion of the busfor its

transactiorandonceagainthesystemis deadlocled.

6.8.2. Two sequential register bank accesses

The transferenginecould make two passest the register bank and updateregistervalues

itself performingthetransferbetweerthetwo registerbankaccesses.

Thisapproaclsolvesthepossibilityof deadlockhatthesingleregisterbankaccesspproach
suffersfrom by decouplinghe transferenginefrom theregisterbankduringthe actualdata

transferoperation.Unfortunatelyit alsorequireswo, completelysequencedyperationon
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theregisterbankfor eachtransfer

6.8.3. Two accesses with parallel write-bac k

The registerbank could updateregister valuesandthe transferenginewould make only a
singlepassat the registerbank. The transferitself canbe performedafter transferringval-
uesfrom theregisterbankinto localregisters. An indicationthata run of transferdhasbeen
completedto updatethe statushits/signalinterrupts)could be sentto theregisterbanksep

arately

This approachallows the secondof theseregister bank operationsrequiredby the split
registerbank accesgthe updatedregisterwrite-back)to be performedin parallelwith the
DMA transfer Unfortunatelythisdecouplingof write-backsandtransfersequiresaseparate
end-of-runsignalto indicatethatthefinal transferof a run hasbeencompleted.End-of-run
registerstatusandinterruptsignallingneedo betriggeredoy thissignalinsteadf theissuing
of thefinal transfersothatinterruptqor polledresponseto end-of-run)arenotraisedbefore

thefinal transferhasactuallybeencompleted.
6.8.4. The Initiator Interface

In the completeDMA controllerdesign,the transferenginehasa companionprocessthe
initiator interface. Theinitiator interfaceactuallyperformshe DMA transferoptionwith the
MARBLE initiator interfaceandalsosignalsend-of-transfeto the registerbankwhich will
ultimatelysignala CPUinterruptif necessaryFiguré6.3shavstheconnectionbetweerthe

transferenginetheinitiator interfaceandtheregisterbankcontrol.

Theinitiator interfaceallowstransferdo bedecoupledrom requesprocessingpy thetransfer
engineallowing registerupdatethe DMA transferandthe processingf requestsanall be

performedn parallel.

6.9. Structure and implementation

Balsawas usedto describeand synthesisehe non-regular partsof the controller Using

synthesishiswayallowedthedesignto bere-engineeredsthecustomersdemandshanged
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with theminimumof designeeffort andtime. Duringtheproductionof thecustomayed-out
partsof the controllerthe specificationfor the DMA controllerchangedn major waysat
leasttwice. Eachchangerequiredliarge sectionf the Balsadescriptionto changewithout

incurringlong delaysto rework circuitsby hand.
TheBalsaportionsof the controllerweresynthesisethto standarctell layoutin four steps:

1. Balsa-cwasusedto generatdnandsha&circuit netlists.

2. Handshak circuit netlistsweretranslatednto gate level netlistsfor Compasd®esign
Automationtoolsusingbalsa-netlist.

3. A smallamountof handoptimisationwasperformedonthosenetlists. Thiswasmostly
to make upfor deficienciesn earlyversionsof balsa-netlist.

4. Netlistswerecompiledinto standarctell layout usingCompass PathFinderstandard

cell placeandroutesoftware.

ThecompletedMA controllerconsistof four mainpartsthe MARBLE businterfacesthe
SPl,alargeblock of automaticallyplacedandroutedstandarccellsanda numberof small

registerbanks.
6.9.1. Controller structure

Figure 6.3 shavs the structureof the DMA controllerwith eachof the large boxescorres
pondingto a processn the Balsadescription. The majority of the controlcompl«ity in the
DMA controlleris locatedin theregister bankcontrol unit. This unit controlsaccesso the
DMA registers(mostof which arephysically locatedin theregister bankblocks), performs
the address/countcrementoperation®on DMA registersand handlesnterruptsignalling.
Theregisterbankcontrolhandlesequestsor registeracces$rom the CPU (via MARBLE)
andthetransferengineandalsohandleghe endof+un indicationprofferedby theinitiator
interfaceattheendof atransferrun. Mutually exclusive accesso theregisterbankcontrol

is providedby a 3-way arbitrationcodedaspartof theunit's Balsadescription.

Thesyndronousperipheal interface transferengineandinitiator interfaceactuallyprocess
clientrequestaindperformtransferacrossMARBLE usingtheDMA controllersMARBLE

initiator interface.
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Figure 6.3. DMA controller structure

6.9.2. MARBLE bus interfaces

The MARBLE businterfacesconsistmostly of handcomposedusdriver cellsandwires.
The control,addressand datalatchesfor the interfacesare built ascompiledstandarccell

blocks. EachMARBLE interfaceconsistf approximate\2000transistors.

6.9.3. The regular SPIblock

The SPIconsistof a block of 22 stripes(one perrequesttapablechannel)f both custom
andstandarccells. Eachstripe containsl6 custommademultiplexer cells makingup that
channel©MA requesselectiorhardwareand5 custommaderegistercellsto storetheenable
andDMA clientrequesto channemappingstate. Theremainingstandarcellsimplement
theaddresslecodingfor the enablerequeshumberandrequesset/reseinterfacefrom the

registerbankcontrolandthe channektatemachindtself.

The SPloccupiesaround15%o0f thetotal areaof the DMA controllet
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6.9.4. Standar d cell datapath and contr ol

Thestandardtell block containghedecodingandcontrolfor theregisterbanks someof the
MARBLE interfacingglue theSPItoplevel controltheDMA requesprioritisationhardware
andall the otherBalsasynthesise@ontrolanddatapathshovn in the registerbankcontrol,
transferengineandinitiator interfaceblocksshavn in fiqure 6.3. Theregisterbankcontrol
andthetransferenginemake upthelion’sshareof thestandardell block. Thisdominateshe

DMA controller occupying nearly50%of its total area.

6.9.5. Register blocks

The registerbankblockscontainchannelcountand control datatotalling around2000b (a
few of theregistercontrolbitsresidein theregisterbankcontrol). Theseregistersverecon
structedrom custommaderegisteranddecodercellsin a similar mannerto theregisterfile
in the processorcore. Eachregisterbankblock correspond$o a particularchannekegister
typeandis indexed by channehumber Eachblock providesa singleread/writeinterfaceto
thestandarctell block, allowing all theregistersfor a singlechanneto bereador writtenin
oneoperation.DMA transferoperationgequiretwo accesset a channelsregistersionce
to readaddresses/countluesfor a channelanda secondime to updatethe registerswith

incrementedddressndcountvalues.

6.10. Balsa contr ol description

Balsawasusedto implementtheregisterbankcontrol,transferengineandinitiator interface.
Eachblockwasdescribedy asingleBalsaproces€ommunicatingvith its neighboursising

handsha&channelsFor example themainloopin thetransferengineis:

loop
ChannelReq := {0, false} ||
CountEgZero := false;

-- Read DMArequest vector
select PRR then

--  Priority encode, chan 0 has

-- highest  priority

if PRR[O] then ChannelReq := {0, true}

else if PRR[1] then ChannelReq := {1, true}
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if ChannelReq.dotfr then
PerformTransfer 0;
-- while we are asked to chain
while RegReadData.usechain
and RegReadData.genable then

ChannelReq := { RegReadData.nextchan, true};
PerformTransfer §)
end
end
end
end

The initialisationsof the variables'ChannelReq ’ and ‘CountEgZero ' canbe seenin
the abore example. They are followed by a select  statemenwithin which valueson
the channelPRR (which carriesa vectorof DMA requestgrom the SPI)arevisible. The
transferis performed(or rathercommunicatedo the initiator interface)by the sub-process
PerformTransfer . Thewhile loopis usedto performthetail transfersof a chainof
channelslt is easyto seethatchainsarecomposeaf ‘link edlists’ of channelérom theway

thatthey areprocessed.

The initiator interfaceis the simplestof the Balsablocksandsimply performstransferson

behalfof thetransferengine. Thecompletedefinitionof theinitiator interfaceis:

procedure DMA_ Il (

output Il_Addr . MARBLEAddr;

input DI : lIData;

-~ Interrupt interface

output EndOfRun : ChannelNo
) is local

variable RegReadData : IIData
begin

loop

DI -> RegReadData,;

-- READ from Source Device

I_Addr <- {RegReadData.src, Read,
RegReadData.size};

-- WRITE to Destination Device

II_Addr <- {RegReadData.dst, Write,
RegReadData.size};

if RegReadData.endofrun then

EndOfRun <- RegReadData.channelno
end
end
end
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The channelinterfacethatthe procesfDMA_Il ) presentdo otherprocessesanbe clearly
identifiedalongwith the locally definedvariableRegReadDatandthe loop of four oper

ations.

6.11. Controller performance

The DMA controlleris requiredto performtransferdetweerperipheraland RAM on the
synchronouside of the MARBLE/synchronousous bridge. Most of the time, the DMA
controllerwill be the only unit communicatingvith the synchronougperipherals.lt must,
therefore be capableof issuingtransferrequestdastenoughto saturatethe synchronous

busbridge.

Eachsynchronousustransactiortakes3 buscycles. Theclockfor thisbridgeis anticipated
torunatbetweernl3.824VIHz and55.296VIHz. Eachbustransactiomwill, asaconsequence,
take betweerb4.3nsand217nsto complete.To performa completeDMA transfertwo bus
transactionsrerequiredand sothe DMA controllermustbe capableof issuinga transfer
every108.ans.

Simulation(with Avant!’s TimeMill) on a capacitancedractedview of thefinal controller
hasshavn that transferscan be issuedevery 90ns. The implementedcontrollertherefore

cyclesattherequiredrate.

TheDRACOchiphasbeenfabricatecandsamplefave beernreceved(asof earlySeptember
2000)by AMULET group. Productiortestsshaw thatall partsof the AMULET3i macrocell
function correctly including the DMA controller (with the small exception of a timing

problemwith the AMULET3 processocores multiplier). Timing figuresfor thefabricated

DMA controllerarenotyetavailable.

6.12. Chapter summary

This chapterhaspresented significantBalsaexampledescriptiona DMA controller The

AMULETS3i DMA controlleris offeredasanexistenceproof of theuseof Balsato implement
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comple designs. A similar controller is describedin the next chapterto evaluatethe

effectivenes®f thechangesnadeto the Balsacomponensetdescribedn earlierchapters.

It shouldbepointedoutthatJantaraprinign] hasdescribednumbernf waystoimplementhe
controlportionsof asynchronouBMA controllerssimilartotheonedescribedn thischapter
Thisis no coincidenceBalsareplacecdis earlyhand-designedontrollersin orderto ensure
thattheproduct(AMULETS3i) couldbedeliveredontime. Thedesignof theDMA controller

describedn thischapteremainsvholly thework of theauthorof thisthesis.

ChatchailJantaraprimwas,however, of greatassistancén modellingearly versionsof the
BalsaDMA controllerin LARD.
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Chapter 7. A Simplified DMA
Controller

Thischapterescribes simplifiedversionof theDMA controllerfrom thepreviouschapter
This controlleris implementedusingthe ‘old’ versionof Balsaandagain with the changes
describedn Ehapteld. As mary of the adwantagesof the componentslescribedn that
chapteraffect the areaand granularity(reducingthe numberof channelspf components,
greatincreasesn performanceare not expected. Instead reducedcircuit compl«ity is to
be expectedby removing a portion of the small, ‘'unnecessarytomponentsvhich tendto
dominatehandshaé& circuit implementations A modestdecreasén circuit areais alsoto

beexpected.

Thefull Balsadescriptiorfor thesimplifiedDMA controllercanbefoundin gppendixg.

7.1. The simplified DMA contr oller

A simpler4 channeDMA controlleris presentedsa more practicaldescriptionto usefor
exploring the effect of the new handsha& component®n Balsacompilation. This DMA
controlleris written entirely in Balsaand so canbe compiledfor ary of the technologies

whichtheBalsaback-endsupports.
Thesimplifiedcontrollerprovides:

« 4 full addresgangechannelseachwith independentsource,destinationand count
registers.

e  8clientDMA requesinputswith matchingacknavledgements.

*  Peripherato peripheralmemoryto memoryandperipherako/from memorytransfers.
Each channelhasboth sourceand destinationclient requestsso ‘true’ peripheralto

peripheratransfersanbe performedby waiting for request$rom bothparties.

Somefeaturespresentin the AMULET3i DMA controller are omitted from this simpler

controller Thesanclude:
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»  Synchronousequeshandlingwith prioritisation. Requestarearbitratedn asynchron

ousfashionratherthanbeingsampled.

*  Byte andhalfword (16b) transfers.Only word wide transfersare supportediransfer

countregisterscountthe numberof word transfergo perform.

e Thethreedifferentchannetypes.

e The secondinterrupt request. The AMULET3i DMA controller supportssignalling

of eitherof the two interruptswhich the ARM architecturesupportyIRQ/FIQ). The

simplifiedDMA controlleronly hasa singleinterruptline — IRQ.

* Chainingof channelrequests.This featurewas supportedoy the AMULET3i DMA

controllerspecificallyto supportthedumbperipheralpresenin DRACO.

e The ‘initiator interface’ which allows requesthandling and transferinitiation to be

overlappedoy thetransferengine.
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Figure 7.1. Simplified DMA controller programmer’s model

7.1 shaws the programmess view of the controllers register memory map. The

registerbankis split into two partsthe channelegistersandtheglobalregisters.

7.1.1. Global register s

Chapter 7. A Simplified DMA Controller
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Theglobalregisterscontaincontrol statepertainingto the stateof currentlyactive channels

andof interruptssignalledby theterminationof transferruns. Thereare4 globalregisters:

genCtrl: Generalcontrol
In this controller the generalcontrol register only containsone bit: the global enable
— gEnable. The global enableis the only controllerbit resetat power-up. All other
controller statebits mustbe initialised beforegEnableis set. Using a global enable
bit in this way allows the initialisation part of the Balsadescriptionto remainsmall
andcheap.

chanStatus:Channelend-of-run status
The chanStatusegistercontains4 bits,oneper DMA channel.Whensetby the DMA
controller abit in thisregisterindicateghatthe correspondinghannehascometo the

endof its run of transfers.
IRQMask, IRQReq: Interrupt maskand status

The IRQMask register containsone bit per channel(like chanStatusyvith set bits
specifyingthataninterruptshouldberaisedat theendof atransferun of thatchannel
(whenthe correspondinghanStatubit becomesset). IRQReqcontainsthe current

interruptstatudor eachchannel.

Thechannebtatus|RQ maskandIRQ maskbitsarekeptin globalregistersn ordertoreduce
thenumberof DMA registerreadswhich mustbe performedby the CPU afterreceving an

interruptin orderto determinavhich channeto service.

7.1.2. Channel register s

Eachchannelhas4 registersassociateavith it in the sameway asthe AMULET3i DMA
controller The two addresgegisters(channelfi].src and channelfi].dst) specify the 32b
sourceanddestinatioraddressefr transfers.The countregister(channelf].count)is a 32b
countof remainingtransfergdo perform,transferrunsterminatewhenthe countregisteris
decrementetb zero. Thectrl register(channelfi].ctrl) specifieshe updatego beperformed
ontheotherthreeregistersandthe clientsto which this channeis connected Writing to the
controlregisterhastheeffectof clearinginterruptsandend-of-runindicationonthatchannel.

Thectrl registercontainsB fields:
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enable:Transfer enable
If theenablebit is set,thischannekhouldbeconsideredor transfersvhenanev DMA
requestrrives. Channeknablesarenot clearedon power-up. ThegenCtrl.gEnabl®it
canbeusedo preventtransfergrom occurringwhilstthechanneknabléebitsarecleared
duringstartup.

srcinc, dstinc, countDec:Incr ement/decementcontrol
Thesebitsareusedo enablesourcedestinatiorandcountregisterupdateafteratransfer
Sourceanddestinatiorregistersareincrementedby 4 aftertransfersf srcincanddstinc
(respectiely) areset. Notethatthebottom?2 bits of theseaddressearepresered. The
countregisteris decrementetly 1 aftereachtransferif countDeds set. Resettingeither
srcinc or dstincresultsin the correspondingaddressemainingunchangedetween
transfers. This is useful for nominatingperipheral(rather than memory)addresses.
ResettingcountDeaesultsn ‘free-running’transfers.

srcDRQ, dstDRQ: Initial DMA requests
Transfersantake placeon achannelvhena pairof DMA requestdiave beenreceved,
onefor the sourceclient andthe otherfor the destinatiorclient (the requests-pending
registers). ThesrcDRQanddstDRQbits specifytheinitial stategor thosetwo requests.
Setting both of thesebits indicatesthat the sourceand destinationrequestsshould
be consideredo have alreadyarrived. Resettingoneor both of the bits specifieghat
requestdrom the correspondingsrc,dst}ClientNonumberedclient shouldtrigger a
transfer(bothclientrequestarerequiredwhenbothcontrolbits arereset).

srcClientNo, dstClientNo: Client to channelmapping
Thesefields specify the client numbersfrom which this channelrecevessourceand
destinatiorDMA requestsThesdieldsareonly of usewheneithersrcDRQor dstDRQ

(or both)arereset.

7.1.3. DMA contr oller structure

The structureof the simplified DMA controlleris shavn in 7.2 Thesimplified DMA

controlleris composeaf 5units:
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Figure 7.2. Simplified DMA controller structure

MARBLE target interface

The MARBLE tarmget interface provides a connectionto MARBLE through which the
controllercanbe programmed Accesseso theregistersfrom thisinterfacearearbitratedn
with incomingDMA requestandtransferadknowledgments$rom thetransferengine. This
arbitrationandthedecouplingof transferenginefrom controlunit allow thisDMA controller

to avoid the potentialbusaccessleadlocksituationsdescribedn B6-8

TheMARBLE interfaceusedherecarriesan8b addres$8b word address]0b byteaddress)
like that of the AMULET3i DMA controllet This allows the sameaddressmappingof
channetegistersandthepossibilityof having extendedhenumberof channel$o 32without

changingheglobalregisteraddresses.

MARBLE initiator interface

Theinitiator interfaceis usedby theDMA controllerto performits transfers.As with thefull
AMULET3i DMA controller only theaddressndcontrolbitsto thisinterfaceareconnected

to the Balsasynthesisedontrollerhardware. The datato andfrom theinitiator interfaceis

Chapter 7. A Simplified DMA Controller 147



7.1. The simplified DMA controller

handledby a latch (shavn asthe shadedbox in 7.2). Only word-widetransfersare
supportedandsothislatchis all thatis neededo hold datavaluesbetweerthereadandwrite

bustransactionsf atransfer

Contr ol unit

Thecontrolunit performstheoperation®f theregisterbankcontrolandthe SP1of the AM-
ULETSi controllerby receving DMA requestasarbitratedcontrolcommandsn the same
mannerasrequestdor registeraccesseffom the CPU. EachDMA channelhasa pair of
registerbits, therequestgendingbits,whichrecodethearrival of requestgor thatchannels
sourceanddestinationclients. After markingup anincomingrequestthe control unit ex-
aminestherequestgpendingregistersof eachchannein turnto find a channelon which to
performatransfer If atransferisto beperformedtheregistercontentdor thatchannekare
forwardedto thetransferengineandtheregistercontentareupdatedo reflecttheincremen
tedaddresseanddecrementedount. DMA requestareacknavledgedstraightaway when
no transferenginecommands issuedor just after the commands issuedwherea transfer
commands issuedo thetransferengine. Theacknavledgemenbf DMA requestsloesnot
guarante¢hetimely completionof therelatedransferperipheralsnustobserebusaccesses
madeto themselesfor this purpose.The acknavledgemensenesonly to confirmthe re-
ceiptof theDMA transferrequest.A requesimustberemovedafteranacknaviedgements
signalledsothatotherrequestganberecevedthroughthe requestrbitrationtreeto mark-

up potentialtransfergor otherchannels.

Transf er engine

Thetransferenginerecevesits activatingstimuli from thecontrolunit. Thisdiffersfrom the
AMULETSi controllerwherethetransferenginereceveschannerequestanditself initiates
arequestothecontrolunit for channetegistervalues.Thiscontrollerstransferenginetakes
command$éomthecontrolunitwhenaDMA transfeiis dueto beperformedandperformano
DMA requestnappingor filtering of itsown. Theonly reasorfor having thetransferengine
in thisdesignisto preventthepotentialbusdeadlocksituationif anaccessotheregisterbank
Is madeacrossMARBLE while the DMA controlleris trying to performatransfer In this

situationcontrolof thebusbelonggotheinitiator (usuallythe CPU)tryingto accessheDMA
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controller Thisinitiator cannotproceedasthe DMA controlleris engagedin trying to gain
the busfor itself. With a transferengine,andthe decouplingof DMA request/CPlaccess
from transferoperationsthe controlunit is freeto fulfil theinitiator’'sregisterrequeswhile

thetransferengineis waiting for thebusto becomeavailable.

After performinga transfey the transferenginewill signalto the control unit to provide a
new transfercommandjt doesthis by a handsha& on the transferacknavledge channel
(marked TEACcK in the figure). This channelpasseghroughthe control unit's command
arbitrationhardwareandsenesto inform the controlunit thatthe transferengineis freeand
thattherequest-pendingegistercanbepolledtofind thenext suitabletransfercandidate The
acknavledgemennhot only providesthe self-loopingactivationrequiredto performmemory
to memorytransfersut alsoallowstheloopingrequiredo servicerequests$or othertypesof

transferwhich arerecevedduringthe periodwhenthetransferenginewasbusy.

A flag register TEBusy, heldin the controlunit is usedto recordthe statusof the transfer
enginesothatcommandsrenot issuedto it while a transferis in progress.Thisflagis set
eachtime atransfecommands issuedo thetransferengineandclearedeachtime atransfer
acknavledgements receved by the control unit. The request-pendingegistersare not

re-examined(anda transfercommandssued)f the TEBusy is set.

Arbiter tree

The DMA controllerrecevesDMA requeston an arrayof 8 syncchannelsconnectedo
the input of the ARBITER unit shavn in 7.2. This arbiterunit is a tree of 2-way
arbiter cells which combinesthese8 inputsinto a single ‘DMA requestnumber’which it
providesto thecontrolunit. DMA requestareacknavledgedassoonasthecontrolunit has
recordedhem. Only thesuccessfulransferof databetweerperipheralshouldbeusedasan
indicationof theactualcompletiorof aDMA operation.Whenatransfeiis begun(i.e.passed
from controlunit to transferengine) that transfers channelregistersand requests-pending
registersare updatedbeforeanotherarbitratedaccesdo the control unit is accepted.As a
conseguencenen requesbnachannetanarrive (andbecorrectlyobsered)assoonasary

transfefrelatedousactiity occursfor thattransfer
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7.2. The Balsa description

The Balsadescriptionof the DMA controlleris composedf 3 parts:the arbitertree,the
control unit and the transferengine. The two MARBLE interfacessit outsidethe Balsa
block andarecontrolledthroughthetarget{command,responséhta andmtd ) andinitiator
address/contrglmia) portsattachedo the Balsadescription. The top level of the DMA

controlleris:
procedure  DMAArb is ArbFunnel over NoOfClients

procedure dma (
input mta : MARBLE8bACommand;
output mtd : MARBLEResponse;
output mia : MARBLECommandNoData;
output irg : bit;
array  NoOfClients of sync drqg

) is local
channel DRQClientNo : ClientNo
channel TECommand: array 2 of Word
sync TEAck

begin
DMAArb (drg, DRQClientNo) ||
DMAControl (mta, mtd, DRQClientNo, @TECommand, TEAcKk,

IRQ) ||
DMATransferEngine (TECommand, TEAck, mia)

end
Interruptsaresignalledby writing a0 or 1totheirq port. Thisinterruptvaluemustthenbe

caughtby anexternallatchto generate bareinterruptsignal.
7.2.1. Arbiter tree

DMA requestdrom the client peripheralsarrive on the syncchannelsdrq , thesechannels
connecto therequestarbiterDMAArb. The proceduradeclaratiorfor DMAArbis givenin

thetoplevel asa parameterisedersionof the proceduréArbFunnel

ArbFunnel isaparamaterisableeecomposeaf twoelementsArbHead andArbTree .
Pairs of incomingsyncrequestsare arbitratedand combinedinto single bit decisionsby
ArbHead elements.Thesesingle bit channelsarethenarbitratedbetweenby ArbTree

elements.An ArbTree takesa numberof decisionbits from eachof a numberof inputs

(onthei ports)andproducesrankof 2-inputarbiterso reducetheproblemto half asmary
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Figure 7.3. 8-input arbiter — ArbFunnel

inputseachwith 1 extra decisionbit. Recursve callsto ArbTree reducethe numberof
inputchannel$o one(whosefinal decisionvalueisreturnedon porto). Figurg?7.3shavsthis
organisatiorfor an8-inputArbFunnel . TheBalsaimplementatiorof thesehreefunctions
is largely uninterestingand the new componentsiescribedn have no effect on

their organisation.

7.2.2. Transfer engine

Thetransferenginein thiscontrollerhasrelatively little to do. Its Balsacodeis:

procedure DMATransferEngine  (
input command : array 2 of Word;
sync ack;
output busCommand : MARBLECommandNoData
) is local
variable commandV : array 2 of Word
begin
loop
command -> commandV;
busCommand <- {commandV][0],read,word};
busCommand <- {commandV[1],write,word};
sync ack
end
end

The transferengineis, like the arbiter unit, quite simple. It exists only asa buffer stage
betweerthe controlunit and MARBLE initiator interface. This functionis reflectedin the

sequencingn the Balsadescriptionandthelatchesusedto storethe outgoingaddresses.
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7.2.3. Control unit

Thebulk of the controlleris containedn the controlunit. Unlike theregisterbankcontrol
in the AMULET3i DMA controller thiscontrolunit actuallycontainsall thechannetegister
latch bits andregisteraccessnultiplexers/demultiplgers. Thereducechumberof channels
and single channeltype males this arrangemenpractical. There are in total 445b of
programmemnccessiblstatebits. Theports,localvariablesandlocal channel®f the control
unit’'s Balsadescriptiorare:

procedure  DMAControl (
input  busCommand : MARBLE8bACommand;
output busResponse : MARBLEResponse;

input DRQ: ClientNo;

output TECommand: array 2 of Word;
sync TEAck;

output IRQ : bit
) is local

-- conbi ned channel registers

variable channelRegisters
array NoOfChannels of ChannelRegister

variable channelR, channelW : ChannelRegister
array over ChannelRegType of bit

variable channelNo : ChannelNo

variable clientNo : ClientNo

variable TEBusy : bit

variable gEnable : bit
variable chanStatus : array NoOfChannels of bit
variable IRQMask, IRQReq : array NoOfChannels of bit

variable requestPending
array NoOfChannels of RequestPair

channel commandSourceC : DMACommandSource
channel busCommandC: MARBLE8bACommand
channel DRQC: ClientNo

variable commandSource : DMACommandSource

The ChannelRegister is the combinedsource destinationcountand control registers
for onechannel.ThevariablechannelRegisters isaccessely readingor writing these

full 108b wideregisterg32 + 32 + 32 + 12). Thetwo registerschannelR andchannelW ,
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are usedasreadand write buffersto the channelregisters. This allows the partial writes
requiredfor CPU accesdo individual 32b wordsto fragmentonly thesetwo registers,not
all of the channelregisters. The variableschannelNo andclientNo  areusedto hold
channelandclient numberdetweeroperations.DMA requesiarrival andrequesimark-up
can modify clientNo  and channelregister accessesind ready-to-transfepolling can

modify channelNo .

The threechanneldeclarationsre usedto communicatédetweena subprocedureof DMA
Control , RequestHandler , which arbitrategequestdrom the arbitertree, MARBLE
target interface and transfer engine acknavledge for service by the control unit. Re-

questHandler ’sdescriptionis fairly uninterestingandsowill notbediscussed.

Thebodyof thecontrolunit, with thelessinterestingportionsremoved,is asfollows:

begin
Init  ();
-- Request Handl er is an ArbFunnel
-- wi th acconpanyi ng data
RequestHandler  (busCommand, DRQ, TEAck, commandSourceC,
busCommandC, DRQC) ||
loop
-- find source of service requests
commandSourceC -> commandSource;
case commandSource of
DRQthen DRQC-> clientNo; MarkUpClientRequest 0
| bus then
select busCommandC then
if (busCommandC.a as RegAddrType).globalNchannel

then . . . -- global RR'Wfromthe CPU
else -- channel regs
channelNo :=

(busCommandC.a as ChannelRegAddr).channelNo;
ReadChannelRegisters 0;
case busCommandC.rNw of
oo -- nost of CPU reg. access code omtted
-- CPU ctrl register wite
| ctrl then channelW.ctrl =
(busCommandC.d as ControlRegister) I

requestsPending[channelNo] = {0,0} ||
ClearChanStatus 0
end;
WriteChannelRegisters §)
end
end

end
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else -- TEAck
TEBusy = O0;
if gEnable then Assessinterrupts () end

end;

if gEnable and not TEBusy then
TryTolssueTransfer §)

end

end

end
A numberof proceduresallsaremadeby thecontrolunit body(e.g.AssesslInterrupts

() ). Theseprocedurecallsareto sharedoroceduresvhosedefinitionsfollow thelocal vari
ablesin DMAControl ’s description.In Balsa,local proceduresvhich are declaredto be
‘shared’areonly instantiatedn the containingprocedures handshaé circuit in oneplace.
(normalprocedurecalls placea new copy of that procedures body for eachcall). Callsto
sharedoroceduresrecombinedusinga Call componentmakingtheir usecheapethannor-
mal proceduregor whom a new copy of the calledprocedures body s placedat eachcall

location.

DMA request handling — MarkUpClientRequest

Incoming DMA requestsare marked up in the requestpendingregistersas previously
described.The procedureMarkUpClientRequest performsthis operationby testing
all thechannelssrcClientNoanddstClientNocontrolbits with clientNo(theclientID of the
incomingrequest)n parallel. MarkUpClientRequests descriptions:

shared MarkUpClientRequest is

begin
for || 1 in 0..NoOfChannels-1 then
if channelRegisters]i].ctrl.srcClientNo = clientNo
then requestsPendingl[i].src =1
end ||
if channelRegisters]i].ctrl.dstClientNo = clientNo
then requestsPending[i].dst = 1
end
end
end
Thefor || loopsinthisdescriptiomperformsarallelstructurainstantiatiorof NoOfChan

nelscopiesof thebodyif statements.

Register access — ReadChannelRegister s, WriteChannelRegister s
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Thesharegroceduressedo accesshechannetlegistersareveryshort. They maketheonly

variable-indeedaccesset® thechannelegisters. Thetwo proceduresire:

shared ReadChannelRegisters is begin
channelR := channelRegisters[channelNo]

end

shared WriteChannelRegisters is begin
channelRegisters[channelNO0] = channelw
end

Noticethat no individual word write enablesarepresentandsoin orderto modify a single
word,awhole channekegistermustberead modified,thenwritten back. The ReadChan-
nelRegisters followedbychannelW := channelR inthedescriptiorof theCPU’s

accesso thechanneregistersuseghisupdatemethod.

Channel status and interrupts — ClearChanStatus, Assessinterrupts

Theinterruptoutputbit is assertedby Assessinterrupts . Interruptsaresignalledwhen
theIRQReqregisteris non-zercandarereassesseeachtime anactionwhich couldclearan
interruptoccurs. ClearChanStatus s calledduringchannelcontrolregisterupdatedo

clearinterruptsandchannebtatugend-of-run)ndications. Their descriptionsre:

shared Assessinterrupts iIs begin
IRQ <- (IRQReq as NoOfChannels bits) /= 0
end

shared ClearChanStatus iIs begin
chanStatus[channelNo] = 0 ||
IRQReg[channelNOo] = 0
Assesslinterrupts §)

end

Ready-to-transf er polling — TryTolssueT ransf er, IssueT ransf er

Whene&erthe DMA controlleris stimulatedoy its commandnterfacesit triesto performa
transfer Therequest-pendingndctrl.enablebits for eachchannelareexaminedin turnto
determindf thatchannels readyto transfer Incrementinghe channelhumberduringthis
searchis performedusinga local channelto allow the incrementedralueto be accesseth
parallelfrom two places.TryTolssueTransfer 'sBalsadescriptions:

shared TryTolssueTransfer is local
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variable foundChannel : bit

variable newChannelNo : ChannelNo
begin

foundChannel := 0 || channelNo := O0;

while not foundChannel then
-- source and destination requests arrived?
if requestsPending[channelNo] = {1,1}
and channelRegisters[channelNo].ctrl.enable then
ReadChannelRegisters 0;
requestsPending[channelNo] =

channelR.ctrl.srcDRQ, channelR.ctrl.dstDRQ I
foundChannel = 1 ||
IssueTransfer O |
UpdateRegistersAfterTransfer §)
else
local
channel incChanNo : array ChannelNoLen + 1 of bit
begin

incChanNo <- (channelNo + 1 as
array ChannelNoLen + 1 of bit) ||

select incChanNo then
foundChannel incChanNo[ChannelNoLen] I
newChannelNo (incChanNo[0..ChannelNoLen-1]

as ChannelNo)
end;
channelNo := newChannelNo
end
end
end
end

Noticethatif atransferistaken,therequestPending  bitsfor thatchanneklrerednitial-
isedfrom the ctrl.{srcDRQ,dstDRQ}control bits for that channel. The proceduressu -

eTransfer actuallypasseshetransferonto thetransferengine.lts definitionis:

shared IssueTransfer is begin

TEBusy = 1 ||

TECommand<- {channelR.src, channelR.dst}
end

The interlock formed by checking TEBusy before attemptinga transfer and the set
ting/resettingpf TEBuUSY by transferinitiation/completiorensureshatnotransferis presen
tedtothetransferenging(deadlockinghecontrolunit)whileit isoccupied. TheTEAck com
municationbackto the controlunit alsoprovidesstimuli for retriggeringthe DMA controt
ler to performoutstandingequests.Thisretriggering,combinedwith thesequentiapolling

of channelsallows outstandingequestgrecevedwhile thetransferenginewasbusy)to be
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correctlyserviced.Notice that a staticprioritisationon pre-arrived requestss enforcedby

sequentiathannepolling.

Register increment/decrement — UpdateRegister sAfterT ransfer

After a transferhasbeenissuedthe registersfor that transfers channelmust be updated.
This is performed by the procedure UpdateRegistersAfterTransfer whose

descriptions:

shared UpdateRegistersAfterTransfer is begin
channelW.ctrl = channelR.ctrl I
if channelR.ctrl.srcinc then
channelW.src = (channelR.src + 1 as Word)
end ||
if channelR.ctrl.dstinc then
channelW.dst := (channelR.dst + 1 as Word)
end ||
if channelR.ctrl.countDec then
channelW.count = (channelR.count - 1 as Word)
end,
if channelW.count = 0 then
chanStatus[channelNo] = 1|
if IRQMask[channelNo] then
IRQReq[channelNo] =1
end ||
channelW.ctrl.enable =0
end,
WriteChannelRegisters §)
end

This proceduraiseswo incrementeranda decrementeto modify the channel$ sourcead
dressdestinatioraddressndcountrespectrely. If thechannelstransfercountisdecremen
tedto zerothechanStatus bit, interruptstatusandchanneknableareall updatedo indic-

ateanendeof-run.

7.3. An implementation

Presentinghe DMA controllerdescriptionto balsae producesa handshaé& circuit imple-
mentation.Thishandsha&circuitconsist®f 485handsha&components;onnectedogether
with 688handsha& channels. Theutility breezezostcanbe usedto estimategheareaoccu
piedby eachhandsha&circuitin adesign. Theunitsreturnedby breezezostarelinearums

of standaratellsonanold 1um,2LM CMOSprocess.Thetotal costof thisDMA controller
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is 83030.25units. The precisionof thisvalueis relatedto theexactcell sizesusedby breeze-
cost,nottheaccuray of breezecostestimation.Thecellsin thisold cell library have a45um
pitch, adding50% extra routing space(which is typically requiredin 2LM processes}he
DMA controllersareawould beapproximatel>5.5mm2 (or 0.67mn? afterlinearscalingto
0.35um).

The distribution of handsha& componenareador this designis shavn in 7.4. The
graphshavs thetotal areasof componentsn groupsspanningl000breeze-costinits. This
shawvsthedistribution of smallandlargecomponentsvithin thedesign.Iahle7Z1shavsthe
frequencie®of componentsvithin thesegroups. Notice that 469 (96% of the total) of the
componentfiesin thearearangel0, 999]. Of thesesmallcomponent291(60%of thetotal

numberof componentsarerecordedashaving 0 area(i.e.consistonly of wires).

200004 —
Area 15000
5000 _‘ H
l I
0 5000 10000

Componentrea(breeze-codtnits)

Figure 7.4. Simplified DMA controller component areas

Area range Frequency
[0,999] 469
[1000,1999]
[2000,2999]
[3000,3999]
[8000,8999]
[11000,11999]

N| [ W| 0[N

Table 7.1. Simplified DMA controller component frequencies

Thetool breeze-costvasnot mentionedn asit waspartof the original Balsadesignflow describedn
(a].
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It is obviousthatthe 0-areacomponentg¢andto alesserdegree the smallcomponentsadda
considerableamountof compleity to this designsmplementatior(in termsof unnecessary
netlistdetail) without eachmakinga significantcontribution to the areaof thecircuit. The

aim of theoptimisationss to reducethisdominanceandincreasehe sizeof components.

7.3.1. Optimisation oppor tunities

The registeraccesseandflag bit updategpresentin this DMA controllerareamenableo
optimisatiorusingthenew componentfromghapier. For examplethechannelW register

is written from a numberof places:

1. channelW.ctrl = channelR.ctrl I

2. channelW.src = (channelR.src + 1 as Word)

3. channelW.dst = (channelR.dst + 1 as Word)

4. channelW.count := (channelR.count - 1 as Word)

5. channelW.ctrl.enable =0

6. channelW := channelR

7. channelW.src = busCommandC.d

8. channelW.dst := busCommandC.d

9. channelW.count = busCommandC.d

10. channelW.ctrl = (busCommandC.d as ControlRegister) I

Theseassignmentsomefrom differentplacesandaddresslifferentsizedportionsof chan -
nelW. Thewrite port structureof channelW will, thereforeconsistof a numberof multi-
plexers(CallMuxs)andbrokenup variabledik e the examplegivenin B5.Z]L Oncereduced,
the 5 CallMuxs, 8 Split/Combinecomponent&nd5 Variablecomponent®f which chan -
nelW wascomposedrereducedo a singlePatch\ariableof cost10717units. Suchalarge
variable/multipleer combinationcomponentcould easily be realisedasa small, regularly
layedeout, registerbank. Mask/Adapt/Combineomponentattachedo False\ariableread

portscan,similarly, beabsorbednto the False\ariableto form PatchFRalse\ariables.

Theflag variableg(e.g. TEBusy) areupdatedoy writing O or 1into them. The Fetch,Con
stant,CallMux combinationrequiredfor theseassignmentsanbereplacedy Encodecom-

ponents.
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7.3.2. The optimised implementation

After replacingcomponentsn the controller implementationwith a numberof the new

handsha& componentghedistribution of componensizesis asshovn in figuré 7.5.

20000
Areq 150004

5000 —

I
0 5000 10000
Componentrea(breeze-codinits)

Figure 7.5. Simplified DMA controller optimised component areas

Area range Frequency
[0,999] 279
[1000,1999]
[2000,2999]
[3000,3999]
[8000,8999]
[10000,10999]
[11000,11999]

NN P WINDN

Table 7.2. Simplified DMA controller optimised component frequencies

The optimisedcircuit costs82801breeze-costinits. This is a very modestareadecrease
over theunoptimisedmplementatioralthoughthe total componentounthasbeenreduced
t0 288.

Noticethatthe majority of the circuit areais now concentrateéh therange[10000,11999]
costunits but that a majority of the componentarestill small. 160 of thesecomponents
arestill 0-sized. The majority of these0-sizedcomponent§122)aretransferrersThe new
componentsrenotintendedo removetransferrergalthoughcomponenttik e Patch\ariable

could have integratedread/writeport transferrers). Transferrerare particularlyinnocuous,

Chapter 7. A Simplified DMA Controller 160



7.3. An implementation

however, astheir implementationgontainno ‘dangling’ wires,or wire forks. Flatteningof
transferrersvithin anetlistmaythenbeagoodapproacho makinghandsha&circuit netlists

morecomprehensible.

Theremaining0-sizedcomponentaremostly Constantomponentsisedto sourcedecision
bitsin the DMAArb procedure.Thesecomponentgould be removed by optimisingacross
thestagesn DMAArbto centralisghedecisiondetweenncomingrequests Thismaynotbe

possibleasDMAArb containsarbitersbetweerstagesvhich aredifficult to optimiseacross.

7.4. Chapter Summary

The new componentslescribedn have beenappliedto a substantiallysizedex-
ampledesign. They have beenshawvn to be effective in reducingthe numberof very small
componentsFurthemew componentmaybenecessary it isdesirabléoreducghenumber
of transferrersvhich arethe mostfrequentcomponentsn typical handsha circuit imple-

mentations.

Amalgamatingsmallcomponentérom Balsadesignsnto larger, compositecomponentsl-
lowsspecificcomponenboundarycrossingpptimisationgo beexploited. Thismayinclude
restrictedforms of gatelevel optimisationor exploitation of timing-specificoptimisations.
Large, separatelytiming verified, component<an be composeds preplacedandrouted
macrocellghardmacrocellsjo form wholecircuitswith only interconnectiming validation
left to perform. This useof hierarchicalplaceandrouterealisesn silicon the boundaries

betweerhandsha& components.

A large numberof different,smallcomponentsmpliesa large library of component$rom
which they are dravn. For a particulardesign,an implementationcomposedf a small
numberof large, highly parameterised¢omponentswill tendto form a library of highly
specificcomponentsvhich may only be instantiatedonce. A similar circuit composedf
mary smallcomponentmaymalke betteruseof reusqi.e.moreinstance®f eachcomponent
type) but will almostcertainlycreatea larger library of cells. Designswith large numbers
of miscellaneousellsareharderto exchangebetweertools(problemswith feed-througtpin

connectionsreparticularlynon-portable) Thepassagef adesigrnfromtool totool typically
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occursa numberof timesin theBalsaCAD back-ends.
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Chapter 8. Conclusions

Thework describedn thisthesishasproducedwo substantiahrtifacts: the Balsabackend
tool setandthe AMULET3i DMA controller The Balsabackendis capableof producing
implementationsf parameterisedandsha&componentandpresentinghoseimplementa
tionsto achoserCAD system. The AMULET3i DMA controllersenesassubstantiaValid-

ationof thistool set.

The AMULETS3i DMA controlleris not just a paperdesign,the DRACO communications
IC in which it is embeddedasbeenfabricated. This IC wasdevelopedasa joint effort
betweerthe AMULET groupanda commerciapartnerandis destinedo beusedin DECT
mobilecommunicationproducts. TheDMA controllerwasbuilt to acommercially-sourced
specificatiorwhich wasdravn up without referencelo Balsa. Realisinga designbasedon
this specificationprovesthe flexibility of Balsaasa designlanguagefor generalhardware

designtasks.

The new handshak& componentslescribedn arethe resultof working with the
large netlistsgenerateadvhilst building the AMULET3i DMA controller Thesimplet fully
asynchronou€)MA controllerdesignusedto demonstratéhe implementation-simplifying
effectsof thesecomponentseflectsthe control compleity of the full AMULET3i DMA
controller This simplified controlleris, therefore pfferedassubstantiatestdesignto other
researcher@ts specifications outlinedin B7-1andthecompleteBalsadescriptions givenin

appeNdixy).

The Balsasystemis available to download underthe termsof the GNU GeneralPublic

Licenseversion2. A link canbefoundat:
http://www.cs.man.ac.uk/amulet/projects/balsa

ThisURL is guaranteedalid until atleastMarch2003.

8.1. Future work

Funding has beensecureded to extend Balsain two ways: improvementsto datapath
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synthesi®f andadditiongto thebehaioural simulationanddesignmanagemergystems.A

numberof otheradditionsandimprovementto the Balsasystemarealsoervisaged.

8.1.1. Improved datapath synthesis

Automatedtoolsexist to createcustomlayoutof datapath$rom a library of pitch-matched
datapathcells. Thesedatapathcompilation tools producecompositionsof cells which
performthe desiredfunction with control inputs (for multiplexers,addersgtc.) presented

asports.

The synthesiof Balsadatapattcomponentgould be adaptedo make useof thesetoolsto
producesmallerfasterdatapathmplementationsVariantof theprovidedcelllibrariescould
be producedo allow matchedpathcontroldelaysor delay-insensitie encodingf control

(or carrychains}o beintegratedinto thedatapathayout.

Datapathsynthesisvork on Balsawill includethisform of customdatapatigeneratiorand
alsowork onlayout-avareplacementor synthesis.Thiswill includeautomateglacemenof
standaraells(or functionsin FPGAIlook-uptables)o produceregularlayoutwith correctly

placed(i.e.localised)nterconnect.

The useof delay-insensitie codesto encodedatafor regular and ‘cell compiler’ placed
standardcell layout will also be explored. A Balsa back-endtechnologyusing NCL is

alsoplanned.

8.1.2. Simulation and design management

The LARD-basedsimulationsolution describedn is a greatimprovementover
theuseof LARD describedn [B]. UnfortunatelyLARD wasnot createdwith the intention
of usingit anintermediatdor modellingdescriptionsnadein othersourcelanguagesThe
compiler and simulation ervironmentdo not provide a transparentnoughview of the
original descriptionto make the experienceof deluggingBalsausingLARD seamles$or

theuser

Work will be carriedout to rework the LARD simulationenvironmentto better support

Balsa. Integration of the nascentBalsadesignmanager(balsa-mgr)with this simulation
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environmentwill allow the constructionof an integrated Balsa designervironment (an
IDE). Supportfor testharnesgenerationandapplication),CAD interfaceintegrationand
assessmerandvisualisationof designgbetterthanjust breeze-costp allow usersgo make

intelligentdesignchoiceshasedn simulation/synthesiesultsareall required.
8.1.3. Other work

Otherfutureimprovementgo Balsainclude:

*  Thefull integrationof thecomponentslescribedn Ehapien.

*  Creationof new back-endechnologie$or newly developinglC desigrkits.

* Improvementsn FPGAinterconnecefficieng/ of implementedBalsadesigngintercon
nectfor local synchronisatiosignalsendsto beexpensve in FPGAS).

»  Exploringwaysof usingexisting static-timingvalidationtools (for FPGA and ASIC

designsjo validateBalsadesignsvithout exhaustve simulation.

Controlresynthesisvork on Balsahandshak circuitsis alsocurrentlybeingundertalen by

T. Chelceaat ColumbiaUniversity/[rs].
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Appendix 1. Balsa Language
Reference

1.1. Top level and declarations

balsa-description

EachBalsafile containsa singlebalsa-descriptionThatdescriptionmayimport definitions
from otherfiles andmake a numberof definitionsof its own. Definitionsin the private
partof thefile arevisible only to subsequerdefinitionsn thisfile. Definitionsin thepublic
partareexportedto the Breezefile by balsa-c.Namesbecomeboundat point of definition
and are visible to subsequentefinitionsin the file. Balsahasseparatenamespacefor
procedure/function/sharguioceduresiamesyariablesandchannelandtypes.

balsa-declaation

L»{importslﬂA L-[private J J L\public }

fouterdec}

impor ts

Importsreadin definitionsfrom otherfilesby parsingheir (previouslycompiled)Breezdiles.
The dot separategathsrepresenfile systempathsfrom theroot of the directoriedistedin
theincludesearctpathdefinedoy balsa-c.Thefirstfile to befoundby matchingagainstthose
pathis thefirst to beincluded. Nameconflictsbetweerimportedfilesareconsidereckrrors.

imports
Tu import_}-{[ )
outer -decl

At the top level of a balsa-descriptioronly the declaration/definitiorflavours given by
outerdeclareallowed. Theover sectionsan recordandenumeratiordeclarationsllow a
boundingtypeto begivenwhich determinegandrestrictsthesizeof thosetypes.
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outerdecl

record |- recod-elems end]
enumeration |~lenum-ele over |-{typd
-{constant  |+{idents{=|+|expr!
orsan_genb {1 —
procedure |+{ident »is
B
ident
L[over param‘etiff‘
3

_
N netonport) T L e

recor d-elems and enum-elems

»[function

Recordelementsarepaclkedin thegivenorderintorecordtypedvalues. Thefirstelementwill
occupy theleastsignificantbits of arecordtypedvalue.

Enumeratiorelementgyet valuesstartingfrom 0 andincreasingoy one from left to right.
Elementswith explicit valuesresetthis counterto thatvalueandsofor a pair of elements:
eleml = 5, elem2 ;thevalueof elemenkelem?2 is6.

recod-elems enum-elems

inner -decl

Channelsyariablesandsharedoroceduresnayonly bedeclarednsideprocedures.

inner-decl

A»{ outerdecl| .

»/channel iden typd
| TU e
iden
-

+{variable ]—iogjb»

‘»(shared |+ iden block]
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procedure-por ts and function-por ts

procedue-ports function-ports

formal-parmmeter — > \
. ; bformal-port
e %\ el
formal-porﬂ U~

formal-port
> Sync hﬁiderit_J

farmay_J{rangg o )
input ident

formal-pamameter
~{parameter ident—»{:
N

1.2. Expressions, types, ranges and Ivalues

type, rang e and parameter

Balsahastwo classe®f anorymoustypesnumerictypes(declaredwvith thebits  keyboard)
and arraysof othertypes. Numerictypescan be either signedor unsigned(without the
signed keyboard). Signednesbasaneffecton expressioroperatorandcasting. Enumer
ationtypesandrecordtypesmustbe boundto namedy a typedeclaratiorbeforeuse. Type
equialencen Balsais usuallyby comparingpointsof declaratiorfor namedtypes,by size
andsignednestr numerictypesandby sizeof rangeandbaseypefor arrays.Only numeric
typesandarraysof othertypesmaybe usedwithoutfirst bindinga nameto thosetypes.

Rangesare usedfor specifyingthe indicesof elementsof arrays,array slicing/element
extraction,arrayedchannelsandin case commandpatternsaandfor loops. A singleexpr

valueis equvalentto O ... expr — 1in arrayandarrayedchannelsandto just the value of

expr in slice/arrayextract operationsgcase patternsandfor loops. Rangesover a type

areequialentto arange0 ... 257®°%P For arrayelementsindfor loopsrangesarealways
ascendingvenwhenspecifiedvith thegreatewvalueontheleft handside(thetwo valuesare
swapped).Rangesnaybeappliedover numerictypesandenumerationsAll sliceoperations
musthave constanindices.

type range parameter

type
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expr

1. Record/arragonstruction.The optionalidentspecifiesa type wherethisisn’t obvious
from context

2. Enumerationelementchoice:e.g. Colours’Red . Wherethe enumerationtype is
obviousfrom context, thetype namecanbeomitted:e.g.Red

3. Recordelementxtraction

4. Numberof bitsin typeident. Must beresohableatcompiletime.

5. gog2 exprg. Mustberesolhableatcompiletime.

6. Type castoperatoy the parenthesesre required. All value except signed numeric
valuesare castby truncationor zeropadding. Signednumericvaluescastinto wider
signednumerictypesaresignextended.Theonly implicit typecoercionin Balsais the
extensionof numericliteralsandconstanexpressions.

7. Functioncall expression.

expr

g ¥ ¥ 7
2 expr 4 5
i v ¢
mee den iden expr sizeof |[log -] (ot ]
ident
(. A lident  |expr] |expr|
lident [ident ]
exprs .
exprs

binar y/unar y-operator s

Operatorareshovn in orderof decreasingrecedence.

Symbol Operation Valid types | Notes

[] arrayindexing | array non-constindex possible cangenerate

lots of hardware

recordindexing | record

not , unaryops. numeric log only workson constants; makesre-
log , turnsa resultonebit wider thanthe ar-
- (unary) gument
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+, - add,subtract numeric resultsare betweenone and two bits
longer than largestargument(two bits
for signed+/- unsignedwith alargeror
equallysizesunsignedargument)
* 1, % multiply, numeric only applicableto constants
divide,
remainder
<,>,<=,>= | inequalities numeric,
enumeration
=, /= equals, all comparisonis by sign extendedvalue
notequals for signednumerictypes
and bitwiseand numeric Balsausegypel bits forif /while
guardsso bitwise andlogical operators
arethesame
or bitwiseor numeric
lvalue

Thevariablenamingclauseontheleft handsideof assignmentghechannehamingclauses
oneithersideof channel/O commandsindtheformalargumentgo procedurearegrouped
togetherunderthetermlvalues. Lvaluesnamevariableschannelsrecordelementof vari-
ablesslices/elementsf variablesof arraytypesandthe slices,constructiorandconcatena
tion (with the @symbol)of arrayedchannelsisedn proceduresalls. Theleft handarraywill
occupy thelow index portionof resultingarray

Ivalue
iden >

O
ent
{Ivaluel—»{[ |+ range}~]

@ valu

1.3. Commands

|

command

1. continue isthenullcommandhalt causesleadlock.

2. Channel/O andvariableassignment-> is channeinput,<- ischannebutput.

3. bindstighterthan; , useblock to overrideprecedence.

4. Indefinaterepetition.

5. if andwhile commandsnayhave multipleguardeccommandspnly oneof whichis
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executedwvhenits guardis met.

6. for performsstructuraliteration/compositiosimilartof or gener at e in VHDL.
Theiterationrangemustberesohableat compiletime.

7. select andarbitrate performpassie input selectionselect  without arbitra
tion, arbitrate with arbitration. A select mayapplyto any numberof channel
setsarbitrate mustbe appliedto exactly two sets. Selectecchannelsareavailable
asreadenly variableswithin theguardeccommands.

8. print can be usedto give diagnosticmessagesiuring compilation. Any Balsa
valuecanbe passedo print but if thefirst elementis oneof the valuesof the built-in
enumeratedype BalsaError |, thisis usedto specifywhattype of messagés given.

BalsaError isdefinedas{fatal, error, warning,  report}
expr-guards case-guads
«E—{@(erthen }»commant#—r rangel-+{then }+comman
( 1<
uJ
M
0
select-guads
»[then }+comman
|
[, |«
)
(|«
U
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command
—1—+continue -

r
sync Hlvalu§ -
; commanﬂji
Il

-4+{loop |+ commang-{end |

lend

. expr-guard L[ - N
else Hcommangﬁl—j
+{case [-{expri+{of -{case-guas ~(end |
L[else Hcomman@j
L»6-»{for w ident-{in }+[range}+{then }-[commanéi{end}»

select select-guarls~{end |
\arbltrate

bIod< -
»8»\ print r >

strl

procedue call

procedure-call

Theover procedureall syntaxis usedto call parameterisegroceduresPre-parameterised
versionsof suchprocedureganbe boundto namesusinga procedure declaration(see
outerdec). A block canbe given in placeof a syncchannelnameallowing the called
procedurdo activatethatblock with a handsha&onthatport.

procedue-call procedue-args
|den > -Ivalu e

over Iparamete [% J H
rocedue atg W

L_J !
rocedue arg

block

Blocks allow inclusion of local definitionsarounda commandand the overriding of the
precedencef commandcomposition.
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blodk

~[begin }~command-end
L[Iocal hd inner—declbJ
D

1.4. Terminals and comments

The terminalsmay have no extra whitespacansertedin them. Numberscan be given in

decimal(startingwith oneof 1...9),hexadecimalOx prefix),octal(0 prefix)andbinary(Ob

prefix). ldentifiersfollow rulessimilarto C, they arecasesensitve andmaynot beidentical
to ary of the predefinedkeywords.

Therearetwo formsof commentstine commentdegunby -- andcontinuingto theendof
thecurrentline, andblock comment®nclosedhesymbols(-- and--) . Block comments
arenestable.

ident number

string

e

Appendix 1. Balsa Language Reference 173



Appendix 2. Simplified DMA Controller
Source Code

2.1. ctrl.balsa

(-- ‘ctrl.balsa’: Register/DVMAReq unit --)

import  [types]
public

procedure  RequestHandler  (
input  busCommandin : MARBLE8bACommand;
input  DRQIn : ClientNo;
sync TEAck;
output request : DMACommandSource;
output busCommandOut : MARBLE8bACommand;
output DRQOut : ClientNo
) is local
channel drgAndBus : DMACommandSource
begin
loop
arbitrate DRQIn then
drgAndBus <- DRQ|| DRQOut <- DRQIn
| busCommandin then
drgAndBus <- bus || busCommandOut <- busCommandin
end
end ||
loop
arbitrate drqAndBus then request <- drqAndBus
| TEAck then request <- TEAck
end
end
end

procedure  DMAControl (
input  busCommand : MARBLE8bACommand,
output busResponse : MARBLEResponse;
input  DRQ: ClientNo;

output TECommand: array 2 of Word,

sync TEAck;
output IRQ : hit
) is local
variable channelRegisters . array NoOfChannels of ChannelRegister
variable channelR, channelW : ChannelRegister
variable channelNo : ChannelNo
variable clientNo : ClientNo

variable TEBusy : bit

variable gEnable : bit
variable chanStatus : array NoOfChannels of bit
variable IRQMask, IRQReq : array NoOfChannels of bit
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variable requestsPending : array NoOfChannels of RequestPair

channel commandSourceC : DMACommandSource
channel busCommandC: MARBLE8bACommand
channel DRQC: ClientNo

variable commandSource : DMACommandSource

shared ReadChannelRegisters is begin channelR =
channelRegisters[channelNo] end
shared WriteChannelRegisters is begin channelRegisters[channelNo] =
channelW end
shared IssueTransfer is begin
TEBusy = 1 || TECommand<- {channelR.src, channelR.dst}
end
shared UpdateRegistersAfterTransfer is begin
channelW.ctrl := channelR.ctrl Il
if channelR.ctrl.srcinc then
channelW.src = (channelR.src + 1 as Word)
end ||
if channelR.ctrl.dstinc then
channelw.dst := (channelR.dst + 1 as Word)
end ||
if channelR.ctrl.countDec then
channelW.count := (channelR.count - 1 as Word)
end;
if channelW.count = 0 then
chanStatus[channelNo] =1
if IRQMask[channelNo] then IRQReqg[channelNoO] = 1 end ||
channelW.ctrl.enable =0
end;
WriteChannelRegisters 0
end

-- Take the client nunber in ‘clientNo’ and find channel s which
-- are triggered by that client request, set their regeuest bits.
shared MarkUpClientRequest is

begin
for || 1 in 0 .. NoOfChannels-1 then
if channelRegisters]i].ctrl.srcClientNo = clientNo  then
requestsPending][i].src =1
end ||
if channelRegisters]i].ctrl.dstClientNo = clientNo  then
requestsPending][i].dst =1
end
end
end

-- Examine the transfer ready bits and
-- issue a transfer to the TEif we can

shared TryTolssueTransfer is local
variable foundChannel : bit

variable newChannelNo : ChannelNo
begin

foundChannel := 0 || channelNo := O;

while  not foundChannel then
if requestsPending[channelNo] = {1,1}
and channelRegisters[channelNo].ctrl.enable then
ReadChannelRegisters 0;
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requestsPending[channelNo] =

{channelR.ctrl.srcDRQ, chénneIR.ctrI.dstDRQ} Il
foundChannel = 1 ||

IssueTransfer 0 |

UpdateRegistersAfterTransfer 0
else

local channel incChanNo : array ChannelNoLen + 1 of bit
begin

incChanNo  <-
(channelNo + 1 as array ChannelNoLen + 1 of bhit) ||
select incChanNo then

foundChannel  := incChanNo[ChannelNoLen] Il
newChannelNo :=
(incChanNo[0..ChannelNoLen-1] as ChannelNo)
end;
channelNo := newChannelNo
end
end
end
end

-- Assess interrupt status after finishing a transfer

shared Assesslinterrupts is begin
IRQ <- (IRQReq as NoOfChannels bits) /= 0
end

shared ClearChanStatus is begin

chanStatus[channelNo] = 0|
IRQReg[channelNo] = 0
Assesslnterrupts 0

end

-- Initialise a few key vari abl es
shared Init is begin

gEnable := 0 || TEBusy := 0 ||
requestsPending ;= (0 as array NoOfChannels of RequestPair)
end
begin
Init  ();

RequestHandler  (busCommand, DRQ, TEAck, commandSourceC,
busCommandC, DRQC) ||
loop
commandSourceC -> commandSource;
case commandSource of
DRQthen DRQC-> clientNo; MarkUpClientRequest 0

| bus then
select busCommandC then
if (busCommandC.a as RegAddrType).globalNchannel then
case busCommandC.rNw of -- gl obal regs
read then

case (busCommandC.a as GlobalRegAddr).regType of
chanStatus then busResponse <- {(chanStatus as Word)}

| IRQMask then busResponse <- {(IRQMask as Word)}

| IRQReq then busResponse <- {(IRQReq as Word)}

else (-- genCtrl --) busResponse <- {(gEnable as Wrd)}

end

| write then

case (busCommandC.a as GlobalRegAddr).regType of

chanStatus then chanStatus :=
(busCommandC.d as array NoOfChannels of bit)
| IRQMask then IRQMask :=
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(busCommandC.d as array NoOfChannels of bit)
| IRQReq then IRQReq :=
(busCommandC.d as array NoOfChannels of bit)
else (-- genCtrl --) gEnable := (busCommandC.d as bit)

end
end
else -- channel regs
channelNo := (busCommandC.a as ChannelRegAddr).channelNo;

ReadChannelRegisters 0;
case busCommandC.rNw of
read then
case (busCommandC.a as ChannelRegAddr).regType of
src then busResponse <- {channelR.src}
| dst then busResponse <- {channelR.dst}
| count then busResponse <- {channelR.count}

| ctrl then busResponse <- {(channelR.ctrl as Word)} ||
ClearChanStatus 0

end

| write then

channelwW := channelR; -- copy back other registers

case (busCommandC.a as ChannelRegAddr).regType of
src then channelW.src := busCommandC.d

| dst then channelW.dst := busCommandC.d

| count then channelW.count := busCommandcC.d

| ctrl then channelW.ctrl =
(busCommandC.d as ControlRegister) Il
requestsPending[channelNo] = {0,0t ||
ClearChanStatus 0
end;
WriteChannelRegisters 0
end
end
end
else (-- TEAck --)
TEBusy : = 0;
i f gEnable then Assesslinterrupts () end
end;
if gEnable and not TEBusy then TryTolssueTransfer () end
end
end

2.2. arb.balsa

(-- ‘arb.balsa’: Arbiter trees --)

import  [balsa.types.basic]
public

-- ArbHead: 2 way arbcall with channel no. out put
procedure  ArbHead (
sync i0, il
output o : bit
) is begin loop
arbitrate i0 then o <- O
| i1 then o0 <- 1
end end end

-- ArbTree: a tree arbcall which outputs a channel nunber
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-- prepended onto the input channel’s data. (invokes itself
-- recursively to make the tree)
procedure  ArbTree (

parameter inputCount . cardinal;
parameter depth : cardinal; -- bits to carry frominputs
array inputCount of input i : depth bits;
output o : (log inputCount) + depth hits
) is local

function AddTopBit (hd : bit; tl : depth bits) =
(t as array depth of bit) @ {hd} as depth+l bits)
function AddTopBit2 (hd : bit; tI : depth+1 bits) =
(tl as array depth + 1 of bit) @{hd} as depth+2 bits)
function AddTop2Bits (hd0 : bit; hdl : hbit; tI : depth bits) =
(a as array depth + 1 of bit) @{hdO,hdl} as depth+2 bhits)
begin
case inputCount  of
0, 1 then print error,
"can't build an ArbTree with fewer than 2 inputs"
| 2 then loop
arbitrate i[0] then o <- AddTopBit (0, i[0])
| i[1] then o <- AddTopBit (1, i[1])

end
end
| 3 then local channel lo : 1 + depth bits
begin
ArbTree over 2, depth of i[0..1], lo ||
loop

arbitrate lo then o <- AddTopBit2 (0, Ilo)
| i[2] then o <- AddTop2Bits (1, 0, i[2])

end
end
end
else local
constant  halfCount = inputCount / 2
constant  halfBits = depth + log halfCount
channel |, r : halfBits bits
begin
ArbTree over halfCount, depth of i[0..halfCount-1], (|
ArbTree over inputCount-halfCount, depth of
ifhalfCount..inputCount-1], ro
ArbTree over 2, halfBits of {I,r}, o]
end
end

end

-- ArbFunnel: build a tree arbcall (balanced apart fromthe | ast
-- channel which is faster than the rest) which produces a channel
-- nunmber froman array of sync inputs
procedure  ArbFunnel (
parameter inputCount : cardinal;
array inputCount of sync i
output o : log inputCount  bits

) is local

constant  halfCount = inputCount [/ 2
constant  oddInputCount = inputCount %2
begin

if inputCount < 2 then

print  error, can't build an ArbFunnel with fewer than 2 inputs
| inputCount = 2 then

ArbHead (i[0], i[1], 0)
| inputCount > 2 then
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local
array halfCount+1  of channel li : bit
begin
for || j in O . halfCount - 1 then
ArbHead (i[j*2], i[j*2+1], [
end ||

if oddInputCount  then

ArbTree over halfCount+1, 1 of i[O . halfCount],
loop select i[inputCount - 1] then li[halfCount]
else
ArbTree over halfCount, 1 of Ili[0..halfCount-1],
end
end
end

end

2.3. dma.balsa

(-- ‘dma.balsa’: DVA controller --)

import  [ctrl]

import  [te]
import  [arb]
public

procedure DMAArb is ArbFunnel over NoOfClients

procedure  dma (

input mta : MARBLE8bACommand;
output mtd : MARBLEResponse;
output mia : MARBLECommandNoData;

output irq : bit;
array NoOfClients
) is local
channel DRQCIlientNo ClientNo
channel TECommand: array 2 of Word
sync TEAck
begin

of sync drq

DMAControl (mta, mtd, DRQClientNo, TECommand, TEAck,

DMATransferEngine  (TECommand, TEAck, mia) ||
DMAArb (drq, DRQClIientNo)
end

2.4. types.balsa

(-- ‘types.balsa : Types and constants --)

import  [marble]
public

-- Nunber of channels, clients

constant NoOfChannels = 4

constant  NoOfClients =8

constant ChannelNoLen = log NoOfChannels
constant  ClientNoLen = log NoOfClients

o ||
<- 0 end end

irq) ||
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type ChannelNo is ChannelNoLen bits
type ClientNo is ClientNoLen  bits

--- DVA Commands
type DMACommandSourceis enumeration
DRQ, bus, TEAck
end
--- Channel registers
-- Channel RegType: the 4 registers per DVA channel
type ChannelRegType is enumeration
src, dst, count, ctrl
end

-- Control Regi ster: control register LS bits

type ControlRegister is record
enable : bit;
srclnc  : bit;
dstinc : bit;
countDec : bit;
srcDRQ : bit;
dstDRQ : bit;
srcClientNo . ClientNo;
dstClientNo . ClientNo
end
type ChannelRegister is record
src, dst, count : Word;
ctrl  : ControlRegister
end

--- G obal registers

-- GenCrl Register: General control register structure

type GenCitrlRegister is record
gEnable : bit
over Word

-- G obal RegType: the 6 global registers
type GlobalRegType is enumeration

genCitrl, chanStatus, IRQMask, IRQReq
end

-- RegAddr Type: union with RegAddr to tell global from channel
register
type RegAddrType is record
padding : 7 bits;
globalNchannel . bit
over 8 bits

-- Channel registers address format
type ChannelRegAddr is record
regType : ChannelRegType;

channelNo : ChannelNo;
padding : 8 - (sizeof ChannelRegType + ChannelNoLen) bits
over 8 bits

-- G obal registers address format
type GlobalRegAddr is record
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regType : GlobalRegType;
padding : 7 - sizeof GlobalRegType bhits;
one : bit

over 8 bits

type RequestPair is record

src : bit;
dst : bit
end

--- Transfer engine

type TECommandis record
srcAddr : Word;
dstAddr : Word

end

2.5. marble.balsa

(-- ‘marble.bal sa’: MARBLE types and parts --)

-- MARBLE Address/Data Interface
import  [balsa.types.basic]
public

-- Basic types
type Word is 32 bits
type HalfWord is 16 bits

-- MARBLE types
type RNWis enumeration  write, read over bit
type MSize is enumeration byte, halfWord, word over 2 bits

-- Command bundl e, 32b and 8b addresses
type MARBLECommandNoDatais record

a : Word;

rNw : RNW;

size : MSize
end

type MARBLE8bACommands record
a . 8 bhits;
d : Word;
rNw : RNW;
size : MSize
end

-- Response bundl e, no abort facility, not needed for data wites
type MARBLEResponse is record

d : Word
end
2.6. te.balsa
(-- ‘te.balsa’: DVA Transfer engine --)
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import  [types]
public

procedure  DMATransferEngine  (
input command : array 2 of Word;
sync ack;
output busCommand : MARBLECommandNoData
) is local
variable commandV : array 2 of Word
begin
loop
command -> commandV;
busCommand <- {commandV[0],read,word};
busCommand <- {commandV[1],write,word};
sync ack
end
end
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