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ABSTRACT

LINEARIZATION OF THE TIMING ANALYSISAND OPTIMIZATION OF LEVEL-SENSITIVE
SYNCHRONOUSCIRCUITS

BarisTaskin, M.S.

University of Pittshurgh, 2003

This thesisdescribes linear programming(LP) formulationapplicableto the statictiming analysisof
large scalesynchronougircuits with level-sensitie latches.The automatictiming analysisprocedureore-
sentedhereis composedf deriving the connectvity information,constructingthe LP modeland solving
the clock periodminimizationproblemof synchronousligital VLSI circuits. In synchronougircuits with
level-sensitre latches,operationat a reducedclock period (higher clock frequeng) is possibleby taking
advantageof both non-zeroclock skew scheduling[12]* andtime borraving [14]. Clock skew schedul-
ing is performedin orderto exploit the benefitsof nonidenticalclock signaldelayson circuit timing. The
time borraving propertyof level-sensitie circuits permitshigheroperatingfrequenciesomparedo edge-
sensitve circuits. Consideringime borraving in the timing analysis however, introducesnon-linearityin
this timing analysis. The modifiedbig M (MBM) methodis definedin orderto transformthe non-linear
constraintsarisingin the problemformulationinto solvablelinear constraints.EquivalentLP modelprob-
lemsfor single-phas&lock synchronizatiorof the ISCAS’89 benchmarlcircuits are generatedndthese
problemsaresolvedby theindustrialLP solver CPLEX [10]. Throughthe simultaneouspplicationof time
borronving andclock skew scheduling,up to 63% improvementsare demonstrateéh minimum clock pe-
riod with respectto zero-slew edge-sensite synchronougircuits. The timing constraintsggoverningthe

level-sensitve synchronousircuit operatiomot only solve the clock periodminimizationproblembut also

*Braclketedreferenceplacedsuperiorto theline of text referto the bibliography



provide a commonframework for the generaltiming analysisof suchcircuits. The inclusionof additional
constraintsnto the problemformulationin orderto meetthetiming requirementsmposedby specificap-

plicationervironmentsis discussed.

DESCRIPTORS
Digital synchronou&/LSI circuits LinearProgramming
Optimization Statictiming analysis
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Thefinal registerof alocal datapath.
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A clock signalsynchronizinga circuit network.
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Thewidth of theactive phaseof the clock signalin anedge-sensite circuit.
Thelateny of the clock signalC; with respecto commonclock signal.
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bif = ¢i — ¢y + KT,

wherek is the numberof clock cyclesoccuringbetweerrespectie cyclesof the clock
signalsC; andCy.
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1.0 INTRODUCTION

Thetiming analysisof a digital VLSI synchronougircuit is subjectto the structuraland application-
specifictiming constraintsof the circuit. Variousalgorithmshave beenproposedio model the timing
schedulingproblemof synchronousircuits asboth linear and non-linear continuousoptimizationprob-
lems|[1, 2, 4, 6, 8, 11, 12, 18, 19, 24, 25]. A high-level catgorizationof suchtiming analysess by the
registertype;analysesargetingedge-sensitiveflip-flop basedandlevel-sensitivélatchbasedYigital syn-
chronoustircuits. Thetiming schedulingoroblemof edge-sensite synchronousircuits hasbeensuccess-
fully addressedby both linear and quadraticprogrammingapproaches [12]. Furthermoreijt is known
thatthe timing constraintdor level-sensitre synchronousligital circuits containnon-linearitydueto time
borrowving [14]. Previous studieson level-sensitve circuits have focusedon relaxingthesenon-linearcon-
straintsby usingiterative solutionmethodologie$2, 18, 19, 25]. In [25], the effectsof time borroving on
thecircuit operatiomareconsideredisinganiterative approachstartingwith aboundfor theminimumclock
periodandcheckingfor timing violations. The formulationin [25] providesa limited consideratiorof non-
zeroclock skew in the timing analysisandis modifiedin [8] to accommodatéor local clock skew aswell
asglobal clock skew. Both of the analysesfferedin [25] and [8] considerclock skew as a fixed numer
ical constant. Consideringclock skew asa variable within a permissiblerange,insteadof a fixed value,
permitsoperationat higheroperatingfrequenciegthroughclock skew scheduling12]). In this work, the
lineartiming analysisproblemgeneratedy the modifiedbig M(MBM) methodnot only accountdor time
borrowving [14] but alsoappliesclock skew scheduling12] in orderto calculatethe minimum clock period

of alevel-sensitie synchronousircuit.

This thesisintegratesthe ongoing researchefforts at the Electrical EngineeringDepartmentof the
University of Pittshurgh in orderto develop a novel timing analysisand optimizationprocedurefor high-
performancedevel-sensitie synchronousircuits. Theformulationandsolutionprocedure@roposederein
arealsointroducedn [26—28]. Note thatthe statictiming analysisof level-sensitie synchronousircuitsis

pursuedothin previousandthe presentedavork.



The objectve of this work is to formulatethe clock period minimization problemof level-sensitie
synchronougircuits undernon-zeroclock skew asa Linear Programming(LP) problem. In this type of
timing analysis,time borraving is accountedor and clock skew schedulingis appliedin a single-phase
synchronizatiorschemeof operation. The resultingproblemfor level-sensitve circuits is inherentlynon-
linear. Thus,the MBM methodis introducedin orderto linearizethe problemformulation. The proposed
formulationand calculationproceduresire completelyautomated.The linearizationprocedurepresented
herediffers from the iteration-basedlgorithms|2, 18, 19, 25] in thatit providesa stand-alond.P model
with a specific objective function and distinct set of constraintsthat can be solved by ary standardLP
solver. The LP problemsformulatedin this work are solved usingthe industrial LP solver CPLEX which
implementsa rich setof memoryandspeedefficient optimizationalgorithms[10]. As the CPLEX solvers
implementvariantsof the simplex method[30] to solve the LP modelproblem,the expectedcomputational

compleity of theprocedures polynomially bounded3].

Therestof this documenis organizedasfollows. The fundamental®f synchronousystemoperation
andsystemmodelingfor computationaéinalysisaresummarizedn Chapter2. Abstractoperationof system
storageslementsandparameterizatioof therelevanttiming propertiesandproblemvariablesarepresented
in Chapter3. Chapted summarizeshe currentstateof statictiming analysisof level-sensitre synchronous
circuits andintroducesthetiming constraints.The developmentof the proposedproblemformulationand
the generated_ P modelproblemare presentedn Chapters. The analysisandvalidationof the resultsas
the presentegbroceduras appliedon the suiteof ISCAS’89benchmarlcircuitsarepresentedn Chapters.

Commentn the experimentakresultsandconcludingremarksareofferedin Chapter7.



2.0 SYNCHRONOUSDIGIT AL VLSI SYSTEMS

VLSlis anacrorym thatstandgor very large scaleintegration. Thistermis usedto referto abroadarea
of electricaland computerengineeringapplicationfields, wherethe focusis on the designandanalysisof
denseelectronicintegratedcircuits. The investigationof high-performanceomputationaklementshigh-
densitymemoryelementssequentiahndcombinationatontrollogic units,sub-microrsizeanalogeircuits,

etc. aresomesamplesamongvariousothers,in fieldsrelatedto VLSI circuit design.

VLSI circuits can be classifiedaccordingto typical field of application,detailsof the manufcturing
processpperationatharacteristicandotherfeatures.in this study digital VLSI circuit designis of partic-
ularinterestandin therestof thedocumentthetermVLSldesignis usedto referto this particulargroupof

circuitsunlessotherwiseindicated.

Thetermdigital VLSI circuit designimplies the designof sequentiabnd combinationalkircuits. Se-
guentialcircuitsconsistof logic andregister (or storage) elementsvhile combinationatircuitsconsistonly
of theformer A detaileddiscussiorof sequentiabnd combinationakircuitsis presentedn [20]. All se-
guentialcircuits have a well-definedorderingof switching eventsthat ensurethe correctorderingof data
propagatiorbetweerregisterelementsandultimately betweenthe input and outputpins. The majority of
the sequentiatircuits currently on the market are syntronouscircuits, wherethe sequentialityin time of
the datatransfersare provided by a globally distributed synchronizatiorsignal. The globally distributed
synchronizatiorsignalis calledthe clodk signalanddefinesthe timing schemeor timing discipline of the
synchronougircuit [6]. Furthermorethe distribution of the clock signalthroughoutthe circuit, in order
to generateanddistribute the time referenceo eachregister is accomplishedhrougha highly specialized

structurecalledtheclodk distribution networkor clodk treenetwork

A digital synchronougircuit is a network of combinationalogic elementsand globally clocked reg-
isters. The combinationallogic elementsmplementthe functionality of the circuit, wherethe clocked
registerssere to storethe computationresultsat eachclock cycle. The logical orderof the computation
andstorageprocessess synchronizedy the globally distributed clock signal. An overall representatioof

atypical synchronougircuitis shavn in Figure2.1.
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Figure2.1 Finite statemachinemodelof a synchronousystem.

Theoperationof a synchronousysteminvolvesgradualpropagatiorof datasignalsfrom theinput pins
towardsthe output pins of the circuit. The gradualadvancement—and@¢omputation—ofthe datasignal
is orchestratedy the clock signal. Typically, the active level or transitionof the clock signalinitiates
the propagationof datafrom the input terminalsand storageelementstowardsthe outputterminalsand
next stagesf storageelements.Eachclock cycle constitutesa computationatycle, wherethe datasignal
departsdrom the source,is processedh the combinationalogic betweerthe registersandis finally stored

in or deliveredto the destinatiorregisteror the outputterminalsof the synchronousircuit, respectiely.

In orderto analyzethe operationatharacteristicef a synchronousircuit, local datapathsaredefined.
Theoverall operationof a synchronougircuit is the sequentiabxecutionof alarge setof simplecomputa-

tionsthatoccurateachlocal datapath. A local datapathis thebuilding block of asynchronousircuit andis

4
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Figure2.2 A localdatapathin aglobally clocked synchronougircuit network.

formedby acollectionof combinationalogic blocksbetweertwo clocked storageslementsThedatasignal
is processedvithin alocal datapathoncefor eachclock signalcycle, wherethe datasignalinitiating from
a storageelementis processedn the combinationallogic block andis storedin the next stageof storage

elementsreadyfor thenext clock cycle.

Definition1: Localdatapath Let R; andR; betwo registersin theclockedcircuit network wherei and
f standfor initial andfinal, respectrely. Let theinputandoutputterminalsof theseregistersandthesignals
presentat theseterminalsbe definedasshavn in Figure2.2. A local datapathis the circuit architecture
formedby a sequentiallyadjacentpair of registers[12] andthe combinationalogic block betweenthem.
Theoutput@); of theinitial registerpropagatethroughthe combinationalogic block, evaluatingto the data
signal X s, beforethedatasignal X ; arrivesatthefinal register R ;. For properoperatiorof thesequentially
adjacenpair of registersR; and R, thedatastoredin R; mustbe manipulatedy thelogic andstoredinto
R; duringthe next cycle of theclock signalC. Notethatthe clock signalsC; andC'y arerepresentations
for the two synchronizatiorsignalsat the clock input terminalsof registersR; and Ry, respectiely. The

clock signalsC; andC/ differ by the nonidenticaklock signaldelaysat respectie registers.

The modelingand behaior of synchronoudligital systemsare describedin the restof this section.
Specifically the operationof a synchronousystemwith level-sensitye latchesis presentedn Section2.1.
Themodelingof a sequentiatircuit asa graphis briefly reviewedin Section2.2. Differentsynchronization

schemesdoptedor synchronousircuitsarebriefly introducedn Section2.3.



2.1 Operation of a SynchronousSystemwith Registers

Becausef interconnectelaysand procesgparametewrariations,theremay be significanttime delays
betweenthe clock signalsoriginating at the clock sourceand arriving at the destinationregisters. The
algebraiddifferencebetweerthe delaysof the synchronizingclock signalsof theinitial andfinal registerof

alocal datapathis definedasclock skew [12]:

Definition2: Clock Slew. Let R; andR; beasequentiallyadjacenpair of registers(only combinational
delaybetweerregisters)synchronizedy theclock signalsC; andC', respectiely. Theclock skew between

R; and Ry is definedas

Tskew(ia f) =1; — tf: (2'1)

wheret; andt; aredelaysof theclock signals,C; andC/, from acommonclock sourceto theregistersR;

andRy, respectiely [12].

The clock skew is an algebraicdifferencewhich may evaluateto a negatve, zero or positve value
dependingpn the valuesof ¢; andt;. Positve clock skew hasa limiting effect on the maximumoperating
frequenyg of a synchronousircuit. Negative clock skew on the otherhandmay effectively improve the
minimum clock periodof a circuit. Preciseengineeringof the clock treenetwork enableghe utilization of
negative skew on critical pathsand permitspositive clock skew on less-criticalpathsin orderto speedup

the datapropagationThis approachs calledclodk skew scheduling[12].

Definition3: Clodk skew scheduling Clock skew schedulings a methodologyto determinghe optimal
valuesof clock signaldelayst;, to eachregister Ry in orderto obtainthe maximumoperatingfrequeng.
Clock skew schedulingprovides shorterminimum clock periodson critical paths. Note thatgenerally the

termclod skew schedulingrefersto non-zeo cloc skew scheduling[12].

Excessie nggative and positive clock skew may leadto timing hazarddn the circuit. Negative skew
may causedatato be latchedinto thefinal register R duringan earlierclock cycle thanintended thereby
overwriting datalatchedduringtheearlierclock cycle. Thistypeof hazards knovn asdoublecloding [12].

Similarly, positive skew may causedatato belost by arriving late at the final register This phenomenoiis



known aszeo cloking [12]. Thedoubleclockingandzeroclockinghazardsarealsocalledhold andsetup

timeviolations respectiely [25].

Data propagationn level-sensitre circuits is substantiallydifferent comparedo edge-sensite syn-
chronouscircuits due to the transparengc property of latches. In level-sensitie circuits, the datasignal
arriving at alatchin the transparenphases immediatelypropagatedhroughthe latch. This factleadsto

the phenomenoicalledtime borrowing

Definition4: Time borraving [28]. Time borrowving (alsocalledcycle stealing[14]) refersto thetime
sharingphenomenotetweernconsecutie clock cyclesof adjacentocal datapathsdueto thetransparenc
of level-sensitie latches.Let R; — R; andR; — R; betwo local datapathsin a synchronougircuit S.
Let Srpr and Sy, denotethe edge-sensite (flip-flop-based)and level-sensitie (latch-based¥yynchronous
circuits, respectely. In the edge-sensite synchronougircuit Sy, the upperboundon datapropagation
time on the local datapathsR; — R; and R; — Ry is the minimum clock periodTrx. In the level-
sensitve circuit Sy, the transparengc propertyof the latch R; permitsdatapropagatiortimes higherthan
the minimum clock period77, on the local datapath R; — R; by borraving time from the propagation
on the next local datapath—net clock cycle—R; — Rj. It is known that unlessthe circuit topology
of the edge-sensite circuit Sgr or the level-sensitie circuit Sy, is modified, the datapropagatiortimes
in both circuits areidentical. Therefore,a shorterminimum clock periodT;, < Trr is feasiblefor the
level-sensitve circuit Sz,. Thisfactis illustratedin Figure2.3, wherethetiming diagramdor Sy, andSgr
areshawvn on theleft andright, respectiely. Detailedinvestigationof the time borraving phenomenotis

presentedn [14].

2.2 Graph Model of a SynchronousDigital VLSI System

A graphmodelis often usedfor computerrepresentatiomf a synchronoudligital system. For con-
veniencethe graphmodelrepresenting synchronougircuit, whereeachvertex represents registerand
eachedgerepresentalocal datapath,is calleda circuit graph.A circuit graphprovidesa commonabstract

frameawork for theautomatednalysisof circuits.
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Figure 2.3 Effectsof time borroning on circuit operation. The timing diagramfor the edge-sensite

circuit Spr andlevel-sensitie circuit S; areshavn. ThevariablesD}ﬁ andD};'C representatapropagation
timeson local datapathsR; — R; and R; — Ry, respectiely. Data propagationis representedy

the arronvs. Notethatin the local datapath R; — R; of Sy, the datasignalarrival at R; occursduring

the transparenphaseof R;, borraving time from the adjacentiocal datapath R; — R;. For identical
datapropagatiortimeson adjaceniocal datapaths,a smallerclock period (higheroperatingfrequeng) is

possiblefor Sy, thatis, Tt < Trr.

Definition5: Circuit graph[12]. A fully synchronousligital circuit S is represente@sthe connected
undirectedsimplegraphGs. ThegraphGg is theorderedsix-tuple
Gg =< V(S),E(S),A(S),hl(s),h&s),hfis) >, whereV() = v, ... v, is the setof verticesof the graph
Gs, E®) = ey, .., ¢, is theedgesof thegraphG's, AS) = [agf)]rx,« is the symmetricadjaceng matrix of
G5 [12]. Notethatr is thenumberof registersandp is the numberof datapathsin the synchronousircuit.
Eachvertex from V(5) represents register of the circuit S. The mappingshl(s) - EG) 5 R andhq(f) :
E(5) - R to the setof realnumbersR assignthe lower and upperpermissibleboundstgm andD}%M,
respectrely. Thelower andupperboundsof datapropagatiortime Dﬂ%m, Df%M aredefinedbetweenthe
sequentially-adjace pair of registers(on the local datapath)representedby the edgee, € E. Theedge
Iabelinghfis) definesa directionof signalpropagatiorfor eachedgev,, e, vy, wherethe subscriptsr and

y denotetwo arbitraryregistersforming thelocal datapathindicatedby the subscriptz.

The describedundirectedgraphis usedasthe basisfor a directedgraphwith the sameverticesset

V andedgeset E. The topology of the graphis presered, while the edgesetis modifiedin orderto

8



Figure2.4 A graphrepresentationf asynchronousystem.Thegraphverticesarefour differentregisters,
with five local datapaths.

accommodatéor thedirectionof dataflow betweerthevertices.Thegeneratediirectedgraph,whereeach
vertex correspondso a registerandeachdirectededgecorresponds$o a datapath,represents sequential

circuit. Thedirectedgraphrepresentationf a samplenetwork is presentedn Figure2.4.

2.3 Single-PhaseSynchronization

As mentionedearlier the operationof a synchronousircuit is orchestratedby a globally distributed
clocksignal. Theclocksignalensureshecorrectorderingof operation®nlocaldatapaths.Synchronization
in suchcircuits canbe provided by a single or multi-phaseclock signal. A single phaseclock signalis a
periodicsignalwherethe phase®r cyclesareindistinguishablénstanceseferredto afixedreferenceycle.
However, the easy-to-implemenmandeasy-to-analyzsingle-phasschemehasseveral shortcomingsn the
synchronizatiorof state-of-the-ari/LSI circuits. Below nanometeffeaturesizes,the wire sizesshrink
disproportionallywith the featuresize. Thus, only a certainpercentagef the chip is reachableduring a
singleclock cycle [9]. For instancefor 0.1um featuresize,only 16%of thedie is predictedto bereachable
within a singleclock cycle [9]. A multi-clock domainapproachs adwantageousn termsof increasinghe
reachabilityof circuit registers,routing and creatinglessskew within physically neighboringlocal clock
domainsandsaving power. Furthermorejndividual domainscanbe designedandoperatedndependently

which provideshighergranularitytowardsfrequeng andvoltagescaling.

Eventhoughmulti-phasesynchronizations advantageoun mary aspectsthe analyse®f suchclock-

ing schemegpresentmary challenges.ldentificationof the clock tree and partitioninginto variousclock
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Figure 2.5 Singleandmulti-phasesynchronizatiorof a synchronougircuit. In multi-phasesynchroniza-
tion, the non-orerlappingclock phasesare definedwith identical on—times(C‘ﬁ,). The parametelCsource
denoteghe clock signalat the originating clock source. The superscript{1, ..., n} representndividual
clock phasesNotethatthe multi-phaseclock synchronizations definedfor n > 2, wheren representshe
numberof clock phases.

domainsjdentifying signalsthatwork acrosdifferentclock domainsjdentifying datastability andcombi-
natorialinput isolationsarecommonconcerns.In the presentedvork, only the single-phasesynchroniza-
tion of synchronousircuitsis investigatedFigure2.5 presents genericrepresentationf single-phasand

multi-phasesymmetricclock signals.

Thegenericformulationfor multi-phaseclockingis definedfor n > 2. Thelateny of eachclock cycle
with respecto the commonclock signalis uniqueandis denotedhereby the parametegp;. The parameter
¢; is thelateny of the clock signalat register R;, whichis synchronizedy clock phaseC?:. The symbol
¢y is calledthephaseshiftoperfator [2] whichis usedto transformtiming variablesbetweerdifferentcycles
of theclock signal. The phaseshift operatorg; s is definedby the algebraicequationg;; = ¢; — ¢y + kT,
wherek is the numberof clock cyclesoccurringbetweerthe clock phaseC?: andC?/. Notethatfor the
single-phaselock methodologythe phaseshift operatorevaluatesto ¢;; = 1'. Theimprovementof the
presentediming analysisin orderto accommodatenulti-phaseor multi-domainclock synchronizations

amongthe future directionsof thisresearch.
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3.0 TIMING PROPERTIES OF SYNCHRONOUSDIGIT AL SYSTEMS

The generalstructureandprinciplesof operationof a fully-synchronoudigital VLSI systemwerede-
scribedin Chapter2. In an abstractoverviewn, a synchronougircuit is identified by the storageelements
andthe synchronizatiorschemeof the circuit. As presentedn Section2.3,the operationof a digital VLSI
circuitis hearily dependentnthesynchronizatiorschemeFurthermoretheregisters directly contrituteto
the operationof the circuitsby storingthe datavaluesat the endof eachcomputationatycle andproviding

stabledatasignals.

Registerscanbe classifiedinto two cateyories: (edge-triggeredjlip-flops are sensitve to the changes
in their datainput terminalswhenthe clock signalhaslow-to-high or high-to-lav transitionwhile (level-
sensitve) latchesaresensitve whenthe clock signalhasa certainlevel or value. In level-sensitie circuits,
theactive level of the synchronizingclock signaldefinesthe transpaent phaseandtheinactive level of the
clock signaldefinesthe opaquephaseof latch operation.Thetransitionof the clock signalwhich startsthe
transparenphasas calledtheleadingedge while thetrailing edgeis thetransitionof the clock signalwhich
concludeghetransparenphaseandmarksthe beaginning of the opaquephase This chaptetbeginswith the
introductionof two differenttypesof storageelements—ip-flopsandlatches The principlesof operation
of theseregistersare discussednd parameterslefining the operationalkcharacteristicare introduced. In
particular the operationof edge-triggeredip-flops arediscussedn Section3.1 andthe operationof level-

sensitve latchesarediscussedn Section3.2.

3.1 Parametersof an Edge-Sensitve SynchronousCir cuit

The specificcircuit designor electricalimplementatiorof an edge-triggeredlip-flop neednot be con-
sideredn thiswork. At a higherlevel of abstractionthetiming propertiesof flip-flops areencapsulatetly
certaintiming parametersTheseparametergsonnecthe eventson theinput, outputandclock terminalsof

aflip-flop.

11



A flip-flop is a type of registerwhich is sensitve to the transitionof the synchronizingclock signal.
Therefore,a flip-flop is commonlyreferredto asan edge-triggeredlip-flop or edge-triggeredegister A
typical edge-triggeredlip-flop with a clock signal C, input signal D and output signal @ is shavn in

Figure 3.1. The operationof a flip-flop is presentedn Figure 3.2. Note that the presentedlip-flop is a

Data Data
Input D Q Output
Clock

Input >C

Figure3.1 An edge-triggeredip-flop or registersymbol.

positive-edgetriggeredflip-flop, whosedataoutputlatchesthe input signalwhenthe clock signalmalkesa
low-to-hightransition. The sensitve region for aflip-flop, wherethe registerlatchesthe data,is indicated

by theshadedegionin Figure3.2.

| Clock Period T |
e

c —| CLK

DATA
b —_ I_I IN
DATA
ouT

|

|

Q _

|

|

i

Figure 3.2 Typical operationof anedge-trigerredlip-flop shovn in Figure3.1.

Parametersi s, Sy, Dcg andCf;, which standfor the hold time, setuptime, clock-to-outputdelayand
clock on-time, respecirely areintroducedbriefly. Hold time is the minimum time that the datasignal D
mustremainstableafter the latching edgeof the clock signalsothatit is registeredat the intendedclock

cycle. In Figure3.3,thevalue H; = t, —t3 labelstheholdtime for thegivenclock cycleon R;. Setuptime
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Figure 3.3 Timing propertieof anedge-sensite flip-flop in a circuit with aclock periodT = tg — t;.
Theoperationof thefinal flip-flop R of alocal datapathis illustrated.

is the minimumtime betweerthe latchingedgeof the respectre clock cycle anda changen X suchthat
the new datavaluecanbe registeredin the intendedclock cycle. The setuptime on R; is illustratedwith
Sy = t3 — t3. Thepropagatiordelayof the datasignalfrom theinput terminalto the outputterminalafter
the active transitionof the clock signal—clock-to-outpt delay—isshovn asts — t3. The subscriptsm and

M appendedo the parameteD¢q standfor the minimumandmaximumdelayvalues respectrely.

A typical clock cycle of aclock signalis shavn in Figure3.3. Thelengthof the clock periodis denoted
by the parametefl’. The minimumtime interval betweerthe leadingandtrailing edgesof the clock signal
is representethy theparameterLV. In Figure3.3,theleadingandtrailing edgesoccurattimests andig,
respectrely. As pointedoutin Section2.2,the datapropagatiortime Dp throughthe combinationalogic
block of alocal datapathR; — Ry is definedDp,, < Dp < Dpjs. Thesubscriptsn andM standfor the

minimumandmaximumvalues respecirely.

3.2 Parametersof a Level-Sensitve SynchronousCir cuit

Thespecificcircuit designor electricalimplementatiorof alevel-sensitre latchneednot be considered

in this work. At a higherlevel of abstractionthe timing propertiesof suchlatchesare encapsulatedy
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certaintiming parametersTheseparametersonnecthe eventson theinput, outputandclock terminalsof

alevel-sensitve latch.

A latch is a type of registerwhich is sensitve to the level of synchronizingclock signal. Therefore,a
latch is commonlyreferredto asa level-sensitie latch or level-sensitie register A typical level-sensitie

latchwith a clock signalC', input signal D andoutputsignal @ is shavn in Figure3.4. The operationof

Data Data
Input b Q Output
Clock

—_—— C
Input

Figure3.4 A level-sensitve latchor registersymbol.

| Opaque | Transparent |
.t .
\ State \ State 1

C —| CLK

. T
DATA
|_| ouT

|
|
Q _
|
|
i
Figure 3.5 Typical operationof alevel-sensitve latchshavn in Figure3.4.

thelevel-sensitie latchis presentedn Figure3.5. Notethatthe presentedatchis a positive-level sensitve
latch,whosedataoutputfollows ary changdn theinput signalwhentheclock signalremainsatits positive
valueor level. As statedbefore,the stateof the level-sensitre latch, whereary changein the input signal
is propagatedo the outputis calledthe transpaent stateor phase.In Figure 3.5, the transparenstateis

indicatedby theshadedegion onthetiming diagram.
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Figure 3.6 Timing propertiesof a level-sensitie latchin a circuit with a clock periodT = tg — t;. The
operationof thefinal latch R, of alocal datapathis illustrated.

Parameterdi, S¢, Dpg, Do andCE, which standfor theholdtime, setuptime, data-to-outputlelay
clock-to-outpudelayandclock on-time,respectiely areintroducedbriefly. Hold time is theminimumtime
thatthedatasignal D mustremainstableafterthetrailing edgeof theclock signalsothatit is latchedduring
theintendedclock cycle. In Figure3.6,thevalue Hy = t; — t; labelsthe hold time for the given clock
cycle on the final register R; of a local datapath. Setuptime is the minimum time betweenthe trailing
edgeof the respectie clock cycle anda changein X ; suchthatthe new datavalue canbe latchedin the
intendedclock cycle. The setuptime on Ry is illustratedwith S; = g — t7. The propagatiordelayof the
latchfrom the datainputterminalto the outputterminal—data-to-outt delay—onR is shavn astg — 5.
The propagatiordelay of the latch from the clock input terminalto the outputterminal—clock-to-outpiu
delay—isshowvn asts — t3. Thesubscriptan andM appendedo the parameterd) pg andD¢¢ standfor

the minimumandmaximumdelayvalues respectiely.

Without affecting the generalityof the presentedvork, the formulation of the timing constraintsis
derivedfor a specificreferenceclock cycle. The referenceclock cycle canbe selectedasstartingwith the
inactive valueof theclockssignalfollowedby theactive value(opaque-phase-firsby vice versa(transparent-
phase-first). In this work, the timing constraintsare formulatedconsideringan opaque-phase-firgiock

signal driving positve level-sensitve latches. A typical clock cycle of sucha clock signalis shavn in
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Figure 3.6. The length of the clock periodis denotedby the parametefl’. The minimum time intenal
betweerthe leadingandtrailing edgesof the clock signal—commonlycalledthe on-timeanddefiningthe
transparenphase—igepresentetly theparameteCI%V. In Figure3.6,theleadingandtrailing edgesoccur

attimestz andtg, respecirely.

The datapropagatiortime Dp throughthe combinationallogic block of a local datapath R; — Ry
wasdefinedin Section2.2 (RecallthatDp,, < Dp < Dpjs). The propagatiorof the datasignalthrough
thedatapath R; — Ry is formulatedduringtwo consecutie clock cycles,genericallycalledthe k-th and
(k + 1)-th. Thedatasignaldepartsfrom R; duringthe k-th clock cycle, is processedh the combinational
logic blockandarrivesatthedestinatiorregisterR ¢ duringthe (k+1)-th clockcycle. Notethatthedeparture
of thedatasignalfrom R; occursduringthetransparenphaseof thek-th cycle. Thearrival of thedatasignal
at Ry canoccurboth during the transparenandopaquephasesf the (k + 1)-th cycle. If the datasignal
arrivesduring the transparenphasejt is immediatelypropagatedhroughthe latch R;. If the datasignal
arrives during the opaquephaseof Ry, the datasignalhasto remainstableuntil the latching edgeof the

clock signal(beginning of thetransparenphase)o propagatehroughthelatch R;.
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4.0 TIMING ANALYSIS OF LEVEL-SENSITIVE SYNCHRONOUSCIRCUITS

Digital VLSI synchronousgircuits are subjectto differenttypesof timing analyses.The presenceof
a globally distributed synchronizatiorsignal constitutesa merit of comparisorbetweenary given setsof
synchronougircuits. This facthasbeenwidely usedin the electronicaindustry Generaltiming analysis
of suchcircuits, however, spanmore detailedanalysef the circuit performanceand have beenutilized
for variousengineeringourposes.Timing analysisof synchronouircuits have traditionally beenstudied
on threedifferentproblems:clock period minimization|[1, 2, 4, 11, 12, 18, 25-27], clock periodverifica-
tion [2, 24] andclock retiming [15]. Clock periodminimizationis the analysisof a synchronougircuit in
orderto solve for the minimum clock period,in otherwordsfor the maximumoperatingfrequeng, of a
synchronougircuit. Clock periodverificationis the analysisto ensurethata synchronougircuit is fully-
operationafor agivenclock period. Clock periodretiming—alsocalledcircuit retiming—is theanalysisof

asynchronougircuit aimingto achieve higheroperatingirequenciedvy modifying the circuit architecture.

Even thoughthereare differenttypesof timing analysisproblems,the operationof the synchronous
circuit underscrutiry is generallyidenticalin all caseqpossiblyexceptfor retiming problems). Thus,in
theformulationof thetiming analysisproblem,a frameavork of constraintsdentifying synchronougircuit
operationis essential. For instancethe setupand hold time requirementf eachregister elementin a
synchronougircuit posecertainconstraintson circuit operation thusthey arerepresentedh all typesof

timing analysisproblems.

Thegeneratiorof a generalframework for thetiming analysisof level-sensitie circuitsis discussedn
this chapter The clock period minimizationproblemis modeledandthe generategroblemis later solved
in Chapters. In Section4.1, the opeiational constaints [27] governinglevel-sensitie operationareintro-
duced.In Section4.2, a brief overvien of previously offeredalgorithmsfor the clock periodminimization
problemis describedTheconstructionakonstaints definedfor thenovel linearprogrammingnodelof the

clock periodminimizationproblemarepresentedn Section4.3.
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4.1 ProblemFormulation

Certainconditionsmustbe satisfiedfor every sequentiallyadjacentpair of registersin a synchronous
circuit in orderto preventtiming hazards. Theseconditionsare encapsulatethy four setsof operational
constraintsandtwo setsof constructionatonstraints.The opeiational constaints [27] arethe constraints
that model the operationof a synchronouscircuit. The constructionalconstaints [27] are definedto
ensurethe correctnessand completenessf the proposedmodel of te optimization problem. The defi-
nitions for the first three setsof operationalconstraints—calledatching, synronizationand propaga-
tion constraints respectrely—are borroved from [2]. The fourth setof operationalconstraints—called
the skew constraints26]—are derived from the skew definitionsfor edge-sensite synchronougircuits
presentedn [12]. The latching, synchronizationpropagatiorand skew constraintsare describedn Sec-

tions4.1.1,4.1.2, 4.1.3and4.1.4,respectrely.

4.1.1 Latching Constraints

Latching constraintdoundthearrival time of thedatasignal X ; (recallthelocal datapathin Figure2.2)
in orderto ensurethat X ; is latchedduringtheintendedclock cycle. The earliestarrival time of X atthe
datainputterminalof R is denotedoy the parameten ;. Similarly, thelatestarrival time of X ; is denoted
by A;. Both parameteraredefinedn theframeof referenceof thenatve clock cycle, thatis, relative to the
beginningof the currentclock cycle. In Figure4.1for instancethe earliestdataarrival at R occursattime
ty + kT + ay with respecto globaltime zero(¢; + kT is the beginning of the currentclock cycle). The
intenval for the dataarrival time is characterizedby the hold time andthe setuptime requirementsf R as

follows:

Hi<a (4-1)
f<ag

AfST—Sf. (4-2)

Eq. (4-1) above constrainghe earliestarrival of X, at R;. The earliestdataarrival time mustbe no earlier

thanhold time afterthetrailing edge(t. in Figure3.6) of the previous clock cycle. Supposehe (k + 1)-th
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Figure 4.1 Propagatiorof the datasignalin a simplecircuit. Note thattwo local datapathsstartingat
thelatchesR;, andR;, andendingat R; areconsidered.Thetime interals for the arrival anddeparture
timesof thedatasignalareillustratedby theupperandlower paralleldottedlines,respectiely. Thelengths
of thewhite andblackrectangulaboxescorrespondo the clock-to-outputanddata-to-outputatch delays,
respectiely.

clock cycle atlatch Ry is illustratedin Figure 3.6, wheret; = t; + k7. The hold time is definedby the

differencets — ¢;. If dataarrivesat R earlierthantheholdtime, adouble-cloking hazardoccurs[12].

Similarly, Eq. (4-2) representshe setupconstrainton R;. As shavn in Figure 3.6, the datamustarrive
atthefinal latchatleastsetuptime prior to thetrailing edgeof theclock cycle. Assumingthe (k+1)-th clock
cycleisillustratedin Figure3.6,thetrailing edgeof theclock cycle occursatts = tf+ (k4 1)T'. Thus,data
cannotbelatchedinto R duringthe (k + 1)-th cycleif thedataarriveslaterthant; = ¢y + (k + 1)T — Sy.

Latearrival of thedatasignalresultsin a zeo cloking hazard12] aspreviously explained.

4.1.2 Synchronization Constraints

Syntironizationconstraintsdefinethe departuretime of the datasignal @; from the initial latch of a
local datapath asillustratedin Figure4.2. The departuretime from a latch dependon the stateof the

latch—transparentr opaque.Implementation-specificegisterinternaldelays,Dpg and D¢, affect the
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departurdimesin transparendndopaquestatesof operationyespectiely. Theearliestdeparturdime d; of

Q; from R; is definedin Eq. (4-3). Thelatestdeparturdime D; is definedby Eq. (4-4):

d; =max (a; + Do, T — Cl + Do) » (4-3)

D; =max (A; + Dipou, T — Cly + Disgur) - (4-4)

An exhaustve inspectionof all possiblecasesof earliestandlatestdepartureimesduring the k-th clock

cycleis shavnin Figure4.2.

ConsiderEq. (4-3), which describeshe earliestdeparturdgime of thedatasignal@Q; from latch R;. The
first termof themax function, (ai + D},Qm) , describeghetime instantwhentheinput dataarrival occurs
atits earliesttime during the active phaseof the clock signalC;. The datasignalimmediatelypropagates
throughthelatch (asillustratedin cased andVIll of Figure4.2). In thesecasesthe earliestdeparturdime
d; from R; depend®n the earliestarrival time a; of the datasignalandthetime DiDQ it takesfor the data

to appeaatthe outputterminalof R;.

The secondterm of the max function, (T - Ck + DiCQm) , refersto the casewhenthe earliestdata
arrival time occursduring the opaquephaseof R;. In the opaquephaseof operationthe departurdime of
the datasignalfrom the initial latch occursclock—to—outputdelayDgQ later thanthe leadingedgeof the
clock signal. Suchdatapropagatioris illustratedin casedl-VII of Figure4.2. Themax functionis usedto
combinethesecasesandto definethe earliestdeparturdime d; from theinitial latch R;. Similar reasoning

appliesto thedervation of thelatestdeparturdime D; definedby Eq. (4-4).

4.1.3 PropagationConstraints

Propagation constraintglefinethearrival time of thedatasignal X ; atthefinal latch R, of alocal data

path. Theseconstraintsareasfollows:

af = (Inlln [dz + ng + Tskew(ia f)]) -T (4_5)
A= (m?X [Di + DY+ Toew (4, f)]) -T. (4-6)
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Figure4.2 Possiblecasedor thetiming relationshipsmongarrival anddeparturdimesfor thedatasignal
atthelatch R;. Thetime intervalsfor thearrival anddeparturdimesareillustratedby the upperandlower
paralleldottedlines, respecirely (The left andright endsof thesedottedlines correspondo earliestand
latesttimes, respectiely.). Thelengthsof the white andblack rectangulaboxes correspondo the clock-
to-outputanddata-to-outpulatchdelays respecirely. Notethatcases/ throughVIll mayexhibit clocking
hazardsaasexplainedin thetext.

For eachincomingpathto latch R, the lower boundfor a; is individually calculatedusingthe expression
[di + Djfm + Tsgew(is ) — T] . The minimum of the arrival timesamongthe incoming datapathsis as-
signedasthe earliestarrival time at R;. The latestarrival time A, for the datasignalis definedsimilarly.

In caseof multiple datapathsfanninginto R, the maximumof the arrival timesamongthe incomingdata
pathsis thelatestarrival time of thedatasignalat R ;. Thesetwo factsareimpliedin theformulationby the

inclusionof themin andmax functionsin Egs.(4-5) and(4-6), respecirely.

The propagatiorconstraintsareillustratedon a samplesynchronougircuit in Figure4.1. The earliest
arrival timeis illustratedonthe datapath R;, — R;. Thedatasignaldepartdrom R;, attimed;, andprop-
agatenthedatapathR;, — R for atime periodof D%L- Onthisdatapath,therecordedearliestdataar

rival time [dil + DBS 4 Ty (in, f) — T] is earlierthanthearrival time [diz + D2 4 Topelin, f) = T

m m
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recordedon the only otherincoming pathto Ry, R;, — R;. Hence,the earliestdataarrival time ay
at Ry is definedby the propagationon the R;, — R; datapath. Similarly, on the datapath R;, —
Ry, a maximum data propagationtime of D}?}l} elapsesconferring the latestdata arrival time at Ry,
[Af=1%,+Dg&4ﬁnmw@%f)—T].

The departureof @; andthe arrival of X ; mustoccurduring two consecutie clock cyclesfor proper
circuit operation.The phaseshift operatorp; ; = T is subtractedrom the calculatedarrival time in orderto

changehe point of referenceof the dataarrival time at R to the beginning of the previous clock cycle.

4.1.4 Skew Constraints

Skew constraintg§26] introducelower andupperboundson clock skew on alocal datapath:

A; + Dhous + DUy < 2T — Topen (i, f) — Sy (4-7)
Do + Dy <T + Oy — Topew Gy f) — Sy (4-8)
max [a; + Do, T — Oy + D] + D > T — Typew (i, f) + Hy. (4-9)

Presencef clock skew in level-sensitie synchronougircuits significantly affectsthe systemtiming. The
latching[Egs. (4-1) and (4-2)], synchronizatiorfEgs. (4-3) and(4-4)] andpropagatiofEgs. (4-5) and (4-
6)] constraintspresentedoreviously are derived consideringthe presenceof non-zeroclock skew in the
clocktreenetwork. Thesethreesetsof constraintsaturallyimposelower andupperboundson clock skew.
Thus,the skew constraintsaareredundantif atypical minimizationof the clock periodproblemis pursued.
However, if implementation-specificonstraintanodify or suppressry of thegiven constraintssuchthat,
the boundson clock skew areinvalidated,the skew constraintsare essentiato the correctanalysisof the
circuit. The skew constraintsareimportantand completeprovide a timing analysisframeawvork for level

sensitve circuits.

Theeffectsof clock skew on synchronousircuit operationcanbe derived from thelatching[Egs. (4-1)
and(4-2)], synchronizatiofEgs. (4-3) and(4-4)] andpropagatior{Egs. (4-5) and(4-6)] constraints Note

thatthevariableA; describedn Eq. (4-2) canbe expressedisfollows:
Af = Di+ Dy + Tokew(iy f) — T (4-10)
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Substitutingeq. (4-4) in Eq. (4-10),thensubstitutingtheresultinto Eq. (4-2) leadsto,
max [A; + Do, T — Cl + Digm] + Dy + Tskew(i, f) = T < T — Sy, (4-11)

corvenientlyrepresentedy thefirst two setsof skew constraint§Egs. (4-7) and(4-8)].

Eq. (4-1) musthold to preventthe early arrival of datasignal, wherea; dependsn d; asimplied by

Eq. (4-5):
af = di + DY+ Torew(G, f) — T (4-12)

Eq. (4-12) alsodependsiponwhetherthe datasignal arrivesbeforeor during the transparenstateof the
latch. Substitutingeq. (4-3) into Eqg. (4-12),Eq. (4-12)into Eq. (4-1) andrearranginghe termsleadto the
lastsetof theskew constraintsEg. (4-9). Eq. (4-9), re-writtenin Eq. (4-13),is anon-linearskew constraint,

astheeliminationof themax functionis not straightforvard:
Hy < max [a; + Do, T — Oy +Dbgm] + Dy + Tokew(i, f) — T (4-13)

As statedbefore theskew constraint§Eqgs.(4-7), (4-8) and(4-9)] areredundantn theformulationof atyp-
ical clock periodminimizationproblem,astheseconstraintsarederived from the existing setof constraints
[Egs. (4-1)—(4-6)]. The skew constraintsarenotincludedin the LP modelpresentedn Section5.2, but are

usedin the verificationof the proposedolutionmethodin Section6.3.

4.2 lterati ve Solution Approach

The operationakonstraintSection4.1) provide a systemof equationgdefiningthe abstracioperation
of alevel-sensitie synchronougircuit. Differentversionsof the constraintgpresentedn Sectiond.1 have

beenusedby designersn orderto developatiming analysisnodelfor the level-sensitie circuits.

Themostsignificantly-adaptedndstudiedtiming analysisapproachs presentedh [1, 18, 19, 25]. The
timing analysisapproactpresentedn this seriesof paperdgnvolve severalalgorithmstargetingclock period

verificationand minimizationproblems all basedon the framework of equationglescribedn Section4.1.
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[llnitialize the latch arrival tines
for i =1to |r]| {
Ag)’l’e’(] - a}Z?T‘e’U - —OO,
/] iterate the evaluation of the departure and arrival tinme equa-
tions
/1 until convergence or a nmaximumof |[r| iterations
iter = 0;
r epeat
iter =iter + 1;
/1l update the latch departure tinmes based on the latch arrival
times
/1 conputed in the previous iteration
for ¢ = 1to |r| {
D; = max ( A, ¢ + D; );
di = max ( af™™, ¢ + d; );
s
/] update the latch arrival tinmes based on the just-conputed
/1l latch departure tines
for i = 1to |r| {
A; = max; ( Dj + Dpy );
a; = rninj ( dj + Dpp, ) ;
I8
until ( ( ( A = A" ) & (a; = al™ ) ) || (iter +1>]r] ) ))

}

/1 check and record setup and hold violations
for i = 1to |r| {

SetupVio[i] = A; > T - S; + d;;

HoldVio[i] = a; < H; + Dj;
I8

Figure4.3 Theiteratve algorithmofferedin [18]. Notethatr is thenumberof registersin thesynchronous
circuit. Thea, d, A andD vectorsaretheearliestarrival/departurendlatestarrival/departurdimes,respec-
tively, wherethe superscripprev identifiestnevalueof avariablein thepreviousclock cycle. Thevariables
SetupVio and HoldV io hold thetiming violation informationfor eachregister
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The algorithmsproposedn thesepapersare iterative algorithms. In particular very small valuesare as-
signedto the timing variablesof a circuit andthe circuit is investigatedor timing violationsby iteratvely
incrementinghe valuesof thetiming variables.Theiterative algorithmofferedin [18] for the clock period
minimization problemof level-sensitie circuits is presentedn Figure4.3. In this algorithm,the arrival
timesareinitialized to a; = A4; = —oo, wherethe algorithm simulatesthe start-uptiming of the circuit.
At eachiterationstep,the executionof the circuit at a clock cycle is simulated. Finally, oncethe arrival
anddeparturgimesof the latchesare determinedthe algorithm checksfor potentialsetupandhold time

violations.

The algorithmpresentedn Figure4.3 hasbeenshavn to converge to solutionsquite rapidly [18]. The
algorithmcompleity is reportedas O(|r||p|), where|r| is the numberof latchesin a circuit and|p| is the
numberof edgef acircuit graph(Recallfrom Section2.2thatthenumberof edgef acircuit graphis the
numberof local datapaths).However, it hasbeenprovenin [25] thatin caseof data-patHoops(sequential
feedback)in the synchronougircuit, the arrival and departurgimes might increasewithout bound. This
leadsto a setupviolation andthe describedalgorithmfails to provide reasonableun-times. In [1], a fix
is offeredto the algorithm. Thefix is basedon the assumptiorthat, a datapathloop in the circuit canbe
detectedn |r| iterations.Thus,thealgorithmis modifiedto artificially limit thenumberof iterationstepsby
|7|. In thisalgorithm,theworstcasecompleity of theresultingalgorithmis cubicin thenumberof registers

r, aseachiterationinvolvesexaminingupto |p| edgesandyp is atmost|r|? [1].

Theiterative algorithmpresentedn Figure4.3 is later modifiedin [8] and[31] in orderto accountfor
multiple clock domainsandcrosstalk respectiely. Briefly, eventhoughtheiterative algorithmprovidesan
initial andusefulformulationfor thetiming analysisof level-sensitie circuits,thealgorithmhasfallaciesin
presencef datapathloopsandis insuficient to provide acommonframevork for generatiming analysis.
In the presentedvork, a novel modelfor the timing analysisof level-sensitie synchronousircuitsis de-
veloped.The developedmodelconstitutesa well-definedframevork for generalttiming analysisproblems.
Furthermoretheintegrationof clock skew schedulingnto thetiming analysigoroblemis introducedwhich
permitsoperationat higheroperatingfrequencies Section4.3 describeghe necessargetof constraintsn

orderto derive the LP model formulation of the clock period minimization problem. The entirety of the
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constraintsgpresentedn Section4.1 (operationalconstraints)and Section4.3 (constructionakonstraints)

form thenecessargetof constraintgor the dervation of the LP modelproblem.

4.3 LP ProblemApproach

As mentionedn Section4.1, certainconditionsmustbe satisfiedfor every sequentiallyadjacenpair of
registersin a synchronougircuit in orderto preventtiming hazards.Theseconditionsareencapsulatetly
thefour setsof operationatonstraintandtwo setsof constructionatonstraintsTheoperationatonstraints
definedin Sectiond.1build anintroductorymodelfor thetiming analysigoroblemof level-sensitie circuits.

Theiterative solutionmethodologydiscussedn Sectiond.2is built usingthis model.

In the presentedvork, a novel timing framework for level-sensitve circuitsis proposed.Furthermore,
anovel linear programmingmodelfor the clock periodminimizationproblemis derived usingthereferred
framavork. This sectionintroduceghe constructionatonstraintswhich areintroducedto fulfill the com-
pletenesof the timing framewvork. The constructionakonstraints called validity and initialization con-
straints,arerequiredto ensurethe correctnes®f the proposed.P formulation. Thefirst type of construc-
tional constraintsthe validity constraintsarepresentedn Section4.3.1. Thesecondype of constructional

constraintstheinitialization constraintsarepresentedn Section4.3.2.

4.3.1 Validity Constraints

Thedefinitionsof the parametera s, A¢, dy and Dy requirethevalueof ay (dy) to besmallerthanor
equalto thevalueof Ay (Dy):

Ar > ay (4-14)

Dy > dy. (4-15)

While the four setsof operationalconstraintantroducedin the precedingsectionssummarizethe timing

propertiesof thecircuit, therequiredsequentialityin time of thereferredvariableds notexplicitly enforced.

Consisteng in the definitionsof ay, Ay, dy and Dy, mustbe maintainedthroughpost-solutionchecksor
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by including additionalconstraints A solutionleadingto aresultwherea; > Ay, for instancejs incorrect

andmustbedisregarded.

Introducingthevalidity constraint§Egs.(4-14)and(4-15)]in theLP modelis preferredover performing
post-solutionchecksfor two significantreasons.The first reasonis to gainthe ability to easilydetectthe

feasibility of the problem.The secondeasoris to presere theautomatiorof the solutionprocedure.

4.3.2 Initialization Constraints

Recallthatthe procedurgroposedn this work is developedin orderto minimizethe clock periodof a
synchronougircuit. Besideshe minimum clock period,it may prove essentiato accuratelycalculatethe
nominaldataarrival anddeparturgimesfor eachregister The initialization constraintsare introducedin

orderto generate consistentiming scheduldor the datasignalpropagatiorin a synchronousircuit.

Thesensitvity rangesof the parameterincludedin the LP modelarenot crucially heededn the given
formulation. Due to the slack[30] on datapropagatiortimes, the feasiblesolution setfor somevariables
canbe arangeof valuesratherthana specificvalue. For instance supposédhatthe earliestarrival time of
a datasignalat an arbitrarylatch R, cangetary valuein theintenal 1.8 < a5 < 2.3 without changing
theminimumclock periodof the circuit. For consisteny; it is preferableto assignthe smallestvalueto the
earliestarrival time (a; = 1.8). In general,t is betterto assignthe smallestpossiblevaluesto the earliest
arrival anddepartureime variablesandthe largestpossiblevaluesto the latestarrival and departurgime
variablegwhereapplicable).ldentificationof suchsensitvity informationis essentiafor the consisteng of

thegeneratediming scheduldor ary givencircuit.

Note that, the earliestand latestdataarrival timesat all exceptfor the input registers,are setto their
lowestandhighestpossiblevalues respectiely, by the propagatiorconstraint§Eqgs. (4-5) and(4-6)]. The
valuesassignedo the earliestand latestdataarrival times (a, A) at the input registersdo not affect the
minimum clock period unlessthe assignedvaluescausethe departuretimesto change. It may even be
consideredunimportantto defineearliestand latestarrival time variables(a, A) at the input registersas

the non-localdatapathsdo not affect the circuit timing directly For consisteng and completenessf
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the generatediming schedulethe dataarrival times at the input registersare definedand the following

constraintareincludedin theLP formulationfor eachinputregister R;:
Ay = dy — (Db O D) VR : |[Fan — in(Ry)| = 0. (4-16)

NotethatEg. (4-16)is only valid for input registers.
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5.0 PROBLEM FORMULATION AND THE PROPOSEDSOLUTION PROCEDURE

The non-linear max and min functionsin the constraintsshavn in Egs. (4-3), (4-4), (4-5) and (4-
6) presenta major challengein solving the problemof minimizing the clock period. The MBM method
introducedin this work is usedreplacethe non-linearconstraintswith equivalentlinear constraints. The
equialencebetweenthe non-linearprogramming(NLP) modelformulation andthe re-formulatedinear

programmingLP) modelproblemis presered.

The proposedinearizationmethodis describedn Section5.1, andthe LP modelis offeredin Sec-

tion 5.2.

5.1 Modified Big M (MBM) Method

Thelinearizationof the constraintavhich exhibit non-linearbehaior is acommonlyappliedprocedure
in operationgesearchNon-linearconstraintaremanipulatedo derive equialentlinearconstraintsyhich
areinherentlyeasierto solve. In this work, a collectionof known linearizationproceduresre appliedon
the non-linearconstraintof the timing analysisproblem. The collectionof theseproceduress namedthe
Modified big M (MBM) method[26]. It hasbeenconsideredeasonabléo denominatethe collection of
linearizationprocedureshe MBM method asthe researchs developedby an inspirationfrom the big M
method[30]. Thebig M methodis a specialcaseof the simplex algorithm[30] which hasapplicationsn a
completelydistinctsetof problemswith respecto theMBM method.Theonly similarity betweerthebig M
methodandthe MBM methodis the useof the constantd/ in bothmethods.The constantd/ symbolically
representaverylarge positve numberusedto assignan overwhelminglylarge penaltyto avariablein the

objective functionin orderto increasehe priority of the variablein the optimizationprocess.

Thecollectionof linearizationproceduregomposinghe MBM methodis presentedn Table5.1. For a
minimizationtype LP problem—subjecto constraintghathave min andmax functions—thetransforma-
tionslistedin Table5.1 areappliedto replacenon-linearconstraintswith linear constraintsNote thatonly

relevantconstraintsandrelevant portionsof the objective functionareincludedin Table5.1.
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Definea finite set NV, consistingof the variablesN = {a,b,¢c,... ,n}. Considerall variablesin the
finite setV to beelementof therealnumberssetN = {a,b,¢,... ,n} C R. Theobjectve functionZ is
alinearfunctionof thevariables{a, b, c, ... ,n} andis definedZ : ® ¥l — R. Thereareno limitationson

variablesbeinginclusive, providedthelinearity of the constraintss presered.

Two differentlinearizationscenariosare presentedn Table5.1. In thefirst scenarig[linearizationof
a = max(b,c) expression],the variablea is constrainedo be the greaterof the variablesb ande. The
constrainis replacedvith two new constraintsexplicitly requiringthevariablea to begreatethanor equal
to the variablesb andc. The initial constraintand the relaxed constraintsare equvalentif eitherof the

following conditionsholds:

1. Equalityconditionis obseredfor atleastoneof theinequalitieswhile the otherinequalityoperation

returnstrue.

2. Equality conditionis obseredfor bothinequalities.

The costfunction denotedby the product M« is addedto the objective function. The productMa is
overwhelminglylargewith respecto othercostfunctionsin the objective functionasa resultof the highly-
weighedcostfigure (recall the very large coeficient M). Thus, Ma is given the highestpriority in the

minimizationprocessAs aresult,the greaterof thevariablesh andc is assignedo variablea.

The relaxationmethodin the secondscenaridlinearizationof a = min(b, ¢) expression]is alsopre-
sentedn Table5.1. In this case the costfunction M a is subtiactedfrom the objective functionin orderto

exploit the maximumvalueto be assignedo thevariablea.

Table5.1 Modified Big M transformations

min Z —  min (Z+ Ma)
a =max(b,c) — a>b

a>c
min Z —  min (Z — Ma)
a =min(b,c) — a<b

a<c
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Similarto its implementationn the big M method theconstantM is definedsuficientlylargeto ensure
the equivalenceof thelinearandnon-linearproblems.The selectionof a valuefor the constantM depends
on the solutionspaceof a specificproblem(problemconstraintsiandthe objective function Z. Typically,
thenumberM mustbechosersignificantlylargerthanthevaluesof any parametem theproblem.However
selectionof anextremelylarge M may causeheLP solverto fail drastically[3]. A valueof M = 5000 was
experimentallyfoundto besuficiently largefor theanalysisof circuitswith arrival anddeparturdimesupto
100 (time units),numberof registersup to 2000, andnumberof datapathsup to 30000. Theinterpretation
of value assignmenaindthe derivation of a lower boundon the constantM fall outsidethe scopeof this
thesisandwill not be discussedHowever, verificationof the equivalencebetweerthe non-linearproblem

andthe MBM method-transformelihear problemis a straight-forvard post-solutiorcheck.

5.2 LP Model

An equivalentLP modelof the clock periodminimizationproblemis generatedhroughthe application
of the MBM method. Therearefive setsof constraintsn the finalizedequivalentLP model. As explained
in Chapterd, thesesetsarethelatching[Eqgs.(4-1) and(4-2)], synchronizatiojEgs. (4-3) and(4-4)], prop-
agation[Egs. (4-5) and (4-6)], validity [Egs. (4-14) and (4-15)] andinitialization [Eq. (4-16)] constraints.
Notethat,for simplicity, the skew constraint§Eqs.(4-7), (4-8) and(4-9)] arenotincludedin the LP model.

ThefinalizedLP modelfor the clock periodminimizationproblemis shavn in Table5.2.

Thelatching,validity andinitialization constraintexhibit linear behaior. Therefore theseconstraints
remainunchangedn boththe LP andNLP modelsasshowvn in constraintgi-ii , vii-ix) of the formulation.
Thesynchronizatiorconstraintshowever, areformedby themax functionandexhibit non-linearbehaior.
The MBM methodis usedon the synchronizatiorconstraintsn orderto generateequivalentlinear con-
straintsfor the LP modelproblem(constraintgii andiv). For instance(iii) depictsthe replacemenbf the
non-linearconstraintpresentedn Eq. (4-3) with two linear constraintswhered; is greaterthanor equalto
both operandf the max function, (ai + D%Qm) and (T - Ck + Dng). Note thatthe costfunction
Md; is addedto the objective function. Propagatiorconstrainton the latestdataarrival time (Eq. (4-6)),

exhibits similar non-linearitywith the synchronizatiorconstraintssuchthatthe max functionis used.The
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Table5.2 Thetransformedonstraintfor the ‘Modified big M’ method.

| LP Model |
min T + M[)" (d; + D;) + > (Ax — ag)]
VR; VRy:|Fan—in(Ry,)|>1
subjectto
(i) af>Hy

[Latching-Holdtime]

(i) A <T-8¢
[Latching-Setugime]

(i) d; > a; + DzPQm '
di 2T — Cy + Do,
[Syndronization-Earles time]

V) Di> A+ Digus
D; >T - Cy + Digur
[Syndronization-Latst time]

(V) af Sdh +ngj-‘n+Tskew(i17f)_T

ayf < din + D;;L,,J:L + Tskew(inaf) =T
[Propagation-Earliesttime]
i) Af > Dy, + DR, + Topew(in, /) = T

Af 2 Din + D;;L]{/[ +Tskew(inaf) =T
[Propagation-Latestime]

(vii) Ay > ay
[Validity-Arrival time]
(viit) Dy > dy

[Validity-Departue time]
(ix) A =d; - (DlCQm or DlDQm), VR, : |Fan —in(R;)| =0
[Initialization]

equialent propagationconstraintsn the LP modelare shavn in (vi). In the LP model, the variable A ¢
is greaterthanor equalto the @(pressions( [Di + DﬁfM + Tspew(t, f)] — qsz'f), evaluatedfor eachfan-in

pathof registerR;. In theformulation,fan-inpathsof R areindexed by the parameter..

Unlike othernon-linearconstraintsn the formulation,the propagatiorconstrainton the earliestarrival
timeay is modeledoy themin function. In thistypeof linearizationa s is setto belessthanor equalto each
operandof the min function. As showvn in (v), the expressions[di + D}fm + Tskew(t, f) — T] evaluated

for eachfan-inpathof register R areincludedin thefinalizedLP model.

In orderto illustrate the derivation of the NLP and LP model formulationsfor a clock period mini-

32



mizationproblem,a simple synchronougircuit is investigated.The NLP modelformulationof the clock
periodminimizationproblemfor the samplecircuit (shavn in FigureA-1) is presentedn AppendixA. The
non-linearconstraintsn the NLP problemformulationarelinearizedusingthe MBM methoddescribedn

Section5.1. ThefinalizedLP modelformulationfor the clock periodminimizationproblemis presentedn

AppendixB.
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6.0 AN EXAMPLE AND EXPERIMENT AL RESULTS

Thecircuit network shawn in Figure6.1is analyzedn orderto illustratetheapplicationof the proposed
procedure. Without affecting the generalityof the solution, zero setupand hold times and zerointernal

delaysareconsideredS; = H; = Dcg = Dpg = 0).

Figure 6.1 A simplesynchronougircuit. Notethatthe minimum clock periodwith zeroskew andusing
flip-flopsis T' = 7 (time units).

Givensingle-phassynchronizatiorunderzeroandnon-zeroclock skew, the clock periodminimization
problemsof threedifferentsynchronousircuitswith samecircuit topologyareformulated.Thesimpler(in
termsof timing analysiscircuit, whichis usedasthe basisof comparisorfor othercircuits,is thezeio clok
skew edge-sensitivesircuit. Theminimumclock periodof azeroclock skew edge-sensiie circuitis defined
by the maximumdatapropagatiortime in thecircuit [12]. Thus,the synchronousircuit network presented
in Figure 6.1 hasa minimum clock periodof T = D32, = 7 (time units) whenusedwith edge-triggered
flip-flops.

The secondsynchronougircuit of interestis the zeo clok skew level-sensitivecircuit. In orderto
designa level-sensitre synchronougircuit, eachflip-flop in the given circuit topologyis replacedwith a
level-sensitve latch. Zero clock skew level-sensitye circuits exhibit improved circuit performancelueto
time borroving. Finally in the third synchronousircuit, clock skew schedulings applied. This non-zeo
clodk skew level-sensitiveeircuit exhibits performancemprovementdueto the simultaneousonsideration

of time borrowving andclock skew scheduling.

The commercialoptimizationpackageCPLEX [10] is usedto solwve for the clock period minimization

problemof the generategynchronougircuits. The genericLP modelconstitutinga fully-linear optimiza-
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tion problemfor suchtiming analysids presentedh Table5.2. In orderto solve thistype of anLP problem,
CPLEX implementsoptimizersbasedon simplex algorithms(both primal and dual simplex). In the ex-
perimentsthe particularoptimizeris automaticallyselectedoy the solver. The worst caseanalysisshavs
thatthe simplex methodandits variantsmay requireexponentialnumberof stepsto reachan optimal solu-
tion [3]. However, a vastamountof practicehasconfirmedthatin mostcasesthe numberof iterationsto
reachan optimal solutionis a linear function of the numberof variablesn anda quadraticfunction of the
problemconstraintsn [3]. Thus,the expectedcomputationakffort of the presentegbrocedures similarto

the O(m?2n) of thesimplex method.

Notethatthe numberof problemconstraintsr is proportionako the numberof registersr andthe num-
berof local datapathsp in thecircuit. Let s denotethe numberof inputregistersfor which theinitialization
constraintsaredefined.In the LP modelclock periodminimizationproblemshavn in Table5.2, thereare
eight (8) constraintsfor eachregister two (2) constraintor eachlocal datapath,andone (1) constraint
for eachinput register Thus,the numberof constraintdn the problemformulationis m = 8r + 2p + s.
The minimum clock periodT is a problemvariable. Also, therearefive (5) problemvariablesdefinedfor
eachregister leadingto a total numberof n = 5r + 1 variablesin the problemformulation. Thus, the
problemcompleity is O [(8r +2p + 5)2(5r + 1)] . Note thatthe exact computationatompleity cannot
bedeterminedincetheinternalpresoler, matrix-sparsitichecler andlarge-scaleptimizer[3, 10] routines

emplo/edwithin CPLEX areproprietaryandunknaown.

In the analysis,the minimum clock periodfor the zeroclock skew level-sensitie circuit is calculated
as 4.66 (time units), which is a 33% improvementover the zero clock skew edge-sensite synchronous
circuit. Notethatthe percentagémprovementis calculatedoy the expressionl00(7y1q — Tnew)/Toid- AS
statedbefore,clock skew schedulingis appliedon the level-sensitie circuit in orderto generatehe non-
zeroclock skew level-sensitie circuit. Thecalculatedninimumclock periodof 4.05for thenon-zeraclock
skew level-sensitie circuit is a 13% improvementover the zero clock skew level-sensitve circuit anda
42%improvementover the zeroclock skew edge-sensiie circuit. Notethat 13%improvementis only due
to clock skew schedulingwhile 42% improvementis dueto time borraving and clock skew scheduling.

Furtheranalysisof thetime borroning andclock skew schedulingeffectson circuit timing will bepresented
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Figure 6.2 Zero clock skew andnon-zeroclock skew clocking schedulegor the synchronouircuit in
Figure6.1. Theclockingscheduldor the zeroclock skew circuitis shavn ontheleft, with aminimumclock
periodof T' = 4.66. Non-zeroclock skew schedulingesultswith a minimumclock periodof T' = 4.05 is
shavn ontheright. For non-zeroclock skew schedulingthe optimal clock signaldelaysat theregisterare
tr, = 0.05, tg, = 0.925, tg, = 0 andtgr, = 0.475. Thearrons representlatasignalpropagatioron the
respectire critical paths.Notethatunlike the presentedtase the critical pathsfor zeroandnon-zeroclock
skew schedulingneednot beidentical.

in Section6.2. The clocking schedulesand the data propagationon the critical pathsof the circuit in

Figure6.1in caseof zeroandnon-zeroclock skew schedulingareshavn in Figure6.2.

6.1 Digital SynchronousCircuit Stateof Operation

Presenceof datapathloops (cycles) and transientstateerrorsare two major issuesthat needsto be
identifiedin thetiming analysisof level-sensitie circuits. As discussedn Section4.2,theiterative solution
procedureofferedin [18] wasshavn to suffer from excessie run-timesandproducefalsenegative outputs
in presencef datapathloops[24]. In [24], modificationsareofferedfor the iterative algorithmin orderto
detectandhandletheeffectsof datapathloopsin thecircuit. Alsoin [24], it hasbeenshavn thatsynchronous
circuitsareproneto suffer from transienttateerrors. Thetransientstateerrorsoccurdueto thenon-unique
solutionsetsof the problemparameter$24]. In circuits undertransientstateerrors,setupviolationsoccur

in certainregistersafterthe systemis initiated from a resetstate. The arrival anddeparturdimes may not
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be stableat start-up,in which casethesetimeschangeduringinitial clock cycles,constitutingthe transient
state.As circuit operationprogressef time, the arrival anddeparturdimescorverge to their steady-state

values.

Thereare two major corventionsin evaluatingthe transienterrors and determiningthe steady-state
behaior. Thefirst corventionoverlooksthetransienterrorsandpresumeshatthe departurdimesconverge
to the openingedgeof the driving clock, which is the expectedscheduleor the steady-statef operation.
The secondconventionis morestrictin thattransientstateerrorsare not permitted. Thefirst corventionis
morewidely acceptedvithin the proposedsolutionalgorithmsandleadsto a generallyacceptableolution
unlesghetransienstateoperatiorof thelevel-sensitve circuit is decisve to overall circuit operation Given
thatthesecondctorventionis adoptedtheresetstateis preferablyextendeduntil the steadystateof operation

is reached24].

TheLP modelproposedn this work assumeshetransient-stateperationof alevel-sensitie circuit to
bengligible. Theaimof thegeneratednodelis to solve for thesteady-statéming schedulingproblem.The
simplex algorithm-based P solver directsthegradualadvancemenof parametevaluesasthey areenforced
by the LP model(Table5.2). Previously offeredalgorithmsarevulnerableto potentialfallaciescausedy
datapathloopsdueto their iterative nature.However, in the presentegrocedurecomplicationsposedby
the presenceof datapathloops are resohed within the mechanicof the LP solver without significantly
affectingthe run-timeor quality of the solution. If the problemremainsfeasible thetiming parameters$or

the steadystateoperationof the circuit arecalculated.

In orderto illustrate the describedohenomenonthe steady-stat®ptimal timing schedulefor the I1S-
CAS’89 benchmarlcircuit s27is presentedn Figure6.3. Thecircuit s27 hasoneinput registeranda data
pathloop consistingof two otherregisters. The datasignaldepartsrom input register R3 andperpetually
propagate®n the loop betweenR; and R,. The minimum clock periodis calculatedto be 4.1, where
the calculatedpropagatiordelaysareindicatedon the circuit graph. Note that the propagatiordelaysare
calculatedo be constantsusingthe authors’genericdelay calculationprocedure. This factdoesnot effect
the generalityof the solution and the inclusion of variable propagationdelay in the problemsolutionis

straightforvard.
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A, =205 D,=205
th=13

a3=0 d3=2.05
A3=0 D3z=205
t3=0

Figure 6.3 Theoptimizedtiming schedulgor thebenchmaricircuit s27 operablewith a minimumclock
periodof ' = 4.1. Notethat D}, | = DiJ,,\VR; — Ry andS; = H; = Di,, = D'y, = 0 areconsidered.

In Figure6.3,thedatapropagatioroccurringon all datapathsof the s27 benchmarlcircuit is analyzed.
TheclocksignalsCLKg,, CLK g, andC LK g,, wherethe subscriptsndicatethe registerbeingsynchro-
nizedby theclock signal,build theframefor the analysis.The clock signalsmaynot be completelyaligned
in time dueto the non-identicalclock signaldelaysto the respectre registers. The clock signal CLK g,
attheinput register R3 hasno delayin time with respecto the clock signalat the clock source(ts = 0).
Hence theorigin of the clock signalat the sourceis alignedwith the origin of CLKg,. Theclock signals
CLKpg, andC LK, howvever, areshiftedin timeby ¢; = 3.8 andt, = 1.3 relatve to theorigin of theclock
signalat the source. The horizontalaxis of Figure 6.3 representshe time, wherethe beginning (k — 1)T
of the k-th clock cycle of CLKR,, is definedasthe local time referencewith an assignedsalue of zero.
In Figure 6.3, the numbersassociatedvith the enablingandlatching edgesof the clock signalslabel the
timeswith respecto the local time reference.The arravs illustrate the propagatiorbetweenthe registers

andaredrawvn to scale.lllustrationof thedatapropagatioronthreeconsecutie clock cyclesaresuficientto
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analyzethe behaior of the datapathloop of the benchmarlcircuit s27; thek-th, (k + 1)-th and(k + 2)-th
clock cyclesareselectedo illustratethe behaior. The solid arrons representhe datapropagatiorduring
the selectectlock cycles. For instance the propagatiorbetweenRs and R; is representedby the arrovs
initiating from the C LK g, row attimes2.05 and6.15, andconcludingatthe CLK g, row attimes8.65 and
12.75, respectiely. Datapropagatioronthedatapathloop betweertheregistersR; andR; is visible by the
cross-structuredrrans initiating andconcludingin the correspondinglock signalrows. Notethatthe cal-
culatednominalarrival anddeparturgimesareillustratedon the circuit graph,insidethe boxesassociated

with eachnode.

In steady-statef operationthe departurdimesof theregistersthatconstitutea datapathloop corverge
to the beginning of their respectie clock cycles. The circuit s27in Figure 6.3 is scrutinizedin orderto
provide a betterinsight on how the latestdeparturetimes corverge to a certainvaluein the steady-state.
Define a variablee, wheree is a very small period of time. Supposehat a deviation of ¢ occursin the
departurdime of thedatasignalfrom R3. Thesignaldeparturdrom R3 occursattime 2.05+¢, delayingthe
arrival timesat R; and R» by e. Thedeparturdrom R; is graduallydelayedby e every turn, whichin turn
delaysthearrival time at R;. Thearrival anddeparturdimescumulatvely increasén eachturn of the data
signalaroundtheloop. Eventually the signalarrivals at the latchesoccurduring the non-transparergtate
of thelatches At this point, the signaldeparturdimesreturnto their startingvalues which arethelatching
edgeoftheirrespectie clockcycles. It is evidentthatthearrival timeswill finally berestoredo theirinitial
valueswhenthe sourceof the deviation vanishesThus,the assignmentf thetime-varying departurdimes
to theenablingedgeof thesynchronizingclock signalsis referredto asthe steady-statef operatiorfor the

synchronousgircuit.

6.2 PerformanceResultsof the Procedure on the ISCAS’'89 Benchmark Cir cuits

The timing analysisalgorithm describedin this thesisis appliedon the selectedsuite of ISCAS’'89
benchmarlcircuitsin orderto derve the performanceesultsandillustratethe efficiency of the presented
algorithm. The original ISCAS’89 benchmarlcircuits areedge-sensite synchronougircuitsandthe spe-

cific timing informationof differentcircuit elementss not defined.A genericdelaycalculationprocedure
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is generatedn orderto provide timing informationfor eachlocal datapath. The datapropagatiortimes
(Dﬁf) on local datapathsare calculatedusing pre-determinedlelay timesfor eachlogic gatetype. The

numberof fanoutbranche®n eachnodeis alsoconsiderecaffective onthe datapropagatiortime.

Thelevel-sensitie circuitis generatedby replacingeachflip-flop in the original benchmarlcircuit with
alevel-sensitie latchasexplainin Chapter6. Note thatthis proceduredoesnot affect the operationof the
original circuit andpreseresthe circuit topology In experimentation50% duty cycle is selectedboth for
the singlephaseclock signal. Without affectingthe generalityof the solution,the setupandhold timesand
the internaldelaysareassumedo be zero(S; = H; = Dcg = Dpg = 0). The consideratiorof these
numericconstantsn an actualproblemis straightforvard. Edge-sensitiveandlevel-sensitivesynchronous
circuit implementationsreanalyzedor zeo andnon-zeo clodk skew schedulingapplications.The effects
of time borrawing andclock skew schedulingn circuit implementatiorareinvestigated.Theresultsof the
analyses—computeah a 440MHz SunUItra-10Workstation—argresentedn Table6.1. For eachcircuit,
the following dataare listed—thecircuit name,the numberof registersr andthe numberof pathsp, the
clock periodsTeskew for a zeroskew circuit with flip-flops, T7os ¥ for a zeroskew circuit with latches,
Tskewed for anon-zeroskew circuit with flip-flops, T+¢¢d for anon-zeraskew circuit with latchesand 7’y
for anon-zeroskew circuit wherethe clock delaysto I/0 registersarerestrictedto be equal. The subscripts
FF, L representircuit topologiedor flip-flop basecandlatch-basedircuits,respectrely. Thesuperscripts
noskew, skewed indicatezero or non-zeroclock skew scheduling. Also listed are the calculationtime
of Tgkewed  gskewed andthe clock periodimprovements? B, 1$95 and ITBCSS | wherethe superscripts

TB,CSS, TBCSS standfor time borronving, clock skew schedulingandboth,respectiely.

Theminimum clock periodscalculatedor the edge-sensiie synchronougircuitsunderzeroandnon-
zero clock skew scheduling(TReskew and Tgkewed, respectiely) are borroved from [12]. It is reported
in [12] that, dueto clock skew scheduling,an averageimprovementof 30% is reportedin the minimum

clock periodfor the ISCAS’89 benchmarlcircuits.

The experimentakresultsshavn in Table6.1 represensignificantimprovementsn the minimum clock
periodfor synchronousircuitswith level-sensitie latches.In digital synchronousircuits, utilizing latches

as memory elementsinsteadof flip-flops may resultin up to 33% improvementof the minimum clock
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Table 6.1

ISCAS’89 benchmarkeircuits resultsshaving the numberof registersr and pathsp (before
modification).Optimalclock periodsimprovementsaandcalculationtime aredenotecy T, I andt, respec-
tively. Subscriptd'F, L representircuit topologiedor flip-flop basedandlatch-basedircuits,respectrely.
Superscriptsioskew, skewed, r indicatezeroor non-zeroclock skew andrestrictedcircuit (for clock peri-
odsonly),andT B, CSS, TBCSS standfor time borraving, clock skeaw schedulingandboth,respectrely.

Circuit Info ZeroCS I (%) | Non-ZeroCS | (%) T(sec)| R |1 (%)
Circuit || r | ) T}');(I):‘skew |T£Loskew Iz’B Tﬁ-!;—?wed |Tfk>ewed Iglgs |IEBCSS |IgSS t‘zkewed T£ I;,
s27 3 4 6.6 54 18 4.1 4.1 38 38 24 0.02] 4.1 38
s208.1 8 28 12.4 8.6 31 4.9 5.2 60 58 40 0.01f 7.6 39
$298 14 54 13 10.6 18 9.4 9.4 28 28 11 0.02| 10.6 18
s344 15 68 27 18.4 32 18.4 18.4 32 32 0 0.03| 184 32
s349 15 68 27 18.4 32 18.4 18.4 32 32 0 0.03| 184 32
$382 21| 113 14.2 10.3 27 8.5 8.5 40 40 17 0.04| 8.72 39
s$386 6 15 17.8 17.3 3 17.3 17.3 3 3 0 0.03| 17.3 3
s400 21| 113 14.2 10.4 27 8.6 8.6 39 39 17 0.05| 8.8 38
s420.1 16| 120 16.4 12.6 23 6.8 7.2 59 56 43 0.04|10.27, 37
s444 16| 113 16.8 12.4 26 9.9 9.9 41 41 20 0.07 9.9 41
s510 6 15 16.8 14.8 12 14.8 14.3 12 15 3 0.02| 14.8 12
s526 21| 117 13 10.6 18 9.4 9.4 28 28 11 0.05| 10.6 18
s526n 21| 117 13 10.6 18 9.4 9.4 28 28 11 0.05| 10.6 18
s641 19 81 83.6 66.2 21 61.9 61.9 26 26 6 0.05| 63.1 25
s713 19 81 89.2 71.2 20 63.8 63.8| 28 28 10 0.05| 65 27
s820 5 10 18.6 18.3 2 18.3 18.3 2 2 0 0.01| 18.3 2
s832 5 10 19 18.8 1 18.8 18.8 1 1 0 0.01| 18.8 1
$838.1 32| 496 24.4 20.6 16 8.3 9.1 66 63 56 0.28| 15.6| 36
s938 32| 496 24.4 20.6 16 8.3 9.1 66 63 56 0.31| 156/ 36
s953 29| 135 23.2 21.2 9 18.3 18.3 21 21 14 0.10f 21.2 9
s967 29| 135 20.6 17.9 13 16.2 16.6| 21 19 7 0.08| 17.9 13
s991 19 51 96.4 91.6 5 79.4 79.4 18 18 13 0.02| 79.4 18
1196 18 20 20.8 16 23 10.8 7.8 48 63 51 0.03 16 23
51238 18 20 20.8 16 23 10.8 7.8 48 63 51 0.01] 16 23
51423 74| 1471 92.2 86.4 6 77.4 75.8 16 18 12 1.10| 75.8 18
51488 6 15 32.2 29 10 29 29 10 10 0 0.02 29 10
1494 6 15 32.8 29.6 10 29.6 29.6 10 10 0 0.01f 29.6 10
51512 57| 415 39.6 34.8 12 34.8 34.8 12 12 0 0.28| 34.8 12
s3271 116| 789 40.3 29.8 26 28.6 28.6 29 29 4 0.69 29 28
s$3330 132) 514 34.8 23.4 33 17.8 17.8 49 49 24 0.49| 23.2 33
$3384 183| 1759 85.2 77.4 9 67.4 67.4 21 21 13 1.88| 76.2 11
54863 104| 620 81.2 75.4 7 69 69 15 15 8 0.64| 69 15
s5378 179| 1147 28.4 23.2 18 22 22 23 23 5 1.66| 22 23
$6669 239| 2138 128.6| 124.6 3 109.8| 109.8] 15 15 12 3.62|109.8 15
9234 228| 247 75.8 64.8 15 54.2 54.2 28 28 16 4.59| 59.2 22
s9234.1 || 211| 2342 75.8 64.8 15 54.2 54.2 28 28 16 3.88| 59.2 22
13207 || 669| 3068 85.6 67.4) 21 57.1 57.1 33 33 15| 14.86| 57.1 33
15850 597| 14257 116 92.8 20 83.6 83.6 28 28 10| 76.96| 83.6 28
$15850.1| 53410830 81.2 714 12 57.4 57.4 29 29 20| 58.89| 57.4 29
35932 || 1728| 4187 34.2 34.1 0 20.4 20.4| 40 40 40| 80.03| 20.4| 40
s38417 || 1636| 28082 69 54.8 21 42.2 42.2 39 39 23| 603.49] 43 39
s$38584 || 1452 15545 94.2 76.4 19 65.2 65.2 31 31 16| 321.74| 64.8 31
Average || 204| 2141 44.7 38.1 15 29.6 326 30 27 14| 28.01| 34.29| 23.74
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periodunderzeroclock skew. OnthelSCAS’89suiteof benchmarlcircuitsfor instanceanaverageof 15%
improvementis obsened whentheflip-flops arereplacedvy latchegunderzeroclock skew). Therecorded

improvementis solelydueto time borrowing.

Utilizing non-zeroclock skew, anevenhigherimprovementis possible:up to 63%improvement—aeer
flip-flop basedsynchronougircuit with zeroclock skew—is obsered. The averageimprovementin the
minimum clock periodin this caseis calculatedto be 27%. The recordedmprovementis dueto simulta-
neousapplicationof clock skew schedulingandconsideratiorof time borraving. Notethatthe functional
characteristicsf ary synchronousircuit mustnotbeaffectedby replacingtheflip-flops with level-sensitre
latches.In addition,the clock skew distribution of a circuit block mustbe performedconsideringadditional

application-specificonstraintsuchasgloballayoutdesignrestrictionson placementaindrouting.

As mentionedearlier the improvementin the minimum clock period for non-zeroclock skew level-
sensitve circuits is due to simultaneousconsideratiorof time borraving and applicationof clock skew
scheduling. The improvementdue to time borroning is 15% and the improvementdue to clock skew
schedulingis 14%. It is interestingto note that the improvementsachieved throughtime borroving and
clock skew schedulingarenotfully additve in definingthe overallimprovement.Time borraving andclock
skew schedulingare contradictoryeffectsin performancamprovement,thusleadingto the degradationin
the overall improvement. Thereis a limited amountof slack propagatiortime on the critical pathsanda
circuit wheretime borrowving is alundantlyrealized cannotbenefitasmuchfrom clock skew schedulinglt
hasbeenshavn however, thateventhoughtime borronving andclock skew schedulingarebattling effects,

dramaticallyshorterclock periodsareachiazablethroughthe collaborationof both effects.

The zeroclock skew level-sensitie circuit implementatioris analogougo the circuits previously ana-
lyzedin [1, 25], whichalsosolve for theclock periodminimizationproblem.Notethatunlike theunit-delay-
pergateapproactusedin [1, 25], the combinationalogic delayis calculatedby assumingdifferentdelay
timesfor eachlogic gatetype andconsideringeffectsof fanouton the propagatiortime. Thus,the obtained
resultsarenot directly comparabldo the previously publishedalgorithmresults. However, presuminghe
accurag andcorrectnessf bothproceduresthelistedresultsfor TL”OS’“”’ presenthestateof improvement

achieved throughpreviouswork in theliterature.
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It is evident that a fair comparisonof the run timesfor the previous and presentegroceduress not
feasibledueto the differencesn the problemformulations. Without ary formal proof, assuminghatthe
proceduredescribedn this thesisand previously publishedalgorithmsare equivalentformulationsfor the
clock period minimization problem,the calculatedminimum clock periodsTf”kew are usedin orderto
comparethe improvementsachiazed throughboth approachesAs will be discussedhortly simultaneous
consideratiorof time borraving and clock skew schedulingin the proposedprocedureresultsin higher
improvements(IfBCSS) comparedo consideratiorof time borraving andconstantlock skew in the pre-
viously publishedalgorithms.Thereforethe procedurgresentedhn thiswork is superiorin termsof circuit
improvement. A comparisorof algorithmrun-timesis not rational, however, asthe problemformulations

arenonidentical.

6.3 Verification and Inter pretation of Results

Certainsynchronougircuitsareinoperablewith level-sensitre latchesor fail to satisfythetiming con-
straintsdueto predeterminedircuit or clock treetopologies.In suchcircuits, the minimum clock period
problemis infeasible. The proposediming analysisproceduresasilydetectgheinfeasibility of a problem
and provides diagnosticamessages.The slack and excessvaluesassociatedvith eachconstraintcan be
examinedin the sensitvity analysisoutputprovided by the LP solver. Eventhoughthe detailswill not be
discussechere, carefulinterpretationof the sensitvity outputleadsto the identificationof the necessary
modificationson the circuit topologyto achiese the desiredoperatingfrequeng. The sensitvity analysis
outputof the LP solver CPLEX for the timing analysisdiscussedn AppendicesA andB is presentedn

AppendixC.

Theinterpretationof the timing scheduldor a synchronougircuit presentsa modelto investigatethe
effects of zeroandnon-zeroclock skew schedulingon synchronouscircuit operation. In the restof this
section,the timing schedulegieneratedor the synchronizatiorof the ISCAS’89 benchmarlkcircuit s938
with zeroandnon-zeroclock skew schedulingareanalyzed.The analysesncludethe datadistributionsfor

variousparametersyhich arepresentedn Section6.3.1. Theverificationof clock skew valuesis discussed
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Figure 6.4 Distribution of datapropagatiortimesfor s938with » = 32 registersandp = 496 datapaths.
The heightof eachbar correspondso the numberof pathswithin a given delayrange.For example,there
arenine (9) pathswith delaysbhetweerd and5 time units.

in Section6.3.2.In Section6.3.2,the skew constraintof Sectiond.1.4areusedto derive lower andupper

boundson clock skew.

6.3.1 Parameter Data Distrib utions

In Section3.2, datapropagatiortime Djf is definedasthe period of time the datais processedn the
combinationalogic blockof alocaldatapathR; — R;. Withoutlossof generalityanempiricalcalculation
methodis usedto calculatethe datapropagatiortimesof eachlocal datapathof a circuit (a simplefan-out
delaymodelis usedastiming datais notincludedin the ISCAS’89benchmarlcircuits). Thedistribution of

the calculateddatapropagatiortimesfor the ISCAS’89benchmarlcircuit s938 is illustratedin Figure6.4.

Definethe effectivepathdelay[12] asthetime periodbetweerthe departureof the datasignalfrom the
initial registerandthearrival of the samedatasignalatthefinal register Theeffective pathdelayof alocal
datapathdiffersfrom datapropagatiordelay becausef the additionalpropagatiortime provided by clock
skew andthe time borrawing propertyof level-sensitie synchronougircuits. Note thatin level-sensitie
synchronousgircuits, the effective pathdelayis definedwithin a permissiblerangeinsteadof a fixedvalue,
asthearrival anddeparturdimesareindeterminate.The nominaleffective pathdelayis determinedvhen

thearrival anddeparturgimesarerealizedin run-timeascertainvaluesin the permissiblerangesa ¢, Ay]
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Figure 6.5 Distribution of the maximumeffective pathdelaysin datapathsof s938for zeroclock skew.
The tamget clock periodis T' = 20.6. The heightof eachbar correspondso the numberof pathswith an
effective pathdelaywithin agivenrange.

and[d;, D;], respectrely. Specifically the shorteseffective pathdelayoccurswhenthe datasignaldeparts
atits latesttime D; from theinitial register R; andarrivesatits earliestarrival time a s atthefinal register
R;. Thelongesteffective pathdelayis realizedby the earliestdepartured; of the datasignalfrom R; and
latestarrival Ay at R;. Hence theintenal for theeffective pathdelayof level-sensitre synchronousircuits

canbedefinedas:

af — Dj — Tspew(i, f) + T < Effective pathdelay < Ay — d; — Typew (i, f) + T (6-1)

In this work, the longesteffective pathdelayis investigatedn orderto illustrate the effects of clock
skew andtime borraving on datapropagationTheaimis to obsere theincreasan the effective pathdelay
of a circuit, which in turn leadsto a higheroperatingfrequeng, by replacemenof flip-flops with latches
andintroducingnon-zeroclock skew. Obsene thatthe distribution of the propagatiordelaysfor the s938
benchmarlcircuit presentedn Figure6.4 is exactly the sameasthe distribution of the effective pathdelay
of the samebenchmarlkcircuit s938, whenoperationawith flip-flops (underzero-clockskew). In circuits
with flip-flops, the effective pathdelaysaredeterminate[D}!c — Tskew (4, f)] asthedatadeparturesccurat

the actie transitionof the clock signal.
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Figure 6.6 Distribution of the maximumeffective pathdelaysin datapathsof s938for non-zeroclock
skew. Thetamgetclock periodis T' = 9.085714.The heightof eachbar corresponds$o the numberof paths
with aneffective pathdelaywithin agivenrange.

Thedistribution of the maximumeffective pathdelaysof thelevel-sensitre s938circuit with zeroclock
skew schedulingis shavn in Figure 6.5. Note that the maximum effective path delay is calculatedby
the expression[As — d; — Tykew (4, f) + ¢if]. It is obsered by comparingFigures6.4 and 6.5 that the
maximumeffective pathdelaysareincreasedin the level-sensitve circuit, aswell asproviding a smaller
minimum clock period (TRgkew = 24.4 v.s. Troskew = 20.6). Theincreasen the effective pathdelays
is dueto time borraving. Cumulationof effective pathdelayvaluesslightly belov or abore the minimum
operatingclock periodT = 20.6 is visible. Note thatthe effective pathdelayhaving larger valuesthanthe
minimum clock periodis a suficient but not a necessargonditionfor time borronving. Thus, local data
pathswherethe effective pathdelayis calculatedto be smallerthanT = 20.6 may still benefitfrom time
borronving. Furthermorejt canbe obsered that certaindatapathsin the circuit benefitmore from time

borraving, realizinganeffective pathdelaycloseto thetheoreticalimit of [¢;; + Cf; — Tskeuw (i, f)].

6.3.2 Skew Analysis

As discussedhroughoutthis thesis,non-zeroclock skew schedulingin synchronousircuits permits
smallerclock periods. Note thatin presencef non-zeroclock skew, the effective pathdelayfor the data

signalover a datapathmostlikely getssmallercomparedo its valueobseredin zeroclock skew schedul-
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ing. This factis directedby Eq. (6-1) (T" getssmaller). However, asthe minimum clock periodT' gets
smaller the percentagef the datapaths,on which the effective path delay exceedsthe minimum clock
period,significantlyincreasegseeFigure6.6). The effect of clock skew onimproving the minimum clock

periodis visible by comparingthe histogramspresentedn Figures6.5and6.6.

Theskew constraint§Eqgs.(4-7), (4-8) and(4-9)] introducedn Sectiond4.1.4canbeincludedin the LP
model(Table5.2)in orderto ensurethe correctnessf the solution. The skew constraintsiotonly constitute
anextrameasurdo checkfor thefeasibility of the solutionbut arealsousedin collectingstatisticaldataon
clock skew values.Interpretatiorof Egs.(4-11)and(4-13)leadto the upperandlower bounddefinitionsfor

theclock skew. In orderto generatenexpressiorfor theupperbound,Eq. (4-11) rewritten as:
D; + Dy — iy + Tokew(i, f) < T = S (6-2)

In Eqg. (6-2), the earliestpossibletime is assignedo D; in orderto realizethe upperboundon clock skew.
The earliestpossibletime thata datasignaldepartsfrom alatchis D¢ laterthanthe leadingedgeof the

clocksignal,(T — Cf;; + Dcq). Reorderinghe expressiorgivesthe upperboundon clock skew:
Tokew(is f) < $is + Ciiy = Difyy — Deg — Sy (6-3)
Thelower boundontheclock skew is derivedsimilarly from Eq. (4-13),which leadsto:
ap + DY > ¢if — Topewli, f) + Hy. (6-4)

In orderto derive the lower bound, the dataarrival time at Ry mustbe consideredo occurat its latest
possibletime. The latestdataarrival time is the setuptime S earlierthanthe trailing edgeof the clock

signal, T — Sy. Thus,thelower boundontheclock skew is:
Tokew(is f) > big — T = D, + Sy + Hy. (6-5)
CombiningEg. (6-3) andEq. (6-5), thetheoreticalimits on clock skew is expressedsfollows:

¢i —T — DB+ Sy + Hp < Tgew (i, f) < big + Ch — D3y — Dog — S (6-6)

m
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Figure 6.7 Distribution of the clock skew valuesof the non-zeroclock skew casefor s938 The target
clock periodis T' = 9.085714. The heightof eachbar correspondso the numberof pathsformed by
sequentiallyadjacenpair of registerswhich have a clock skew within the givenrange.

Recallthatin experimentationthe parameterdpg, Dcq, Sy, Hy areconsideredzeroand 50% duty
cycleis selectedor the single-phassynchronizatiorclock signal. In orderto evaluatethe upperandlower

boundson clock skew in this simplified case the parameteraresubstitutedn Eq. (6-6):
—DY,, < Tohew(i, f) < 15T — DY, (6-7)

Specificallyon the ISCAS’89 benchmarlcircuit s938 the clock skew boundsareverified usingthe exper
imentalvaluesshavn in Figure6.4. For the benchmarlcircuit s938with a minimum clock periodof 9.09,
theminimumandmaximumpropagatiordelaysarecalculatedo be5 and24.4,respectiely. Thus,thevalue

setfor the clock skew variableon the datapathsof s938is constrainedy —24.4 < Ty, (i, ) < 8.64.

The distribution of the clock skew valuesof s938 when operablewith a minimum clock period of
9.09, is presentedn Figure6.7. The calculatedclock skew valuesare within the derived limits, mostof
which arenegative. Negatie clock skew betweerregistershelpimprove the minimum clock periodof the
synchronougircuit dueto the additionaltime it providesfor datasignalpropagation.The datapaths,on
which positive skaw is recordedmostlikely occurdueto two reasons.The first reasons the presencef
datapathloopswithin the circuit. The secondreasonarethe—faster—pathswhich provide extra time for

neighboringeritical paths.
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Figure 6.8 Distribution of the clock delayvaluesof the non-zeroclock skew casefor s938 The taget
clock periodis T' = 9.085714. Theheightof eachbarcorresponds$o the numberof latchesbeingdrivenby
aclocksignalwith atime delaywithin thegivenrange.

Thedistribution of the clock delaysto eachregisterpresentedn Figure6.8. Thedistribution is signif-
icantly wide-spreadrangingfrom 0 to 19 (time units), wherethe minimum clock periodis T' = 9.09. If
the clock treenetwork of the synchronougircuit is implementedo accommodatéor thesenominalclock

delays,operatiomat thetargetminimumclock periodis achiered.

6.4 Further Considerations

Thepresented P modelformulationis demonstratetb beeffective for the statictiming analysisof syn-
chronougircuits. In theanalysesglassicakircuitimplementationgreinvestigatedsuchthat,no additional
timing dependenciebetweertheregistersof a synchronougircuit, otherthanthe dependencieleadingto
the predefinediming constraintsare prescribed.As the application-specifiéntegratedcircuit (ASIC) de-
signtechniquedbecomewide-spreadaindwith the growing impactof secondaneffectson the operationof
sub-microndevices,the needfor atiming analysismodel,meritedto accommodatéor application-specific
constraintspecomesessential.Unlike the previous work, the presentedormulationis highly amenableo

suchmodifications constitutinga well-definedtiming analysisframework.
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Thefollowing describesa potentialproblemin the timing analysisof SOCdesigns.In an ASIC/SOC
implementationthe clock signaldistribution betweendifferentlIP blocks(or clock domains)are subjectto
consideratioraswell asthe distribution of the clock signalwithin an IP block. The clock delaysto the
I/0 registersof asynchronousP block arelessflexible comparedo the clock signaldelaysto theinternal
registers. It is likely that the timing analysiswill be performedon individual IP blocks by the vendors,
without a priori information of the applicationervironment. Therefore,timing violations may occuron
outgoing(non-local,intra-block)datapaths,asthe clock skew on thesedatapathswill be unaccountedor
in theinitial computation A simplesolutionto avoid timing violationsbetweerthe IP blocksis to equalize
all I/0 registerclock delayvalues.In the presentedramenork, additionaltiming constraintenforcingthe
equalityof the clock signaldelayscaneasilybeintegratedinto the constraintsetof the LP modelproblem

presentedn Table5.2.

Another commonly encounteredlesignconstraintis to implementa predetermined—possiblgion-
optimal—clocktree network for the synchronougircuit. If the clock treetopologyis predeterminedthe
minimum clock period problemmustbe solved with known clock delaysto eachregister The LP model
presentedn Table5.2 caneasily be modifiedto accountfor suchchangespy assigningthe given clock

signaldelaysto therespectie clock delayvariables.
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7.0 CONCLUSIONS AND FUTURE WORK

Thetiming analysisand optimizationof synchronousgircuits are subjectto non-zeroclock skew (in-
tentionalor not) and other effects of processparametewrariations. A novel timing analysisprocedures
introduced which considerghe simultaneouspplicationof time borronving andclock skew schedulingo
improve the performanceof level-sensitre synchronousircuits. The describedprocedureis the first to
integratenon-zeroclock skew schedulingn the timing analysisof level-sensitve circuits. The procedure
is basedon a stand-alond.P modelformulation(to be solved by ary standard_P solver) which constitutes
a novel timing analysisframework for level-sensitve synchronousircuits. The timing framework is for-
mulatedfor a single-phasesynchronizatiorscheme.The optimal clocking andtiming scheduledor data

propagatiorbetweerregistersarecomputedasa resultof thetiming analysis.

In thisthesis thedescribediming analysiframeavork is usedto automataheclock periodminimization
problemof level-sensitie synchronougircuits. Accuratetiming analyseof relatively biggerbenchmarks
areperformedby usingthe MBM methodin orderto generateequivalentLP modelproblems.The gener
atedLP modelformulationis sufiiciently generalandcanbe modifiedto accommodatapplication-specific
constraintsandtiming properties.The stand-alonaatureof the presentediming frameavork supportsasy
adaptatiorto varioustiming optimizationproblemssuchasthe clock periodverificationproblemandstatis-
tical timing analysis.

The work presentedn this thesishasbeenpublishedin [26-28]. In [26, 27] and the thesis,single-
phasesynchronizatiorof level-sensitie circuitsis analyzed.The proposedormulation (Section4.3) and
solution(Section5) proceduresanbemodifiedsothattheseprocedurespplyto multi-phasesynchronized
circuits. Theformulationof thetiming analysisof level-sensitie circuitsfor multi-phasesynchronizatioris
addresseth [28]. Otherenhancemenisn theformulationof thetiming analysisof synchronousircuitsfor

multi-phasesynchronizatiorareamongfuture directionsof research.

A potentialdirectionof researchs to develop analgorithmto determinethe optimal numberof clock
phasedor ary givenlevel-sensitie circuit. It is shavn in [28] thatthe optimal numberof clock phasedor

ary two level-sensitie circuits neednot be identical. The optimalnumberof clock phasesn a multi-phase
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synchronizatiorschemas fully dependentnthespecificdesign.In generalasthe numberof clock phases
increasesthemaximumoperatingrequeng of thecircuitincreasesttheexpenseof circuit area.lt maybe
possibleto formulateanoptimizationproblemto solve for the optimalnumberof clock phasedor ary given
level-sensite circuit, by formulatingthetrade-of betweertheincreasen circuit areaandtheimprovement

in the maximumoperatingfrequeng.

Finally, the problemdefinition can be improved by tamgeting the statistical timing analysisof level-
sensitve circuitsinsteadof the statictiming analysis.Thetiming analysisprocedure®fferedin this thesis
definesstatictiming variablesin orderto modelcircuit timing. The differencebetweera statictiming vari-
able anda statisticaltiming variableis that, a statictiming variableidentifiesthe permissiblerangefor a
variable,but doesnot identify the probability of that variable having a particularvalue in the given per
missiblerange. While the statictiming analysisidentifiesthe circuit operationat the operatingfrequenyg
maigins, it fails to provide a probabilisticprofile for differentstatesof circuit operation.The statisticaltim-
ing analysisof a synchronousgircuit is performedin orderto derive the probabilitiesof a circuit operating
at ary feasiblefrequeng (or more generally at ary feasibletiming schedule).It may be possibleto use
the proposedormulationasa templateor a well-definedstartingpoint in orderto derive a novel problem
formulationfor the statisticaltiming analysisof level-sensitre circuits. In very deepsub-micron(VDSM)
circuits, the uncertaintyin circuit operationincludingthe uncertaintyin the precisionof circuit timing sig-
nificantly increases.This fact leadsto the growing attentionof the digital circuit designergo statistical
timing analysisapproachegor synchronougircuits. Statisticaltiming analysisis worth exploring in future

research.
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NONLINEAR PROBLEM FORMULATION

Thisappendixdemonstratethe NonlinearProgrammingNLP) modelproblemformulationof theclock
periodminimizationproblem. The circuit network shavn in Figure6.1is investigatedor the clock period
minimization problemandthe NLP model problemformulationis demonstrated.The circuit network in

Figure6.1is presentedn FigureA-1 for corvenience.

Figure A-1 A simplesynchronousircuit.

(Obj) Min T

suchthat

() LatchingConstraints Hold Time

(i) LatchingConstraints SetupTime
A =T <0 Ay =T <0

A3 —T <0 A, —-T <0
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(iii) SynchronizatiorConstraints EarliestTime
d; = max(aq,0.5T) dy = max(ag,0.5T")

ds = max(ag, 0.57") dy = max(a4,0.57)

(iv) SynchronizatiorConstraints LatestTime
D1 = Inax(A1, 05T) DQ = max(Ag, 0.5T)

D3 = max(As, 0.5T) Dy = max(Ay,0.5T)

(v) PropagatiorConstraints EarliestTime
as :min[(d1+2.9-|—t1 —t2—T),(d3+5-|-t3—t2—T),(d4-|-3+t4—t2—T)]
a3 =d;1+3+1t —t3—T

asg =d3+25+t3—t4,—T

(vi) PropagatiorConstraints LatestTime
As :max[(D1 +3+t —tQ—T),(D3+7+t3—t2 —T),(D4 + 44+t —to —T)]
A3 =D1+4+t1 —t3—-T

Ay =D3+5+1t3—t4—T

(vii) Validity Constraints Arrival Time
Al—alzo AQ—GQZO

Az —a3 >0 Ay —as >0

(viii) Validity Constraints DepartureTime
Dy —di >0 Dy —dy >0

D3 —d3 >0 Dy—ds >0

(ix) Initialization Constraints

Al =d
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APPENDIX B

LP PROBLEM FORMULA TION

This appendixdemonstrateshe Linear Programming(LP) model problem formulation of the clock
periodminimizationproblem. The circuit network shavn in Figure6.1is investigatedor the clock period
minimizationproblemandthe LP modelproblemformulatiort is derived. Thecircuit network in Figure6.1

is presentedn FigureB-1 for corvenience.

FigureB-1 A simplesynchronousircuit.

(Obj) Min T 4+ 1000d; + 1000d> + 1000d3 + 1000d4 + 1000D; + 1000D2 + 1000D3 + 1000D4 +

100043 + 1000A3 + 100044 — 1000a2 — 1000a3 — 1000a4

suchthat

() LatchingConstraints Hold Time
cl:a; >0 c2:a9>0

c3:a3>0 cd:a4>0

1Theconstraintsaarelabeledc1-c43in orderto improve the outputreadability
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(i) LatchingConstraints SetupTime

cHh: A —-T<0 c6: A4, —-T <0

cr:A3—-T<0 c8: A, —-T<0
(iii) SynchronizatiorConstraints EarliestTime

cY:di—a1 >0 cl0:d1 —0.5T >0

cll:dy —ag >0 cl2:dy —0.5T >0

cl3:d3—a3>0 cld :d3 —0.5T >0

cl5:dy—ag >0 cl6:dy —0.5T >0
(iv) SynchronizatiorConstraints LatestTime

cl7: D1 — A1 >0 cl8: Dy —0.5T >0

cl9: Dy — Ay >0 c20: Dy — 05T >0

c21: D3 — A3>0 c22: D3 —0.5T >0

23: Dy — A4 >0 c24: Dy —0.5T >0
(v) PropagatiorConstraints EarliestTime

c2b:a9—di —t1+to+T <29 c26:a3 —d; —t1+t3+T <3

27:a9—d3 —tz3+ta+T <5 c28 :

c29:a9 —dys —ta+to+T <3

(vi) PropagatiorConstraints LatestTime
c30: Ay — D1 —t1+to+T >3 c31
C32ZA2—D3—t3+t2+T27 c33

c34: Ay — Dy —tg+to+T >4

(vii) Validity Constraints Arrival Time
c35: A1 —a1 >0 c36

c37:A3—a3>0 c38
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ag —d3—t3+ts +T1T <25

tA3—Di—t1+t3+T >4

:Ay— D3 —t3+t4+T>5

:AQ—GQZO

tAs—as >0



(viii) Validity Constraints Departurelime
c39:Dy—dy >0 c40: Dy —dy >0

c4l : D3 —d3 >0 c42: Dy —dy >0

(ix) Initialization Constraints

c43: A1 —d1 =0
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LP PROBLEM SOLUTION - CPLEX OUTPUT

This appendixincludesthe solution of the LP model problemdescribingthe clock period minimization
problemof the circuit network shavn in Figure B-1. The LP model problemshavn in AppendixB is
solvedusingtheindustrialsolver CPLEX [10] andtheresultsareshavn belaw. In theresults SECTI ON 1
- ROWS sectionpresentghe optimal solutionfor eachconstraintandSECTI ON 2 - COLUMNS section

presentshe optimalresultsfor eachvariable.

Notethattheoptimalobjective functionvalueis notcompletelyrelevantto theclock periodminimization
problem.Obtainingthe minimumvaluefor the clock signalperiodis the mainobjectve of the clock period
minimiation problemandthe minimum clock periodis presentedn SECTI ON 2 (T = 4.05). Likewise,
theoptimalvaluesfor the datasignalarrival anddeparturdgimesarepresentedn SECTI ON 2, constituting
the optimal clocking and timing scheduledor the synchronous<ircuit underinvestigation. For detailed

informationaboutCPLEX operationrandoutputformatting,see[10].

PROBLEM NANE fig7.lp
DATA  NAME
OBJECTI VE VALUE 26254. 05
STATUS OPTI MAL SOLN
| TERATI ON 27
OBJECTI VE obj (MN)
RHS
RANGES
BOUNDS

SECTION 1 - ROWS

NUMBER . ROW . . AT .ACTIVITY... SLACK ACTIVITY .LOWER LIMT. .UPPERLIMT. .DUAL ACTIVITY
1 obj BS 26254. 05 -26254. 05 NONE NONE 1
2 c43 EQ 0 0 0 0 -0
3 ci1 BS 0 0 0 NONE 0
4 c5 BS -2.025 2.025 NONE 0 -0
5 ¢9 BS 2.025 -2.025 0 NONE 0
6 cl0 BS 0 -0 0 NONE 0

61



cl7 BS
cl8 LL
c35 BS
c39 LL
c26 UL
c31 LL
c25 uL
c32 BS
c4 BS
c8 BS
cl5 BS
cl6 LL
c23 LL
c24 BS
c38 BS
c23 BS
c29 BS
c34 BS
c2 BS
c6 uL
cll BS
cl2 LL
cl19 LL
c20 BS
c36 BS
c40 BS
c3 BS
c7 BS
cl3 BS
cla BS
c21 LL
c22 LL
c37 BS
c41 LL
c27 BS
c28 uL
c32 LL
c33 LL
2 - COLUWNS
. COLUW. AT
T BS
D1 BS
BD1 BS
A4 LL
BA4 BS
D4 BS
BD4 BS
A2 LL
BA2 BS
D2 BS
BD2 BS
A3 BS
BA3 BS
D3 BS
BD3 BS
BA1 BS
Al LL
T1 BS
T3 LL
T2 BS
T4 BS

N
©
NI ORr OO0

N

.ACTIVITY..

4.05
2.025
2.025

.. I NPUT COST.

1000
1000
-1000
1000
1000
1000
-1000
1000
1000
1000
-1000
1000
1000
1000

[eNeoNoNoNeNe)
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.LONER LIMT.

eNeoNoNoNeooNolNoNolooNoNoNeoloNolNoNoNoNoNe]

.UPPER LIMT.

NONE

. REDUCED COCST.

100

1500

eNeoNoNoNeooNolNoNeoloNoNoNeoli NoNoNoNoNoNoNe]
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