Chapter 7

LOGICAL AND PHYSICAL DESIGN:
A FLOW PERSPECTIVE

Olivier Coudert

Abstract A physicaldesignflow consistsof producinga production-worthylayout from
a gate-level netlist subjectto a setof constraints.This chapterfocuseson the
problemsimposedby shrinkingprocesgechnologiesandtheir solutionsin the
contet of designflows with an emphasin the comple interactionshetween
logic optimization placementandrouting. Thechapterexposegheproblemsof
timing anddesignclosure signalintegrity, designvariabledependencieslock
andpower/groundrouting, anddesignsignof. It alsosuneys logical andphys-
ical designflows, anddescribes refinement-basefiow.

7.1 INTRODUCTION

Creatinga chip layoutworthy of fabricationis achiezedthrougha sequence
of steps,coinedas a designflow. Sincethe event of logic synthesisin the
mid-80’s, designflows have beencharacterizedyy a clearseparatiorbetween
the logical andthe physicaldomains. Logic synthesisproducesa gate-level
netlistfrom an abstractspecification(behaioral, RTL). Placeandroute pro-
duceghelayoutfrom the gate-level netlistandtechnologyfiles. Specifictools
have beenusedto createthe clock tree andthe power/ground(P/G) routing,
andto achievefinal signof. Reconsideringhelogicalaspectsluringthe phys-
ical designphasewvasunnecessarpecausg¢iming signof couldbedoneatthe
gatelevel, andsignalintegrity wasrarelyanissue.

A flow consistingof logic synthesisfollowed by place-and-routeannot
work with deepsubmicron(DSM). At 0.18um andbeyond, interconnecbe-
comesa dominantfactor and breaksthe dichotomybetweenthe logical and
physicaldomains.First, we canno longerneglecttheimpactof theintercon-
nectontiming becausénterconnectlominategatedelays.Secondincreasing
designcompleity makesmanagingcongestiormorechallenging.Third, finer
geometry higherclock frequeng, andlower voltageproducesignalintegrity

167
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problems. Logical and physicalaspectsare tied togetherand can no longer
belookedat separatelythereis a needfor designtools anddesignflows that
enablethe simultaneou®ptimizationof the logical andphysicalaspectof a
design.

This chapterdiscussesogical andphysicaldesignfrom aflow perspectie.
Section7.2explainswhy thelogicalandphysicalvariablesareinterdependent,
and why they mustbe consideredogetherduring the physicalimplementa-
tion phase. Section7.4 first discusseghe uncertainty/refinemenprinciple,
then presentghe detailsof a refinement-basedesignflow, a promisingap-
proachto solve the problemsbroughtby DSM. The chapterconcludeswith
somethoughtson a full-chip hierarchicadesignflow.

7.2 LOGICAL AND PHYSICAL DESIGN
CHALLENGES

VLSI physicaldesignis the procesf producinga GDSII (amaskdescrib-
ing the completelayoutthatwill be fabricated)from a gate-lerel description
while satisfyinga setof constraints.The gate-level netlistis alogical descrip-
tion of the circuit in termsof cells (e.g.,1/O pads,RAMs, IP blocks, logical
gatesf{lip-flops, etc.) andtheir interconnectionsThe constraintancludetim-
ing (setup,hold, slope, min/max path delays,multicycle paths,false paths),
area,placekeepoutgregions of the die wherecells cannotbe placed),and
routekeepoutgregionsof thedie throughwhich netscannotberouted),power
consumptionandtechnologyconstraintge.g.,maximumoutputload, electro-
migrationrules). This sectionpresentghe challengeghat mustbe addressed
by a physicaldesignflow intendedfor DSM designs.

7.2.1 TIMING CLOSURE AND DESIGN SIGNOFF

Timing closureis the problemof achiesing the timing constraintsf a de-
sign. Until themid-90's, mostof thedelaywasin the gatesandthenetcapac-
itancewasa relatively small contrikbutor to the total outputload of the gates.
Thustheimpactof netson timing could be disregarded.Consequentlyiming
signof could be donewith statictiming analysison a gate-level netlist, right
after synthesigFig. 7.1, left). Fromthere,the netlist could be handedoff to
physicalimplementation.

As procesgyeometriescaledown, interconnecbecomeghe predominant
factorin determiningthe delay First, the gatedelay dependsmostly on the
outputcapacitancé drives,of which the netcapacitancéecomeshe largest
contritutor. Secondthedelayof long nets whichdepend®ntheircapacitance
andresistancebecomedargerthangatedelays.

Timing signof is theproces®f guaranteeinghatthetiming constraintswill
bemet. Post-synthesisignof waspossiblewheninterconnectontritutedless
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Figure 7.2.  Couplingcapacitanceominatesnter-layercapacitance.

than20%of thetotal outputcapacitanceNow thatnetcapacitances becoming
moredominantwith every new procesgienerationaccuratdiming estimation
without knowing nettopologiesandplacementss not possible.Sincetiming

cannotberealisticallyestimatedrom a netlistalone,it is not practicalto think

in termsof a post-synthesisetlistsignof.

Onecould attemptto accountfor interconnectlelaysby usinga statistical
wire load model (WLM) basedon pin count. The problemis thattiming is
determinedy a maximunpathdelay andalthoughsuchawire load modelis
actuallyagoodpredictorof theavelagewire load,the deviationis solargethat
timing becomegrosslymispredicted.

Moreover, coupling capacitancébecomesnore dominantover inter-layer
capacitancavith every new procesdechnologybecausehe wires aregetting
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muchcloserto eachotherandthe interconnectaspectatio of heightto width
is increasing(Fig. 7.2). In 1999, the coupling capacitance”'c —the lateral
coupling capacitancéetweeninterconnecton the samelayer— was about
threetimeslargerthantheinter-layercapacitancé's —the capacitancelueto
overlappingof interconnecbetweerdifferentlayers—. Theratio is projected
to increasdo five in 2006 (Fig. 7.2). This meanghatthe capacitancef anet
cannotbedeterminedvithoutknowing bothits routeandthatof its neighbors.

More generallywhatis neededs a designsignof solutionthatwill validate
all thedesignvariablesj.e., notonly timing, but alsoarea,congestionpower,
andsignalintegrity.

7.2.2 SIGNAL INTEGRITY

Deepsubmicronresultsin a numberof physicaleffectsthat mustbe con-
trolled to ensuresignalintegrity and correctfunctioningof the chip. For in-
stancesincethe inter-wire couplingcapacitancelominateshe inter-layerca-
pacitancecrosstalkcanno longerbeneglected becausdé hasa primaryeffect
on timing andinducessignal noise. Other physicalaspectsuchasantenna
effect, electromigrationself-heating,JR-drop, needto be analyzedand con-
trolled. The next technologygeneratiorwill needevenmoredetailedanalysis,
including inductanceof chip and packaging,on-chip decoupling,resonance
frequeng analysis,andsoft error correction. Signalintegrity problemsmust
beidentifiedasearlyaspossiblebecausdt is very costlyandtime consuming,
if notimpossibleto fix themduringthefinal implementatiorstages.

The deepsubmicronerais causinga shift from timing closureto design
closure,whereevery designvariable(timing, area,power, congestionsignal
integrity) needsto be monitoredand optimized simultaneouslywhenimple-
mentingthechip. This eramarkstheendof thelogicalandphysicaldichotomy

7.2.3 DESIGN VARIABLES
INTERDEPENDENCY

Someinterdependenciegrewell known: overall areaincreasesvhentim-
ing is tighter, power increasessareaincreasesln the DSM eramorecomple
interdependencieareevolving. Thetiming/placementnterdependencis the
mostobvious. Without placementthe interconnecinformationis insuficient
to evaluatethetiming. Also, every placementhangewill impacttiming. Sim-
ilarly delaydecrease/increaséll enable/disablplacementhanges.

With smallergeometryfeaturesthe compleity andthe physicalresources
of theinterconnectnakecongestior{i.e.,routingresourceequirementsakey
factor in the designclosureprocess. Controlling congestionis a challeng-
ing problembecausef the comple timing/plac-ement/congestianteraction.
For example,shorteningnetsby moving gatesand/orstraighteningoutescan
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helpin reducingthe delay but this pulls gatesand/ornetscloser creatingcon-
gestionproblems.Corversely high congestiorspotscanberelievedby down-
sizing and/orspreadinggatesaround,or by reroutingnets,which cancreate
new timing problems.Also, long wires thatgo acrossthe chip cannotbe de-
signedwithout a placementand the placemenitself shouldknow aboutthe
globalroutingof thelongwiresto accountor their contributionto congestion.
In addition,morelocal dependencieare createdwith area,power, andsignal
integrity (e.g.,crosstalkaffectstiming). A physicaldesignsystermwith anopen
costfunctionis requiredto actuallyaddressll thesecomple interdependen-
cies.

7.2.4 CLOCK AND P/G ROUTING

In atraditionaldesignflow, clock treesynthesiandpower routingaresepa-
ratetasks.Typically, the clock treeis built oncethelocationsof the sequential
elementsand gatedclocks are known, i.e., after placement. But designing
clock treesand P/G networksatfter placementreatesrouting problemsthat
occurtoo late to be fixed. Thusplacementmustknow aboutclock andP/G
routingsothatit canaccountfor their contritution to congestion.

Also, theclocktreeis becomingdenserspanningalargerchipwith atighter
clock period,thusrequiringgoodcontrol of the skew. Finecontrolof the skew
shouldbe usedto optimizetiming.

The sameprinciple appliesto scanchains. Theimpactin termsof conges-
tion is muchsmaller but it is importantto re-orderthe scanchainssothatthe
placements notoverconstrained.

7.2.5 CAPACITY

Designskeepgettingbiggerandmorecomple, containingtensof millions
of gates.Two capacityproblemsareemeging. Thefirst is a pure scalability
problem:the raw numberof objectsthatneedto be managedndprocesseds
stressingnemorylimits andcomputationatesourcegonly linearor n log » al-
gorithmscanreasonablypeappliedto acompletenetlist). Thesecondoroblem
is the overall compleity of a chip design,which is oftendividedinto several
blocks, with several independendesignteamsworking in parallel,eachat a
differentpace.This problemis inherentto projectmanagementneaninghat
few very large chipsareactuallydesignedlat: thetrendis towardsmorehier
archicaldesigns.

Hierarchicalflows posenew problemsfor physicaldesign,e.g., handling
timing constraintsbetweenthe chip level andthe block level, verifying the
feasibility of the constraintsat the chip level, capturingthe chip context when
implementinga block, hierarchicalkhip verification,etc. Thereareno toolsto
help the designerto develop a top-davn timing budgetof the blocks,andno



172 LOGIC SYNTHESIS AND VERIFICATION

toolsto modeltheinteraction(e.g.,timing andcongestionpetweerthe blocks
asthey aredesignedottom-up.Floorplanningis still a difficult problem,es-
peciallywhenit mustbe donewith timing andcongestiorconsiderations.
Thereareseveral researclefforts to enablecompletehierarchicalphysical
flows, but, becaus®f lack of spacewe do notaddresshe hierarchyproblem
andinsteadfocusentirelyon flat physicaldesign.

7.3 SURVEY OF CURRENT DESIGN FLOWS

Severalsolutionshave beerproposedo solve DSM challengesindto achieve
designclosure.Thefirst two flows we describén this sectionare“standalone”
flows,in the sensehatthey do notrequirenew technologyontop of aclassical
sequentiaflow madeof synthesisfollowed by place-and-routeThe lasttwo
flows areattemptsn moretightly integratingsynthesisandplace-and-route.

Iterative flow with Custom wire load model.

This flow iteratesbetweengate-lerel synthesisand place-and-route After
place-and-routeif the constraintsare not met, the netlist is back-annotated
with the actualwire load andre-synthesizedFig. 7.1, right). Signalintegrity
problemsareusuallyhandledat thedetailedroutinglevel.

Placeandroutedataarenecessaryo determinethetiming. Trying to com-
pensatdor thelack of thesedataby driving synthesisvith pessimisti@assump-
tionsresultsin over design. Extractingnet capacitanceafter placeandroute
andfeedingthembackto synthesign anattemptto seedsynthesisvith more
realistic capacitancesstimationss not practical. This oftenresultsin a dif-
ferentnetlist, with a distinct placemenandrouting, thus producingdifferent
wire loadsandtiming. Thereis no guarantedhatthis iterative processwill
eventuallycorverge.

Expectingthe backendoolsto fix problemsthatarerecognizedatein the
flow is unrealistic,becausehe latitude of what can be doneat this level is
limited. This solutionis ineffective for technologiesitor below 0.18um.

Block-assembly flow.

Thisflow consist®f designingsmallblocksindependentlythenassembling
them. Theideais that a statisticalwire load modelis suficiently accurate
for small blocks of logic —50k cells hasbeenproposed32]—. The netlist
is dividedinto blockssuchthatthe intra-blockinterconnectdelay canbe ne-
glectedor roughly estimated which enablessynthesisto predictthe overall
delay Thentheblocksareassembled.

Thereareseveral problemshere. First, dividing a chip into blocksrequires
time budgeting,andthereis no scientificmethodto comeup with anaccurate
budgetingthat canbe metboth at the block level and at the chip level. This
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resultsin a sub-optimalor infeasiblenetlist. Secondassemblymustrespect
the physicalboundarie®f the blocksto ensurethatthe intra-blockdelaysare
presered. This significantlyconstrainghe placemensuchthattiming and/or

congestiorproblemscannotbe addresseeasily Third, it is virtually im-
possibleto estimateheinter-block delays sincelonginterconnectslependn
therelative placemenbf the blocks. Fourth, statisticalwire load modelsmay
still fail to predicttiming accuratelyevenfor smallblocks,dueto routingcon-
gestion. If routesin the block are forcedto meandelin congestecareasthe
netcapacitanceBcreasesubstantially Becausecongestiorimpactswire load
modelpredictability the overall connectvity of thenetlistmustbeconsidered,
which makesimpossibleto look at a block alonewithout understandinghe
chip-level contet it is placed.

Overall, this is essentiallya trial and error approach forcing mary itera-
tions. Furthermorethis approactdoesnot evenaddresghe problemof signal

integrity.

Constant delay synthesis flow.

Thedelaythroughalogic stag€(i.e.,agateandthenetit drives)is expressed
asa linear function of the gain, which is the ratio of the capacitancealriven
by the gateto its input pin capacitance.The first stepin the constantdelay
synthesidlow consistsof assigninga fixed delay (i.e., a fixed gain) to every
logical stageso thattiming constraintsaare met. The secondstepconsistsof
placingandroutingthe netlistwhile preservinghesegains.

Constantelaysynthesiss attractive becaus®f its eleganceandsimplicity,
thus enablingfast synthesis. RTL-to-gate synthesishasbeenproven a good
applicationof constantlelaysynthesis. However, this eleganceis obtainedat
the costof ignoring the physicalaspects.Delay modelsmustbe input-slope
dependentandmustdistinguishbetweerrising andfalling signals.Theprop-
agationof awaveformin aninterconnectannotbe capturedy suchasimple
model. The gainscan be kept constanty adaptingthe net capacitanceand
the gatesizeswithin limited ranges. In practice,this meansthat the netlist
mustbe changedo accommodatéhe placement/route/timingonstraintge.g.,
re-kuffering), which meansthat delaysmustbe re-assigned.Constantdelay
synthesisassumegontinuoussizing. Mapping the resultingsolution onto a
real discretelibrary canresultin a sub-optimalnetlist. Also constantdelay
synthesigelies on cornvexity assumptiongseeSection??) that are often not
truefor realisticlibraries.

Placement-aware synthesis flow.

This kind of flow is a generaltrend,becausesynthesisneedplacemenin-
formationto estimatethetiming [26, 31]. But the meaningof “aware” s often
fuzzy. Gluing synthesisandplacementogetherdoesnot helpif routinginfor-
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mationis not sufficient, or if the interactionbetweersynthesisandplacement
is not undercontrol. For example,synthesianay locally increasethe areato
fix atiming problem,thuscreatingan overfilled areato which placemenwill
reactby spreadinggatesaround,which will createothertiming problems.A
stratgy leadingto cornvergenceis a major problem. Moreover, synthesisand
placementvorking togetheris clearly not sufiicient if onecannotaccountfor
congestiorandsignalintegrity, whichrequiresanunderstandingf routingand
physicalaspects.In otherwords,this approachdoesnot go far enoughin the
integrationof thelogical andphysicaldomains.

7.4 REFINEMENT-BASED FLOW

As statedin Section7.2, designclosurerequiresthat all designvariables
needto be consideredogether(timing, area,power, congestionclock tree
synthesisP/G routing, scanchainreordering,signalintegrity). This section
introducesa novel physicaldesignflow basedon the conceptof refinement.
It first discusseshe uncertainty/refinemergrinciple. It thendescribediow to
applythis principle during placementlogic optimization,clock treesynthesis,
P/Grouting, etc. Finally, this sectionexplainshow place,logic optimization,
andglobalrouteinteract,andhow to achieve designsignof.

7.4.1 THE UNCERTAINTY/REFINEMENT
PRINCIPLE

For ary variablez, let # beits estimate Assumethatwe wantto minimize
a function z(p) by finding an optimum value of p. Considerthe following
remarks:

= A parameter cannotbeoptimizedbeyondtherangeit canbeestimated,
i.e.,anoptimizationprocedurevhich computeghe parametep produc-
ing thebestvaluez (p) is worthlessif thesevaluesarewithin theuncer
tainty of Z.

= Theoptimizationof z(p) shouldbedonewith aresolutionof p thatcan-
not exceedthe uncertaintyof p, e.g.,if we know preciselythe radiusr
of p (i.e.,|p — p| < r), thenwe shouldlook at z(p) by +2r increments
of p.

A variableof a designin progressis alwaysestimatedwith someuncer
tainty. For example,the timing is fully known only if the routesare fully
known. If we have partial placemenor/androuteinformationonly, thenthe
uncertaintyon the netcapacitancesesultsin anevenlargeruncertaintyon the
timing. Anothersimpleexampleis IR-drop (voltagedropin the power nets),
which canbe known only as much asthe placementtoggle rates,and P/G
routing areknown. IR-dropitself leadsto an additionaluncertaintyin timing
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(Section7.4.6.2). At the beginning, the only available dataarethe gate-level

netlist, the library, the technologyfiles, the constraintgtiming, die area,pre-
placedcellsandpre-routespower). Thusunlesswe have enoughinformation
abouttheplacemenandroutesit is simply uselesso doary kind of meaning-
ful timing optimizationbeyond simplewirelengthminimization.

Indeed,if we know theresolutionwith which placemenandroutingarede-
terminedwe candeterminehe parametersf the designthatcanbe estimated
with enoughaccurag to allow somevaluableoptimization. If we augment
the resolutionof the placementandrouting, new designparameterdecome
“visible” andcanbe optimizedin turn.

A flow respectingheseobsenationsstartswith the initial netlistandphys-
ically builds the design,stepby step, by increasingthe resolutionof every
parametesimultaneouslyEarly in this processthereis only anapproximate
placemenandglobalrouting,andthe clock treeandP/G networkareroughly
estimatedremembethatwe mustaccountfor all contritutionsto theconges-
tion). At theend,thereis afully detailed,placedandroutednetlist,including
thecompletedclock treeandP/Grouting. Betweerthesetwo points,thereis a
continuougefinemenprocesgrom roughto detailed,andall designvariables
aremonitoredandoptimizedsimultaneouslyfwhentheir resolutionallows it)
to meetthe designconstraints.As the designimplementatiomprogresseshe
modelsbecomemoreaccuratgthe estimationshave lessuncertainty) andthe
actionstakento solve the problemsaremoreandmoredetailedandlocalized.

This continuousprocesf modelrefinementanddesignvariablemonitoring
andoptimizationarethe keysto predictionandcornvergence.

A refinementtechniquethat knows the accurag of eachdesignmeasure-
mentcanreactto a problemat the earliestappropriatetime, i.e., asearly as
possibleandonly whenit becomesneaningful.For instanceasthe placement
andglobal routearerefined,wirelengthand congestiorcanbe estimatedand
optimizedatthe very baginning,thentiming, thenIR-drop,thencrosstalk etc.

In thesequelwve discussrariousaspect®f implementingsucharefinement-
basedlow.

7.4.2 PLACEMENT TECHNIQUES

Placementechniquescan be classifiedroughly in two types: analytical
(constructve) placementandmove-basediterative improvement)placement.
Analytical placementisedinearor corvex programmingo minimizeaclosed-
form, differentiablefunction. Move-basedlacemenevaluatesplacementt-
temptsanddecidesvhich movesto actuallyimplement.We describetwo an-
alytical placemenmethodsguadraticandforce-directechlacementsandtwo
constructve methodssimulatecannealingandquadrisection-basealacement.
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Wethenexplainwhy thelatteris agoodchoicefor arefinement-baseghysical
designflow.

7.4.2.1 QUADRATIC PLACEMENT

Quadraticplacemenis basedon minimizing the sumof the squaref the
wirelengths Every cell hasa zy coordinaten theplane,andthecostof awire
betweeracell i andj is capturedy (z; — z;)? + (y; — y;). Thustheproblem
translatesnto solvingalinearsystemAz + b = 0, wherez is thevectorof the
movablecell coordinatesA is the connectity matrix of thecells,andb is the
vectorof thefixed cell coordinatege.g.,I/O pads).

Without fixed cells, the solutionis trivial, with all the cells on top of each
other Evenwith fixed padsthe solutionusuallyshavs mostof thecellsover-
lapping. Thusquadraticplacemeniteratessquaredwirelengthminimization
andbi-partitioning[21]. Bi-partitioning dividesthe setof cellsin two andas-
signseachpartto oneareaof the chip. Thensquaredvirelengthminimization
is appliedto eachpartition, andthe processs iterateduntil a legal placement
canbeinferred.

Quadratigplacements very fastandcanhandlelarge designs.However, it
aimsat minimizing the square®f the wirelengths not the actualwirelengths.
It is alsonot suitablefor timing-driven placementNet weightingcanbe used
to emphasizeritical nets,but the criticality of anetmay changeasthe place-
mentchangesandestimatingthe criticality of anetatthetop level, with very
fuzzy placemenitnformation, is unrealistic. Also thereis no good solution
to handlecongestionduring quadraticplacement. However, becauseof its
speedguadraticplacemenis often usedto seeda more sophisticateclace-
mentmethod.

7.4.2.2 FORCE-DIRECTED PLACEMENT

Force-directeplacements anotheranalyticalmethod. The principle is to
include, in the equationscapturingthe wirelength, a term that penalizesfor
overlappingcells,sothatabalancecanbeestablishedetweemminimizing the
wirelengthandyielding a legal placemen{10]. Variousformulationsof this
principle canbe used,andit is usuallysolved by conjugategradientiterations
or othercorvex programmingechniques.

Force-directegplacements slowerthanquadratigplacementbut givessig-
nificantly betterresults. A key aspectis that someforce-directedplacement
algorithmscanplaceobjectswith alargerangeof sizes,enablingmixedblock,
megacell,andstandarccell placement.However, thereis a limit to what can
be expressedvith ananalyticalfunction. Somecostsarethushardto capture,
andthetuningof the“repulsive” termscanbedifficult.
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7.4.2.3 SIMULATED ANNEALING

Simulatedannealing[30] is basedon maove-and-cost.A mave consistsof
moving an objectfrom onelocationto another(it canalsobe a swap,where
two objectlocationsare exchanged).A move is evaluatedand acceptedf it
improvesthecost.A movethatdegradeghecostis acceptedvith a probability

Acost]|

usuallyexpressedse™ = , WhereAcost isthefitnessof themove (thedelta
costresultingfrom moving it), and7 is aglobal parametecalledtemperature.
At the beginning, the temperatures large, thus the probability of accepting
amove dggradingthe costis high. As placemenprogresseshetemperature
is lowered,and fewer “bad” moves are accepted.Acceptingcost-dgrading
movesallows exploring larger solutionspacesndavoiding local minima.

Simulatedannealinghasacompletelyopencostfunction,andit canproduce
globally optimumsolutions.However, it is anextremelyslow processlimiting
its applicationto smallsetsof objects.Dueto its optimality potentialandspeed
limit, it is only usedfor endcaseplacemente.g.,detailedplacement.

7.4.2.4 QUADRISECTION AND CLUSTER-MOVE BASED
PLACEMENT

Bisectionplacementteratesmin-cutbalancedartitioningandmove-based
placement.The netlistis partitionedin two setsof similar area,with asfew
netsspanninghetwo setsaspossiblg4]. Thencellsaremovedor swappede-
tweenpartitionsto reducethe cost. Whenalocal minimumis reachedeachset
is partitioned,andmovesareappliedbetweertheresultingpartitions.Quadri-
sectionis the sameprocesswhenthe partitioningis madeof four partitions
insteadof two. Experienceshows thatit is bettersuitedfor 2D placement.

Moving onecell at atime is far too slow to processa realdesign. A dra-
matic speedups obtainedby allowing groupsof cells to be moved together
This methodis alsoknown as multilevel hypegraphpartitioning[20]. A hi-
erarchicalreeof clustersof cellsis first built from the netlist. The top of the
treeis madeof large clustersof cells,andthe leaves of the tree arethe indi-
vidual cells. The clustertreeis built suchthatconnectwity is reducedareais
balancedandfunctional/phygal hierarchicalkconstraintsif ary, aresatisfied.
It canbederivedfrom a mix of balancednulti-way min-cutpartitioning(top-
down) andtopologydrivennetlistclustering(bottom-up).Thentheclustersare
placedandmovedin afour-way min-cutquadrisectiorfFig. 7.3). Whenalocal
minimumis reachedthe netlistis re-clusteredeachpartitionis quadrisected,
andthewholeprocesss iterated(Fig. 7.3).

This placementechniquehasa fully opencostfunction, andit produces
good quality solutions. Also, sinceit is move based,it is more suitableto
timing-driven placementprovided that the partition resolutionis suficient to
estimatethe timing. This move-basednethodwith anopencostfunctional-
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Figure 7.8.  Placementefinement.

lows simultaneou®ptimizationof all designaspectgincluding timing, con-
gestionwirelength,andcrosstalk).

7.4.2.5 PLACEMENT REFINEMENT FOR PHYSICAL
DESIGN

A physicaldesignflow mustbe awareof all the designvariables. This re-
guiresan opencostfunction, which cancapturetiming, area,power, conges-
tion, etc. Thisimmediatelyrulesout quadraticplacementwhichis only good
at reducingsquaredwire length and cannothave ary understandingf crit-
ical pathsor high congestionareas. Force-directecblacemenimethodsrely
on analyticalexpressionghat can be minimized using corvex programming
or by iteratingconjugategradients.They areslower andmoredifficult to tune
thanquadratigplacemenbut capturefar moreelaborateoststhanjustsquared
wire length. However, their costfunctionis semi-operbecause highly non-
monotonic,non-smoothcost function cannotbe easily included. Simulated
annealindhasanopencostfunctionandcanproduceexcellentsolutions but is
extremelyslow andjust cannotbe usedon arealnetlist.

A placementechniquébasedn moving clustersacrosgartitionsallows an
efficienttwo-dimensionaplacementvith the benefitof anopencostfunction.
Moving a clusterof cells, insteadof oneindividual cell at a time, makesthe
placerfast. Using a fully opencostfunction makesthe placeraware of the
impactthatmoving aclusterof cellswill have ontiming andcongestionAlso,
theflexibility of thecostfunctionallowstheplacerto accountor theimpactof
the clock tree, P/G routing, andscanchainson the quality of thedesign(e.g.,
timing, congestion|R-drop).

Anotheradwantageof a placementbasedon refining the placemenbf ob-
jectsin smallerandsmallerbins, is thatit naturallyallows severalviews of the
chip. At thetoplevel, thereis averyroughplacemenin afew bins. At thebot-
tomlevel, thereis anaccuratglacementwith afew dozencellsperbin, butit is
still flexible (i.e.,noprecisery coordinateyet). In betweerthereareplacement
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views thatcanbeusedto accommodatenoreor lessdisruptive netlistchanges.
Oneof themostimmediateapplicationss to accommodateetlistchangeper
formedby logic synthesisindoptimization[16, 5]. Anothercrucialapplication
in the context of comple chip designis to accommodat&CO (Engineering
ChangeOrder)changes Most ECO’s arestill manualandconsequentlyery
local (e.g.,changing/remaing/addinga gate,connecting/disconnectja pin
to/fromaneighbomet). However, asthe designcompleity increasessodoes
thelevel of abstractiorusedby the designerAn ECOchangeatthe RTL level
canaffect hundredsof cells, andit is even more disruptive at the behaioral
level. Having severallevels of placementesolutionseasedramaticallythe
integrationof disruptive ECO.

In therestof thisdiscussionwe will assuméheuseof amove-basedjuadri-
sectionclusterplacer The placements refinedinto smallerandsmallerbins.
As thenumberof quadrisectiongncreasesthe placeandrouteinformationis
moredetailed,and moresophisticatedstimationmodelsusingmore detailed
resolutioncanbeused.Placemenis first drivenby wire lengthandcongestion
until it reachesresolutionfor which thereis enoughnformationfor meaning-
ful timing estimationandoptimization.At this point, andfrom this point only,
logic optimizationto fix timing andcongestiorproblemscanbe done. Place-
mentandlogic optimizationthenproceedogetherfirst addressingiming and
congestionthen consideringcrosstalkand signal integrity asthe refinement
allows.

7.4.3 LOGIC OPTIMIZATION

Thegate-level netlistis initially synthesizedvith no placementnformation,
andthereforewith a crudeestimationof delays. Timing becomesneaningful
when enoughplacementnformationis available. Only at this momentthe
logic canberevisited with agoodunderstandingf timing, aswell asconges-
tion andpower.

Physicallogic synthesiandoptimizationconsistof changingthe netlistto
optimizephysicalaspect®f adesign(timing, areapower, congestionetc.)in
thecontext of placeandrouteinformation. It is significantlydifferentfrom gate
synthesissinceit hasmary moreparameterso considerandhasto properly
interactwith the placerandroutetr

Physicalogic synthesisandoptimizationhasthefollowing requirementslt
needenouglplaceandrouteinformation. Placemenandroutingmustbeable
to accommodatéor thelogic changesilt is by naturelocal, becausét goesto-
getherwith placementefinementandthusit shouldnot disruptthelogic to a
scalelargerthanthe placementesolution.It shouldtakeadvantageof accurate
physicaldata,in particularfor timing (input slopedependenceutputloadde-
pendenceinterconnectelay rising/falling signaldelaydependencegrosstalk
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awareness)lt alsoneedsan efficientincrementaktatictiming analyzeysince
mary local logic transformationsnay be needecandmustbe reflectedat the
globallevel. The statictiming analyzemustsupportmulti-cycle paths,false
pathstransparentatches andbe crosstalkaware(seeSection7.4.6.1).

Thedelaymodelaccurag mustmatchtheresolutionof the placementThe
simplestdelay metric is in termsof total net capacitance.In this model, all
fanoutsof a net have the samedelay since the net is approximatedas an
equipotentialsurface. It is valid aslong asthe metalresistancas negligible
with respectio the gateresistance.With shrinkingfeatures;he metalresis-
tanceper unit of lengthincreaseswhile the gateoutputresistancelecreases.
Metal resistancecannotbe ignoredfor an increasingnumberof nets. A net
mustbetreatedasadistributedRC networkwith differentdelaysatits fanouts.
Elmoredelaycanbe usedasa first approximationbut more detailedmodels
arerequiredwhenmetalresistancéncreases.

Logic optimizationcansignificantlymove cellsandlocally modify thetim-
ing andareadistribution. As saidabore, logic optimizationshouldnot disrupt
the netlist to a scalelarger than the placementresolution(i.e., the size of a
bin) to ensurehatplacementanaccommodatéhedisruption. Thusasplace-
mentresolutionincreasesthe logic optimizationbecomedessdisruptive. At
higherlevels of quadrisectionthe placemenis very flexible, and aggressie
re-synthesisindtechnologymappingcanbe used.At lower levels, only local
optimizations.e.g.,sizingandbuffering, or very focusedre-synthesisshould
beauthorized After detailedplacementpnly restrictedsizingcanbeapplied.

Among the physicallogic synthesisand optimizationtechniquespne can
distinguish:

= Loadanddriver strengthoptimization.Thisincludesgatesizing, buffer-
ing, pins swappinggatecloning.

= Timing boundaryshifting. This includestransparentatches(i.e., cycle
stealing),usefulskav, andretiming.

= Resynthesiandtechnologyremapping.
= Redundang-basedptimization

= Areaand/orpower recovery.

Thesetransformationdiave to decidethe placementof the cells. Somenew

logic transformationspecificto physicaldesign suchassynthesigor conges-
tion relief [8], or logic optimizationfor signalintegrity, areemeging. In the

sequelve discusssomelogic optimizationmethoddn the contet of physical
design:sizing, buffering, resynthesigndtechnologymapping.
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7.4.3.1 SIZING

The goal of gatesizingis to determineoptimumsizesfor the gatesso that
the circuit meetsthe delay constraintgslope,setup,andhold) with the least
area/pwver cost. A larger gatewill have a higherdrive strength(lower resis-
tance)andhenceit canchage/dischage outputcapacitancetaster However,
it usuallyalsohasahigherinput capacitanceThisresultsin the precedingyate
seeinga larger capacitve load andthussuffering anincreasedlelay Down-
sizingagateoff the critical path,but drivenby acell onthe critical path,may
resultin decreasinghe capacitanceseenby the driver, but it canalso slov
down the off-critical pathto the point whereit becomegritical. Sizing thus
requiresa careful balancingof theseconflicting effects. An optimal solution
will requirethe coordinationof the correctsizesof all the gatesalong and
off-critical paths.

We can considera global solution [6], wherethe sizesfor all the gatesin
somectritical sectionare determinedsimultaneously Analytical techniques
hasbeenproposedor sizingin the continuousdomain(e.g., linear program-
ming [3], posynomial[11], corvex programming[17, 29]), and various at-
temptshave beenmadeto usetheseresultswith discretesizesin a cell library
baseddesignstyle [15, 2]. Thesemethodcan be practicalat the gatelevel,
wherefull accurag is notanissue,or atthe transistorlevel, whenthe models
arewell characterize@ndhave nice corvex properties.

Thetheoryof constaneffort [27] andits moreusableapproximationcon-
stantdelay[13], provide away to selectcell sizesdirectly for eachstage.For
example,the optimal delay on a fanout-freepathis obtainedby distributing
the effort evenly amongthe logical stages.This meanshatif the delayof the
whole pathis fixed, thenthe delayof every stagemustbekeptconstant.Thus,
cell sizescanbe selectedo matchthis constraintby visiting all the gatesin a
topologicalorder startingfrom the outputs. SeeSection7.3 for somelimita-
tionsof constantlelaysizing.

Sizingatthe physicallevel mustusethe mostaccuratedelaymodel,includ-
ing interconnectlelay andmustconsidertheinput slopeeffect, aswell asthe
differencebetweerfalling andrising delays. This cannotalwaysbe captured
by analyticaltechniques Also thesetechniquesssumehatthe input pin ca-
pacitance®f a gatecanbe expressedisa smoothfunction (usuallylinear) of
thegateSsize(i.e.,drive strength) Unfortunatelythis assumptioris oftenbro-
ken: inputpin capacitanceloesnot alwaysnicely correlatewith gatesize,and
sometimest is not even a corvex function. It is possibleto designlibraries
thatspecificallymeettheserequirementshut library designandvalidationis a
hugeburdenandinvestment.

Alternatively, discretesizingcanbedoneusingglobalsearchtechnique$7].
Theseechniquesattemptto reacha global optimumthrougha sequencef lo-
cal moves,i.e., single-gatechanges.While theseare computationallyexpen-
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sive, they cantakeadwantageof very accuratelelaymodels they arenot lim-
ited by assumptionsieededoy analyticaltechniquege.g.,a well-built library
with corvex input pin capacitances}they canenforcecomple constraintdy
rejectingmovesthatviolatethem(e.qg.,validity of theplacement)andthey can
simultaneoushcombinesizing with otherlocal logic optimizations(e.g.,gate
placementpuffering, pin swapping).They have beenshowvn to provide good
resultsfor discretelibraries. They are particularly effective in the context of
physicaldesign,sincethey canfocuson small critical sectionsusethe most
accuratedelaymodels—including interconnectlelay—,andfind a small se-
guenceof movesthat meetstiming constraintavhile maintainingthe validity
of theplacement.

Analytical sizing methodshasedon simplecornvex delaymodelsareglobal
andfast. Discretesizing methodsare slower, but very accurateandfocused.
Both methodsshouldbe usedby physicalsynthesisdriven by the size of the
bin duringtheplacementefinementbecausé¢hebin sizedeterminesheextent
of theauthorizedhetlistchangeandtheaccuray of the physicalinformation.

7.4.3.2 BUFFERING
Buffering senesmultiple functions:

m Long wires resultin signal attenuation(slope degradation). Buffers
(a.k.a.repeatersn this context) areusedto restoresignallevels.

= A chainof oneor morebufferscanbeusedto increasehedrive strength
for agatethatis driving alargeload.

m Bufferscanbeusedto shielda critical pathfrom a high-loadoff-critical
path. The buffer is usedto drive the off-critical pathload so that the
driver on thecritical pathseesonly the buffer’'sinput pin capacitancén
placeof the highload.

It is possibleto comeup with ad-hocsolutionsfor eachof the above cases.
For example,repeatersanbe addedat fixed wirelengthintervals determined
by the technology However, critical netsoften needto be bufferedto satisfy
morethanoneof the above listed requirements.Thus, we preferalgorithmic
solutionsthat balancethe attenuationdrive strength,and shieldingrequire-
ments.This problemis hopelesslyNP-hard.An interestingsolutionexists for
the casewhenthe topologyof the buffer treeis fixed andthe potentialbuffer
sitesarefixed. Thisis the casewhenthe globalroutefor the netis alreadyde-
terminedandthe buffer treemustfollow this route. A dynamicprogramming
algorithm,usingan Elmoredelaymodelfor theinterconnectfindsanoptimal
solutionin polynomialtime [12]. Variousattemptshave beenmadeto over-
comethetwo limitationsof this algorithm(thefact thatthetopologyis already
fixed,andthatthe EImoredelaymodeldoesnotaccuratelycapturetheresistive
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effectsof DSM technologies)Theformeris consideredo be moreof a prob-
lem, becausdixing the topology canseverely limit the shieldingpossibilities
andleadto overall sub-optimakolutions.

Whatis neededs theability to determineghenetrouteaspartof thebuffer-
ing solution. Someattemptshave beenmadeto developheuristicsolutiong23,
28], including addingadditionaldegreesof freedomlike wire anddriver siz-
ing. Thesetechniguegive bettersolutionsthanthe fixed topologyapproach.
Variousconstraintanustbe handledwhenrouting and buffering the net, like
routingblockagesndrestrictedbuffer locationsdueto placekeepout$33, 18].

Determiningthe optimal buffer treefor a given netis only one part of the
completebuffering problem. Given that buffering a given netcanchangethe
constraintgrequiredtime/slack,load) on the pins of anothemet, thefinal so-
lution is sensitve to the orderin which the netsarevisited. In addition,once
a netis buffered,the gatesmay no longerbe optimally sized. Resizinggates
beforethe next netis bufferedcanmodify the buffering problem.Researchers
have consideredcombiningsizing and buffering into a single step[19], but
againthis problemis very complex andfar from beingsolved.

7.4.3.3 RESYNTHESIS AND TECHNOLOGY REMAPPING

Technologymappingattemptgo find the bestselectiornof cellsfrom agiven
celllibrary to meeta givendelayconstrainwith theleastarea/paer. Technol-
ogy remappingduring physicalsynthesisattemptgo find a bettermappingby
usingexisting physicalinformationfor determininginterconnecicapacitance
anddelay Technologymappinghasbeenwell studied[14]. Knowing where
to applyit is the key. The challengeis to work on sectionssmall enoughto
not significantlydisturbthe placementyet significantenoughto improve the
design. Another challengeis to determinewhereto placethe new cells cre-
atedduring the remappingphas€22]. Somesimplesolutionsbasedon fixed
boundarylocationscanbeusedduringthe mappingitself, with a clean-upstep
to makethe placementegal [24].

Logic restructurings the strongesin the suite of logic optimizationtech-
niguesbecauset can significantly changethe structureof the netlist. This
makest themostdifficult to applyin aphysicaldesigrflow wherethechanges
areexpectedto be smallto maintainthe validity of the placement.However,
the basicideasin restructuringcan still be usedto improve the timing and
congestiorpropertiesof the netlistaslong asthe changesirefocusedon key
sectionandthemodificationsarewithin thespaceof acceptablehangese.g.,
thechangeslo notviolate capacity/congestioconstraintgor variousphysical
regionsof thedesign.Therestructuringechnigueshemselesrangefrom gate
collapsing/decompason (basedon commutatve, associatie, and distribu-
tive propertiesof logic functions[14]), to sophisticatedBooleanresynthesis
(e.g.,BDD-based).Again the challenges knowing whereto apply them,and
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maintainingthe constraintdimposedby the existing physicaldesign. Several
researcherbave workedon this [25], however, with no dominanttechnique
emepging.

Timing driven logic resynthesidasedon arrival times of critical signals
canbe used—the basicideais using late signalsas closeto the outputsas
possible—. However, onealsowantsto keeptogethersignalsthat are phys-
ically closeto eachother This meansthatin additionto its arrival time, the
locationof a signalmustbetakeninto accouni@asthe Booleanfunctionis syn-
thesized.

Resynthesisechniquecan help relieving congestion.An innovative tech-
nigue consistsof designingthe interconnectbefoe the logic. The logic is
thensynthesizedy following the Booleanconstraintsestablishedy the in-
terconneci{8]. This problemdoesnot alwayshave a solution;thuseitherthe
interconnectmusthave enoughflexibility to enablethe synthesiof thelogic,
or thelogic itself mustbe restrictedup front to guarantee feasiblesolution.

7.4.4 CLOCK TREE SYNTHESIS

Clock treesynthesismustbe partof the refinemeniprocessbecausét sig-
nificantly affects congestion power dissipation,and timing via clock skew.
Targeting zero-sk&v clock treeshas no justification but historical. Instead,
skav canbe usedto optimizethetiming. Furthermoreanonzero-skev clock
treeensureghatall the sequentiaklementswill not toggleat the sametime,
thusreducingundesirablgeakpower.

After someevel of quadrisectionthedistribution of thesequentiatlements
andgatedclocksin the binswill notchangesubstantiallyAt thislevel onecan
determingheamountof routingandbufferingneededo carrytheclocksignal,
andthetrunkof theclock treecanbebuilt (Fig. 7.4, left). Fromthispointthese
resourcesireaccountedor by placementor congestionAs the partitionsize
decreaseandthe detailincreasesthe clock treeis refinedandits resources
areupdated.Thisleadsto no congestiorsurprisesatthe end,andit givestight
controlover clock skewn requirementssincethe placemenis flexible enough
sothatclock pinswith commonskewn canbegroupedogether It alsoallowsa
fine control of the skew for timing optimization,becausehecritical pathsare
continuouslymonitored.

Notethatthescanchainscanbesimilarly refined,un-stitchedandre-stitched
to accommodatehe placemeniof sequentiakelementsand to minimize the
congestiorwhile still meetingthe scanorderingconstraints.

7.4.5 POWER/GROUND ROUTING

The power/groundnetworkcanhave a hugeimpacton congestionlnitially
power routingis performedaccordingto a userdefinedroutingtopology(e.g.,
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Figure 7.4.  ClocktreeandP/G networkrefinement.

chip ring, power grid). At somelevel of the quadrisection)R-drop analysis
canbe doneto checkthereliability of the P/G network(Fig. 7.4, right). This
assessethe quality andintegrity of the power routing, becausehe power rail
currentswill not changemuch asthe placemenis refined. The power con-
sumptiondepend®n netcapacitanceandtogglerates(numberof transitions
onanetperunit of time). Theswitchingactivity canbeobtainedoy anexternal
simulation(e.g.,VCD file), or by anon-the-flysimulation(slow, but accurate),
or by probabilisticanalysis(fast, but easilymisleading).With the distribution
of thecurrentsourcesn thebins,onecanextracta powver networkthatis simu-
latedto producealR-dropmap. Thishelpsin adjustingthepower grid, sinceat
this level the placements flexible enoughto accommodatéor addingand/or
wideningpower stripes.

7.4.6 SIGNAL INTEGRITY

Signalintegrity refersto the mary effectsthatcausethe designto malfunc-
tion dueto the distortionof the signalwaveform. Theseeffectswerenotim-
portantin the previous generatiorof designs. They have becomekey issues
for the correctfunctioningandperformanceof DSM chips. In this sectionwe
identify the following signalintegrity effectsandoutline possiblesolutionsto
addresghem: crosstalkfor delayand noise; IR drop; electromigration;and
inductance.

7.4.6.1 CROSSTALK

Whena signalswitchesthe voltagewaveform of a neighboringnetmaybe
affecteddueto cross-couplingapacitancéetweerinterconnectsThis effect
is calledcrosstalk.Crosstallkcanhurt bothtiming andfunctionality. It wasnot
anissuewith designf 0.5um or largerline-widths,but asthetechnologyde-
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Figure 7.5.  Noiseanddelaycrosstalkeffects.

creaseso 0.25um andbelaw, thecouplingcapacitancéecomeshedominant
factor (Section7.2.1),andinducescrosstalkeffectsthatcannotbeignored.

Crosstalkanalysisdetermineghe noiseinducedon a net (the victim) by
its switching neighboringnets (the aggressors).Analysis can be a static or
dynamic. Whenthe victim netis quiescentor if thereis a separatiorof the
switchingwindows of thevictim netfrom theaggressonet,crosstalkinducesa
noisethatcanbeanalyzedstatically If theaggressonetcausegnoughvoltage
variationin thevictim netto affectits digital state(i.e., from logical 1 to 0, or
vice-versa),the noisepropagatesnd caneventually be latchedby a flip-flop
to producea functionalfault (Fig. 7.5, top). Whenthe switchingwindows of
the aggressornd victim netsoverlap, crosstalkdelays(respectiely speeds
up) the victim netif the aggressonet switchesin the opposite(respectiely
same)irection,which maycausesetup(respectrely hold) problemgFig. 7.5,
bottom).

It hasbeenproposedo estimatehe crosstalkeffect by replacingthe cross-
coupling capacitance’'c with a groundedcapacitancef 2 x C'¢ for worst
case(respectiely 0 x C'c for bestcase).This methodis oversimplistic. First,
taking 2 x C'c for worst caseis not an upperboundon the delayinducedby
oppositedirectionswitching. Second,it doesnot capturethe dynamiceffect
of crosstalk.Sucha methodsimply cannotbe usedfor anaccuratdiming sig-
noff. Fig. 7.6, bottom, shaws the actualwaveformsof the victim netfor an
aggressoswitching0.1ns afterthevictim signal,bothfor the sameandoppo-
sitedirections.lt clearly shavs thatthe waveformsobtainedby consideringa
static2 x C'c and0 x C'c groundedcapacitancarenot goodapproximations.
Theactualwaveformsshow thatthevictim net'sdelayis affectedon arangeof
0.06ms, whichis substantialIf theaggressonetswitchingwindow is closerto
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Figure 7.6.  RCextractionfor crosstalkanalysis.

thevictim net’s, thisrangeis larger, andit decreaseasthewindow arefurther
away from eachother

A solutionconsistf a statictiming analyzerthatgenerateshe switching-
time windows for eachnet[1], togetherwith an accuratecross-couplingRC
extractor(Fig. 7.6,top). Thedynamiceffectof crosstalkcanthusbeaccurately
analyzed Thesamecoupling-efectanalysids usedfor noiseanalysis.Instead
of evaluatingthe crosstalkcontritution to pathdelay thewaveformcalculator
determinesheamplitudeof theinducednoiseonthevictim net. If thenoiseis
largerthansomethresholdassociatedvith thecell drivenby thenet,aviolation
is generated.

Typically, crosstalkanalysisis doneat the postlayout stage(e.g.,usinga
transistodevel simulatorlike SPICE).Thentheroutertriesto fix theproblems,



188 LOGIC SYNTHESIS AND VERIFICATION
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Figure 7.7.  Fixing cross-talkatDR.

e.g., by spacingand/orshieldingthe afflicted nets,or by switchingthemto
differentlayers(Fig. 7.7). This canrequirea major rip-up andre-routeeffort
that hasno guarantedo be automaticallyfeasible(the reality is that manual
fixes are required). lterating such a tediouspost-layoutanalysisand fixing
processcanresultin along designtime.

Post-layoutfixing is a costly processand may not corverge, so crosstalk
needdo be addressedsearly aspossiblein the flow. The routercanbe con-
strainedo avoid crosstalkeffectsin thefirst place,e.g.,forbiddingamaximum
lengthof parallelrouting betweenary pair of nets. However, this methodis
basedon empirical dataand doesnot reflectthe physicsof crosstalk,which
mustinclude signal-switchiig window dependengc Therouterendsup over
constrainedleadingto unresohablecongestiorproblems.

Thereareattemptsat implementingcrosstalkavoidanceduring placement
andglobal routing. Theideais thatevenif detailedrouting is not available,
the signalswitchingwindows canbe usedstatisticallyto identify the potential
problemnets. The problemnetsare given more white spaceduring global
routing so that the detailedrouting hasenoughresourceso performspacing,
shielding, or re-routingand automaticallyfix crosstalkproblems. Also this
requiresthe detailedrouterto have gridlesscapabilitieswith variablewidth
andvariablespacingsothatcrosstalkissuescanbe addressedffectively.

7.4.6.2 IR-DROP

IR Dropis the problemof voltagechangeon the power andgroundsupply
lines dueto high currentflowing throughthe P/G resistve network. When
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Figure 7.8. IR dropcausesielay

thevoltagedrop(respectiely rise)in the power (respectiely ground)network
becomesxcessve, this causesielaysin gatesthat canproducetiming viola-
tions andfunctionality problems. It alsocausesunreliableoperationbecause
of smallernoisemaigins. As anexample,1 A of currentflowing through12 of
interconnectauses 1V drop,whichis 2/3 of the 1.5V power supplyvalue.
Fig. 7.8 shaws the effect of voltagedrop at VDD on the performanceof a
buffer.

IR dropbecomesnorecritical for DSM designsbecausél) therearemore
devices,thusa highercurrentdemandj2) thewire andcontact/viaresistance
increasebecausef narroverwiresandfewer contacts/viasand(3) thesupply
voltageis decreasetb 1.5 volts andbelow.

For mary designsJR dropis beingaddressethy over-designingthe power
networkwith wide power busesand multiple power meshes.However, this
severely reduceghe availablerouting resourceandis likely to causerouting
congestiorproblems.

An accuratdR drop analysisis donewith a transistorevel simulationthat
computeghe dynamiccurrentflows. Thisis a costly processandat too low
alevel to allow fixing problems.The simulationcanbe doneat the cell level
using cell-level power models,an RC modelfor the interconnectandtheir
switching directionsand frequencies. This producesan averagecurrentper
cell, from which the averagevoltagedrop canbe approximatedvith theresis-
tancemodel of the power and groundnetwork. Although lessaccuratethis
methodcanidentify regionswith high voltagedrops.

Whenthe level of quadrisections fine enough,the interconnectioading
canbe obtainedaccuratelywhile the placementhasenoughflexibility to ac-
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Figure 7.9.  Netfailure dueto electromigration.

commodatehe power routing change .Optimizing the power routing for both
IR-drop andcongestiorcanbe doneat this level. The currentsof the cellsin

a bin areaccumulate@ndrepresentedsa single currentsourceto the power
grid. A fastsimulationis thenusedto evaluatethe voltagedrop so that the
power networkcanbe adjustedaccordingly Power stripescanbe narroved or
suppressetb free someroutingresourcespr widenedandaugmentedo meet
the IR dropspecification.

7.4.6.3 ELECTROMIGRATION

Increasedcurrentdensity throughinterconnectfor an extendedperiod of
time causesesistanceo increaseThisresultsin self-heatingandmetaldisin-
tegration,which createsanopenor shortin thecircuit (Fig. 7.9). This effectis
calledelectromigratior(EM), andwasnot a problemuntil theadventof DSM.
As circuitsgetfasterandbigger morecurrentslow throughtheinterconnects,
which at the sametime aregettingnarraver with every newv generation.The
currentdensity(the amountof currentflowing per unit area)increasesuper
linearly with every new DSM generationlt is nolongerfeasiblefor manufac-
turing to provide enoughcross-sectiomreaon the interconnectso guarantee
“netintegrity” atall line widths.

EM hastraditionally beenaddressedy over-designingwith wide power
buses,which is wheremostof the EM issuesare expected. However, over
designingpower routing may causecongestiorproblemsandis no longerac-
ceptable Also, electromigratioreffectshave becomemportantfor clocktrees,
andwill affect signalnetsin the future. For clock andsignalnets,theremay
not be enoughcontacts/viaso sustainthe currentthroughtheinterconnectA
solutionwhich will provide sufficient interconnectwidths without excessive
over-designis necessary
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Toolsthatcomputethe currentdensitiedrom thelayoutareusedto analyze
EM problems,which arethenfixed manuallyby wideningthe problemnets.
However, this requiresconsiderablexpertise,andthe extra spacenecessary
for wideningthe netsmay not be available.

It is possibleto addres€£M muchearlierin the designflow, by calculating
the requiredwidth of the interconnectas placementand routing are refined.
Oncethe placements accurateenoughfor a good estimationof the net ca-
pacitancespne can calculatethe currentflow in thesenets, which together
with the switchingactiity of the nets,enableslectromigratioranalysis.The
interconnecwidth and via countneededto supportthe currentis identified
at eachlevel of quadrisection.Theserouting resourcesrethenallocatedby
the globalrouter Consequentlythe detailedrouterwill be ableto satisfythe
electromigratiorroutingrequirementsogethemwith otherrequirements.

7.4.6.4 INDUCTANCE

As clock frequeng of the designincreaseso abose 500 MHz with process
technologief 0.13um andbelow, inductancebecomesan importantfactor
for long netswith high frequeny signals.On-chipselfinductanceaffectslong
nets,andmutualinductanceaffectsnetsrunningin parallelfor long distances.
Clock netsshouldbe analyzedor selfinductanceandbus signalsfor mutual
inductance.

A commonapproactio addressnductanceconsistf sandwichinghesig-
nal layersbetweenpower planes(Fig. 7.10, top left). However, this is no
longeruseddueto high manufacturingcostsandhigh power consumptionAn
easierway to limit theinductanceeffectsis to provide shortercurrentreturn
pathsfor the high frequeng signals. For clock networks,the currentreturn
pathshouldbe a groundclock shield running parallelto the clock netin the
samelayer (Fig. 7.10,top right). For busesthe commonpracticeis to insert
a groundwire every 4 to 8 bus signals(Fig. 7.10, bottomleft). For pairs of
long wiresrunningin parallel,staggerednverterscancelthe mutualinductive
effects(Fig. 7.10,bottomright).

On-chipinductancas adifficult problemwithouta clearemeging solution,
andit is anareaof active researchEventhoughinductanceodayaffectsonly
the clock tree,signalnetswill be affectedin the future asthe clock frequeny
rises.New globalanddetailedroutingstratgieswill be neededo handlethis
effect.

7.4.7 ROUTING

Oneof themostimportantrequirements$o achie/e goodroutingis the cor-
relationbetweenthe globaland detailedrouters. The detailedrouter mustfi-
nalizewhattheglobalrouterpredictedandtherouting resourcesllocatedoy
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Figure 7.10.  Inductanceavoidance.

the global routermustactually be available to the detailedrouter It is unre-
alistic to usetwo uncoupledglobalanddetailedrouters,sincecongestioris a
dominantfactorin DSM design.

The global router mustbe timing, congestionand crosstalkdriven, and it
mustsupportmultiple widths andspacing.Sinceat the beginningit is impos-
sibleto know therouteof long wires, onecanuseprobabilisic routeto smear
the netin theregion whereit is likely to lie. As the placements refinedand
timing modelsbecomemore accurate this probabilisticregion shrinks,and
eventuallythenetcanbefully defined.

Thedetailedroutershouldsupportothgridded(for speedandgridless(for
detailedoptimization)modes.It mustsupportvariablewire width, e.g.,for de-
lay optimization.lt mustenforcenumerouDSM routingrules,e.g.,metal/via
antennaend-of-line,minimumarea,via arraygeneratiorfor fat-wire connec-
tions, and variable spacingbasedon width. Also it musthave timing, con-
gestion,crosstalk,electromigrationawarenesst all times (e.g.,during layer
assignmenandwire sizing).

7.4.8 PLACE/SYNTHESIS/ROUTE
INTERACTION

Fig. 7.11illustratesoneaspecbf theplacementrouting,congestiontiming,
andsynthesignteraction. At the beginning, a probabilisticrouteis generated
that spangthe areathe netwill likely lie in. As placemenis refined,it takes
into accountthe congestiorproducedby the smearedoute. Whensynthesis
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Figure 7.11.  Placement/synthesis/routimgteraction.

decidesto modify the netlist, e.g.,by addingbuffersto fix a timing problem,
the contrikution of thesebuffersto the congestions alsotakeninto account.
Theglobalrouteis consequentlyefined,seededhereby the placemenaindthe
buffersintroducedby logic optimization.

7.4.9 DESIGN SIGNOFF

As thelevel of quadrisectionincreasesthe layoutis known with morede-
tail, andthedesignvariablegarea,congestiontiming, power, signalintegrity)
are estimatedmore accuratelyuntil their optimizationbecomesmneaningful.
Fromthis point,they startto beoptimizedalongwith theothervariables Even-
tually onereaches point wherethe layoutis known with sufficient detail to
beableto accuratelypredictthe outcomeof theimplementatiorprocesg(final
GDSII). The stateof this designis a physicalprototype Althoughit occurs
well beforethe designis fully placedandrouted,a physicalprototypecorre-
spondgo the momentwhereonecantruly deliver an actualdesignof signof
quality to thebackendool.

7.5 CONCLUSION & PERSPECTIVE

Every aspectof the designcompleity keepsincreasing:moretransistors,
higherclock frequenciesandmorepronouncegbhysicaleffects. We discussed
the challengeghat needto be addressediuring the physicalimplementation
from gate-level netliststo a productionworthy GDSII. We explainedhow a
flow basedon placementand route refinement(including clock tree, power
routing, and scanchains)with an opencostfunction, togetherwith physical
logic synthesisand optimization,meetssomeof thesechallenges.It enables
early estimationand optimizationof congestionfiming, and physicaleffects
whenthedesigrhasenougHlexibility to accommodatperturbationproduced
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by the optimizationproceduresthe physicalprototyperestoreghetiming sig-
noff lostin themid-19905.

The interconnectentricDSM eraraisesnew problems whereplacement,
routing, and logic optimizationaretightly interdependent.Hierarchicalde-
signis a necessarylirectionto handlethe capacityand projectmanagement
problemsof multi-million gatedesigns.This createshew problems/ike chip-
andblock-level physicalcontets, andtiming abstraction.In essencethe de-
signprocessabove gate-level needso be moreplacementware. At thesame
time, RTL-to-gatesynthesisshouldnot over-optimize a netlist with no place
androutedata.This leadsto avery differentfull-chip designflow thatconsists
of thefollowing steps:

= Behavionl synthesigogethemwith floorplanning Several scenarioxan
be explored, with a tradeof betweenthe block sizesand shapesthe
correspondingdloorplan,andtheresultingchip performancesAs a part
of floorplanning,the chip is brokenup into hierarchicalblocks, which
include physicalandtiming constraintssufiicient to allow independent
physicalimplementation Also top-level routing andpin assignmenbn
theblockis doneto exchangesignalsbetweerblocks.

m FastRTL-to-gatesynthesi®ftheblocks Thefocusis onfindingthebest
logic structure, noton having a fully sizedandbufferednetlist. It could
be a grosslymappednetlist, sinceat this point it doesnot makemuch
senseo pushtiming optimizationbeyonda simplemodel,e.g.,constant
delay

» Logicalandphysicaldesignof theblodks Thisis the processlescribed
in this chapter After some placementrefinement,enoughintercon-
nectinformation is known to allow resynthesisyemapping,resizing,
rekuffering, etc. After signof on the physicalprototype,the physical
implementatiorof a block within its abstractecthip context is thenfi-
nalizedusingthe samerefinemenprocess.

m  Chip assembly Block abstractionsandglue logic areassembledising
the samerefinementprocess.Note that several levels of block abstrac-
tionscanbe used(from blackboxto GDSII), which enablesearly chip-
level validation while the blocks are being designed. Final extraction
andverificationwould follow.

To realizesucha flow, someof thefollowing questionsnustbeanswered:

= Whatshoulddrive a hierarchicaldesignflow: floorplanningor synthe-
Sis?

= How do we performtiming-drivenfloorplanning?
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How do we re-definegate-level synthesigo facilitate physicaloptimiza-
tion?

How do we derive block-level timing budgets?

How dowe accuratelydescribehechip context duringblockimplemen-
tation (parasiticstiming exceptionsclock treeconstraints)?

Mustwe definenew clock treedesignmethodologiesn sucha flow?

Whatis the verificationandtestmethodologyfunctionaland physical,
in suchaflow?

References

(1]
(2]
(3]
[4]
5]
(6]
[7]

(8]

9]
[10]
[11]
[12]
[13]
[14]

[15]

R. ArunachalamK. Rajagopall. Pileggi, “TACO: Timing analysiswith coupling”, Proc.
of DAC’2000, June2000.

F. Beeftink,P. Kudva, D. Kung, L. Stok,“Gate-sizeselectiorfor standarccell libraries”,
Proc.of ICCAD’98, pp.545-550Nov. 1998.

M. Berkelaar J. Jess,"Gate sizing in MOS digital circuits with linear programming”,
Proc.of EDAC’90, pp.217-221,1990.

M. A. Breuer “A classof min-cut placemenglgorithms”, Proc.of 14th DAC, pp. 284—
290,1977.

R. CarragherR. Murgai, S. ChakrabortyM. PrasadA. Srivastaa, N. Vemuri,“Layout-
drivenlogic optimization”,in Proc.of IWLS’200Q pp.270-276May 2000.

O. Coudert,R. Haddad,S. Manne,“New algorithmsfor gate sizing: A comparatie
study”, Proc.of 33rd DAC, pp. 734—-739,Junel996.

O. Coudert,"Gatesizingfor constrainedielay/paver/aresoptimization”,in IEEE Trans.
onVLSISystemsSpeciallssueon Low Power ElectronicsandDesign 5-4, pp.465-472,
Dec.1997.

0. Coudert A. Narayan,'Subsystemlogic optimization”, Tech.Report,Monterey De-
sign SystemsSept.1998.

W. Donath,P. Kudva, L. Stok, P. Villarubia, L. Reddy S. Sullivan, “T ransformational
placemenandsynthesis” Procof DATE200Q pp. 194—201March 2000.

H. EisenmannF. M. Johannes;Genericglobal placementndfloorplanning”,in Proc.
of 35thDAC, pp.269-274,Junel998.

J.P. Fishturn, A. E. Dunlop,“TILOS: A posynomialprogrammingapproacho transistor
sizing”, ICCAD’85, pp.326—328 Nov. 1985.

L. P P. P vanGinneken,'Buffer placementn distributedRC-treenetworksfor minimal
Elmoredelay”, ISCAS’'90 1990.

J.GrodsteinE. LehmanH. HarknessB. Grundmanny. Watanabe’A delaymodelfor
logic synthesiof continuously-sizedhetworks”,ICCAD’ 95, pp.264-271Nov. 1995.
G. D. Hachtel,F. Somenzi,Logic Synthesisand \erification Algorithms Kluwer Aca-
demicPuh, 1996.

R.HaddadL. P. P. P vanGinnekenN. Shenoy“Discretedrive selectionfor continuous
sizing”, ICCD’97, 1997.



196
[16]

[17]

(18]
[19]
[20]

[21]

[22]
(23]
[24]
[25]

[26]

[27]
(28]

[29]

[30]
[31]
[32]

[33]

LOGIC SYNTHESIS AND VERIFICATION

S. Hojat, P. Villarubia, “An integratedplacementndsynthesisapproactfor timing clo-
sureof PoverPCmicroprocessor’in ICCD’97, pp.206—210Sept.1997.

B. Hoppe,G. Neuendorf,D. Schmitt-Landsiedel;Optimization of high-speedCMOS
logic circuitswith analyticalmodelsfor signaldelay chip areaanddynamicpower dis-
sipation”,in IEEE Trans.on CAD, 9-3, pp. 236—246March 1990.

J. Hu, S. S. Sapatnekar‘Simultaneousbhuffer insertionand non-hanaroptimizationfor
VLSI interconnectindera higherorderAWE model”, ISPD’99, 1999.

Y. Jiang,S. S. SapatnekaiC. Bamiji, J. Kim, “Interleaving buffer insertionandtransistor
sizinginto a singleoptimization”, IEEE Trans.on VLS|, Dec.1998.

G. Karypis, R. Aggarwal,V. Kumar S. Shekhar“Multile vel hypegraph partitioning:
Applicationin VLSI domain”,in Proc.of 34thDAC, pp.526-529,Junel997.

J. M. Kleinhans,G. Sigl, F. M. JohannesK. J. Antreich,“GORDIAN: VLSI placement
by quadratigprogrammingandslicing optimization”,IEEE Trans.on CAD, 10, pp. 356—
365,March1991.

J. Lou, A. Salek,M. Pedram,"An exact solutionto simultaneougechnologymapping
andlinearplacemenproblem”,ICCAD’97, pp.671-675Nov. 1997.

T. OkamotoJ.Cong,“Interconnectayoutoptimizationby simultaneousteinertreecon-
structionandbuffer insertion”,ISPD’96, 1996.

M. PedramN. Bhat,“Layout driventechnologymapping”,28th DAC, pp.99-105,June
1991.

M. PedramN. Bhat,“Layout drivenlogic restructuringanddecomposition”| CCAD’91,
Nov. 1991.

N. Shenoy M. lyer, R. Damiano,K. Harer, H.-K. Ma, P. Thilking, “A robust solution
to the timing convergenceproblemin high performancedesigns”,in Proc.of ICCD’99,
pp.250-2570Oct. 1999.

R. F. Sproull,I. E. Sutherland;'Logical effort: Designingfor speedon the back of an
ervelope”,in Proc.of IEEE Advancedreseath in VLSIConfeence 1991.

A. Salek,J.Lou, M. Pedram; A simultaneousoutingtreeconstructiorandfanoutopti-
mizationalgorithm”,ICCAD’98, pp.625-630Nov. 1998.

S.S.Sapatnekal. B. Rao,P. M. Vaidya,S.M. Kang,"“An exactsolutionto thetransistor
sizingproblemfor CMOScircuitsusingcornvex optimization”,|IEEE Trans.on CAD, 12-
11,pp. 1621-1634Dec.1993.

C. SechenVLSI Placementand Global Routing Using SimulatedAnnealing Kluwer
Puh, Deventer Netherlands1988.

G. Stenz,B.M. Reiss,B.RohfleischF.M. Johannes;Timing driven placementin inter-
actionwith netlisttransformations”in Proc.of ISPD’97, pp.36—41,1997.

D. Sylvester K. Keutzer “Getting to the bottom of deepsubmicron”,in Proc. of IC-
CAD’98, pp.203-211Nov. 1998.

H. Zhou,M. Wong, I-M. Liu, A. Aziz, “Simultaneougouting andbuffer insertionwith
restrictionson buffer locations”,36thDAC, Junel1999.



