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Abstract

Relative Timing is introduced as an informal method
for aggressive asynchronous design. It is demonstrated on
three exampl e 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 asynchronousnstruction
lengthdecodertook morethantwo yearsto completg13].
Beyond investigatingwhetherasynchronouslesigncould
improve performancewe alsowantedto nd outwhichde-
signstylesandcircuit familiesaremostsuitablefor aggres-
sive circuit design.

We startedwith Speedindependent{Sl) and Extended
BurstMode (XBM) speci cations.However, existing syn-
thesistools [5, 17] yieldedresultsthat were lessthan sat-
isfactoryfor critical paths. Next, we turnedto timed de-
signandemployed a metrictiming synthesigool [9]. The
resultingcircuits demonstratedmproved performancebut
werestill below our expectations.Therefore we turnedto
aggressie manualdesignfor the critical pathsand man-
agedto obtainthe resultsreportedin [13]. Now we face
the questionof how our methodof semi-manuatiesigncan
beturnedinto aneffective CAD methodologyandtools.

In retrospectpne approactstandsout asthe mostsuc-
cessfulmethodin thatprocessWe employed Relative Tin+
ing (RT) assumptiongo specify and argue aboutour cir-
cuits,appliedcertaintransformationshatpreseredrelative
timing, and validatedthat the relative timing assumptions
heldin the nal circuits. This approachurnedoutto bea
very effective methodto semi-formalizethe substitutionof
aggressie pulse-modeself-resettingcircuits for the origi-
nalfull-handshak speed-independeahes.

We proposeahatanew formal methodologyandtoolsbe
developedto supportthis method. In the absencef such

CAD tools,themethodis quiteinef cient for the designof
large systems.This paperpresentour lessonsn orderto
motivate suchan effort. We startwith simple, contrived
examplesthat demonstratdasic principles, 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 Thecorventionalclockeddigital design
methodologysolvesthis problemby decomposinghe cir-
cuit into cycle-freecombinationalogic (CL) stagesndin-
terstageclocked latchesithe clock cycle is simply tunedto
accommodaté¢he worst-casepropagatiordelayin the CL
stages. The behaior of the combinationallogic can be
speci ed andsynthesizedvithout consideringiming. De-
lay Insensitve (DI) asynchronousircuitsareanalogougo
clocked CL designin thesensdhatbothtypesareindepen-
dentof time—thebehaior will becorrectfor arbitrarygate
andwire delay

High-performancecircuits, both clocked and asyn-
chronouspene t from moreaggressie timing methodolo-
gies. Clocked circuits can be considerablyenhancedis-
ing local self-timing[12]. Timedasynchronousircuitscan
have signi cantly enhancederformancehut requirebet-
ter understandingndmodelingof circuit performanceand
delayvariation.

Metric timing requiresthe speci cation of propagation
timesor rangesthereof[16, 9]. Unfortunatelymetric tim-
ing analysiscanexplodein complity to theextentthatthe
synthesisand veri cation of even moderatelysizedtimed
circuitscanbecomentractable1]. Metric timing typically
needscompletecharacterizatiof all device andernviron-
mentdelaysto achieze improvementsover unboundedie-
lay models. Completecharacterizatiof ervironmentde-
lays aswell asestimationof the latenciesof the circuitsto
be synthesizedeemawkward.

An alternatve to metric timing allows the designeror
CAD algorithmsto specifythe effect of delaysin a circuit
in termsof assertion®n relative orderingof events(e.g. a



goeshigh beforeb goeslow). Our applicationof relative

timing is basedntheunboundedlelaymodelalreadyused
by mostasynchronousynthesigndveri cation tools. Sl or

XBM speci cationsare easilyrestrictedbasedon designer
speci edassumptionsf relative signalorderingsof theen-

vironment. The circuits arethendesignedo meettherel-

ative orderings,or veri ed thatthe restrictionsare already
partof thedelaysin thesystem.

Many timing CAD toolsandmethodologiegxist; asyn-
chronousdesignitself is a timing methodology Order
ing signalstemporallyis not novel. Metric andnon-metric
timed automatahasbeenconsideredy [1, 9, 6, 11, 2, 4].
Componentatabooksncludewaveformsshaving relative
signalorderings.However, we do feel thatthe RT method-
ology usedin RAPPID appliestiming top-dovn in a novel
way that is intuitive, exible, createshigh performance
smalllow power testablecircuits, andis easily supported
by CAD.

3. RAPPID relative timing design

Oncethe RAPPID architecturewas completethe chal-
lengeof circuit mappingbegan. Initial speci cationswere
synthesizedisingfull-handshak circuits. We beganstudy-
ing theervironmentof mary of thecritical circuitsto seeif
timing couldbeemployedto reducghenumberof logic lev-
elsin eachcontroller The systemarchitecturecreateden-
vironmentakignalrelationswherethefastestrrival delays
arelarge comparedo the local controllers(asin thering
examplein Sections4.3 and 4.4). Signal orderingswere
alsoenforcedby design. The lateny of mary circuitsin
RAPPIDwasreducedy afactorof asmuchas3 through
suchtiming transformationsThesetransformationsnodi-

ed mary behaioral aspectof the speci cations,concur
reng in particularly However, theessentiafunctionalityof
the controllers- synchronizatiorndordering— remained.

Most of the RT circuits in RAPPID were designedby
hand. This effort, while time consuming,helpedus bet-
terunderstandiming, timedtechnologymappingandwhat
typesof transformationsppearednostbene cial. We in-
vestigatedvariousforms of handshakingincluding proto-
colswithout directhandshakingThesepulse-basegroto-
cols canat times signi cantly improve the simplicity and
lateng of asynchronousircuits.

Mostof ourimplementationsveremappecntodomino
library cells. Domino circuits area restrictedclassof gen-
eralizedC-Elementsvhereonly a singletermexistsin the
resetfunction. The combinationof state-holdingand low
transitionlatengy of the dominogatesmadethemthe best
circuit alternatve we investigated.

A key aspecto the correctoperationof the silicon was
the veri cation of thesetimed circuits. The timing veri -
cationtool Analyze[15] wasenhancedo supportrelative

timing veri cation. The veri er wasalsousedto generate
a completesetof RT constraintdrom the critical racesin
a circuit. Theseconstraintenforcea particularresolution
of the racesthat guaranteecorrectoperationof a circuit.
This is shovn in Section4.2.1, where the hiddentiming
assumption®f burst-modeare explicitly derived. Timing
assumptionn this paperarelabeledRTA, wherea<ritical
racesthat are discoreredthroughveri cation and mustbe
orderedor thecircuit to operatecorrectlyarelabeledRTC.

Someof thehanddesignedRT circuitswerechecledfor
validity throughATACS. However, the ervironmentaland
local pathdelaysin the RT assumptionsveretypically val-
idatedwith SPICEsimulations.

We feelthatrelative timing hadsigni cant impactonthe
throughput(3 improvement)Jateny (2 improvement),
andarea(15%bloat)oversimilarlogicin acommerciabyn-
chronousmplementation Althoughharderto quantify, we
feelthatrelativetiming waskey in achiezing the 95%stuck-
at testability in RAPPID throughremaoving redundancies
thatnaturallyresultthrough x edsignalorderingsinduced
by timing.

The lack of synthesissupportwas a seriousproducti/-
ity limitation onceour methodologywasin place. Part of
thisaspechasbeensuccessfullyaddresseth joint research
with the Petrify teamby creatingintegratedalgorithmsthat
supportRAPPID-styleautomaticRT synthesis. Many of
thekey RT controllers,includingthe onepresentedn Sec-
tion 4.4,cannow bedirectly synthesizedh Petrify.

A signi cant weaknessn RAPPID validationwastim-
ing analysissupportin theback-endHenrik Hulgaardveri-
ed thetiming of theRAPPIDFIFO. A relatvetiming ow
that automaticallygeneratesll essentialRT constraints,
calculateghe bestand worst casepathsnecessaryor the
constraintto hold, and completesthe timing analysisfor
thesepathsis researclyetto be completed.

We encouragaesearcherso further develop CAD for
RT design.

4. Examples
4.1 Notation and terminology

Table 1 shavs somenotationsusedin this paper For
CCS]J7], °.' is the sequentiabperatoy~ ' is the nonde-
terministicchoiceoperator™ ' is parallelcompositionand

a ' istherestrictionoperatomppliedto signala.

All simulationshave beenmadeusing standardibrary
cell device sizesdriving six standardinvertersas a load.
They weresimulatedn SPICEusingtheMOSIS0.5 pro-
cessparameters.A more completemodelingof someof
thesecircuitsandparametersanbefoundin [14].

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



Signal Description Example
inputsignal underline input
outputsignal output
inverted(assertedow) over-bar z
rising transition up arrov a
falling transition down arrov b

Table 1. Notation conventions

Asynchronougools suchas3D [17], ATACS [8] and Pet-
rify [5] cantypically synthesizeset-resetops andthe ap-
propriate functions (Figure 1(a)). We apply technology
mappinginto single-\ariablereset(equivalently set)func-
tions, and implementthem using standardfooted domino
gatesasin Figure1(b). Whentheresetvariableis notused
in thesetfunction,anunfooteddominogateis usedinstead
(Figurel(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 C-Element

A simple two-input generalizedC-ElementC a
b z C(asde nedin CCS[7]) andits CMOSimplementa-
tion areshawvn in Figure2(a). Let's assumehatwe know

thatthe ervironmentalways producegransitionson a be-
fore transitionson b, and we feel this knowledge might
simplify our circuit. This relative timing assumptions ex-
pressedsa follows:

RTAl: a b

The C-Elementis reducedto a buffer: C b z C using
this assumptionIf the assumptioris limited to thefalling
edges,

RTA2: a b

theresetfunctioncontainsonly b , andthe C-Elementcan
beimplementedisafooteddominogate(Figure2(b)): C

a b z a b z C Withasimilarassumptiomnthe
positive edges,

RTA3: a b

thecircuit canbe mappedo thedominogatein Figure2(c)
by inverting the inputsand employing the non-lufferedz
output. Alternatively, the outputcanbe bufferedfor high
loads.A “wobbly” C-ElementC abzC b azC
b C, thatis unsafebecausénput b maytoggleandwith-
draw, canalsobeveri ed andsynthesizedsabove.
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Figure 2. Generalized C-Elements: (a) gC, (b)
GC-RT for a b (c)fora b

Let's considerthe staticC-Element(SC)in Figure3(a).
This circuit is not speed-independentut is safeprovided



the ervironmentis sufciently slow. Alternatively, Pet-
rify [5] synthesizeshe static complex gatecircuit shovn

in Figure3(c). Timing assumption&RTA2 or RTA3 leadto

the simpler static circuits of Figure 3(d) and 3(e), respec-
tively. Notethatthesetwo circuits areactuallysubcircuits
of thespeed-independeane.
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Figure 3. Static C-Elements: (a) C-Element
with hazards, (b) locally timed, (c) Speed-
Independent, (d) with RT assumptiona b ,
(e) with RT assumptiona b

4.2.1. Relative timing verification

TheSCecircuitin Figure3(a)is implicitly hazard-freeinder
the fundamentamodeassumption Relatve timing allows
this assumptiorto be madeexplicitly. If, for instancethe
ervironmentrespondsgjuickly, b mayimmediatelyfollow
z , beforenodeaz rises. This raceshavs up asa failure
whenverifying the circuit againsthe speci cation. Veri -
cationenginescan be enhancedo supportrelative timing
by generatinga setof RT constraintsrom theseveri ca-
tion failurestates Thefollowing two explicit relativetiming
constraintson the burst-modemplementationvere gener
atedby anenhancedersionof Analyze' [15]:

RTC4: bz a
RTC5: az b

Valid setsof RT constraintarenotnecessarilynique.The
following is anothersetof RT constraintshat arelessre-
strictive because¢hey do notrequirecircuit stability:

RTC6: bz ab
RTC7: az ab

1Anayze isabisimulation verifi er. Only hazards that affect the outputs
are reported.

Thesesetsof RT constraintsely on delaypathsthrough
theervironmentbecausez ,bz ,a ,andb areall en-
abledfromz . Onepossibleémplementatiorthatcanguar
anteethat theseconstraintshold independenbf erviron-
mentdelayss shavnin Figure3(b),whereabufferis added
atthe output. All constraintcanbe madelocal to the cir-
cuit becausehe AND gatesandthe buffer are enabledby
signalc. ConstraintsRTC4 andRTC5 canbe modi ed to
bc z andac z , whichholdif thedelaythrough
thebuffer is largerthanthroughthe AND gates.

4.2.2. C-Element summary

Table 2 summarizeghe ve alternatve designs. Except
for the static C-Element(SC), all implementationsare
hazard-fredn their respectre ervironments. The speed-
independentircuit (SIC) is slower than all others. The

relative timing assumptior{SIC-RT), which leadsto a half

sizecircuit, alsoenhanceperformancéy 30%. The static
SCrequiresthe largestcircuit but it is alsorelatively fast.
The reduceddomino C-Elemenf{GC-RT) is 15% fasterto

rise (having only a single pull-up transistor),but is actu-
ally slower thanthe gC on the falling edge. The speed-
independentircuits requireconsiderablyhigherswitching
enegy even when applying RT assumptions. The static
implementatiorwithout relative timing shovs comparatie

power to the simpler GC and GC-RT circuits largely due
to the shortcircuit currentthroughthe keepersasthe GC

circuits switch. The GC-RT circuit shavs higher power

consumptionthanthe GC circuit becausehe removal of

the pMOS device resultsin anadditionalshort-circuitcur

rentwhenb followsa . Thetableshaws thatthe static
and Sl circuits are fully testablefor exhaustve patterns,
but not whentiming reducessignaliinterleavings (in col-

umn RTA2). The RT optimizedversionsof thesecircuits
arefully testable.

4.3 Timing evolution in aring

In this sectionwe trace the developmentof a simple
FIFO cell, a simpli ed abstractionof a part of the RAP-
PID design[13], following closelythe actualstepswe have
made. We beggin with a speed-independedesign,andre-
view asuccessionf progressiely simplercircuits,enabled
throughcarefulapplicationof relative timing assumptions.

4.3.1. Speed-independent FIFO cell

A simpleFIFO cell canbespeci edin CCSasfollows.

LEFT li clo li lo LEFT
RIGHT cro ri_ ro ri_ RIGHT (1)
FIFO LEFT RIGHT ¢



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) consistof two handshak
processed,EFT andRIGHT. Thec signalsynchronizethe
two processesothatri  mustgolow andli _ mustrisebe-
fore bothprocessemayproceed.This process-baseshec-
i cation caneasilybe mappedo theequialentPetri-netof
Figure4.

lo i ro (I

i lo ri ro

Figure 4. FIFO specification Petri-net

Thecircuit de nition, shavn in Figure5, canbe synthe-
sizedfrom this speci cationusingPetrify [5]. This circuit
de nition useshecomplex gateassumptionsvherethein-
vertersare zero-delayor are combinedwith the complec
gates. This de nition, aswell asa physicalcircuit imple-
mentationthatincludesdiscreteinverters,canbe provento
conformto the speci cationof the FIFO in Equation(1).

lo I
li L — -
—_Ii — T D_ ——T0
L l_ﬁ

Figure 5. Speed-independent FIFO cell

4.3.2. Burst-mode FIFO cell

Thecircuit de nition of Figure5 paysa considerablelelay
penaltyto achieve speedindependenceNote thatlo is
producedhfterthreecomplex gatedelays,andro in four.
Perhapghe performanceanbeimprovedif thecircuit can

ensurghatconcurrenbutputsaregeneratediasterthanthey
canbeacknavledgedby theernvironment.Thisassumption
canbeformulatedasfollows:

RTA8: lo [
RTA9: ro li
lo li ro ri
- -
- -
_ -7 ~ ~ RTA8
-
RTA/Q - e
- -
li lo ri ro

Figure 6. FIFO specification Petri-net with RT
constraints RTA8 and RTA9 represented as
dashed arcs

A new speci cationis generatethy addingthesawo rel-
ative timing assumptionso the speci cation. The speci -
cationcanberepresenteds

FIFO o i ro li (2)

whereFIFOis thespeci cationfrom Equation(1). Thiscan
berepresenteih thePetri-netof Figure6 wherethedashed
arrovs arerelative timing constraints.

Notethatthetwo relative timing constraintsn RTA8 and
RTA9 arein aform whereoutputsprecedenputs. You can
alsonotefrom the speci cationthatthe outputsareenabled
concurrentlyfrom a pair of inputs. This is exactly a burst-
mode constraint[3] wherethe input burstis li i
andthe outputburstis lo ro . This burst-modetim-
ing, shawvn in Figure 7, assumeghat the variancein the
generatiorof the concurrenputputsis alwayslessthanthe
responsdime of the ervironment.

Incorporatingthe RT assumptionsRTA8 and RTA9
directly into Speci cation(1) producethe Mealy statema-
chineof Figure8. This new form is suitablefor synthesis:

2Applying burst-mode constraints on the signals | i ri aswell

results in a C-Element — the micropipelines implementation.
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Figure 7. Petri-net with partial burst-mode RT
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Figure 8. 3D AFSM specification 2
i lo ro i ro
li lo i ri lo
rn_ ro i i lo ro
ri i lo ro

The circuit of Figure9 wassynthesizedyy 3D. The 3D
speci cationis notidenticalto Figure7 dueto theimplied
mutex transitionsdbetweerli _ andri . However, thesyn-
thesizedcircuit doesnot requiremutual exclusionandim-
plementghe Petri-netbehaior.

Unboundedielaysin theinvertersresultin critical races
which cancausehe physicalimplementatiorto fail to con-
form to the speci cation. However, this circuit can still
be a valid implementatiorfor someactualdevice delays.
RT veri cation by Analyzeextractsthe critical racesin the
physicalcircuit and createsan orderingthat musthold for
thecircuit to operatecorrectly:

RTC10: y li
RTC11: v 1
RTC12: T ro

o — | Y. Yo -

L i

Figure 9. Relative timed burst-mode FIFO

Theburst-modémplementatiorachiesesa2.8 average
speedumvertheSI circuit. ConstraintlkRTC10—-R C12ap-
ply only to the physicalimplementatiorand mustbe vali-
datedby atiming veri er.

4.3.3. Right before left

Assumethatwe connecthecircuit of Speci cation(2) into
aring with a singletoken. Thetokenwill alwaysarrive at
anidle cell dueto circuit delaysif the ring is sufciently

large. Hencethe handsha&in procesRIGHT will always
completebeforea new handshakin procesd EFT. The SI
or BM circuits can safely be usedin a large ring. How-
ever, if onetakesadwantageof thetiming of thesysteman
improvedcircuit (in termsof power, performanceareaand
testability)canbe derived. RTA13 expresse®rderingdue
to timing in alargering:

RTA13: ri_ li

This assumptioncan be graphically representedas
shawvn in Figure 10, wherethe dashedarc is the relative
timing relationRTA13.

lo ——1i

i ————1Io ro (I

—————— o ——ro

Figure 10. Net representing addition of RT as-
sumptions ri li

Thedashedarcis nota causal arc;ri_ mustgo low be-
foretheli canrise but ri_ cannotdelayli . This rep-
resentsa major changein the operationof the circuit; the
LEFT processs no longersynchronizedlirectly with the
RIGHT processxceptthroughsystemtiming. Thedesign
mustguarante¢hatthetokenappear®nthedashedrchbe-
forelo .

Thecircuitin Figurell canbesynthesizeavith 3D from
Speci cation(2) usingassumptiorRTA13. Therising edge
of signalli_ mustbe delayedsufciently throughlo and
the buffer to ensurethatthe dominoAND gateis not dis-
abledbeforeit is fully set. This resultsin a numberof RT
constraint®ncritical racedn thecircuit thatcanbederived
aswasdonefor RTC4—-RIC7in the SCcircuit. Thiscircuit
shavs 1.7 and3.6 improvementin worst caseperfor
manceovertheburst-modeandSI circuitsrespectiely, and
enegy is alsoimprovedby 1.8 and2.1 .

4.3.4. Pulse-mode FIFO cell

RTA13 now constrainghe speci cationsufciently to de-
rive a pulse-modecircuit. Note that throughtransitvity,



Figure 11. Aggressive relative timed FIFO

ro mustalsopreceddi . We canusethis wealer con-
straintto discardri_, the backward handshak signal, al-
together We shav how this canbe accomplishedhrough
transformationen thecircuit of Figurell.

lo T T I_l —ri
li — : — : —

Figure 13. Shuffled aggressive relative timed
FIFO cell

Threeelementf thering areshovn in Figure12. Ob-
senethatthelo signalis nothingmorethanadelayedver-
sionof theli__signal.Shufing thelo devicesandbubbles
resultsin the circuit of Figure 13, that hasonly forward-
moving signalswithout ary inter-cellular feedback. The
shufing thatremovesacknavledgments directlybasedn
RTA13 thatdissociateshe LEFT procesgrom the RIGHT.
This shufing turnsoutputlo andinputri into local sig-
nals.

Notethatsignalli _in Figure13is justli__inverted. A
transitionli_ createsa shortperiodwhenbothli _andli
arehigh,whichwill settheoutputof thedominoAND gate.
Thedurationof bothinputsto the dominoAND gatebeing
high dependn the delayin theli _ path. This signalpair
canbe combinednto asinglewire li__if the signalon this
wire operatessapulse.The nal circuit derivationcanbe
seenn Figurel4.

The following speci cation removes the direct hand-
shale signalslo andri_ of Specication (1) and adds
RTA13:

LEFTP li_ cli_ LEFTP
RIGHTP cro ro RIGHTP 3)
PULSE LEFTP RIGHTP ¢

ro i

li ro
|

Figure 14. Relative timed pulse-mode FIFO

Designing reliable pulse-modecircuits is very dif -
cult [10]. We canobsenre someof the constraintof pulse
circuits by understandindnow we have derived the pulse-
modecircuit in this example.Figure15 shovs a four-phase
request-ackneledgehandshak. Constraintsl through4
arecausalwith speed-independesignaling. By removing
theacknavledgmensignal(lo andri_in thiscase)weare
left with only therequessignalthatrequiresconstraint2p
and4p. Theseconstraintsontainboth minimumandmax-
imum metricbounds However, the actualrequirements$or
the size of theseboundscan be representedvith relative
timing arcs.Interestinglythesearcscorrespondo a proto-
col very similar to the standardequestaicknaviedgehand-
shaking.

4p

req (i)

2p
1 2 3 4

ack (ro) |

Figure 15. Four cycle and pulse handshake
protocol constraints

The pulseon li _ of Figure 14 causeghe output pulse
ro , asrequiredby speci cation(3). If we mapreq toli
andack to ro in Figure 15, we seethatarc 1 is causal.
However, this circuit canfail if the pulseis so shortthat
thero (ack) pulsedoesnotoccur We canthereforeim-
poseanRT constrainthatrequireso (ack ) beforeli
(req ). This makesarc 2 in Figure15 an RT constraint,
andslightly restrictsthe speci cation. (It may be possible
to not restrictthe speci cationif aninternalsignaltoggles
which ensureshedominogatehaschangedstate.)Thecir-
cuit will alsofail if theli (req ) pulseis toolong. If ro
(ack ) andy have occurredbeforeli  (req ) thenan
additionalpulseonro mightbegeneratedThereforearc3
in Figure15is anecessaryRT constraintfor the circuit to
work. Finally, arc4 is assumedo hold from RTA13 which
drove this example. We thereforehave a systemof causal
and relative timing relationsthat must hold in the pulse-
modecircuit which directly mimic afour-phasehandshak.



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 32.2pd 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

Someconsequencesf evolving a simple FIFO-like con-
troller from aspeed-independettt a pulse-modeircuit are
summarizedn Table3. Thedifferentcircuitsarecharacter
izedin termsof robustnessperformancepower, area,and
testability Thelateng of the Sl circuitis from threeto ve
timeslongerthanthecircuitsthatusetiming. Thecircuitis
notfully testableandthetestabilitydegradesasthe circuit
is placedin anervironmentwhereconcurreng is restricted.
The more aggressie timing assumptiongend to increase
the performancef the circuits, reducethe areaandpower,
and generallyincreasethe testability Note that the most
signi cant improvementsin performanceareaand power
have all beenachiezedby theburst-modeandaggressie RT
transformationsThe additionalsavings awardedby going
to pulsemodearemuchlesspronouncedIndeed,the 'ag-
gressie' RT controllermay alreadybe considered pulse
modecircuit. We feel thattestabilityis increasedisingrel-
ative timing becausamary of the redundantoveringsare
removedwhenthecircuitsareoptimizedfor time.

4.4. Tag Unit example

TheFIFOring is asimpli ed exampleusedfor illustra-
tion. Typically, suchan applicationwould have synchro-
nizationscomingfrom multiple paths.The Tag Unit exam-
ple from RAPPID [13] shavs how relative timing canbe
employed to generateextremely high performancepulse-
modeimplementations.

Decodingof variablelengthinstructionsis inherentlya
serial processsincethe length of ary instructiondirectly
depend®nthelengthsof all previousinstructionssincethe
last branch. The performanceof decodingvariablelength
instructiondirectly depend®n how fastthis serialprocess
operateg13]. A critical componenin RAPPIDis the Tag
Unit, whichsynchronizesheserialorderingof instructions.
The taggingcontrol signalsinterconnecthe Tag Units to
forma4 16torus.

Assume that the simplied interfaces of Figure 16
are all speed-independentterfaces. This requiresre-
guest/acknarledge handshaks; a four-phaseprotocol is

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

PA r sr sa sr sa ar a PA
PB sr sa sr sa r a r a PB
Cc4 go0 gol go2 go3 sa C4

Thetwo PA active processesynchronizehefour-phase
handsha& afterr requestsarereceved, while thetwo PB
processearepassve andsynchronizebeforehandshaking.
Thereforewhentheirdy andti requestsarrive andthe
bufreq andto cycleshave completedtheti andirdy
signalswill be acknavledgedand the to and bufreq
cycleswill start. This is accomplishedn the speci cation
by renamingthe signalsand composingthe processess
follows:

IRDY PAirdy r irdyack a goO sr
TAGIN PAti_r tia a gol sr
TAGOUT PBto r toa a go3 sr
BUFREQ PBbufreq r bufack a go2 sr
TAGUNIT IRDY TAGIN TAGOUT BUFREQ

C4 go0 gol go2 go3 sa
(4)
The implementatiorof theseprocessesisingATACS is
shawvn in Figure 17. Processe®A and PB resultin very
ef cient implementationsHowever, thelarge OR gatesC-
Elementsandthe necessityof passingthroughthreestate
machinesfrom the input to output of the tag path create
signi cant lateng in thisimplementation.

goo.
g e T C'}_E
sa sa C:-sa
r | T a3 a :—_r% C

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

Thecircuit usedin RAPPIDis shavn in Figure18. This
efcient circuit is very similar to the simpli ed FIFO de-
rivedin Sectiord4.3,with theextragatesbeingusedto steer
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irdyack —— a, sa
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ur
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902 L
tia7 — C bufreq S1sa toa_ toal
- bufack —— a 7> toa?

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

the tag pathsbasedon the instructionlength. The back-
wardhandsha& signalsin thetag pathhave beenremoved,
andthe forward-goingsignalsare pulses. The requestand
acknavledge protocolson the irdy and bufreq paths
are combinationsof four-phaseand pulse-modesignaling
—irdyack andbufreq beingpulses.

irdy _ rdy 17
bufack | "2
bufreq ] —tol
irdyack

] T —
1 { taglocal —

. —to7
tiv L

Figure 18. Simplified RAPPID Tag Unit

Thespeci cationfor the RAPPIDtagcircuitry is shovn
in Equation5. The processesre behaioral pulse-based
speci cationswithout timing. For example,the lowering
edgeof the pulsesignalti  andthe outputpulseto are
concurrentThetiming assumptiongsecessaryo createthe
circuit canbeclassi edby typeaccordingo Figurel5. The
type 4 assumption®ntheti andto signalsareencoded
into the speci cationsincethe TAGIN and TAGOUT pro-
cessedave beencombined. The synchronizatiorsignals
¢l andc?2 in the speci cation encodethe causaltransi-
tionsof type 1. RTA14—-RTA16 encodethe type 2p transi-
tions— minimumpulse-widthsonstraint®nto , bufreq
andirdyack . (When multiple signalsprecedeanother
we canincludethemasa setin one constraint.) Assump-
tions RTA17—RTA19 aretype 3 constraintsensuringthat
theinput pulselowersbeforethe outputpulse. RTA20 and
RTA21 aretype 4 assumptionsvhich requirethe pulsese-
turn to the stablestatebeforethe next tagin arrives. As-
sumptiondRTA22 andRTA23 simply constrairtheordering

of the pulsedhandshak signals. (Suchconstraintscould
have easilybeenplacedin the speci cation,but have been
includedasRT assumptionbecause¢hey areguaranteetly
timing ratherthanby a causakelation.)

2p RTA14: bufreq irdyack to
2p RTA15: to irdyack bufreq
2p RTAl16: to bufreq irdyack
3 RTA17: ti to
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 blti cl ti c2to to TAGS
BUF cl c2 bufreq
bufreq  bufack bufack BUF
IRDY irdy b2 c2 irdyack
irdyack irdy IRDY
nott irdy nott IRDY
MUTEX bl b2 nott nott MUTEX
TAG TAGS BUF IRDY MUTEX

RTA14 RTA23
5)
Equation(6) shavs the completesetof RT constraints
placedon the circuit and systemfor the simpli ed RAP-
PID implementationto be valid. Theseconstraintswere
generatedind veri ed throughAnalyze[15]. RTC24 and
RTC25arethetype2 constraintsRTC26—R C28aretype3
(thesameasRTA17-RTA19 in the speci cation), RTC29—
RTC32thetype 4 constraintsandtype 4p RTC33-R'C34
constraints. Note that a single delay path constraintmay
includeseveral RT constraintaswe have usedthemhere.



Table 4. Comparison

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

of RAPPID Tag Unit with the Sl 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 I rdy
3 RTC26: ti to

3 RTC27: ti br

3 RTC28: ti irdyack

4 RTC29: rdy taglocal (6)
4 RTC30: rdy ba

4 RTC31: taglocal i ti

4 RTC32: taglocal rdy

4p RTC33: ba ba irdy

4p RTC34: taglocal i

We feelthatattachingmary, if notall, of thetiming con-
straintsas RT predicatesnake the speci cation more per
spicuousaswell asexplicitly annotatinghetiming require-
ments. Eachprocessrepresentsan interfacewith a sim-
ple de nition, which is re ned by timing assumptionss
predicates.Incorporatingthe assumptionénto the speci -
cationremovesmuchof the clarity of therequiredsynchro-
nizationsandorderings.Representinghe completebeha-
ior constraintsor timing constraintsas a Petri-net,aswas
shavn in Sectiord4.3, canbeillucidating for understanding
small examples,but can be confusingandimpracticalfor
larger, real-world examplessuchasthe Tag Unit in RAP-
PID. Thisis particularlythecasdor pulse-basetmplemen-
tationswherethesetof timing constraintganbequitelarge.

A comparisonof the two implementationss madein
Table 4. The RT circuit shavs a 3.5 area,4 power,
and3.7 improvementin lateny andthroughputover the
speed-independeaircuit. Sincethis circuitry is in thecrit-
ical pathof the RAPPIDlengthdecodertheimprovements
in this examplecanfairly directly mapto improvementsn
RAPPID[13]. While theareaof this controlleris afraction
of RAPPID theareampacton RAPPIDfromtheRT circuit
is aguablymuchhigherthanthe sizeof the controller The
RAPPIDarchitectureanbescaledo reacha higherperfor
mance.|f slow partsareused,higherscalingfactorsmust
be employedto meetthe tamget performancelf the slover
Sl tagunit hadbeenusedin RAPPID, the areawould have
balloonedsigni cantly throughscalingif the performance
goalswereto bemet. Theareasavingsin termsof the50%
reductionin wire countis alsosigni cant. SinceRAPPID
taggingusespoint-to-pointsignalingconnectedn a torus,

removing the backward acknavledgmenipathresultedn a
savings of 14 wires pertagunit. This reducedhe network
bisectionof thetaglogic by atotal of 224tagwires.

5. Conclusion

The developmentof circuits requirescorrectoperation
in two domains behaioral andtemporal.Ourexperiments
indicatethat the design,synthesisand veri cation of cir-
cuits can be signi cantly enhancedf both temporaland
behaioral domainscan be meiged. Relatve timing is a
meansof combiningbehaioral andtemporalinformation.
The statespacef the untimedcircuit is reducedoy remov-
ing unreachableelative signal orderingsthat areinduced
throughtime constraints.

Relative timing is a usefulway of reasoningaboutde-
signs. The waveformsin databooksre presentedn such
away asto highlighttherelationbetweersignalsandtran-
sitions. One canuserelative timing to architectsystems,
aswell assynthesizecontrollersandverify the correctness
of systems. Synthesisand veri cation algorithmscan be
designedo directly supportthis conceptwheretime is rep-
resentedasa relationshipsimilar to a behaioral or causal
relation.

RT canbe appliedasaggressiely or conseratively as
desired. In a restrictedform racesin speed-independent
implementationglueto inverterdelayscanbe discovered,
andshawn to notbecritical, throughrelative timing. Burst-
mode constraintsare an exampleof conserative implicit
applicationof RT. Relative timing doesnot precludemet-
ric or absolutetiming. Metric timing musteventually be
appliedin theimplementatioragainsthe RT constraintgo
prove thatthey hold. Further mary of the RT constraints
requirea certainamountof slack,or setupandhold times,
in the precedenceelations. The robustnessandreliability
of the circuits candependdirectly on the amountof slack
ontheRT constraints.

Relatve timing was a large factorin the quality of the
RAPPIDresultsin termsof throughputpower, area testa-
bility, andlateng/ [13]. Thebene t is shavn throughap-
plying relative timing to theexamplesn thistext.
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