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Abstract— Interconnect delay is dominant in today’s high
speedVLSI circuits and there havebeenvarious works to resolve
it [1],[2],[3]. A repeater insertion tool “RePertory” has been
newly developedto solve the interconnect timing problem on a
300MHz 128-bit 2-way SuperscalarMicropr ocessor Becauseof
its practical simple algorithm, the location of over 5700repeaters
distributed over 5 modules is calculated in 26 minutes on 5
UltraSPARC-II 360MHz in parallel. This paper describesthe
goalsof RePertory for this project, the timing improvement flow
with RePertory, the results and the analysis of this repeater
insertion method.

|. INTRODUCTION

The “Emotion Engine” (“EE’) is a 300MHz 128-bit 2-
way SuperscalaMicroprocessof4],[5] designedfor a next
generatiorvideogameconsole.Thetotal of 13.5Mtransistors
with a 0.18 um gate length were placedon a 15.02mm x
15.04mmdie. In the designof suchhigh-speedarge scale
VLSI circuits, repeaterinsertionis indispensablgo resolve
electromigratiorproblemsandto improveinterconnectlelays.

Theautomaticrepeateinsertiontool “RePertory”hasbeen
developedto resolve the following restrictionsof existing
commerciarepeateinsertiontools:

1. Mosttoolshavea proprietarytiming enginethat controls
which netswill haverepeatersnserted.Usershaveonly
very limited control.

2. The number locationanddrive strengthof the repeater
cellsarealsodecidedby the tool andit is impossibleto
controlthem.

3. The resultsdo not always meet the requirements(re-
gardingtiming, location, etc). This usually resultsin
time-consumingeditingby handfor eachiterationstepin
theflow.
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Better controllability in repeaterinsertion was absolutely
necessarypecausen this projectthe tapeoutcriteriawasthat
the post-layoutnetlist passeson a statictiming analyzey the
so-called“Golden Timing Analyzer (GTA). However the
proprietarytiming analyzerghatareusedin thetiming-driven
repeaterinsertion with commercialtools show considerable
deviationsfrom theresultsof the GTA for high-speedircuits.
Consequentlya netfor thatthe GTA flagsatiming violationis
impossibleto fix with sucharepeatemsertiontool if its timing
enginedoesnot detecttheviolation. The only way out of this
problemwould be to fix manynetsmanually This processds
not only time-consumingthereis alsothe risk of introducing
newerrors.

In additionto basicrepeateinsertionfunctions,the follow-
ing featuresareimplementedn RePertory

1. Controllability of the repeaterocation (topologicaland
geometrical)and the numberof repeaterdor the best
result.

2. Preservatiorof moduleboundariegrepeateiinsertionin
top level block only) to enablesuccessivéPO*.

3. More control: Repeaterganbe forcedinto certainnets
(i.e. mostcritical nets)and they can be prohibitedin
others(i.e. clock nets).

Il. GOALS AND FEATURES OF REPERTORY

A. Goalsof thedevelopmenbf RePertory

The following requirementsvere setfor RePertoryin this
project:

1IPO: In PlaceOptimization; Circuit optimizationwithout changingnet-
topology but with cell-sizeadjustmentand/orinsertion/deletiorof buffer(s).



(load caps) =(wire caps) + (input-pin caps)

<= i‘nterval =100 LU (Load Units)
N
4LU 96 LU L 4LU

input-pin caps  wire caps input-pin caps

(1LU=1~101F)

primary output

inside of outside of

mi I
module odule

D 150LU 60LU
L
% %
@ search
D 110LU N\, 40LU 60LU
L A7 L
% P
4LU
search
14LU 96LU [\ 40LU 60LU
> T A L (1
%% & % L 1L

4Lu 4Lu

Fig.1. Exampleof “interval” andrepeateinsertionby RePertory

. Shortdevelopmentime

. Shortprocessingime (runtime)

. Fixing electromigratiorviolations

. Achievinga clock frequencyof 300MHz or more

. Preservationof module boundariesin order to enable
successivéPO
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B. Feature®f RePertoryto achievethe goals

Following is a descriptionof the featuresthat wereimple-
mentedn orderto achievetheabovegoals.

B.1.Practicalalgorithmfor shortdevelopmenandprocessing
time

In orderto realizea shortdevelopmentime and shortrun
times as well, RePertoryignoreswire resistanceand only
considerdoad capacitancgsumof parasiticwire capacitance
andgatecapacitanceyvhich is describedn a DSPF file.

Theoptimumloadcapacitancéor eachsizeof repeatefrom
a timing point of view with a standard-widtimo-branchwire
wasdeterminedn advancewith GTA. This load capacitance
wascalled“interval” (SeeFig.1 (top)).

Whetheror notanetwill be subjectto repeateiinsertionis
determinedby its total capacitance.lf it is higherthanwhat
is calledthe “threshold” in this project, repeaterawill be in-
serted.Thisthresholdvascalculatedromtheelectromigration
constraintgSeesectionB.2).

Thefollowing methodwasappliedto everynetin thenetlist.
The capacitanceof eachnet segment is analyzedthrough

2DSPF:DetailedStandardParasiticcormat;containsinformationfor each
netaboutgeometryR, C, connectionsetc.

3A parasiticsextractiontool extractsa wire (net) by breakingit up into
segment®f a certainmaximumlength. In addition,segmentsvill be broken
whenthis wire bendsand/orbranches.

recursivesearchfrom the sourceof the signalto the sink(s).
If the total capacitanceexceedsthe threshold,repeatersare
insertedbeginningfrom the sink(s)to the sourcesothatin the
end noneof the new subnetsof this net exceedshe interval
capacitanc€Seerig.1(bottom)). In mostcasesuser-specified
repeatenf mediumsizeis employedby RePertory If thereis
alargeloadbeyondthe moduleboundarythatthis repeatecan
notdrive, a strongerrepeatewill automaticallybe selected.
Various parameterf the repeaterinsertion processsuch
asrepeatelocation,interval, size of repeatercell andtiming
constraintsfor eachsink are adjustable. This allows usersto
helpthetool fixing timing violationsin a few netswherefully
automatiaepeateinsertiondid notyield optimumresults.

B.2. Preventiorof electromigratiorproblems

Theelectromigrationisk becomesnoreandmoresevereas
currentsincreaseand wire widths shrink. In the EE design,
sincethe wire width of the long inter-connecinetsthat will
haveelectromigratiorproblemss notchangedrom thesignal
sourceto the sink(s), then the sourceof eachnet including
the outputof the driver of the netis the mostcritical point of
electromigration Fromthis pointof view, appropriateepeater
insertiondescribedelow avoidselectromigratiorproblems.

Basedon the designrulesandthe maximumcurrentdensity
a maximumload capacitancdor eachnet was calculatedto
guarantea certainlife time. Thatcapacitanc&aluewasused
asthe “threshold” describedn sectionB.1. All netswith a
load capacitancéigherthanthe thresholdwill haverepeaters
insertecto avoid electromigratiorproblems.

B.3. Timing-drivenrepeateinsertion

Althoughtheresultsof RePertorymetthetiming constraints
for almostall nets,someof thelong andmulti-branchnetslike
theinstructionbussignalshadremainingtiming violations.

In orderto speedupthosenets thefollowing parameterare
adjustabléby userson a netby netbasis:

e “threshold” and “interval” (Tuning of thosevaluesre-
fine the number of repeatersand the geometricaland
topologicalrepeatetocation. SeeB.1)

e timing constraintdor eachsink (sothatrepeaterganbe
insertednto theleastcritical branchedo isolatethe most
critical branches[3])

o size(drive strength)of repeaters

For specialnetssuchas netswith increasedwidth and/or
spaceclock nets,etc.,repeateinsertioncanbe prohibitedby
theuser

B.4. Preservatiomf moduleboundaries

Repeatersvill only beinsertedinto blocksthatallow stan-
dardcell placement.In otherwords, hard macroblockssuch
asmemorier datapathslo notallow repeateinsertion.

Whenarepeateis insertednto a net, this netis split upinto
two nets. The numberof netsin this circuit increasesanda
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Fig.2. Repeateisertionwith moduleboundarypreservation

portionof theold netnowexistsunderadifferentname.lf this
nethasmultiple physicalpins on the boundary someof those
pinswill keepthe old namewhile otherswill be connectedo
theportion of thenetthathasa differenthnamenow. Then,the
numberof logical pinsincreasesThisis not allowedbecause
IPOis perfomedafterrepeatemsertionon blocksindividually
outsidethecontextof thefull-chip netlist. ThereforeRePertory
will insertrepeatersn thetop-levelhierarchyonly.
Exampleresultsfor repeatemsertionwith moduleboundary
preservatiorareshownin Fig.2. If the boundaryof moduleB
is ignored,the ideal locationis asshownin the top view and
themiddleview showstheresultof therepeateinsertion. The
repeateis placedbetweenthe two branchesn the moduleB
anda new outputpin is generatedt the boundaryof module
B. This new outputpin will causea problemin the following
IPO.Thebottomview of Fig.2showstheresultof therepeater
insertionwithout changingof themoduleB boundary

I1l. DESIGN FLOW WITH REPERTORY

Fig.3 showsthe back-enddesignflow of the EE , including
repeateisertion. Gate-leveMerilog-HDL netlistsandtiming
constraintdiles aresynthesizedrom the RTL. Thefirsttiming
analysiss executedvith pre-layoutlatato getanearlyestimate
of the performance[6]. For that purposea Pseudo-DSPHs
generatedbasedon thefloorplaninto thattherepeatersvill be
inserted.Therepeatersrealsoinsertedinto the netlistwhich
will thentogetherwith the modified DSPF be passedon to
thetiming analyzer Pre-layouttiming analysiswith inserted

repeaterss possiblebecausdrePertorydoesnot dependon a
P&R database.

RePertoryis invokedagainin the mainstreamof the design
flow after the global routing hasbeenexecuted. Sometimes
therepeatersirenot placedat their ideallocationbecause¢hat
position may alreadybe crowdedwith other cells. There-
fore the global routing informationis sufficiently accuratefor
RePertoryandno detailedroutingdatais needed.

RePertory generatesthe new Verilog-HDL netlist (with
repeatersandtheECO(EngineeringChangeOrder)placement
file. Thesefilesaresuppliedio the P&R tool whichthenplaces
the repeatersand executesthe detailedrouting. After that
IPO is performed,but the sizesand numberof repeatersare
preservedduring that run and the secondP&R run (usually
final run) canbe started.

Finally, the post-layoutdatais suppliedto the timing ana-
lyzer. If the performances not sufficient, RePertorycanbe
invoked again; but this time with timing constraintsfor the
critical paths.

IV. APPLYING REPERTORY TO THE EE DESIGN.

A. Modulestructureandfloorplanof the EE

The top moduleof the EE containsmanysubmodulegSee
Fig.5) while four of them (RISC core, Vector Processing
Unit (VPU), IPU submodulel (IPUsubl),IPU submodule2
(IPUsub2))andthe top moduleitself weredesignedndepen-
dently, only boundaryinformationwasshared.Hence RePer-
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tory wasappliedto thosemodulesindependently Above four
submodulesvereconsiderechardmacroblocksn the context
of thetop module.

In eachof thosefive modulestherearegeometricarectan-
gularregionsallocatedor hardmacroblocksandstandarctell
(SC)submodulegsoftmacroblocks) EachSCregionincludes
oneor severalSC submodulesAll submodulegsrecontained
within a single regionand not spreadacrossseveralregions.
Thesizeof SCregionsis designedgsmallerthantheinterval of
repeatersothatnolongwire netremainsinsidea SCregion.

B. Topologicallocationof repeaters

As sectionB.4 explains, repeatersare insertedonly into
inter-regionnets. SynthesiandIPO alreadydid a goodjob on
optimizingintra-regionnets.

C. Geometricalocationof repeaters

Repeatersre allowedto be placednot only inside of SC
regionsbut also in the wiring area. In some casesalong
critical nets,areasverereservedxclusivelyfor repeater¢See
Fig.5). Placingrepeatersn the wiring areaallowsthemto be
closeto theirideallocationfor minimumwire delays. Power
and ground wires for thoserepeaterswere connectedafter
RePertorywasdone.

Because¢hewiring areaof VPU is limited, “repeateprohib-
ited areas'wereplacedin thewiring areain orderto preserve
preciousroutingresoursesThetop modulealsocontains're-
peateiprohibitedareas’in thewiring areain orderto avoidtoo

TABLE |
PROCESSING TIME OF REPERTORY AND NUMBER OF NETS AND REPEATERS

# of processindime (min,sec)  #of
module nets Iocat!on cal-repegtelre- total repeaters
culation location
TopModule95153 7m53s 4m27s 12m20s 1913
RISCcore 59342 4m31s 3m00s 07m31s 2194
VPU 71021 4m21s 21m09s 25m30s 1633
IPUsubl 16514 0m25s 0m00s 00m25s 0
IPUsub2 20705 0m25s O0mO1ls 00m26s 8

muchdispersiorof repeatersvhich causegxcessiveamounts
of power/groundvires.

D. Timing improvementlow

The timing improvementteam consistedof the engineers
in chargeof RTL design, synthesis,P&R and RePertory
maintenanceThetiming analysisresults therouteof the nets
with repeatersthe RTL descriptionwith thecritical paths the
repeateinsertionparameteremployedn thepreviousrunand
otherdatawereanalyzedarefullyby theteammemberandthe
following methodsvereemployedo resolvetiming violations.
During the time beforetapeoutthe timing improvementlow
shownin Fig.3 was repeated3 to 4 timesa month. Almost
everytime the repeateiinsertionparametergor critical paths
weretunedbeforethe executionof RePertory

1. Adjustmentof therepeateinsertionparameters

Netsfor repeater$o beinserted topologicaland/orgeo-
metricallocationof repeaterstiming constraintor each
sink, etc. wereadjustedandrepeateiinsertionwasexe-
cutedagain.Most of timing violationswereeliminatedin
this phasgA4 in Fig.3).

2. Improvemenbf RePertory

If a newfunctionis indispensabldéor RePertoryto meet
thetiming constraintsjt wasimplementedn a coupleof
weeksandwasusedfor furthertiming improvemeni(A4
in Fig.3).

3. Changesn RTL, synthesis|POandP&R

In some critical paths, repeaterinsertion was not as
effective for performanceimprovementas changesin
RTL, synthesis/IParameterandP&R parametersin
this project, the following methodswere effective in
timing improvement:Fanoutdivision, useof widerwires
without repeaters,changeof the net order in wiring,
creationof repeater-onlyegions(A1-3 andA5 in Fig.3).

V. RESULTS AND ANALYSIS OF THE APPLICATION TO THE EE
DESIGN
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TABLE Il
INCREASE IN NUMBER OF NETS AND CELLS AFTER REPEATER INSERTION

# of nets # of cells
before in- after in-increasebefore in- after In-increase

module

TopModule 95153 97066 +2.01% 81866 83779 +2.34%
RISCcore 59342 61536 +3.70% 51260 54354 +4.21%
VPU 71021 72654 +2.30% 61603 63236 +2.65%
IPUsubl 16514 16514 +0.00% 14869 14869 +0.00%
IPUsub2 20705 21713 +0.04% 18569 18577 +0.04%
wholeEE 262735 269483 +2.57% 228167 234815 +2.91%

A. Achievemenof goals

All of therequirementslescribedn sectionll wereachieved
with RePertoryin this project. Fig.4 showsthe slackof paths
in the RISC corethatarelongerthana singlestageandhence
passthrough multiple latches. Becausethe EE is a latch-
basediesign timing analysisof critical pathsthroughmultiple
latchesis essential. According to fig 4, hundredsof critical

TABLE Il
INCREASE OF SC CELL AREA AFTER REPEATER INSERTION

beforeinsertion after insertion increase

module

(mm?) (mm?) rate
TopModule 9.44 9.79 +3.70%
RISCcore 4.75 5.11 +7.59%
VPU 6.75 7.02 +4.00%
IPUsub1 1.36 1.36 +0.00%
IPUsub2 1.767 1.769 +0.08%
wholeEE 24.06 25.05 +4.08%

pathswereresolvedby repeateinsertion.

A.l. Processingime

RePertory was written in Perl and executedon Sun
UltraSFARC-1I 360MHz computers. Processingime (cal-
culation of repeaterdocation and relocationof repeatershat
wereoverlappingothercells) of RePertoryfor eachmoduleis
describedn tablel.
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TABLE IV
NUMBER OF REPEATERS WITH AND WITHOUT BOUNDARY PRESERVATION

boundarypreservation
module yes no
TopModule 1913 1942
RISCcore 2194 2202
VPU 1633 1646
IPUsub1 0 0
IPUsub2 8 8
wholeEE 5748 5798

Thetop moduletook alongertime thanthe RISC coreeven
thoughthe numberof repeatersn this modulewaslessthan
thatin the RISC core. Becausethe top module had almost
twiceasmanynetsastheRISCcore. It alsohadmore“repeater
prohibitedareas”thanthe RISC corewhich causeda longer
time for relocation. The VPU took the longestprocessing
timebecausé¢helocationof repeatersvasrestricteddueto the
smallwiring-areaandit took alongtime to relocaterepeaters
distributedn thewiring-aredanto thespecifiedepeateregions.

Becausé& machinesvereusedin parallel,it took only 25.5
minutesto insert5748repeatersnto the EE chip which was
fastenoughfor this project.

B. Analysisof therepeateinsertionresults

B.1.Impactof theinsertedrepeaters

The increasein the number of nets (+2.57%) and cells
(+2.91%)afterrepeateinsertionis shownin tablell andtable
Il showsthe increaseof SC area (+4.08%) after repeater
insertion. This is evenlessthanthe areaincreasecausedoy
thesparegateinsertion.

B.2. Impactof themoduleboundarypreservation

Table IV showsthat the numberof repeatersslightly in-
creasedvhenrepeatersvere allowedto be placedinsidethe

SCregions. But this wasforbiddenin this projectin orderto
preventthe moduleboundaryfrom changing.

In the whole EE , the differenceof the numberof repeater
cells betweentwo ways of repeaterinsertionin the table IV
waslessthan0.02%. Fig.4 showsthatthereis no difference
betweertheresultswith boundarypreservatiormndwithoutit.
In otherwords, preservinghe moduleboundarydid not have
adverseeffectson timing.

VI. CONCLUSION

The practicalrepeateinsertiontool RePertoryandits satis-
factoryresultsfrom theapplicationto a300MHz128-bit2-way
SuperscalaMicroprocessowerepresented.

The following featureswill be implementedin the next
generatiorof RePertory:

o Flexibility for usein otherprojects. Featurespecificto
the EE suchasparametefiles, designrules,etc. haveto
beisolatedfrom programcodes.

o Efficient useof timing constraintsn orderto avoid too
manyrepeatersn non-criticalpaths.

e Shorterprocessingime by usingthe C language RePer-
tory is codedin Perl for easy maintenanceand quick
enhancementsBut somefunctionslike overlapremoval
of repeatersan accountfor mostof the total run time;
hereis potentialfor anenormouspeed-up.
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