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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 simplealgorithm, 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.

I. IN� TRODU



CTION
�

The “Emotion Engine” (“EE”) is a 300MHz 128-bit 2-
way SuperscalarMicroprocessor[4],[5] designedfor a next
generationvideogameconsole.Thetotal of 13.5Mtransistors
with a 0.18 � m gate length were placedon a 15.02mm �
15.04mmdie. In the designof suchhigh-speedlarge scale
VLSI circuits, repeaterinsertion is indispensableto resolve
electromigrationproblemsandto improveinterconnectdelays.

Theautomaticrepeaterinsertiontool “RePertory”hasbeen
developedto resolve the following restrictionsof existing
commercialrepeaterinsertiontools:

1. Most toolshaveaproprietarytiming enginethatcontrols
whichnetswill haverepeatersinserted.Usershaveonly
very limited control.

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

3. The results do not always meet the requirements(re-
garding timing, location, etc). This usually resultsin
time-consumingeditingby handfor eachiterationstepin
theflow.

Better controllability in repeaterinsertion was absolutely
necessarybecausein this projectthe tapeoutcriteria wasthat
the post-layoutnetlist passeson a static timing analyzer, the
so-called“Golden Timing Analyzer” (GTA). However, the
proprietarytiming analyzersthatareusedin thetiming-driven
repeaterinsertion with commercialtools show considerable
deviationsfrom theresultsof theGTA for high-speedcircuits.
Consequently, anetfor thattheGTA flagsatiming violation is
impossibleto fix with sucharepeaterinsertiontool if its timing
enginedoesnot detecttheviolation. Theonly way out of this
problemwould be to fix manynetsmanually. This processis
not only time-consuming,thereis alsotherisk of introducing
newerrors.

In additionto basicrepeaterinsertionfunctions,thefollow-
ing featuresareimplementedin RePertory.

1. Controllability of the repeaterlocation (topologicaland
geometrical)and the numberof repeatersfor the best
result.

2. Preservationof moduleboundaries(repeaterinsertionin
top levelblockonly) to enablesuccessiveIPO1.

3. More control: Repeaterscanbe forced into certainnets
(i.e. most critical nets) and they can be prohibited in
others(i.e. clocknets).

II. G
�

OALS AN
�

D FEATU



RES OF REPERTORY

A. Goalsof thedevelopmentof RePertory

The following requirementswereset for RePertoryin this
project:

1IPO: In PlaceOptimization;Circuit optimizationwithout changingnet-
topology, but with cell-sizeadjustmentand/orinsertion/deletionof buffer(s).
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Fig.1. Exampleof “interval” andrepeaterinsertionby RePertory

1. Shortdevelopmenttime

2. Shortprocessingtime (run time)

3. Fixing electromigrationviolations

4. Achievingaclock frequencyof 300MHzor more

5. Preservationof module boundariesin order to enable
successiveIPO

B. Featuresof RePertoryto achievethegoals

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

B.1.Practicalalgorithmfor shortdevelopmentandprocessing
time

In order to realizea shortdevelopmenttime andshortrun
times as well, RePertoryignores wire resistanceand only
considersloadcapacitance(sumof parasiticwire capacitance
andgatecapacitance)which is describedin a DSPF2 file.

Theoptimumloadcapacitancefor eachsizeof repeaterfrom
a timing point of view with a standard-widthno-branchwire
wasdeterminedin advancewith GTA. This load capacitance
wascalled“interval” (SeeFig.1(top)).

Whetheror not a netwill besubjectto repeaterinsertionis
determinedby its total capacitance.If it is higher thanwhat
is calledthe “threshold” in this project, repeaterswill be in-
serted.Thisthresholdwascalculatedfromtheelectromigration
constraints(SeesectionB.2).

Thefollowing methodwasappliedto everynetin thenetlist.
The capacitanceof eachnet segment3 is analyzedthrough

2DSPF:DetailedStandardParasiticFormat;containsinformationfor each
netaboutgeometry, R, C, connections,etc.

3A parasiticsextractiontool extractsa wire (net) by breakingit up into
segmentsof a certainmaximumlength. In addition,segmentswill bebroken
whenthis wire bendsand/orbranches.

recursivesearchfrom the sourceof the signal to the sink(s).
If the total capacitanceexceedsthe threshold,repeatersare
insertedbeginningfrom thesink(s)to thesourcesothat in the
endnoneof the new subnetsof this net exceedsthe interval
capacitance(SeeFig.1(bottom)).In mostcasesauser-specified
repeaterof mediumsizeis employedby RePertory. If thereis
a largeloadbeyondthemoduleboundarythatthis repeatercan
notdrive,a strongerrepeaterwill automaticallybeselected.

Variousparametersof the repeaterinsertionprocesssuch
asrepeaterlocation,interval, sizeof repeatercell andtiming
constraintsfor eachsink areadjustable.This allows usersto
helpthetool fixing timing violationsin a few netswherefully
automaticrepeaterinsertiondid not yield optimumresults.

B.2.Preventionof electromigrationproblems

Theelectromigrationrisk becomesmoreandmoresevereas
currentsincreaseandwire widths shrink. In the EE design,
sincethe wire width of the long inter-connectnetsthat will
haveelectromigrationproblemsis notchangedfrom thesignal
sourceto the sink(s), then the sourceof eachnet including
the outputof thedriver of thenet is themostcritical point of
electromigration.Fromthispointof view, appropriaterepeater
insertiondescribedbelowavoidselectromigrationproblems.

Basedon thedesignrulesandthemaximumcurrentdensity
a maximumload capacitancefor eachnet wascalculatedto
guaranteeacertainlife time. Thatcapacitancevaluewasused
as the “threshold” describedin sectionB.1. All netswith a
loadcapacitancehigherthanthethresholdwill haverepeaters
insertedto avoidelectromigrationproblems.

B.3.Timing-drivenrepeaterinsertion

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

In orderto speedupthosenets,thefollowing parametersare
adjustableby usersonanetby netbasis:

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

� timing constraintsfor eachsink (so that repeaterscanbe
insertedinto theleastcritical branchesto isolatethemost
critical branches[3])

� size(drivestrength)of repeaters

For specialnetssuchas netswith increasedwidth and/or
space,clock nets,etc.,repeaterinsertioncanbeprohibitedby
theuser.

B.4.Preservationof moduleboundaries

Repeaterswill only be insertedinto blocksthatallow stan-
dardcell placement.In otherwords,hardmacroblockssuch
asmemoriesor datapathsdonotallow repeaterinsertion.

Whenarepeateris insertedinto anet,thisnetis split up into
two nets. The numberof netsin this circuit increasesanda



module A (out);
output out;
...
endmodule

module B (in);
input in;
...
endmodule

module C(in);
input in;
...
endmodule

module top ();
wire bus;
wire bus1, bus2;
...
A A (.out(bus));
buf buf0(bus, bus1);
B B (.in(bus1));
buf buf1(bus1, bus2);
C C (.in(bus2));
...
endmodule

netlist after repeater insertion

module A (out);
output out;
...
endmodule

module B (in);
input in;
...
endmodule

module C(in);
input in;
...
endmodule

module top ();
wire bus;
...
A A (.out(bus));
B B (.in(bus));
C C (.in(bus));
...
endmodule

netlist before repeater insertion

Module A Module C

Module B (SC module)

Ideal Repeater Location regardless of back-annotation

search

Module A Module C

Module B (SC module)

Ideal Repeater Location regardless of back-annotation

search the last
possible point

FOUND!!

Module A Module C

Module B (SC module)

insert repeaterinsert repeater

search again

Fig.2. Repeaterinsertionwith moduleboundarypreservation

portionof theold netnowexistsunderadifferentname.If this
nethasmultiple physicalpinson theboundary, someof those
pinswill keeptheold namewhile otherswill beconnectedto
theportionof thenetthathasa differentnamenow. Then,the
numberof logical pinsincreases.This is not allowedbecause
IPOis perfomedafterrepeaterinsertiononblocksindividually
outsidethecontextof thefull-chip netlist. ThereforeRePertory
will insertrepeatersin thetop-levelhierarchyonly.

Exampleresultsfor repeaterinsertionwith moduleboundary
preservationareshownin Fig.2. If theboundaryof moduleB
is ignored,the ideal locationis asshownin the top view and
themiddleview showstheresultof therepeaterinsertion.The
repeateris placedbetweenthe two branchesin themoduleB
anda new outputpin is generatedat the boundaryof module
B. This newoutputpin will causea problemin the following
IPO.Thebottomview of Fig.2showstheresultof therepeater
insertionwithout changingof themoduleB boundary.

III. DESIGN
� FLOW

�
W
�

ITH REPERTORY

Fig.3showstheback-enddesignflow of theEE , including
repeaterinsertion.Gate-levelVerilog-HDL netlistsandtiming
constraintsfilesaresynthesizedfrom theRTL. Thefirst timing
analysisisexecutedwith pre-layoutdatatogetanearlyestimate
of the performance[6]. For that purposea Pseudo-DSPFis
generatedbasedon thefloorplaninto thattherepeaterswill be
inserted.Therepeatersarealsoinsertedinto thenetlistwhich
will then togetherwith the modified DSPFbe passedon to
the timing analyzer. Pre-layouttiming analysiswith inserted

repeatersis possiblebecauseRePertorydoesnot dependon a
P&R database.

RePertoryis invokedagainin themainstreamof thedesign
flow after the global routing hasbeenexecuted. Sometimes
therepeatersarenot placedat their ideallocationbecausethat
position may alreadybe crowdedwith other cells. There-
fore theglobal routinginformationis sufficientlyaccuratefor
RePertoryandno detailedroutingdatais needed.

RePertorygeneratesthe new Verilog-HDL netlist (with
repeaters)andtheECO(EngineeringChangeOrder)placement
file. Thesefilesaresuppliedto theP&R tool whichthenplaces
the repeatersand executesthe detailedrouting. After that
IPO is performed,but the sizesandnumberof repeatersare
preservedduring that run and the secondP&R run (usually
final run)canbestarted.

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

IV
�

. APPLYIN
�

G REPERTORY TO THE EE DESIGN
� .

A. Modulestructureandfloorplanof theEE

The top moduleof theEE containsmanysubmodules(See
Fig.5) while four of them (RISC core, Vector Processing
Unit (VPU), IPU submodule1 (IPUsub1),IPU submodule2
(IPUsub2))andthe top moduleitself weredesignedindepen-
dently, only boundaryinformationwasshared.Hence,RePer-
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Fig.3. Designflow of EE designwith RePertory

tory wasappliedto thosemodulesindependently. Abovefour
submoduleswereconsideredhardmacroblocksin thecontext
of thetopmodule.

In eachof thosefive modules,therearegeometricalrectan-
gularregionsallocatedfor hardmacroblocksandstandardcell
(SC)submodules(softmacroblocks).EachSCregionincludes
oneor severalSCsubmodules.All submodulesarecontained
within a single regionandnot spreadacrossseveralregions.
Thesizeof SCregionsis designedsmallerthantheintervalof
repeaterssothatno longwire netremainsinsideaSCregion.

B. Topologicallocationof repeaters

As sectionB.4 explains, repeatersare insertedonly into
inter-regionnets.SynthesisandIPOalreadydid agoodjob on
optimizingintra-regionnets.

C. Geometricallocationof repeaters

Repeatersareallowed to be placednot only inside of SC
regionsbut also in the wiring area. In some casesalong
critical nets,areaswerereservedexclusivelyfor repeaters(See
Fig.5). Placingrepeatersin thewiring areaallowsthemto be
closeto their ideal locationfor minimumwire delays.Power
and ground wires for thoserepeaterswere connectedafter
RePertorywasdone.

Becausethewiring areaof VPU is limited, “repeaterprohib-
itedareas”wereplacedin thewiring areain orderto preserve
preciousroutingresourses.Thetop modulealsocontains“re-
peaterprohibitedareas”in thewiring areain orderto avoidtoo

TABLE I
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�

C
�
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�

S
�
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�

G
�

TIME O
�

F REPERTO
�

RY AN
�

D N
�

U
�

MBER O
�

F N
�

ETS
�

AN
�

D REPEATERS
�

# of processingtime (min, sec) # of

module nets location cal-
culation

repeaterre-
location

total repeaters

TopModule95153 7m53s 4m27s 12m20s 1913

RISCcore 59342 4m31s 3m00s 07m31s 2194

VPU 71021 4m21s 21m09s 25m30s 1633

IPUsub1 16514 0m25s 0m00s 00m25s 0

IPUsub2 20705 0m25s 0m01s 00m26s 8

muchdispersionof repeaterswhich causesexcessiveamounts
of power/groundwires.

D. Timing improvementflow

The timing improvementteamconsistedof the engineers
in chargeof RTL design, synthesis,P&R and RePertory
maintenance.Thetiming analysisresults,therouteof thenets
with repeaters,theRTL descriptionwith thecritical paths,the
repeaterinsertionparametersemployedin thepreviousrunand
otherdatawereanalyzedcarefullyby theteammembersandthe
following methodswereemployedto resolvetimingviolations.
During the time beforetapeout,the timing improvementflow
shownin Fig.3 was repeated3 to 4 times a month. Almost
everytime the repeaterinsertionparametersfor critical paths
weretunedbeforetheexecutionof RePertory.

1. Adjustmentof therepeaterinsertionparameters

Netsfor repeatersto be inserted,topologicaland/orgeo-
metricallocationof repeaters,timing constraintsfor each
sink, etc. wereadjustedandrepeaterinsertionwasexe-
cutedagain.Mostof timing violationswereeliminatedin
thisphase(A4 in Fig.3).

2. Improvementof RePertory

If a newfunction is indispensablefor RePertoryto meet
thetiming constraints,it wasimplementedin a coupleof
weeksandwasusedfor furthertiming improvement(A4
in Fig.3).

3. Changesin RTL, synthesis,IPOandP&R

In some critical paths, repeaterinsertion was not as
effective for performanceimprovementas changesin
RTL, synthesis/IPOparametersandP&R parameters.In
this project, the following methodswere effective in
timing improvement:Fanoutdivision,useof widerwires
without repeaters,changeof the net order in wiring,
creationof repeater-onlyregions(A1-3 andA5 in Fig.3).
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Fig.5. Distributionof repeatersin theEE
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�
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AFTER REPEATER IN
�

S
 

ERTIO
"

N
�

# of nets # of cells

module before in-
sertion

after in-
sertion

increase
rate

before in-
sertion

after in-
sertion

increase
rate

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%

IPUsub1 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. Achievementof goals

All of therequirementsdescribedin sectionII wereachieved
with RePertoryin this project. Fig.4showstheslackof paths
in theRISCcorethatarelongerthana singlestageandhence
passthrough multiple latches. Becausethe EE is a latch-
baseddesign,timing analysisof critical pathsthroughmultiple
latchesis essential. According to fig 4, hundredsof critical

TABLE III
IN� C
�

REAS
 

E O
"

F SC C
�

ELL AREA AFTER REPEATER IN
�

S
 

ERTIO
"

N
�

module
beforeinsertion
( $%$ 2)

after insertion
( $%$ 2)

increase
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 repeaterinsertion.

A.1. Processingtime

RePertory was written in Perl and executed on Sun
UltraSPARC-II 360MHz computers. Processingtime (cal-
culation of repeaterlocation and relocationof repeatersthat
wereoverlappingothercells)of RePertoryfor eachmoduleis
describedin tableI.
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module yes no

TopModule 1913 1942

RISCcore 2194 2202

VPU 1633 1646

IPUsub1 0 0

IPUsub2 8 8

wholeEE 5748 5798

Thetopmoduletooka longertime thantheRISCcoreeven
thoughthe numberof repeatersin this modulewas lessthan
that in the RISC core. Becausethe top modulehad almost
twiceasmanynetsastheRISCcore. It alsohadmore“repeater
prohibitedareas”than the RISC corewhich causeda longer
time for relocation. The VPU took the longestprocessing
timebecausethelocationof repeaterswasrestricteddueto the
smallwiring-areaandit took a long time to relocaterepeaters
distributedin thewiring-areaintothespecifiedrepeaterregions.

Because5 machineswereusedin parallel,it took only 25.5
minutesto insert5748repeatersinto the EE chip which was
fastenoughfor thisproject.

B. Analysisof therepeaterinsertionresults

B.1. Impactof theinsertedrepeaters

The increasein the number of nets (+2.57%) and cells
(+2.91%)afterrepeaterinsertionis shownin tableII andtable
III shows the increaseof SC area (+4.08%) after repeater
insertion. This is evenlessthanthe areaincreasecausedby
thesparegateinsertion.

B.2. Impactof themoduleboundarypreservation

Table IV showsthat the numberof repeatersslightly in-
creasedwhenrepeaterswereallowed to be placedinsidethe

SCregions. But this wasforbiddenin this projectin orderto
preventthemoduleboundaryfrom changing.

In the whole EE , the differenceof the numberof repeater
cells betweentwo ways of repeaterinsertionin the table IV
was lessthan0.02%. Fig.4 showsthat thereis no difference
betweentheresultswith boundarypreservationandwithout it.
In otherwords,preservingthemoduleboundarydid not have
adverseeffectson timing.

V
-

I. C
.

ON
/

CLU
0

SION
/

Thepracticalrepeaterinsertiontool RePertoryandits satis-
factoryresultsfromtheapplicationtoa300MHz128-bit2-way
SuperscalarMicroprocessorwerepresented.

The following featureswill be implementedin the next
generationof RePertory:

1 Flexibility for usein otherprojects. Featuresspecificto
theEE suchasparameterfiles,designrules,etc. haveto
beisolatedfrom programcodes.

1 Efficient useof timing constraintsin order to avoid too
manyrepeatersin non-criticalpaths.

1 Shorterprocessingtimeby usingtheC language.RePer-
tory is coded in Perl for easy maintenanceand quick
enhancements.But somefunctionslike overlapremoval
of repeaterscanaccountfor most of the total run time;
hereis potentialfor anenormousspeed-up.
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