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Abstract

Relative Timing is introduced as an informal method
for aggressive asynchronous design. It is demonstrated on
three example circuits (C-Element, FIFO, and RAPPID Tag
Unit), facilitating transformations from speed-independent
circuits to burst-mode, relative timed, and pulse-mode cir-
cuits. Relative timing enables improved performance, area,
power and testability in all three cases.

1. Introduction

The designof RAPPID, the asynchronousinstruction
lengthdecoder, tookmorethantwo yearsto complete[13].
Beyond investigatingwhetherasynchronousdesigncould
improveperformance,wealsowantedto �nd outwhichde-
signstylesandcircuit familiesaremostsuitablefor aggres-
sivecircuit design.

We startedwith SpeedIndependent(SI) and Extended
BurstMode(XBM) speci�cations.However, existing syn-
thesistools [5, 17] yieldedresultsthat werelessthansat-
isfactory for critical paths. Next, we turnedto timed de-
signandemployeda metric timing synthesistool [9]. The
resultingcircuits demonstratedimproved performancebut
werestill below our expectations.Therefore,we turnedto
aggressive manualdesignfor the critical pathsand man-
agedto obtain the resultsreportedin [13]. Now we face
thequestionof how ourmethodof semi-manualdesigncan
beturnedinto aneffectiveCAD methodologyandtools.

In retrospect,oneapproachstandsout asthe mostsuc-
cessfulmethodin thatprocess.We employedRelative Tim-
ing (RT) assumptionsto specifyand argueaboutour cir-
cuits,appliedcertaintransformationsthatpreservedrelative
timing, andvalidatedthat the relative timing assumptions
held in the �nal circuits. This approachturnedout to bea
very effective methodto semi-formalizethesubstitutionof
aggressive pulse-mode,self-resettingcircuits for theorigi-
nal full-handshakespeed-independentones.

We proposethatanew formalmethodologyandtoolsbe
developedto supportthis method. In the absenceof such

CAD tools,themethodis quiteinef�cient for thedesignof
largesystems.This paperpresentsour lessonsin orderto
motivate suchan effort. We start with simple, contrived
examplesthat demonstratebasicprinciples,and move to
a RAPPID circuit which hasbeenimproved substantially
with relative timing.

2. Motivation and description

The designof timing in digital circuits is an extremely
dif�cult challenge.Theconventionalclockeddigital design
methodologysolvesthis problemby decomposingthe cir-
cuit into cycle-freecombinationallogic (CL) stagesandin-
terstageclockedlatches;theclock cycle is simply tunedto
accommodatethe worst-casepropagationdelay in the CL
stages. The behavior of the combinationallogic can be
speci�edandsynthesizedwithout consideringtiming. De-
lay Insensitive (DI) asynchronouscircuitsareanalogousto
clockedCL designin thesensethatbothtypesareindepen-
dentof time– thebehavior will becorrectfor arbitrarygate
andwire delay.

High-performancecircuits, both clocked and asyn-
chronous,bene�t from moreaggressive timing methodolo-
gies. Clocked circuits can be considerablyenhancedus-
ing localself-timing[12]. Timedasynchronouscircuitscan
have signi�cantly enhancedperformance,but requirebet-
ter understandingandmodelingof circuit performanceand
delayvariation.

Metric timing requiresthe speci�cationof propagation
timesor rangesthereof[16, 9]. Unfortunatelymetric tim-
ing analysiscanexplodein complexity to theextentthatthe
synthesisandveri�cation of even moderatelysizedtimed
circuitscanbecomeintractable[1]. Metric timing typically
needscompletecharacterizationof all device andenviron-
mentdelaysto achieve improvementsover unboundedde-
lay models.Completecharacterizationof environmentde-
laysaswell asestimationof thelatenciesof thecircuits to
besynthesizedseemawkward.

An alternative to metric timing allows the designeror
CAD algorithmsto specifytheeffect of delaysin a circuit
in termsof assertionson relative orderingof events(e.g. a



goeshigh beforeb goeslow). Our applicationof relative
timing is basedontheunboundeddelaymodelalreadyused
bymostasynchronoussynthesisandveri�cation tools.SIor
XBM speci�cationsareeasilyrestrictedbasedon designer
speci�edassumptionsof relativesignalorderingsof theen-
vironment. Thecircuitsarethendesignedto meetthe rel-
ative orderings,or veri�ed that the restrictionsarealready
partof thedelaysin thesystem.

Many timing CAD toolsandmethodologiesexist; asyn-
chronousdesignitself is a timing methodology. Order-
ing signalstemporallyis not novel. Metric andnon-metric
timed automatahasbeenconsideredby [1, 9, 6, 11, 2, 4].
Componentdatabooksincludewaveformsshowing relative
signalorderings.However, we do feel thattheRT method-
ology usedin RAPPIDappliestiming top-down in a novel
way that is intuitive, �e xible, createshigh performance
small low power testablecircuits, and is easilysupported
by CAD.

3. RAPPID relative timing design

Oncethe RAPPID architecturewascompletethe chal-
lengeof circuit mappingbegan. Initial speci�cationswere
synthesizedusingfull-handshakecircuits.We beganstudy-
ing theenvironmentof many of thecritical circuitsto seeif
timingcouldbeemployedto reducethenumberof logic lev-
els in eachcontroller. Thesystemarchitecturecreateden-
vironmentalsignalrelationswherethefastestarrival delays
are large comparedto the local controllers(as in the ring
examplein Sections4.3 and 4.4). Signal orderingswere
alsoenforcedby design. The latency of many circuits in
RAPPIDwasreducedby afactorof asmuchas3 � through
suchtiming transformations.Thesetransformationsmodi-
�ed many behavioral aspectsof thespeci�cations,concur-
rency in particularly. However, theessentialfunctionalityof
thecontrollers– synchronizationandordering– remained.

Most of the RT circuits in RAPPID were designedby
hand. This effort, while time consuming,helpedus bet-
terunderstandtiming, timedtechnologymapping,andwhat
typesof transformationsappearedmostbene�cial. We in-
vestigatedvariousforms of handshaking,includingproto-
colswithout directhandshaking.Thesepulse-basedproto-
cols canat timessigni�cantly improve the simplicity and
latency of asynchronouscircuits.

Mostof our implementationsweremappedontodomino
library cells. Dominocircuitsarea restrictedclassof gen-
eralizedC-Elementswhereonly a singletermexists in the
resetfunction. The combinationof state-holdingand low
transitionlatency of the dominogatesmadethemthe best
circuit alternativewe investigated.

A key aspectto thecorrectoperationof thesilicon was
the veri�cation of thesetimed circuits. The timing veri�-
cationtool Analyze[15] wasenhancedto supportrelative

timing veri�cation. The veri�er wasalsousedto generate
a completesetof RT constraintsfrom the critical racesin
a circuit. Theseconstraintsenforcea particularresolution
of the racesthat guaranteecorrectoperationof a circuit.
This is shown in Section4.2.1, where the hiddentiming
assumptionsof burst-modeareexplicitly derived. Timing
assumptionsin thispaperarelabeledRTA, whereascritical
racesthat arediscoveredthroughveri�cation andmustbe
orderedfor thecircuit to operatecorrectlyarelabeledRTC.

Someof thehanddesignedRT circuitswerecheckedfor
validity throughATACS.However, the environmentaland
localpathdelaysin theRT assumptionsweretypically val-
idatedwith SPICEsimulations.

Wefeel thatrelativetiming hadsigni�cant impactonthe
throughput(3 � improvement),latency (2 � improvement),
andarea(15%bloat)oversimilarlogic in acommercialsyn-
chronousimplementation.Althoughharderto quantify, we
feelthatrelativetimingwaskey in achieving the95%stuck-
at testability in RAPPID throughremoving redundancies
thatnaturallyresultthrough�x edsignalorderingsinduced
by timing.

The lack of synthesissupportwasa seriousproductiv-
ity limitation onceour methodologywasin place. Part of
thisaspecthasbeensuccessfullyaddressedin joint research
with thePetrify teamby creatingintegratedalgorithmsthat
supportRAPPID-styleautomaticRT synthesis. Many of
thekey RT controllers,includingtheonepresentedin Sec-
tion 4.4,cannow bedirectlysynthesizedin Petrify.

A signi�cant weaknessin RAPPIDvalidationwastim-
ing analysissupportin theback-end.HenrikHulgaardveri-
�ed thetiming of theRAPPIDFIFO.A relativetiming �o w
that automaticallygeneratesall essentialRT constraints,
calculatesthe bestandworst casepathsnecessaryfor the
constraintto hold, and completesthe timing analysisfor
thesepathsis researchyet to becompleted.

We encourageresearchersto further develop CAD for
RT design.

4. Examples

4.1. Notation and terminology

Table 1 shows somenotationsusedin this paper. For
CCS[7], `.' is the sequentialoperator, ` � ' is the nonde-
terministicchoiceoperator, ` � ' is parallelcomposition,and
` ��� a � ' is therestrictionoperatorappliedto signala.

All simulationshave beenmadeusingstandardlibrary
cell device sizesdriving six standardinvertersas a load.
They weresimulatedin SPICEusingtheMOSIS0.5� pro-
cessparameters.A more completemodelingof someof
thesecircuitsandparameterscanbefoundin [14].

Thecircuit examplesin this paperareall basedon non-
clocked domino gatesemploying a single pMOS device.



Signal Description Example
inputsignal underline input
outputsignal output
inverted(assertedlow) over-bar z
rising transition uparrow a �
falling transition down arrow b �

Table 1. Notation conventions

Asynchronoustoolssuchas3D [17], ATACS [8] andPet-
rify [5] cantypically synthesizeset-reset�ops andtheap-
propriatefunctions (Figure 1(a)). We apply technology
mappinginto single-variablereset(equivalently set) func-
tions, and implementthemusingstandardfooteddomino
gatesasin Figure1(b). Whentheresetvariableis not used
in thesetfunction,anunfooteddominogateis usedinstead
(Figure1(c)).
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Figure 1. (a) Set-Reset flop and functions.
(b) Footed domino gate (symbol and circuit)
implementing a Set-Reset flop with ����� x,����� x � a ��� b � c � . (c) Unfooted domino gate
implementing � � � x, ����� a ��� b � c � .

4.2. C­Element

A simple two-input generalizedC-ElementC � � a �
b �"! z !C (asde�ned in CCS[7]) andits CMOSimplementa-
tion areshown in Figure2(a). Let's assumethatwe know

that the environmentalwaysproducestransitionson a be-
fore transitionson b, and we feel this knowledgemight
simplify our circuit. This relative timing assumptionis ex-
pressedasa follows:

RTA1: a # b

The C-Elementis reducedto a buffer: C � b ! z !C using
this assumption.If theassumptionis limited to the falling
edges,

RTA2: a �$# b �
theresetfunctioncontainsonly b � , andtheC-Elementcan
beimplementedasafooteddominogate(Figure2(b)): C �� a � � b �%�"! z ��! a �&! b �&! z ��!C ! With asimilarassumptiononthe
positiveedges,

RTA3: a �$# b �
thecircuit canbemappedto thedominogatein Figure2(c)
by inverting the inputsandemploying the non-bufferedz
output. Alternatively, the outputcanbe bufferedfor high
loads.A “wobbly” C-ElementC � a ! b ! z !C � b !'� a ! z !C �
b !C� , that is unsafebecauseinput b may toggleandwith-
draw, canalsobeveri�ed andsynthesizedasabove.
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Figure 2. Generalized C-Elements: (a) gC, (b)
GC-RT for a �$# b � (c) for a �$# b �
Let's considerthestaticC-Element(SC) in Figure3(a).

This circuit is not speed-independent,but is safeprovided



the environment is suf�ciently slow. Alternatively, Pet-
rify [5] synthesizesthe staticcomplex gatecircuit shown
in Figure3(c). Timing assumptionsRTA2 or RTA3 leadto
the simplerstaticcircuits of Figure3(d) and3(e), respec-
tively. Note that thesetwo circuitsareactuallysubcircuits
of thespeed-independentone.
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Figure 3. Static C-Elements: (a) C-Element
with hazards, (b) locally timed, (c) Speed-
Independent, (d) with RT assumption a � # b � ,
(e) with RT assumption a �$# b �

4.2.1. Relative timing verification

TheSCcircuit in Figure3(a)is implicitly hazard-freeunder
the fundamentalmodeassumption.Relative timing allows
this assumptionto bemadeexplicitly. If, for instance,the
environmentrespondsquickly, b � mayimmediatelyfollow
z � , beforenodeaz rises. This raceshows up asa failure
whenverifying thecircuit againstthespeci�cation. Veri�-
cationenginescanbe enhancedto supportrelative timing
by generatinga setof RT constraintsfrom theseveri�ca-
tion failurestates.Thefollowingtwoexplicit relativetiming
constraintson theburst-modeimplementationweregener-
atedby anenhancedversionof Analyze1 [15]:

RTC4: bz � # a �
RTC5: az � # b �

Valid setsof RT constraintsarenotnecessarilyunique.The
following is anothersetof RT constraintsthat arelessre-
strictivebecausethey donot requirecircuit stability:

RTC6: bz � # ab �
RTC7: az � # ab �

1Analyze is a bisimulation verifier. Only hazards that affect the outputs
are reported.

Thesesetsof RT constraintsrely ondelaypathsthrough
theenvironmentbecauseaz � , bz � , a � , andb � areall en-
abledfrom z � . Onepossibleimplementationthatcanguar-
anteethat theseconstraintshold independentof environ-
mentdelaysis shown in Figure3(b),whereabuffer is added
at theoutput. All constraintscanbemadelocal to thecir-
cuit becausethe AND gatesandthe buffer areenabledby
signalc. ConstraintsRTC4 andRTC5 canbe modi�ed to
bc � # z � andac � # z � , which hold if thedelaythrough
thebuffer is largerthanthroughtheAND gates.

4.2.2. C-Element summary

Table 2 summarizesthe � ve alternative designs. Except
for the static C-Element (SC), all implementationsare
hazard-freein their respective environments. The speed-
independentcircuit (SIC) is slower than all others. The
relative timing assumption(SIC-RT), which leadsto a half
sizecircuit, alsoenhancesperformanceby 30%. Thestatic
SC requiresthe largestcircuit but it is alsorelatively fast.
The reduceddominoC-Element(GC-RT) is 15%fasterto
rise (having only a single pull-up transistor),but is actu-
ally slower than the gC on the falling edge. The speed-
independentcircuits requireconsiderablyhigherswitching
energy even when applying RT assumptions.The static
implementationwithout relative timing shows comparative
power to the simplerGC andGC-RT circuits largely due
to the shortcircuit currentthroughthe keepersas the GC
circuits switch. The GC-RT circuit shows higher power
consumptionthan the GC circuit becausethe removal of
thepMOSdevice resultsin anadditionalshort-circuitcur-
rent whenb � follows a � . The tableshows that the static
and SI circuits are fully testablefor exhaustive patterns,
but not when timing reducessignal interleavings (in col-
umn RTA2). The RT optimizedversionsof thesecircuits
arefully testable.

4.3. Timing evolution in a ring

In this sectionwe trace the developmentof a simple
FIFO cell, a simpli�ed abstractionof a part of the RAP-
PID design[13], following closelytheactualstepswehave
made.We begin with a speed-independentdesign,andre-
view asuccessionof progressivelysimplercircuits,enabled
throughcarefulapplicationof relative timing assumptions.

4.3.1. Speed-independent FIFO cell

A simpleFIFOcell canbespeci�edin CCSasfollows.

LEFT � li �&! c ! lo �&! li ��! lo ��! LEFT
RIGHT � c ! ro �&! ri ��! ro ��! ri �&!RIGHT
FIFO � � LEFT � RIGHT� � � c � (1)



Has HF Fall Rise Switching Area Exhaustive RTA2 Environment
Circuit Circuit Delay Delay Energy # Transistors Testability Testability
SIC Yes 1170pS 1190pS 20.2pJ 16 100% 90%
SIC-RT Yes 735pS 785pS 14.0pJ 8 n/a 100%
SC No 700pS 545pS 11.6pJ 18 100% 92%
GC Yes 640pS 585pS 11.1pJ 10 100% 100%
GC-RT Yes 530pS 600pS 11.6pJ 9 n/a 100%

Table 2. Comparison of C-Element implementations. Energy is for a complete cycle (rise and fall).
Test columns show COSMOS stuck-at fault coverage, with reduced patterns in RTA2 column due to
environment restrictions.

Thespeci�cationin Equation(1) consistsof two handshake
processes,LEFTandRIGHT. Thec signalsynchronizesthe
two processessothatri mustgo low andli mustrisebe-
forebothprocessesmayproceed.Thisprocess-basedspec-
i�cation caneasilybemappedto theequivalentPetri-netof
Figure4.
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Figure 4. FIFO specification Petri-net

Thecircuit de�nition, shown in Figure5, canbesynthe-
sizedfrom this speci�cationusingPetrify [5]. This circuit
de�nition usesthecomplex gateassumptionswherethein-
vertersare zero-delayor are combinedwith the complex
gates.This de�nition, aswell asa physicalcircuit imple-
mentationthat includesdiscreteinverters,canbeprovento
conformto thespeci�cationof theFIFOin Equation(1).
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Figure 5. Speed-independent FIFO cell

4.3.2. Burst-mode FIFO cell

Thecircuit de�nition of Figure5 paysa considerabledelay
penaltyto achieve speedindependence.Note that lo � is
producedafterthreecomplex gatedelays,andro � in four.
Perhapstheperformancecanbeimprovedif thecircuit can

ensurethatconcurrentoutputsaregeneratedfasterthanthey
canbeacknowledgedby theenvironment.Thisassumption
canbeformulatedasfollows:

RTA8: lo �$# ri �
RTA9: ro �$# li �
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Figure 6. FIFO specification Petri-net with RT
constraints RTA8 and RTA9 represented as
dashed arcs

A new speci�cationis generatedby addingthesetwo rel-
ative timing assumptionsto the speci�cation. The speci�-
cationcanberepresentedas

FIFO 
 lo �$# ri ��
 ro � # li � (2)

whereFIFOis thespeci�cationfrom Equation(1). Thiscan
berepresentedin thePetri-netof Figure6 wherethedashed
arrowsarerelative timing constraints.

Notethatthetwo relativetimingconstraintsin RTA8 and
RTA9 arein a form whereoutputsprecedeinputs.You can
alsonotefrom thespeci�cationthattheoutputsareenabled
concurrentlyfrom a pair of inputs. This is exactly a burst-
modeconstraint[3] wherethe input burst is � li � ri � �
andthe outputburst is � lo � ro � � . This burst-modetim-
ing, shown in Figure 7, assumesthat the variancein the
generationof theconcurrentoutputsis alwayslessthanthe
responsetimeof theenvironment2.

Incorporating the RT assumptionsRTA8 and RTA9
directly into Speci�cation(1) producetheMealy statema-
chineof Figure8. Thisnew form is suitablefor synthesis:

2Applying burst-mode constraints on the signals � li 
 ri��� as well
results in a C-Element – the micropipelines implementation.
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Thecircuit of Figure9 wassynthesizedby 3D. The3D

speci�cationis not identicalto Figure7 dueto the implied
mutex transitionsbetweenli � andri � . However, thesyn-
thesizedcircuit doesnot requiremutualexclusionandim-
plementsthePetri-netbehavior.

Unboundeddelaysin theinvertersresultin critical races
whichcancausethephysicalimplementationto fail to con-
form to the speci�cation. However, this circuit can still
be a valid implementationfor someactualdevice delays.
RT veri�cation by Analyzeextractsthecritical racesin the
physicalcircuit andcreatesan orderingthat musthold for
thecircuit to operatecorrectly:

RTC10: y � # li �
RTC11: y # ri
RTC12: li � # ro �
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Figure 9. Relative timed burst-mode FIFO

Theburst-modeimplementationachievesa2.8 � average
speedupovertheSI circuit. ConstraintsRTC10–RTC12ap-
ply only to the physicalimplementationandmustbe vali-
datedby a timing veri�er.

4.3.3. Right before left

Assumethatweconnectthecircuit of Speci�cation(2) into
a ring with a singletoken. Thetokenwill alwaysarrive at
an idle cell dueto circuit delaysif the ring is suf�ciently
large. Hencethehandshake in processRIGHT will always
completebeforea new handshake in processLEFT. TheSI
or BM circuits can safely be usedin a large ring. How-
ever, if onetakesadvantageof thetiming of thesystem,an
improvedcircuit (in termsof power, performance,areaand
testability)canbederived. RTA13 expressesorderingdue
to timing in a largering:

RTA13: ri � # li �
This assumptioncan be graphically representedas

shown in Figure 10, wherethe dashedarc is the relative
timing relationRTA13.
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Figure 10. Net representing addition of RT as-
sumptions ri �$# li �
Thedashedarc is not a causal arc; ri mustgo low be-

fore the li can rise but ri cannotdelay li . This rep-
resentsa major changein the operationof the circuit; the
LEFT processis no longersynchronizeddirectly with the
RIGHT processexceptthroughsystemtiming. Thedesign
mustguaranteethatthetokenappearson thedashedarcbe-
fore lo � .

Thecircuit in Figure11canbesynthesizedwith 3D from
Speci�cation(2) usingassumptionRTA13. Therisingedge
of signal li mustbe delayedsuf�ciently throughlo and
the buffer to ensurethat the dominoAND gateis not dis-
abledbeforeit is fully set. This resultsin a numberof RT
constraintsoncritical racesin thecircuit thatcanbederived
aswasdonefor RTC4–RTC7 in theSCcircuit. Thiscircuit
shows 1.7 � and 3.6 � improvementin worst caseperfor-
manceovertheburst-modeandSI circuitsrespectively, and
energy is alsoimprovedby 1.8 � and2.1 � .

4.3.4. Pulse-mode FIFO cell

RTA13 now constrainsthe speci�cationsuf�ciently to de-
rive a pulse-modecircuit. Note that throughtransitivity,
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Figure 11. Aggressive relative timed FIFO

ro � mustalsoprecedeli � . We canusethis weaker con-
straint to discardri , the backward handshake signal, al-
together. We show how this canbe accomplishedthrough
transformationson thecircuit of Figure11.
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Figure 12. Aggressive relative timed FIFOs
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Figure 13. Shuffled aggressive relative timed
FIFO cell

Threeelementsof thering areshown in Figure12. Ob-
servethatthelo signalis nothingmorethanadelayedver-
sionof theli signal.Shuf�ing thelo devicesandbubbles
resultsin the circuit of Figure13, that hasonly forward-
moving signalswithout any inter-cellular feedback. The
shuf�ing thatremovesacknowledgmentis directlybasedon
RTA13 thatdissociatestheLEFT processfrom theRIGHT.
This shuf�ing turnsoutputlo andinput ri into local sig-
nals.

Note that signalli in Figure13 is just li inverted.A
transitionli � createsa shortperiodwhenbothli andli
arehigh,whichwill settheoutputof thedominoAND gate.
Thedurationof bothinputsto thedominoAND gatebeing
high dependson thedelayin the li path. This signalpair
canbecombinedinto a singlewire li if thesignalon this
wire operatesasa pulse.The�nal circuit derivationcanbe
seenin Figure14.

The following speci�cation removes the direct hand-
shake signals lo and ri of Speci�cation (1) and adds
RTA13:

LEFTP � li �&! c ! li �&! LEFTP
RIGHTP � c ! ro ��! ro ��!RIGHTP
PULSE � � LEFTP � RIGHTP� ��� c �

ro � # li �
(3)
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Figure 14. Relative timed pulse-mode FIFO

Designing reliable pulse-modecircuits is very dif�-
cult [10]. We canobserve someof theconstraintsof pulse
circuits by understandinghow we have derived the pulse-
modecircuit in thisexample.Figure15showsa four-phase
request-acknowledgehandshake. Constraints1 through4
arecausalwith speed-independentsignaling.By removing
theacknowledgmentsignal(lo andri in thiscase),weare
left with only therequestsignalthatrequiresconstraints2p
and4p. Theseconstraintscontainbothminimumandmax-
imummetricbounds.However, theactualrequirementsfor
the size of theseboundscan be representedwith relative
timing arcs.Interestingly, thesearcscorrespondto a proto-
col verysimilar to thestandardrequestacknowledgehand-
shaking.

ack (ro )

req (li ) �� ��
2p

4p

� ���
1

� ���2
� ���3 � ���

4

Figure 15. Four cycle and pulse handshake
protocol constraints

The pulseon li of Figure14 causesthe outputpulse
ro , asrequiredby speci�cation(3). If we mapreq to li
andack to ro in Figure15, we seethat arc 1 is causal.
However, this circuit can fail if the pulseis so short that
the ro (ack ) pulsedoesnot occur. We canthereforeim-
poseanRT constraintthatrequiresro � (ack � ) beforeli �
(req � ). This makesarc 2 in Figure15 an RT constraint,
andslightly restrictsthespeci�cation. (It maybepossible
to not restrictthespeci�cationif an internalsignaltoggles
whichensuresthedominogatehaschangedstate.)Thecir-
cuit will alsofail if theli (req ) pulseis too long. If ro �
(ack � ) andy � have occurredbeforeli � (req � ) thenan
additionalpulseonro mightbegenerated.Therefore,arc3
in Figure15 is a necessaryRT constraintfor the circuit to
work. Finally, arc4 is assumedto hold from RTA13 which
drove this example. We thereforehave a systemof causal
and relative timing relationsthat must hold in the pulse-
modecircuit whichdirectlymimic a four-phasehandshake.



Has HF Worst Average Switching Area SI Env. RTA13 Environment Pulse-Mode
Circuit Circuit Delay Delay Energy # Trans. Testability Testability Testability
SI Yes 2160pS 1560pS 37.6pJ 39 98% 91% n/a
RT-BM No 1020pS 550pS 32.2pJ 40 95% 74% n/a
RT-Agr No 595pS 390pS 18.2pJ 20 n/a 100% n/a
Pulse No 350pS 350pS 16.2pJ 17 n/a n/a 100%

Table 3. Comparison of FIFO implementations. Energy accounts for a complete four-phase cycle.
Synchronous testing in COSMOS required extra test gate for pulse circuit.

4.3.5. Ring summary

Someconsequencesof evolving a simple FIFO-like con-
troller from aspeed-independentto apulse-modecircuit are
summarizedin Table3. Thedifferentcircuitsarecharacter-
ized in termsof robustness,performance,power, area,and
testability. Thelatency of theSI circuit is from threeto � ve
timeslongerthanthecircuitsthatusetiming. Thecircuit is
not fully testable,andthetestabilitydegradesasthecircuit
is placedin anenvironmentwhereconcurrency is restricted.
The more aggressive timing assumptionstend to increase
theperformanceof thecircuits,reducetheareaandpower,
and generallyincreasethe testability. Note that the most
signi�cant improvementsin performance,areaandpower
haveall beenachievedby theburst-modeandaggressiveRT
transformations.Theadditionalsavingsawardedby going
to pulsemodearemuchlesspronounced.Indeed,the 'ag-
gressive' RT controllermayalreadybe considereda pulse
modecircuit. We feel thattestabilityis increasedusingrel-
ative timing becausemany of the redundantcoveringsare
removedwhenthecircuitsareoptimizedfor time.

4.4. TagUnit example

TheFIFO ring is a simpli�ed exampleusedfor illustra-
tion. Typically, suchan applicationwould have synchro-
nizationscomingfrom multiplepaths.TheTagUnit exam-
ple from RAPPID [13] shows how relative timing canbe
employed to generateextremely high performancepulse-
modeimplementations.

Decodingof variablelengthinstructionsis inherentlya
serialprocess,sincethe lengthof any instructiondirectly
dependsonthelengthsof all previousinstructionssincethe
last branch. The performanceof decodingvariablelength
instructionsdirectlydependsonhow fastthisserialprocess
operates[13]. A critical componentin RAPPIDis theTag
Unit, whichsynchronizestheserialorderingof instructions.
The taggingcontrol signalsinterconnectthe Tag Units to
form a4 � 16torus.

Assume that the simpli�ed interfaces of Figure 16
are all speed-independentinterfaces. This requiresre-
quest/acknowledge handshakes; a four-phaseprotocol is

used. The threebehaviors in the boxes are speci�ed as
follows:

PA � r �&! sr ��! sa ��! � sr �&! sa � � a ��! r ��� ! a ��!PA
PB � sr �&! sa ��!'� sr ��! sa � � r ��! a �%�"! r ��! a ��!PB
C4 � � go0 � go1 � go2 � go3 �"! sa !C4

Thetwo PA activeprocessessynchronizethefour-phase
handshake after r requestsarereceived,while the two PB
processesarepassive andsynchronizebeforehandshaking.
Therefore,whenthe irdy andti requestsarrive andthe
bufreq andto cycleshave completed,theti andirdy
signalswill be acknowledgedand the to and bufreq
cycleswill start. This is accomplishedin the speci�cation
by renamingthe signalsand composingthe processesas
follows:

IRDY � PA � irdy � r � irdyack � a � go0 � sr �
TAGIN � PA � ti � r � tia � a � go1 � sr �
TAGOUT � PB� to � r � toa � a � go3 � sr �
BUFREQ � PB� bufreq � r � bufack � a � go2 � sr �
TAGUNIT � � IRDY � TAGIN � TAGOUT � BUFREQ

� C4� ��� go0 � go1 � go2 � go3 � sa �
(4)

The implementationof theseprocessesusingATACSis
shown in Figure17. ProcessesPA and PB result in very
ef�cient implementations.However, thelargeOR gates,C-
Elements,andthe necessityof passingthroughthreestate
machinesfrom the input to output of the tag path create
signi�cant latency in this implementation.

(a)


 
� � �

 
� � � � ���sa �r ��

sr

a�
(b)


 
� � �

 
� � � � ���sa �a �

� sr

r�
(c)

��
�C

��
�C ��

�C

go0
go1

go2
go3

sa

Figure 17. Speed-independent Tag Unit cir-
cuits: (a) PA (b) PB (c) C4

Thecircuit usedin RAPPIDis shown in Figure18. This
ef�cient circuit is very similar to the simpli�ed FIFO de-
rivedin Section4.3,with theextragatesbeingusedto steer



PA
a

r sr
sa

PBa
r
sr sa

C4

PA
a

r

sr sa

PB a
r

sa
sr

irdy �
irdyack �

bufreq �
bufack

�

�
�

�
�

�
�

�
�

go0

go1

go2

go3

��
C

��
C

tia7

��
�

tia1

ti7 ���
�ti1 �

ti

tia�

��

��

toa7��
� toa1toa

to1

��
�

to7

to �

l1 l7� � �

Figure 16. SI Tag Unit. Assumes tagin (ti) handshakes are mutex.

the tag pathsbasedon the instructionlength. The back-
wardhandshakesignalsin thetagpathhavebeenremoved,
andthe forward-goingsignalsarepulses.The requestand
acknowledgeprotocolson the irdy and bufreq paths
arecombinationsof four-phaseand pulse-modesignaling
– irdyack andbufreq beingpulses.
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Figure 18. Simplified RAPPID Tag Unit

Thespeci�cationfor theRAPPIDtagcircuitry is shown
in Equation5. The processesare behavioral pulse-based
speci�cationswithout timing. For example,the lowering
edgeof the pulsesignal ti � andthe outputpulseto are
concurrent.Thetiming assumptionsnecessaryto createthe
circuit canbeclassi�edby typeaccordingto Figure15. The
type4 assumptionson the ti andto signalsareencoded
into the speci�cationsincethe TAGIN andTAGOUT pro-
cesseshave beencombined. The synchronizationsignals
c1 and c2 in the speci�cation encodethe causaltransi-
tionsof type1. RTA14–RTA16 encodethe type2p transi-
tions– minimumpulse-widthsconstraintson to , bufreq ,
and irdyack . (When multiple signalsprecedeanother
we canincludethemasa set in oneconstraint.)Assump-
tions RTA17–RTA19 are type 3 constraints,ensuringthat
theinput pulselowersbeforetheoutputpulse.RTA20 and
RTA21 aretype4 assumptionswhich requirethepulsesre-
turn to the stablestatebeforethe next tagin arrives. As-
sumptionsRTA22 andRTA23 simplyconstraintheordering

of the pulsedhandshake signals. (Suchconstraintscould
have easilybeenplacedin thespeci�cation,but have been
includedasRT assumptionsbecausethey areguaranteedby
timing ratherthanby a causalrelation.)

2p RTA14: � bufreq � � irdyack � � # to �
2p RTA15: � to � � irdyack � � # bufreq �
2p RTA16: � to � � bufreq � � # irdyack �
3 RTA17: ti � # to �
3 RTA18: ti � # bufreq �
3 RTA19: ti � # irdyack �
4 RTA20: � bufreq � bufack � � irdyack � irdy � �# ti �
4 RTA21: � to � bufreq � bufack � � ba � � # irdy �

RTA22: irdyack � # irdy �
RTA23: bufreq � # bufack �

TAGS � b1 ! ti �&! c1 ! � ti � � c2 ! to ��! to �%�"! TAGS
BUF � c1 ! c2 ! bufreq! � bufreq � bufack ! bufack �"!BUF
IRDY � irdy ! � b2 ! c2 ! irdyack! � irdyack ! � irdy �"! IRDY

� nott ! irdy ! nott ! IRDY �
MUTEX � � b1 ! b2 � nott ! nott � !MUTEX
TAG � � TAGS � BUF � IRDY � MUTEX �

� � c1 � c2 � b1 � b2 � nott �

 RTA14 � RTA23

(5)
Equation(6) shows the completesetof RT constraints

placedon the circuit and systemfor the simpli�ed RAP-
PID implementationto be valid. Theseconstraintswere
generatedandveri�ed throughAnalyze[15]. RTC24 and
RTC25arethetype2constraints,RTC26–RTC28aretype3
(thesameasRTA17–RTA19 in thespeci�cation),RTC29–
RTC32thetype4 constraints,andtype4p RTC33–RTC34
constraints.Note that a singledelaypathconstraintmay
includeseveralRT constraintsaswehaveusedthemhere.



Tag Cycle Cycle Area RAPPID
Circuit Latency Time Energy # Trans. Testability
SI 4.75nS 9.68nS 255pJ 294 n/a
RAPPID 1.27nS 2.61nS 63pJ 85 98.6%

Table 4. Comparison of RAPPID Tag Unit with the SI version. Area is the number of transistors,
testability refers to the complete RAPPID Tag Unit and steering logic.

2 RTC24: to � # taglocal �
2 RTC25: � irdyack � � to � � tl � � # rdy �
3 RTC26: ti � # to �
3 RTC27: ti � # br �
3 RTC28: ti � # irdyack �
4 RTC29: rdy �$# taglocal �
4 RTC30: rdy �$# ba �
4 RTC31: � taglocal � � tl � � # ti �
4 RTC32: taglocal �$# rdy �
4p RTC33: � ba � � ba � � # irdy �
4p RTC34: taglocal �$# tl �

(6)

Wefeel thatattachingmany, if notall, of thetiming con-
straintsasRT predicatesmake the speci�cationmoreper-
spicuousaswell asexplicitly annotatingthetiming require-
ments. Eachprocessrepresentsan interfacewith a sim-
ple de�nition, which is re�ned by timing assumptionsas
predicates.Incorporatingtheassumptionsinto the speci�-
cationremovesmuchof theclarity of therequiredsynchro-
nizationsandorderings.Representingthecompletebehav-
ior constraintsor timing constraintsasa Petri-net,aswas
shown in Section4.3,canbeillucidating for understanding
small examples,but canbe confusingand impracticalfor
larger, real-world examplessuchasthe Tag Unit in RAP-
PID.Thisis particularlythecasefor pulse-basedimplemen-
tationswherethesetof timingconstraintscanbequitelarge.

A comparisonof the two implementationsis madein
Table 4. The RT circuit shows a 3.5 � area,4 � power,
and3.7 � improvementin latency andthroughputover the
speed-independentcircuit. Sincethiscircuitry is in thecrit-
ical pathof theRAPPIDlengthdecoder, theimprovements
in this examplecanfairly directly mapto improvementsin
RAPPID[13]. While theareaof thiscontrolleris a fraction
of RAPPID,theareaimpactonRAPPIDfromtheRT circuit
is arguablymuchhigherthanthesizeof thecontroller. The
RAPPIDarchitecturecanbescaledto reachahigherperfor-
mance.If slow partsareused,higherscalingfactorsmust
beemployedto meetthe targetperformance.If theslower
SI tagunit hadbeenusedin RAPPID,theareawould have
balloonedsigni�cantly throughscalingif the performance
goalswereto bemet.Theareasavingsin termsof the50%
reductionin wire countis alsosigni�cant. SinceRAPPID
taggingusespoint-to-pointsignalingconnectedin a torus,

removing thebackwardacknowledgmentpathresultedin a
savingsof 14 wiresper tagunit. This reducedthenetwork
bisectionof thetaglogic by a totalof 224tagwires.

5. Conclusion

The developmentof circuits requirescorrectoperation
in two domains- behavioral andtemporal.Ourexperiments
indicatethat the design,synthesis,andveri�cation of cir-
cuits can be signi�cantly enhancedif both temporaland
behavioral domainscan be merged. Relative timing is a
meansof combiningbehavioral andtemporalinformation.
Thestatespaceof theuntimedcircuit is reducedby remov-
ing unreachablerelative signalorderingsthat are induced
throughtimeconstraints.

Relative timing is a usefulway of reasoningaboutde-
signs. The waveformsin databooksarepresentedin such
a way asto highlight therelationbetweensignalsandtran-
sitions. Onecanuserelative timing to architectsystems,
aswell assynthesizecontrollersandverify thecorrectness
of systems. Synthesisand veri�cation algorithmscan be
designedto directlysupportthisconceptwheretime is rep-
resentedasa relationshipsimilar to a behavioral or causal
relation.

RT canbe appliedasaggressively or conservatively as
desired. In a restrictedform racesin speed-independent
implementationsdueto inverterdelayscanbe discovered,
andshown to notbecritical, throughrelative timing. Burst-
modeconstraintsare an exampleof conservative implicit
applicationof RT. Relative timing doesnot precludemet-
ric or absolutetiming. Metric timing must eventuallybe
appliedin theimplementationagainsttheRT constraintsto
prove that they hold. Further, many of the RT constraints
requirea certainamountof slack,or setupandhold times,
in the precedencerelations.The robustnessandreliability
of the circuitscandependdirectly on the amountof slack
on theRT constraints.

Relative timing wasa large factor in the quality of the
RAPPIDresultsin termsof throughput,power, area,testa-
bility, andlatency [13]. The bene�t is shown throughap-
plying relative timing to theexamplesin this text.
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