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Abstract A physicaldesignflow consistsof producinga production-worthylayout from
a gate-level netlist subjectto a setof constraints.This chapterfocuseson the
problemsimposedby shrinkingprocesstechnologies,andtheir solutionsin the
context of designflows with an emphasison thecomplex interactionsbetween
logic optimization,placement,androuting.Thechapterexposestheproblemsof
timing anddesignclosure,signalintegrity, designvariabledependencies,clock
andpower/groundrouting,anddesignsignoff. It alsosurveys logical andphys-
ical designflows,anddescribesa refinement-basedflow.
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Creatingachip layoutworthyof fabricationis achievedthroughasequence
of steps,coinedas a designflow. Sincethe event of logic synthesisin the
mid-80’s,designflows have beencharacterizedby a clearseparationbetween
the logical andthe physicaldomains. Logic synthesisproducesa gate-level
netlist from an abstractspecification(behavioral, RTL). Placeandroutepro-
ducesthelayoutfrom thegate-level netlistandtechnologyfiles. Specifictools
have beenusedto createthe clock treeandthe power/ground(P/G) routing,
andto achievefinal signoff. Reconsideringthelogicalaspectsduringthephys-
ical designphasewasunnecessary, becausetiming signoff couldbedoneat the
gatelevel, andsignalintegrity wasrarelyanissue.

A flow consistingof logic synthesisfollowed by place-and-routecannot
work with deepsubmicron(DSM). At VXWZY\[^]`_ andbeyond, interconnectbe-
comesa dominantfactor andbreaksthe dichotomybetweenthe logical and
physicaldomains.First, we canno longerneglect theimpactof theintercon-
nectontiming becauseinterconnectdominatesgatedelays.Second,increasing
designcomplexity makesmanagingcongestionmorechallenging.Third, finer
geometry, higherclock frequency, andlower voltageproducesignalintegrity

a\bdc



a\bde f�gih�jlknm`o
p�q
rtsumdjvm$wtpyx{zKs`|yj~}`j�k8w>q�jlg`p

problems. Logical andphysicalaspectsare tied togetherandcanno longer
be lookedat separately:thereis a needfor designtoolsanddesignflows that
enablethe simultaneousoptimizationof the logical andphysicalaspectsof a
design.

This chapterdiscusseslogical andphysicaldesignfrom a flow perspective.
Section7.2explainswhy thelogicalandphysicalvariablesareinterdependent,
andwhy they must be consideredtogetherduring the physicalimplementa-
tion phase. Section7.4 first discussesthe uncertainty/refinementprinciple,
thenpresentsthe detailsof a refinement-baseddesignflow, a promisingap-
proachto solve the problemsbroughtby DSM. The chapterconcludeswith
somethoughtson a full-chip hierarchicaldesignflow.

DFE�� ��N,�RIXST�,�#��J�P ���R���>I
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VLSI physicaldesignis theprocessof producinga GDSII (a maskdescrib-
ing the completelayout that will be fabricated)from a gate-level description
while satisfyinga setof constraints.Thegate-level netlist is a logicaldescrip-
tion of the circuit in termsof cells (e.g.,I/O pads,RAMs, IP blocks, logical
gates,flip-flops,etc.) andtheir interconnections.Theconstraintsincludetim-
ing (setup,hold, slope,min/maxpathdelays,multicycle paths,falsepaths),
area,placekeepouts(regions of the die wherecells cannotbe placed),and
routekeepouts(regionsof thedie throughwhichnetscannotberouted),power
consumption,andtechnologyconstraints(e.g.,maximumoutputload,electro-
migrationrules). This sectionpresentsthe challengesthatmustbeaddressed
by aphysicaldesignflow intendedfor DSM designs.

�u���u��� ���^���^�O�¡ �¢�£U¤¦¥¨§�©�ª���«¬«¨©<¤t�­�T�®¤t�­�T�O£°¯�¯
Timing closureis theproblemof achieving the timing constraintsof a de-

sign.Until themid-90’s,mostof thedelaywasin thegates,andthenetcapac-
itancewasa relatively small contributor to the total outputload of the gates.
Thustheimpactof netson timing couldbedisregarded.Consequentlytiming
signoff could be donewith statictiming analysison a gate-level netlist, right
after synthesis(Fig. 7.1, left). From there,the netlist could be handedoff to
physicalimplementation.

As processgeometriesscaledown, interconnectbecomesthe predominant
factor in determiningthe delay. First, the gatedelaydependsmostly on the
outputcapacitanceit drives,of which thenetcapacitancebecomesthelargest
contributor. Second,thedelayof longnets,whichdependsontheircapacitance
andresistance,becomeslargerthangatedelays.

Timing signoff is theprocessof guaranteeingthatthetiming constraintswill
bemet.Post-synthesissignoff waspossiblewheninterconnectcontributedless
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Couplingcapacitancedominatesinter-layercapacitance.

than20%of thetotaloutputcapacitance.Now thatnetcapacitanceisbecoming
moredominantwith every new processgeneration,accuratetiming estimation
without knowing net topologiesandplacementsis not possible.Sincetiming
cannotberealisticallyestimatedfrom anetlistalone,it is notpracticalto think
in termsof a post-synthesisnetlistsignoff.

Onecould attemptto accountfor interconnectdelaysby usinga statistical
wire load model (WLM) basedon pin count. The problemis that timing is
determinedby a maximumpathdelay, andalthoughsucha wire loadmodelis
actuallyagoodpredictorof theaveragewire load,thedeviationis solargethat
timing becomesgrosslymispredicted.

Moreover, coupling capacitancebecomesmore dominantover inter-layer
capacitancewith every new processtechnologybecausethewiresaregetting
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muchcloserto eachotherandthe interconnectaspectratio of heightto width
is increasing(Fig. 7.2). In 1999, the couplingcapacitance��� —the lateral
coupling capacitancebetweeninterconnectson the samelayer— was about
threetimeslargerthantheinter-layercapacitance��� —thecapacitancedueto
overlappingof interconnectbetweendifferentlayers—.Theratio is projected
to increaseto five in 2006(Fig. 7.2). This meansthat thecapacitanceof a net
cannotbedeterminedwithoutknowing bothits routeand thatof its neighbors.

Moregenerally, whatis neededis adesignsignoff solutionthatwill validate
all thedesignvariables,i.e.,not only timing, but alsoarea,congestion,power,
andsignalintegrity.

�u���u��� ¤t�­�T��ª�¢��^����©<�T§��^�! 
Deepsubmicronresultsin a numberof physicaleffectsthat mustbe con-

trolled to ensuresignal integrity andcorrectfunctioningof the chip. For in-
stance,sincetheinter-wire couplingcapacitancedominatestheinter-layerca-
pacitance,crosstalkcanno longerbeneglected,becauseit hasaprimaryeffect
on timing andinducessignalnoise. Otherphysicalaspectssuchasantenna
effect, electromigration,self-heating,IR-drop, needto be analyzedandcon-
trolled. Thenext technologygenerationwill needevenmoredetailedanalysis,
including inductanceof chip andpackaging,on-chipdecoupling,resonance
frequency analysis,andsoft errorcorrection.Signalintegrity problemsmust
beidentifiedasearlyaspossiblebecauseit is very costlyandtimeconsuming,
if not impossible,to fix themduringthefinal implementationstages.

The deepsubmicronera is causinga shift from timing closureto design
closure,whereevery designvariable(timing, area,power, congestion,signal
integrity) needsto be monitoredandoptimizedsimultaneouslywhen imple-
mentingthechip. Thiseramarkstheendof thelogicalandphysicaldichotomy.

�u���u�#" «¨©<¤t�­�T�%$$ª�§��^ª'&n¢ ©<¤
�^����©$§U«T©)(<©$��«¨©$�O * 

Someinterdependenciesarewell known: overall areaincreaseswhentim-
ing is tighter, power increasesasareaincreases.In theDSM eramorecomplex
interdependenciesareevolving. Thetiming/placementinterdependency is the
mostobvious. Without placement,theinterconnectinformationis insufficient
to evaluatethetiming. Also, everyplacementchangewill impacttiming. Sim-
ilarly delaydecrease/increasewill enable/disableplacementchanges.

With smallergeometryfeatures,thecomplexity andthephysicalresources
of theinterconnectmakecongestion(i.e.,routingresourcerequirements)akey
factor in the designclosureprocess. Controlling congestionis a challeng-
ing problembecauseof thecomplex timing/plac-ement/congestion interaction.
For example,shorteningnetsby moving gatesand/orstraighteningroutescan
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helpin reducingthedelay, but thispulls gatesand/ornetscloser, creatingcon-
gestionproblems.Conversely, highcongestionspotscanberelievedby down-
sizing and/orspreadinggatesaround,or by reroutingnets,which cancreate
new timing problems.Also, long wires thatgo acrossthechip cannotbe de-
signedwithout a placement,andthe placementitself shouldknow aboutthe
globalroutingof thelongwiresto accountfor theircontribution to congestion.
In addition,morelocal dependenciesarecreatedwith area,power, andsignal
integrity (e.g.,crosstalkaffectstiming). A physicaldesignsystemwith anopen
costfunction is requiredto actuallyaddressall thesecomplex interdependen-
cies.

�u���u�#+  �¢�£U -, ª���« (/.�� §�£°¥¨���^�O�

In atraditionaldesignflow, clock treesynthesisandpowerroutingaresepa-
ratetasks.Typically, theclock treeis built oncethelocationsof thesequential
elementsand gatedclocks are known, i.e., after placement. But designing
clock treesandP/G networksafter placementcreatesrouting problemsthat
occur too late to be fixed. Thusplacementmustknow aboutclock andP/G
routingsothatit canaccountfor their contribution to congestion.

Also, theclocktreeis becomingdenser, spanningalargerchipwith atighter
clockperiod,thusrequiringgoodcontrolof theskew. Finecontrolof theskew
shouldbeusedto optimizetiming.

Thesameprincipleappliesto scanchains.Theimpactin termsof conges-
tion is muchsmaller, but it is importantto re-orderthescanchainssothat the
placementis notoverconstrained.

�u���u�10  �ª'( ª�  �^�! 
Designskeepgettingbiggerandmorecomplex, containingtensof millions

of gates.Two capacityproblemsareemerging. The first is a purescalability
problem:theraw numberof objectsthatneedto bemanagedandprocessedis
stressingmemorylimits andcomputationalresources(only linearor 24365�782 al-
gorithmscanreasonablybeappliedto acompletenetlist).Thesecondproblem
is theoverall complexity of a chip design,which is oftendivided into several
blocks,with several independentdesignteamsworking in parallel,eachat a
differentpace.This problemis inherentto projectmanagement,meaningthat
few very largechipsareactuallydesignedflat: thetrendis towardsmorehier-
archicaldesigns.

Hierarchicalflows posenew problemsfor physicaldesign,e.g.,handling
timing constraintsbetweenthe chip level and the block level, verifying the
feasibility of theconstraintsat thechip level, capturingthechip context when
implementinga block,hierarchicalchip verification,etc.Thereareno toolsto
help the designerto develop a top-down timing budgetof theblocks,andno
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toolsto modeltheinteraction(e.g.,timing andcongestion)betweentheblocks
asthey aredesignedbottom-up.Floorplanningis still a difficult problem,es-
peciallywhenit mustbedonewith timing andcongestionconsiderations.

Thereareseveral researchefforts to enablecompletehierarchicalphysical
flows,but, becauseof lack of space,we do not addressthehierarchyproblem
andinsteadfocusentirelyon flat physicaldesign.

DFE;: ��Q M!<�� � N>= STQ M,M��nJ-L®PR����IX��J =3��N'? �

SeveralsolutionshavebeenproposedtosolveDSMchallengesandtoachieve
designclosure.Thefirst twoflowswedescribein thissectionare“standalone”
flows,in thesensethatthey donotrequirenew technologyontopof aclassical
sequentialflow madeof synthesis,followedby place-and-route.The last two
flows areattemptsin moretightly integratingsynthesisandplace-and-route.

@BADCFEHG�AJI#K�CMLON�PQP4IRAJSUTWVYXZADN\[]P4IREHC�^#N�G�_`[/Na_bCF^dc
This flow iteratesbetweengate-level synthesisandplace-and-route.After

place-and-route,if the constraintsare not met, the netlist is back-annotated
with theactualwire loadandre-synthesized(Fig. 7.1, right). Signalintegrity
problemsareusuallyhandledat thedetailedroutinglevel.

Placeandroutedataarenecessaryto determinethetiming. Trying to com-
pensatefor thelackof thesedataby driving synthesiswith pessimisticassump-
tions resultsin over design.Extractingnetcapacitancesafterplaceandroute
andfeedingthembackto synthesisin anattemptto seedsynthesiswith more
realisticcapacitanceestimationsis not practical. This often resultsin a dif-
ferentnetlist, with a distinct placementandrouting, thusproducingdifferent
wire loadsand timing. Thereis no guaranteethat this iterative processwill
eventuallyconverge.

Expectingthebackendtools to fix problemsthatarerecognizedlate in the
flow is unrealistic,becausethe latitude of what can be doneat this level is
limited. Thissolutionis ineffective for technologiesator below V
WµY\[^]`_ .

ef^#NagJh\ijG�XJXZCk[!lm^RnoLON�Ppc
Thisflow consistsof designingsmallblocksindependently, thenassembling

them. The idea is that a statisticalwire load model is sufficiently accurate
for small blocksof logic — qdV�r cells hasbeenproposed[32]—. The netlist
is divided into blockssuchthat the intra-blockinterconnectdelaycanbe ne-
glectedor roughly estimated,which enablessynthesisto predict the overall
delay. Thentheblocksareassembled.

Thereareseveralproblemshere.First, dividing a chip into blocksrequires
time budgeting,andthereis no scientificmethodto comeup with anaccurate
budgetingthat canbe metboth at the block level andat the chip level. This
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resultsin a sub-optimalor infeasiblenetlist. Second,assemblymustrespect
thephysicalboundariesof theblocksto ensurethat theintra-blockdelaysare
preserved.This significantlyconstrainstheplacementsuchthattiming and/or

congestionproblemscannotbe addressedeasily. Third, it is virtually im-
possibleto estimatetheinter-blockdelays,sincelong interconnectsdependon
therelative placementof theblocks. Fourth,statisticalwire loadmodelsmay
still fail to predicttiming accurately, evenfor smallblocks,dueto routingcon-
gestion. If routesin the block are forcedto meanderin congestedareas,the
netcapacitancesincreasesubstantially. Becausecongestionimpactswire load
modelpredictability, theoverall connectivity of thenetlistmustbeconsidered,
which makesimpossibleto look at a block alonewithout understandingthe
chip-level context it is placed.

Overall, this is essentiallya trial anderror approach,forcing many itera-
tions. Furthermore,thisapproachdoesnot evenaddresstheproblemof signal
integrity.

TWN\tYX�AJG�taA4_aCF^#GFnuX�nvtbADSmC�X�IwXxLYN�Ppc
Thedelaythroughalogic stage(i.e.,agateandthenetit drives)is expressed

asa linear function of the gain, which is the ratio of the capacitancedriven
by the gateto its input pin capacitance.The first stepin the constantdelay
synthesisflow consistsof assigninga fixed delay(i.e., a fixed gain) to every
logical stageso that timing constraintsaremet. The secondstepconsistsof
placingandroutingthenetlistwhile preservingthesegains.

Constantdelaysynthesisis attractivebecauseof its eleganceandsimplicity,
thusenablingfast synthesis.RTL-to-gatesynthesishasbeenproven a good
applicationof constantdelaysynthesis.However, this eleganceis obtainedat
the costof ignoring the physicalaspects.Delay modelsmustbe input-slope
dependent,andmustdistinguishbetweenrising andfalling signals.Theprop-
agationof a waveformin aninterconnectcannotbecapturedby sucha simple
model. The gainscanbe keptconstantby adaptingthe net capacitancesand
the gatesizeswithin limited ranges. In practice,this meansthat the netlist
mustbechangedto accommodatetheplacement/route/timingconstraints(e.g.,
re-buffering), which meansthat delaysmustbe re-assigned.Constantdelay
synthesisassumescontinuoussizing. Mapping the resultingsolution onto a
real discretelibrary canresult in a sub-optimalnetlist. Also constantdelay
synthesisrelieson convexity assumptions(seeSection??) that areoften not
truefor realisticlibraries.

y8^RG\gHCF[/CFtaAZijGFPfG�EHCpXZnvtaAJSmCzXZIwX{LYN�P|c
This kind of flow is a generaltrend,becausesynthesisneedsplacementin-

formationto estimatethetiming [26, 31]. But themeaningof “aware” is often
fuzzy. Gluing synthesisandplacementtogetherdoesnot helpif routinginfor-
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mationis not sufficient, or if theinteractionbetweensynthesisandplacement
is not undercontrol. For example,synthesismay locally increasethe areato
fix a timing problem,thuscreatinganoverfilled area,to whichplacementwill
reactby spreadinggatesaround,which will createothertiming problems.A
strategy leadingto convergenceis a majorproblem. Moreover, synthesisand
placementworking togetheris clearlynot sufficient if onecannotaccountfor
congestionandsignalintegrity, whichrequiresanunderstandingof routingand
physicalaspects.In otherwords,this approachdoesnot go far enoughin the
integrationof thelogicalandphysicaldomains.

DFEw~ M��u=<IKJ��u� ��J�L��k�¨� ���nP =<��N'?
As statedin Section7.2, designclosurerequiresthat all designvariables

needto be consideredtogether(timing, area,power, congestion,clock tree
synthesis,P/G routing, scanchainreordering,signal integrity). This section
introducesa novel physicaldesignflow basedon the conceptof refinement.
It first discussestheuncertainty/refinementprinciple. It thendescribeshow to
applythisprincipleduringplacement,logic optimization,clock treesynthesis,
P/Grouting,etc. Finally, this sectionexplainshow place,logic optimization,
andglobalrouteinteract,andhow to achievedesignsignoff.

�u�#+t��� �/��©#¥¨�O  ©$§���ª��^���! �. §U©$¯��^��©$��©$���
(<§��^�O  �F(<¢ ©

For any variable � , let �� beits estimate.Assumethatwe wantto minimize
a function �����a� by finding an optimum value of � . Considerthe following
remarks:

A parameter� cannotbeoptimizedbeyondtherangeit canbeestimated,
i.e.,anoptimizationprocedurewhichcomputestheparameter� produc-
ing thebestvalue ����6�a� is worthlessif thesevaluesarewithin theuncer-
tainty of �� .

Theoptimizationof ���6�a� shouldbedonewith a resolutionof � thatcan-
not exceedtheuncertaintyof �� , e.g.,if we know preciselythe radius �
of � (i.e., � �!������b��� ), thenwe shouldlook at ���6�a� by ����� increments
of � .

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 placementor/androuteinformationonly, thenthe
uncertaintyon thenetcapacitancesresultsin anevenlargeruncertaintyon the
timing. Anothersimpleexampleis IR-drop (voltagedrop in thepower nets),
which can be known only asmuch as the placement,toggle rates,and P/G
routingareknown. IR-drop itself leadsto an additionaluncertaintyin timing
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(Section7.4.6.2).At thebeginning, theonly availabledataarethegate-level
netlist, the library, the technologyfiles, the constraints(timing, die area,pre-
placedcellsandpre-routes,power). Thusunlesswe have enoughinformation
abouttheplacementandroutes,it is simplyuselessto doany kind of meaning-
ful timing optimizationbeyondsimplewirelengthminimization.

Indeed,if weknow theresolutionwith whichplacementandroutingarede-
termined,wecandeterminetheparametersof thedesignthatcanbeestimated
with enoughaccuracy to allow somevaluableoptimization. If we augment
the resolutionof the placementandrouting, new designparametersbecome
“visible” andcanbeoptimizedin turn.

A flow respectingtheseobservationsstartswith theinitial netlistandphys-
ically builds the design,stepby step,by increasingthe resolutionof every
parametersimultaneously. Early in this process,thereis only anapproximate
placementandglobalrouting,andtheclock treeandP/Gnetworkareroughly
estimated(rememberthatwemustaccountfor all contributionsto theconges-
tion). At theend,thereis a fully detailed,placedandroutednetlist, including
thecompletedclock treeandP/Grouting.Betweenthesetwo points,thereis a
continuousrefinementprocessfrom roughto detailed,andall designvariables
aremonitoredandoptimizedsimultaneously(whentheir resolutionallows it)
to meetthedesignconstraints.As thedesignimplementationprogresses,the
modelsbecomemoreaccurate(theestimationshave lessuncertainty),andthe
actionstakento solve theproblemsaremoreandmoredetailedandlocalized.
This continuousprocessof modelrefinementanddesignvariablemonitoring

andoptimizationarethekeys to predictionandconvergence.
A refinementtechniquethat knows the accuracy of eachdesignmeasure-

mentcanreactto a problemat the earliestappropriatetime, i.e., asearly as
possibleandonly whenit becomesmeaningful.For instance,astheplacement
andglobal routearerefined,wirelengthandcongestioncanbe estimatedand
optimizedat theverybeginning,thentiming, thenIR-drop,thencrosstalk,etc.

In thesequelwediscussvariousaspectsof implementingsucharefinement-
basedflow.

�u�#+t��� (<¢ ª�  ©���©$��� ��©  -�������°¥¨©<¤
Placementtechniquescan be classifiedroughly in two types: analytical

(constructive) placement,andmove-based(iterative improvement)placement.
Analyticalplacementuseslinearor convex programmingtominimizeaclosed-
form, differentiablefunction. Move-basedplacementevaluatesplacementat-
temptsanddecideswhich movesto actuallyimplement.We describetwo an-
alyticalplacementmethods,quadraticandforce-directedplacements;andtwo
constructivemethods,simulatedannealingandquadrisection-basedplacement.
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Wethenexplainwhy thelatteris agoodchoicefor arefinement-basedphysical
designflow.

��c��bc���c�� �¡ �¢|£�¤|¢8¥f@JTQyf¦�¢|T¨§ª©�§¬«�¥
Quadraticplacementis basedon minimizing thesumof thesquaresof the

wirelengths.Every cell hasa �a­ coordinatein theplane,andthecostof awire
betweenacell ® and̄ is capturedby �w��°��*�²±³��´vµ¶�1­·°��!­¸±¸��´ . Thustheproblem
translatesinto solvinga linearsystem¹º�4µ'»8¼RV , where� is thevectorof the
movablecell coordinates,¹ is theconnectivity matrixof thecells,and » is the
vectorof thefixedcell coordinates(e.g.,I/O pads).

Without fixed cells, the solutionis trivial, with all the cellson top of each
other. Evenwith fixedpads,thesolutionusuallyshowsmostof thecellsover-
lapping. Thusquadraticplacementiteratessquaredwirelengthminimization
andbi-partitioning[21]. Bi-partitioningdividesthesetof cellsin two andas-
signseachpartto oneareaof thechip. Thensquaredwirelengthminimization
is appliedto eachpartition,andtheprocessis iterateduntil a legal placement
canbeinferred.

Quadraticplacementis very fastandcanhandlelargedesigns.However, it
aimsat minimizing thesquaresof thewirelengths,not theactualwirelengths.
It is alsonot suitablefor timing-drivenplacement.Net weightingcanbeused
to emphasizecritical nets,but thecriticality of a netmaychangeastheplace-
mentchanges,andestimatingthecriticality of a netat thetop level, with very
fuzzy placementinformation, is unrealistic. Also thereis no good solution
to handlecongestionduring quadraticplacement. However, becauseof its
speed,quadraticplacementis often usedto seeda moresophisticatedplace-
mentmethod.

��c��bc���c�� ½x¾¡¤|Tf§�i¿£�@�¤|§8Tf¥f§¬£Àyf¦�¢|Tf§¬©�§ª«�¥
Force-directedplacementis anotheranalyticalmethod.Theprinciple is to

include, in the equationscapturingthe wirelength,a term that penalizesfor
overlappingcells,sothatabalancecanbeestablishedbetweenminimizingthe
wirelengthandyielding a legal placement[10]. Variousformulationsof this
principlecanbeused,andit is usuallysolvedby conjugategradientiterations
or otherconvex programmingtechniques.

Force-directedplacementis slower thanquadraticplacement,but givessig-
nificantly betterresults. A key aspectis that someforce-directedplacement
algorithmscanplaceobjectswith a largerangeof sizes,enablingmixedblock,
megacell,andstandardcell placement.However, thereis a limit to what can
beexpressedwith ananalyticalfunction. Somecostsarethushardto capture,
andthetuningof the“repulsive” termscanbedifficult.
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Simulatedannealing[30] is basedon move-and-cost.A move consistsof
moving an objectfrom onelocationto another(it canalsobe a swap,where
two object locationsareexchanged).A move is evaluatedandacceptedif it
improvesthecost.A movethatdegradesthecostis acceptedwith aprobability

usuallyexpressedas ÆFÇfÈ ÉaÊ#Ë;ÌRÍ#ÈÎ , whereÏ)�HÐF�HÑ is thefitnessof themove(thedelta
costresultingfrom moving it), and Ò is aglobalparametercalledtemperature.
At the beginning, the temperatureis large, thus the probability of accepting
a move degradingthecostis high. As placementprogresses,thetemperature
is lowered,and fewer “bad” movesareaccepted.Acceptingcost-degrading
movesallowsexploring largersolutionspacesandavoiding local minima.

Simulatedannealinghasacompletelyopencostfunction,andit canproduce
globallyoptimumsolutions.However, it is anextremelyslow process,limiting
its applicationtosmallsetsof objects.Dueto its optimalitypotentialandspeed
limit, it is only usedfor endcaseplacement,e.g.,detailedplacement.

��c��bc���c�� �¡ �¢|£�¤|@JÂa§8Tf¥f@J¾�«Ó¢p«�£ÔTf¦� ÅÂa¥f§ª¤4i¿©Õ¾fÖ�§�eº¢oÂ�§ª£
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Bisectionplacementiteratesmin-cutbalancedpartitioningandmove-based
placement.The netlist is partitionedin two setsof similar area,with asfew
netsspanningthetwosetsaspossible[4]. Thencellsaremovedor swappedbe-
tweenpartitionsto reducethecost.Whenalocalminimumis reached,eachset
is partitioned,andmovesareappliedbetweentheresultingpartitions.Quadri-
sectionis the sameprocesswhenthe partitioning is madeof four partitions
insteadof two. Experienceshows thatit is bettersuitedfor 2D placement.

Moving onecell at a time is far too slow to processa realdesign. A dra-
matic speedupis obtainedby allowing groupsof cells to be moved together.
This methodis alsoknown asmultilevel hypergraphpartitioning[20]. A hi-
erarchicaltreeof clustersof cells is first built from thenetlist. The top of the
treeis madeof large clustersof cells,andthe leavesof the treearethe indi-
vidual cells. Theclustertreeis built suchthatconnectivity is reduced,areais
balanced,andfunctional/physical hierarchicalconstraints,if any, aresatisfied.
It canbederivedfrom a mix of balancedmulti-way min-cutpartitioning(top-
down)andtopologydrivennetlistclustering(bottom-up).Thentheclustersare
placedandmovedin afour-waymin-cutquadrisection(Fig.7.3).Whenalocal
minimumis reached,thenetlist is re-clustered,eachpartitionis quadrisected,
andthewholeprocessis iterated(Fig. 7.3).

This placementtechniquehasa fully opencost function, and it produces
good quality solutions. Also, sinceit is move based,it is more suitableto
timing-drivenplacement,provided that thepartitionresolutionis sufficient to
estimatethe timing. This move-basedmethodwith anopencostfunction al-
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Placementrefinement.

lows simultaneousoptimizationof all designaspects(including timing, con-
gestion,wirelength,andcrosstalk).
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A physicaldesignflow mustbe awareof all thedesignvariables.This re-
quiresanopencostfunction,which cancapturetiming, area,power, conges-
tion, etc. This immediatelyrulesout quadraticplacement,which is only good
at reducingsquaredwire length andcannothave any understandingof crit-
ical pathsor high congestionareas. Force-directedplacementmethodsrely
on analyticalexpressionsthat can be minimized usingconvex programming
or by iteratingconjugategradients.They areslower andmoredifficult to tune
thanquadraticplacementbut capturefar moreelaboratecoststhanjustsquared
wire length. However, their costfunctionis semi-openbecausea highly non-
monotonic,non-smoothcost function cannotbe easily included. Simulated
annealinghasanopencostfunctionandcanproduceexcellentsolutions,but is
extremelyslow andjust cannotbeusedon arealnetlist.

A placementtechniquebasedonmoving clustersacrosspartitionsallowsan
efficient two-dimensionalplacementwith thebenefitof anopencostfunction.
Moving a clusterof cells, insteadof oneindividual cell at a time, makesthe
placerfast. Using a fully opencost function makesthe placerawareof the
impactthatmoving aclusterof cellswill haveontiming andcongestion.Also,
theflexibility of thecostfunctionallowstheplacerto accountfor theimpactof
theclock tree,P/Grouting,andscanchainson thequality of thedesign(e.g.,
timing, congestion,IR-drop).

Anotheradvantageof a placementbasedon refining the placementof ob-
jectsin smallerandsmallerbins,is thatit naturallyallowsseveralviewsof the
chip. At thetoplevel, thereis averyroughplacementin afew bins.At thebot-
tomlevel, thereisanaccurateplacementwith afew dozencellsperbin,but it is
still flexible (i.e.,noprecise�a­ coordinateyet). In betweenthereareplacement
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viewsthatcanbeusedto accommodatemoreor lessdisruptivenetlistchanges.
Oneof themostimmediateapplicationsis toaccommodatenetlistchangesper-
formedby logicsynthesisandoptimization[16,5]. Anothercrucialapplication
in the context of complex chip designis to accommodateECO (Engineering
ChangeOrder)changes.Most ECO’s arestill manualandconsequentlyvery
local (e.g.,changing/removing/addinga gate,connecting/disconnecting a pin
to/from aneighbornet).However, asthedesigncomplexity increases,sodoes
thelevel of abstractionusedby thedesigner. An ECOchangeat theRTL level
canaffect hundredsof cells, and it is even moredisruptive at the behavioral
level. Having several levels of placementresolutionseasesdramaticallythe
integrationof disruptiveECO.

In therestof thisdiscussion,wewill assumetheuseof amove-basedquadri-
sectionclusterplacer. Theplacementis refinedinto smallerandsmallerbins.
As thenumberof quadrisectionsincreases,theplaceandrouteinformationis
moredetailed,andmoresophisticatedestimationmodelsusingmoredetailed
resolutioncanbeused.Placementis first drivenby wire lengthandcongestion
until it reachesaresolutionfor whichthereis enoughinformationfor meaning-
ful timing estimationandoptimization.At thispoint,andfrom thispoint only,
logic optimizationto fix timing andcongestionproblemscanbedone.Place-
mentandlogic optimizationthenproceedtogether, first addressingtiming and
congestion,thenconsideringcrosstalkandsignal integrity as the refinement
allows.

�u�#+t�#" ¢ £��T�­ ¬£�(3���^����á ª����d£��
Thegate-level netlistis initially synthesizedwith noplacementinformation,

andthereforewith a crudeestimationof delays.Timing becomesmeaningful
when enoughplacementinformation is available. Only at this momentthe
logic canberevisitedwith a goodunderstandingof timing, aswell asconges-
tion andpower.

Physicallogic synthesisandoptimizationconsistsof changingthenetlistto
optimizephysicalaspectsof adesign(timing, area,power, congestion,etc.) in
thecontext of placeandrouteinformation.It is significantlydifferentfromgate
synthesis,sinceit hasmany moreparametersto consider, andhasto properly
interactwith theplacerandrouter.

Physicallogic synthesisandoptimizationhasthefollowing requirements.It
needsenoughplaceandrouteinformation.Placementandroutingmustbeable
to accommodatefor thelogic changes.It is by naturelocal,becauseit goesto-
getherwith placementrefinement,andthusit shouldnot disruptthelogic to a
scalelargerthantheplacementresolution.It shouldtakeadvantageof accurate
physicaldata,in particularfor timing (input slopedependence,outputloadde-
pendence,interconnectdelay, rising/fallingsignaldelaydependence,crosstalk
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awareness).It alsoneedsanefficient incrementalstatictiming analyzer, since
many local logic transformationsmaybe neededandmustbe reflectedat the
global level. The statictiming analyzermustsupportmulti-cycle paths,false
paths,transparentlatches,andbecrosstalkaware(seeSection7.4.6.1).

Thedelaymodelaccuracy mustmatchtheresolutionof theplacement.The
simplestdelaymetric 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 metal resistanceis negligible
with respectto the gateresistance.With shrinkingfeatures,the metal resis-
tanceperunit of lengthincreases,while the gateoutputresistancedecreases.
Metal resistancecannotbe ignoredfor an increasingnumberof nets. A net
mustbetreatedasadistributedRCnetworkwith differentdelaysat its fanouts.
Elmoredelaycanbe usedasa first approximation,but moredetailedmodels
arerequiredwhenmetalresistanceincreases.

Logic optimizationcansignificantlymove cellsandlocally modify thetim-
ing andareadistribution. As saidabove, logic optimizationshouldnotdisrupt
the netlist to a scalelarger than the placementresolution(i.e., the sizeof a
bin) to ensurethatplacementcanaccommodatethedisruption.Thusasplace-
mentresolutionincreases,the logic optimizationbecomeslessdisruptive. At
higher levels of quadrisection,the placementis very flexible, andaggressive
re-synthesisandtechnologymappingcanbeused.At lower levels,only local
optimizations,e.g.,sizingandbuffering, or very focusedre-synthesis,should
beauthorized.After detailedplacement,only restrictedsizingcanbeapplied.

Among the physicallogic synthesisandoptimizationtechniques,onecan
distinguish:

Loadanddriverstrengthoptimization.This includesgatesizing,buffer-
ing, pinsswapping,gatecloning.

Timing boundaryshifting. This includestransparentlatches(i.e., cycle
stealing),usefulskew, andretiming.

Resynthesisandtechnologyremapping.

Redundancy-basedoptimization

Areaand/orpower recovery.

Thesetransformationshave to decidethe placementof the cells. Somenew
logic transformationsspecificto physicaldesign,suchassynthesisfor conges-
tion relief [8], or logic optimizationfor signal integrity, areemerging. In the
sequelwe discusssomelogic optimizationmethodsin thecontext of physical
design:sizing,buffering, resynthesisandtechnologymapping.
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Thegoalof gatesizing is to determineoptimumsizesfor thegatesso that
the circuit meetsthe delayconstraints(slope,setup,andhold) with the least
area/power cost. A larger gatewill have a higherdrive strength(lower resis-
tance)andhenceit cancharge/dischargeoutputcapacitancesfaster. However,
it usuallyalsohasahigherinputcapacitance.Thisresultsin theprecedinggate
seeinga larger capacitive load andthussuffering an increaseddelay. Down-
sizinga gateoff thecritical path,but drivenby a cell on thecritical path,may
result in decreasingthe capacitanceseenby the driver, but it can also slow
down the off-critical pathto the point whereit becomescritical. Sizing thus
requiresa carefulbalancingof theseconflicting effects. An optimal solution
will requirethe coordinationof the correctsizesof all the gatesalong and
off-critical paths.

We canconsidera global solution [6], wherethe sizesfor all the gatesin
somecritical sectionare determinedsimultaneously. Analytical techniques
hasbeenproposedfor sizing in the continuousdomain(e.g.,linearprogram-
ming [3], posynomial[11], convex programming[17, 29]), and variousat-
temptshave beenmadeto usetheseresultswith discretesizesin a cell library
baseddesignstyle [15, 2]. Thesemethodcanbe practicalat the gatelevel,
wherefull accuracy is not anissue,or at thetransistorlevel, whenthemodels
arewell characterizedandhave niceconvex properties.

Thetheoryof constanteffort [27] andits moreusableapproximation,con-
stantdelay[13], provide a way to selectcell sizesdirectly for eachstage.For
example,the optimal delayon a fanout-freepath is obtainedby distributing
theeffort evenly amongthelogical stages.This meansthat if thedelayof the
wholepathis fixed,thenthedelayof everystagemustbekeptconstant.Thus,
cell sizescanbeselectedto matchthis constraintby visiting all thegatesin a
topologicalorder, startingfrom theoutputs.SeeSection7.3 for somelimita-
tionsof constantdelaysizing.

Sizingat thephysicallevel mustusethemostaccuratedelaymodel,includ-
ing interconnectdelay, andmustconsidertheinput slopeeffect,aswell asthe
differencebetweenfalling andrising delays.This cannotalwaysbecaptured
by analyticaltechniques.Also thesetechniquesassumethat the input pin ca-
pacitancesof a gatecanbeexpressedasa smoothfunction(usuallylinear)of
thegate’ssize(i.e.,drivestrength).Unfortunatelythisassumptionis oftenbro-
ken: inputpin capacitancedoesnot alwaysnicely correlatewith gatesize,and
sometimesit is not even a convex function. It is possibleto designlibraries
thatspecificallymeettheserequirements,but library designandvalidationis a
hugeburdenandinvestment.

Alternatively, discretesizingcanbedoneusingglobalsearchtechniques[7].
Thesetechniquesattemptto reachaglobaloptimumthrougha sequenceof lo-
cal moves,i.e., single-gatechanges.While thesearecomputationallyexpen-
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sive, they cantakeadvantageof very accuratedelaymodels,they arenot lim-
ited by assumptionsneededby analyticaltechniques(e.g.,a well-built library
with convex input pin capacitances),they canenforcecomplex constraintsby
rejectingmovesthatviolatethem(e.g.,validity of theplacement),andthey can
simultaneouslycombinesizingwith otherlocal logic optimizations(e.g.,gate
placement,buffering, pin swapping).They have beenshown to provide good
resultsfor discretelibraries. They areparticularlyeffective in the context of
physicaldesign,sincethey canfocuson small critical sections,usethe most
accuratedelaymodels—including interconnectdelay—,andfind a small se-
quenceof movesthatmeetstiming constraintswhile maintainingthevalidity
of theplacement.

Analytical sizingmethodsbasedon simpleconvex delaymodelsareglobal
andfast. Discretesizing methodsareslower, but very accurateandfocused.
Both methodsshouldbeusedby physicalsynthesis,drivenby thesizeof the
bin duringtheplacementrefinement,becausethebin sizedeterminestheextent
of theauthorizednetlistchange,andtheaccuracy of thephysicalinformation.

��c��bc�Á�c�� e4 �½{½{§ª¤p@�«ÅÄ
Bufferingservesmultiple functions:

Long wires result in signal attenuation(slope degradation). Buffers
(a.k.a.repeatersin thiscontext) areusedto restoresignallevels.

A chainof oneor morebufferscanbeusedto increasethedrivestrength
for a gatethatis driving a largeload.

Bufferscanbeusedto shieldacritical pathfrom a high-loadoff-critical
path. The buffer is usedto drive the off-critical path load so that the
driver on thecritical pathseesonly thebuffer’s input pin capacitancein
placeof thehigh load.

It is possibleto comeup with ad-hocsolutionsfor eachof theabove cases.
For example,repeaterscanbe addedat fixed wirelengthintervalsdetermined
by the technology. However, critical netsoftenneedto bebufferedto satisfy
morethanoneof theabove listed requirements.Thus,we preferalgorithmic
solutionsthat balancethe attenuation,drive strength,andshieldingrequire-
ments.This problemis hopelesslyNP-hard.An interestingsolutionexists for
thecasewhenthe topologyof thebuffer treeis fixed andthepotentialbuffer
sitesarefixed.This is thecasewhentheglobalroutefor thenetis alreadyde-
terminedandthebuffer treemustfollow this route. A dynamicprogramming
algorithm,usinganElmoredelaymodelfor theinterconnect,findsanoptimal
solutionin polynomial time [12]. Variousattemptshave beenmadeto over-
comethetwo limitationsof thisalgorithm(thefact thatthetopologyis already
fixed,andthattheElmoredelaymodeldoesnotaccuratelycapturetheresistive
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effectsof DSM technologies).Theformeris consideredto bemoreof a prob-
lem, becausefixing the topologycanseverely limit theshieldingpossibilities
andleadto overall sub-optimalsolutions.

Whatis neededis theability to determinethenetrouteaspartof thebuffer-
ing solution.Someattemptshavebeenmadeto developheuristicsolutions[23,
28], including addingadditionaldegreesof freedomlike wire anddriver siz-
ing. Thesetechniquesgive bettersolutionsthanthefixed topologyapproach.
Variousconstraintsmustbe handledwhenroutingandbuffering the net, like
routingblockagesandrestrictedbuffer locationsduetoplacekeepouts[33,18].

Determiningthe optimal buffer treefor a given net is only onepart of the
completebuffering problem.Given thatbuffering a given netcanchangethe
constraints(requiredtime/slack,load)on thepinsof anothernet,thefinal so-
lution is sensitive to theorderin which thenetsarevisited. In addition,once
a net is buffered,thegatesmayno longerbeoptimally sized. Resizinggates
beforethenext net is bufferedcanmodify thebuffering problem.Researchers
have consideredcombiningsizing and buffering into a singlestep[19], but
againthis problemis very complex andfar from beingsolved.

��c��bc�Á�c�Á ¤p§¨Âvà�«�¥fß�§8Âa@JÂã¢|«�£Ó¥f§8Tfß�«Å¾¡¦x¾pÄpàÓ¤p§ª©�¢pyfyä@�«ÅÄ
Technologymappingattemptsto find thebestselectionof cellsfrom agiven

cell library to meetagivendelayconstraintwith theleastarea/power. Technol-
ogy remappingduringphysicalsynthesisattemptsto find a bettermappingby
usingexisting physicalinformationfor determininginterconnectcapacitance
anddelay. Technologymappinghasbeenwell studied[14]. Knowing where
to apply it is the key. The challengeis to work on sectionssmall enoughto
not significantlydisturbtheplacement,yet significantenoughto improve the
design. Anotherchallengeis to determinewhereto placethe new cells cre-
atedduring the remappingphase[22]. Somesimplesolutionsbasedon fixed
boundarylocationscanbeusedduringthemappingitself, with aclean-upstep
to maketheplacementlegal [24].

Logic restructuringis thestrongestin the suiteof logic optimizationtech-
niquesbecauseit can significantly changethe structureof the netlist. This
makesit themostdifficult to applyin aphysicaldesignflow wherethechanges
areexpectedto be small to maintainthe validity of the placement.However,
the basic ideasin restructuringcan still be usedto improve the timing and
congestionpropertiesof thenetlistaslong asthechangesarefocusedon key
sectionsandthemodificationsarewithin thespaceof acceptablechanges,e.g.,
thechangesdonotviolatecapacity/congestionconstraintsfor variousphysical
regionsof thedesign.Therestructuringtechniquesthemselvesrangefrom gate
collapsing/decomposition (basedon commutative, associative, and distribu-
tive propertiesof logic functions[14]), to sophisticatedBooleanresynthesis
(e.g.,BDD-based).Again thechallengeis knowing whereto apply them,and
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maintainingthe constraintsimposedby the existing physicaldesign.Several
researchershave workedon this [25], however, with no dominanttechnique
emerging.

Timing driven logic resynthesisbasedon arrival times of critical signals
canbe used—the basicidea is using late signalsascloseto the outputsas
possible—.However, onealsowantsto keeptogethersignalsthat arephys-
ically closeto eachother. This meansthat in additionto its arrival time, the
locationof a signalmustbetakeninto accountastheBooleanfunctionis syn-
thesized.

Resynthesistechniquecanhelp relieving congestion.An innovative tech-
nique consistsof designingthe interconnectbefore the logic. The logic is
thensynthesizedby following the Booleanconstraintsestablishedby the in-
terconnect[8]. This problemdoesnot alwayshave a solution; thuseitherthe
interconnectmusthave enoughflexibility to enablethesynthesisof thelogic,
or thelogic itself mustberestrictedup front to guaranteea feasiblesolution.

�u�#+t�#+  �¢�£U -, ��§U©$©#¤{ T���/��©<¤t�­¤
Clock treesynthesismustbepartof therefinementprocess,becauseit sig-

nificantly affects congestion,power dissipation,and timing via clock skew.
Targeting zero-skew clock treeshasno justification but historical. Instead,
skew canbeusedto optimizethetiming. Furthermore,a nonzero-skew clock
treeensuresthatall thesequentialelementswill not toggleat the sametime,
thusreducingundesirablepeakpower.

After somelevel of quadrisection,thedistributionof thesequentialelements
andgatedclocksin thebinswill notchangesubstantially. At this level onecan
determinetheamountof routingandbufferingneededto carrytheclocksignal,
andthetrunkof theclock treecanbebuilt (Fig.7.4,left). Fromthispoint these
resourcesareaccountedfor by placementfor congestion.As thepartitionsize
decreasesandthe detail increases,the clock tree is refinedandits resources
areupdated.This leadsto no congestionsurprisesat theend,andit givestight
controlover clock skew requirements,sincetheplacementis flexible enough
sothatclockpinswith commonskew canbegroupedtogether. It alsoallowsa
fine controlof theskew for timing optimization,becausethecritical pathsare
continuouslymonitored.

Notethatthescanchainscanbesimilarly refined,un-stitchedandre-stitched
to accommodatethe placementof sequentialelementsand to minimize the
congestionwhile still meetingthescanorderingconstraints.

�u�#+t�10 ( £*å ©$§U.��T§�£�¥T��« §�£°¥¨���^�O�

Thepower/groundnetworkcanhave a hugeimpacton congestion.Initially
power routingis performedaccordingto auser-definedroutingtopology(e.g.,
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Clock treeandP/Gnetworkrefinement.

chip ring, power grid). At somelevel of the quadrisection,IR-drop analysis
canbedoneto checkthe reliability of theP/Gnetwork(Fig. 7.4, right). This
assessesthequality andintegrity of thepower routing,becausethepower rail
currentswill not changemuchas the placementis refined. The power con-
sumptiondependson netcapacitancesandtogglerates(numberof transitions
onanetperunit of time). Theswitchingactivity canbeobtainedby anexternal
simulation(e.g.,VCD file), or by anon-the-flysimulation(slow, but accurate),
or by probabilisticanalysis(fast,but easilymisleading).With thedistribution
of thecurrentsourcesin thebins,onecanextractapowernetworkthatis simu-
latedto produceaIR-dropmap.Thishelpsin adjustingthepowergrid, sinceat
this level theplacementis flexible enoughto accommodatefor addingand/or
wideningpowerstripes.

�u�#+t�#ç ¤t�­�T��ª�¢ �^����©<�T§U� �! 
Signalintegrity refersto themany effectsthatcausethedesignto malfunc-

tion dueto the distortionof thesignalwaveform. Theseeffectswerenot im-
portantin the previous generationof designs.They have becomekey issues
for thecorrectfunctioningandperformanceof DSM chips. In this sectionwe
identify thefollowing signalintegrity effectsandoutlinepossiblesolutionsto
addressthem: crosstalkfor delayandnoise; IR drop; electromigration;and
inductance.

��c��bc�è�c�� Tf¤|¾pÂmÂa¥�¢|¦�é
Whena signalswitches,thevoltagewaveformof a neighboringnetmaybe

affecteddueto cross-couplingcapacitancebetweeninterconnects.This effect
is calledcrosstalk.Crosstalkcanhurt bothtiming andfunctionality. It wasnot
anissuewith designsof V
W�q ] _ or largerline-widths,but asthetechnologyde-
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creasesto V
W���q ] _ andbelow, thecouplingcapacitancebecomesthedominant
factor(Section7.2.1),andinducescrosstalkeffectsthatcannotbeignored.

Crosstalkanalysisdeterminesthe noiseinducedon a net (the victim) by
its switchingneighboringnets(the aggressors).Analysis can be a static or
dynamic. Whenthe victim net is quiescent,or if thereis a separationof the
switchingwindowsof thevictim netfrom theaggressornet,crosstalkinducesa
noisethatcanbeanalyzedstatically. If theaggressornetcausesenoughvoltage
variationin thevictim netto affect its digital state(i.e., from logical1 to 0, or
vice-versa),the noisepropagatesandcaneventuallybe latchedby a flip-flop
to producea functionalfault (Fig. 7.5, top). Whentheswitchingwindows of
the aggressorand victim netsoverlap, crosstalkdelays(respectively speeds
up) the victim net if the aggressornet switchesin the opposite(respectively
same)direction,whichmaycausesetup(respectively hold)problems(Fig.7.5,
bottom).

It hasbeenproposedto estimatethecrosstalkeffect by replacingthecross-
coupling capacitance��� with a groundedcapacitanceof �`ë���� for worst
case(respectively V�ë���� for bestcase).This methodis oversimplistic.First,
taking �!ë���� for worst caseis not an upperboundon thedelayinducedby
oppositedirectionswitching. Second,it doesnot capturethe dynamiceffect
of crosstalk.Sucha methodsimply cannotbeusedfor anaccuratetiming sig-
noff. Fig. 7.6, bottom,shows the actualwaveformsof the victim net for an
aggressorswitching V
WZY·2m� afterthevictim signal,bothfor thesameandoppo-
sitedirections.It clearlyshows that thewaveformsobtainedby consideringa
static ��ëu��� and Voëu��� groundedcapacitancearenot goodapproximations.
Theactualwaveformsshow thatthevictim net’sdelayis affectedonarangeof
V
WÄV�ì�2m� , whichis substantial.If theaggressornetswitchingwindow is closerto
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RCextractionfor crosstalkanalysis.

thevictim net’s,this rangeis larger, andit decreasesasthewindow arefurther
away from eachother.

A solutionconsistsof a statictiming analyzerthatgeneratestheswitching-
time windows for eachnet [1], togetherwith an accuratecross-couplingRC
extractor(Fig.7.6,top). Thedynamiceffectof crosstalkcanthusbeaccurately
analyzed.Thesamecoupling-effectanalysisis usedfor noiseanalysis.Instead
of evaluatingthecrosstalkcontribution to pathdelay, thewaveformcalculator
determinestheamplitudeof theinducednoiseonthevictim net. If thenoiseis
largerthansomethresholdassociatedwith thecell drivenby thenet,aviolation
is generated.

Typically, crosstalkanalysisis doneat the post layout stage(e.g.,usinga
transistorlevel simulatorlike SPICE).Thentheroutertriesto fix theproblems,
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e.g., by spacingand/orshieldingthe afflicted nets,or by switching themto
differentlayers(Fig. 7.7). This canrequirea major rip-up andre-routeeffort
that hasno guaranteeto be automaticallyfeasible(the reality is that manual
fixes are required). Iterating sucha tediouspost-layoutanalysisand fixing
processcanresultin a longdesigntime.

Post-layoutfixing is a costly processandmay not converge, so crosstalk
needsto beaddressedasearlyaspossiblein theflow. Theroutercanbecon-
strainedto avoid crosstalkeffectsin thefirst place,e.g.,forbiddingamaximum
lengthof parallelrouting betweenany pair of nets. However, this methodis
basedon empiricaldataanddoesnot reflect the physicsof crosstalk,which
mustincludesignal-switching window dependency. Therouterendsup over-
constrained,leadingto unresolvablecongestionproblems.

Thereareattemptsat implementingcrosstalkavoidanceduring placement
andglobal routing. The ideais that even if detailedrouting is not available,
thesignalswitchingwindowscanbeusedstatisticallyto identify thepotential
problemnets. The problemnetsare given more white spaceduring global
routingso that thedetailedroutinghasenoughresourcesto performspacing,
shielding,or re-routingandautomaticallyfix crosstalkproblems. Also this
requiresthe detailedrouter to have gridlesscapabilitieswith variablewidth
andvariablespacingsothatcrosstalkissuescanbeaddressedeffectively.

��c��bc�è�c�� @�¤¡i¿£�¤|¾¡y
IR Drop is theproblemof voltagechangeon thepower andgroundsupply

lines due to high currentflowing throughthe P/G resistive network. When
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IR drop    delay
  0 V         0.114 ns
  0.15 V    0.126 ns (+10%)
  0.3 V      0.143 ns (+25%)
  0.5 V      0.184 ns (+61%)
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IR dropcausesdelay.

thevoltagedrop(respectively rise)in thepower(respectively ground)network
becomesexcessive, this causesdelaysin gatesthat canproducetiming viola-
tionsandfunctionality problems.It alsocausesunreliableoperationbecause
of smallernoisemargins.As anexample, Y·¹ of currentflowing through Y·÷ of
interconnectcausesa Y·ø drop,which is 2/3 of the YdW�q�ø power supplyvalue.
Fig. 7.8 shows the effect of voltagedrop at VDD on the performanceof a
buffer.

IR dropbecomesmorecritical for DSM designsbecause(1) therearemore
devices,thusa highercurrentdemand;(2) thewire andcontact/viaresistance
increasesbecauseof narrowerwiresandfewercontacts/vias;and(3) thesupply
voltageis decreasedto 1.5volts andbelow.

For many designs,IR dropis beingaddressedby over-designingthepower
networkwith wide power busesandmultiple power meshes.However, this
severely reducesthe availablerouting resourceandis likely to causerouting
congestionproblems.

An accurateIR dropanalysisis donewith a transistorlevel simulationthat
computesthedynamiccurrentflows. This is a costlyprocess,andat too low
a level to allow fixing problems.Thesimulationcanbedoneat thecell level
using cell-level power models,an RC model for the interconnect,and their
switchingdirectionsand frequencies.This producesan averagecurrentper
cell, from which theaveragevoltagedropcanbeapproximatedwith theresis-
tancemodelof the power andgroundnetwork. Although lessaccurate,this
methodcanidentify regionswith highvoltagedrops.

When the level of quadrisectionis fine enough,the interconnectloading
canbe obtainedaccuratelywhile the placementhasenoughflexibility to ac-
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Net failure dueto electromigration.

commodatethepower routingchange.Optimizingthepower routingfor both
IR-dropandcongestioncanbedoneat this level. Thecurrentsof thecells in
a bin areaccumulatedandrepresentedasa singlecurrentsourceto thepower
grid. A fast simulationis thenusedto evaluatethe voltagedrop so that the
powernetworkcanbeadjustedaccordingly. Powerstripescanbenarrowedor
suppressedto freesomeroutingresources,or widenedandaugmentedto meet
theIR dropspecification.
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Increasedcurrentdensity throughinterconnectfor an extendedperiod of

timecausesresistanceto increase.This resultsin self-heatingandmetaldisin-
tegration,which createsanopenor shortin thecircuit (Fig. 7.9).Thiseffect is
calledelectromigration(EM), andwasnotaproblemuntil theadventof DSM.
As circuitsgetfasterandbigger, morecurrentsflow throughtheinterconnects,
which at the sametime aregettingnarrower with every new generation.The
currentdensity(theamountof currentflowing perunit area)increasessuper-
linearlywith every new DSM generation.It is no longerfeasiblefor manufac-
turing to provide enoughcross-sectionareaon the interconnectsto guarantee
“net integrity” atall line widths.

EM hastraditionally beenaddressedby over-designingwith wide power
buses,which is wheremostof the EM issuesareexpected. However, over-
designingpower routingmaycausecongestionproblemsandis no longerac-
ceptable.Also,electromigrationeffectshavebecomeimportantfor clocktrees,
andwill affect signalnetsin the future. For clock andsignalnets,theremay
not beenoughcontacts/viasto sustainthecurrentthroughtheinterconnect.A
solution which will provide sufficient interconnectwidths without excessive
over-designis necessary.
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Toolsthatcomputethecurrentdensitiesfrom thelayoutareusedto analyze
EM problems,which arethenfixed manuallyby wideningthe problemnets.
However, this requiresconsiderableexpertise,andthe extra spacenecessary
for wideningthenetsmaynotbeavailable.

It is possibleto addressEM muchearlierin thedesignflow, by calculating
the requiredwidth of the interconnectasplacementand routing are refined.
Oncethe placementis accurateenoughfor a goodestimationof the net ca-
pacitances,one can calculatethe currentflow in thesenets,which together
with theswitchingactivity of thenets,enableselectromigrationanalysis.The
interconnectwidth and via countneededto supportthe currentis identified
at eachlevel of quadrisection.Theserouting resourcesarethenallocatedby
theglobal router. Consequently, thedetailedrouterwill beableto satisfythe
electromigrationroutingrequirementstogetherwith otherrequirements.

��c��bc�è�c�� @�«�£� ÅT¨¥�¢p«ÅTf§
As clock frequency of thedesignincreasesto above 500MHz with process

technologiesof V
WZY·ú ] _ andbelow, inductancebecomesan importantfactor
for longnetswith high frequency signals.On-chipself inductanceaffectslong
nets,andmutualinductanceaffectsnetsrunningin parallelfor long distances.
Clock netsshouldbeanalyzedfor self inductance,andbussignalsfor mutual
inductance.

A commonapproachto addressinductanceconsistsof sandwichingthesig-
nal layersbetweenpower planes(Fig. 7.10, top left). However, this is no
longeruseddueto highmanufacturingcostsandhighpowerconsumption.An
easierway to limit the inductanceeffectsis to provide shortercurrentreturn
pathsfor the high frequency signals. For clock networks,the currentreturn
pathshouldbe a groundclock shieldrunningparallel to the clock net in the
samelayer (Fig. 7.10,top right). For buses,thecommonpracticeis to insert
a groundwire every 4 to 8 bus signals(Fig. 7.10,bottomleft). For pairsof
long wiresrunningin parallel,staggeredinverterscancelthemutualinductive
effects(Fig. 7.10,bottomright).

On-chipinductanceis adifficult problemwithoutaclearemergingsolution,
andit is anareaof active research.Eventhoughinductancetodayaffectsonly
theclock tree,signalnetswill beaffectedin thefutureastheclock frequency
rises.New globalanddetailedroutingstrategieswill beneededto handlethis
effect.

�u�#+t��� §�£°¥¨��� �O�

Oneof themostimportantrequirementsto achieve goodroutingis thecor-
relationbetweenthe globalanddetailedrouters.Thedetailedroutermustfi-
nalizewhat theglobalrouterpredicted,andtheroutingresourcesallocatedby
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Inductanceavoidance.

the global routermustactuallybe availableto the detailedrouter. It is unre-
alistic to usetwo uncoupledglobalanddetailedrouters,sincecongestionis a
dominantfactorin DSM design.

The global routermustbe timing, congestionandcrosstalkdriven, andit
mustsupportmultiple widthsandspacing.Sinceat thebeginning it is impos-
sibleto know therouteof longwires,onecanuseprobabilistic routeto smear
thenet in the region whereit is likely to lie. As theplacementis refinedand
timing modelsbecomemore accurate,this probabilistic region shrinks,and
eventuallythenetcanbefully defined.

Thedetailedroutershouldsupportbothgridded(for speed)andgridless(for
detailedoptimization)modes.It mustsupportvariablewire width,e.g.,for de-
lay optimization.It mustenforcenumerousDSM routingrules,e.g.,metal/via
antenna,end-of-line,minimumarea,via arraygenerationfor fat-wire connec-
tions, andvariablespacingbasedon width. Also it must have timing, con-
gestion,crosstalk,electromigrationawarenessat all times(e.g.,during layer
assignmentandwire sizing).

�u�#+t��� (<¢ ª�  ©-.@¤{ T���/��©<¤t�­¤8. §�£°¥¨��©
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Fig.7.11illustratesoneaspectof theplacement,routing,congestion,timing,
andsynthesisinteraction.At thebeginning,a probabilisticrouteis generated
that spansthe areathe netwill likely lie in. As placementis refined,it takes
into accountthe congestionproducedby the smearedroute. Whensynthesis
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Placement/synthesis/routinginteraction.

decidesto modify the netlist,e.g.,by addingbuffers to fix a timing problem,
the contribution of thesebuffers to the congestionis alsotakeninto account.
Theglobalrouteis consequentlyrefined,seededhereby theplacementandthe
buffersintroducedby logic optimization.

�u�#+t��� «¨©<¤t�­�T� ¤t�­�T�O£°¯�¯

As thelevel of quadrisectionsincreases,thelayoutis known with morede-
tail, andthedesignvariables(area,congestion,timing, power, signalintegrity)
areestimatedmore accuratelyuntil their optimizationbecomesmeaningful.
Fromthispoint,they startto beoptimizedalongwith theothervariables.Even-
tually onereachesa point wherethe layout is known with sufficient detail to
beableto accuratelypredicttheoutcomeof theimplementationprocess(final
GDSII). The stateof this designis a physicalprototype. Although it occurs
well beforethe designis fully placedandrouted,a physicalprototypecorre-
spondsto themomentwhereonecantruly deliver anactualdesignof signoff
quality to thebackendtool.

DFE
	 S�N�J%ST��Q��>I
N�J � ����M �>�°��STL�I�<��
Every aspectof the designcomplexity keepsincreasing:moretransistors,

higherclock frequencies,andmorepronouncedphysicaleffects.Wediscussed
the challengesthat needto be addressedduring the physicalimplementation
from gate-level netliststo a productionworthy GDSII. We explainedhow a
flow basedon placementand route refinement(including clock tree, power
routing, andscanchains)with an opencost function, togetherwith physical
logic synthesisandoptimization,meetssomeof thesechallenges.It enables
early estimationandoptimizationof congestion,timing, andphysicaleffects
whenthedesignhasenoughflexibility toaccommodateperturbationsproduced
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by theoptimizationprocedures:thephysicalprototyperestoresthetiming sig-
noff lost in themid-1990’s.

The interconnectcentricDSM eraraisesnew problems,whereplacement,
routing, and logic optimizationare tightly interdependent.Hierarchicalde-
sign is a necessarydirectionto handlethe capacityandprojectmanagement
problemsof multi-million gatedesigns.This createsnew problems,like chip-
andblock-level physicalcontexts, andtiming abstraction.In essence,thede-
signprocessabove gate-level needsto bemoreplacementaware.At thesame
time, RTL-to-gatesynthesisshouldnot over-optimizea netlist with no place
androutedata.This leadsto averydifferentfull-chip designflow thatconsists
of thefollowing steps:

Behavioral synthesistogetherwith floorplanning. Severalscenarioscan
be explored, with a tradeoff betweenthe block sizesand shapes,the
correspondingfloorplan,andtheresultingchip performances.As a part
of floorplanning,the chip is brokenup into hierarchicalblocks,which
includephysicalandtiming constraintssufficient to allow independent
physicalimplementation.Also top-level routingandpin assignmenton
theblock is doneto exchangesignalsbetweenblocks.

FastRTL-to-gatesynthesisof theblocks. Thefocusis onfindingthebest
logic structure, not on having a fully sizedandbufferednetlist. It could
be a grosslymappednetlist, sinceat this point it doesnot makemuch
senseto pushtiming optimizationbeyondasimplemodel,e.g.,constant
delay.

Logicalandphysicaldesignof theblocks. This is theprocessdescribed
in this chapter. After someplacementrefinement,enoughintercon-
nect information is known to allow resynthesis,remapping,resizing,
rebuffering, etc. After signoff on the physicalprototype,the physical
implementationof a block within its abstractedchip context is thenfi-
nalizedusingthesamerefinementprocess.

Chip assembly. Block abstractionsandglue logic areassembledusing
thesamerefinementprocess.Note that several levelsof block abstrac-
tionscanbeused(from blackbox to GDSII), which enablesearlychip-
level validationwhile the blocksarebeingdesigned.Final extraction
andverificationwould follow.

To realizesucha flow, someof thefollowing questionsmustbeanswered:

Whatshoulddrive a hierarchicaldesignflow: floorplanningor synthe-
sis?

How do weperformtiming-drivenfloorplanning?
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How dowere-definegate-level synthesisto facilitatephysicaloptimiza-
tion?

How do wederiveblock-level timing budgets?

How doweaccuratelydescribethechipcontext duringblock implemen-
tation(parasitics,timing exceptions,clock treeconstraints)?

Mustwe definenew clock treedesignmethodologiesin suchaflow?

What is the verificationandtestmethodology, functionalandphysical,
in suchaflow?
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