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Abstract— With advance in silicon technology and system
integrating technology, utmost care for RC–delaymust be taken
in high performance LSI design. This paper describesthe new
design method applied to the Vector Unit(VU) implemented in
the recently announced high-performance 3D-graphics engine,
‘Emotion Engine’. The key featuresof the designmethod are the
followings:�

careful functional designof the VU architecture�
designhierarchy consistencybetweenRTL descriptionsand
floor plan�
accurateestimation of wire load in pre–layout static timing
analysis

With the above design features, the VU is has achieved the
operating frequencyof 300MHz.

I. IN� TRODU
�

CTION
�

A new 300MHz 3D-graphicsenginecalled ‘Emotion En-
gine’ (EE) hasbeendevelopedby TOSHIBA andSonyCom-
puter Entertainment,which has 13Mtr. and 15.02mm 	
15.04mmdie areawith 0.18
 m CMOS technology[1],[2].
With advancein silicon technologyand systemintegrating
technology, specialattentionneedsto be paid to RC delayin
highperformanceLSI design.

Severaldesignmethodologiesfor estimatingaccuratewire
capacitancesin pre–layoutstageshavebeenproposed[3]to
improve speedquality of synthesizedlogics and reducethe
time requiredfor designiteration. But they deal with wire
capacitanceonly andlackof wire resistancesfalls in inaccurate
pre–layouttiming analysis.

We havedevelopeda new methodwhich canestimatenot
only wire capacitancebut alsowire resistanceby predicting
a wire shapeand the estimatedRC delay is effectively used
for pre–layouttiming analysis. This methodenablesus to
obtainaccuratepre-layouttiming resultandreducethedesign
turn-aroundtime(TAT). TheimprovedTAT for thepre–layout
timing analysisis onesixth thepost–layoutanalysis.

In this paper, we discussthe methodologyemployedfor
the design of the Vector Unit (VU) embeddedin EE, the
next-generationvideo gameconsole. First, we describethe
VU architectureandtheoutstandingfeaturesof VU designin
SectionII, the basicconceptof our timing designin Section
III, the details of our timing designin SectionIV, and the
effectivenessof ourdesignmethodin SectionV.
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VU is a vectorcalculationengineimplementedin EE , the
next generationvideo gameconsole. For realizing ”Emo-
tion Synthesis”and high quality 3D-graphics,VU has two
processingmodes.

In theco–processormode,VU istightly connectedtothecore
processorasa co–processorby 128bitbus. VU hascapability
of executingenhancedcoreprocessorinstructionswhich are
preparedfor 4-parallelfloating point vectorcalculations,and
of processingmassivefloatingpoint calculations.

The othermodeis calledVLIW modein which VU works
as a stand-aloneVLIW processorand all functional units
operatefully in parallel. The modemakeshigh performance
3D-geometrycalculationspossible.

TheVU block diagramis shownin Fig.1
VU has4 fMACs, 1 fDIV, 1 iALU, 32 	 128bitfloatingpoint

registers(fGPR),16 	 16bit integerregisters(iGPR),a random
numbergeneratorunit(RANDU), anda load–storeunit(LSU).
An elementaryfunctionunit(EFU)canbeattachedoptionally.
Everyfloatingpoint registerconsistsof 4 fields(x,y,z,w),each
of whichstoresa32bitsingle-precisionfloating–pointnumber.
VU hasaflexiblebypassingandbroadcastingnetworkbetween
the fGPR andthe arithmeticunits. Hence,anyfloating point
operandcanbetransferredto everyfunctionalunit throughthe
bypass(f–Bypass)andbroadcastedto all fMACs.

TheVU pipelineis shownin Fig.2.
Thepipelineconsistsof 6 stagesfor all operationsexceptfor

thoseof fDIV(9 stages).Thenumberof stagesisdecidedsothat
programmersandcompilerscancodeoptimizedprogramsby
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Fig. 1. a VU blockdiagram
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Fig. 2. a VU pipeline

pipeliningmethodeasily. Thesoftwarepipeliningis essential
for high quality 3D-graphicsand Emotion Synthesis. The
throughputof eachoperationexceptfor thatof EFUandfDIV
is only onecycleandinstructionsareexecutedefficiently. On
geometrytransformation,for example,4 H 4 matrix and 4
elementsvectoraremultiplied in eightcycles.
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In order to achievethe targetfrequency, it is importantto
studytheeffectof wire loadingon timing design.

With respectto conventionallogic synthesistools, wire
loading is modeledby static distribution of R factor and C
factor asa function of fanout. This works fine asfar asRC
delay for one fanout is not very dominant. However, the
RC delayfactor is becominglargerandlargerasthe process
technologyevolves.

This is a vital issuebecausewireswith heavyRC parasitics
havea seriousimpacton timing design,but,at thesametime,
thenumberof suchheavywiresoccupiesonly asmallfraction
of thetotalwirescounts.Eventhoughtheeffectof RCdelayof
thesewirescannotbeneglected,it is notappropriatelyreflected
in wire loadmodelssimplybecausethesewiresareminorities.

Fig.3 showsRC distribution in VU, wheregray barsand
white bars standfor the numberof wires inside functional
blocksandthetotalnumberof wires,respectively. Mostof the
wirestendsto havesmallerresistancevaluesastheconnection
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count decreases,but still, a few wires have large resistance
despitetheyhavepoint-to-pointconnection.

In order to deal with this problem, wires are categorized
into two groupsin this schemeby dividing VU into several
functionalblocksandcategorizingintra-blockwiresandinter-
block wires. Each functional block has about 4,000 gates
and logic synthesisis performedby the block basis. This
the functional block is also definedas a module in RTL so
that the inter-blockwirescanbe identifiedevenon RTL level
(shownin Fig.4). Upon floor planning,oneblock is treated
asa unit, so that conventionalwire load model is applicable
to intra-block wires. Wire load of the inter-block wirings
is estimatedfrom their lengthseparatelyfrom the wire load
modelfor theintra-blockwires,andthewire loadis annotated
to timing analysis.

Moreover, by makinguseof this estimatedwire loadsnot
only for logic synthesisbutalsofor pre-layouttiming analysis,
timing canbe predictedin the early stageof the designflow
with higheraccuracyin shortperiodof time.

Thedesignflow detailsis discussedin thenextsection(see
alsoFig.5).
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A. RTL designandfloor planning

TheVU pipelineis is designedsuitablyfor 3D floatingpoint
operations.For the high speeddesign,it is importantto take
advantageof thepipelinestructureandto shortenwire length
in partitioningthefunctionalblocks.

Thefetchanddecodeareallowedto consumeonly 1 cycle
eachin the VU pipeline. VU f–Bypassis quite complicated
becauseit is notonly bypassingoperandsbutalsobroadcasting
themThis meansthat thereis only onecycleassignedeachto
bypassingandbroadcastingoperands.



L M N O M P Q R S M T U V W NL M N O M P Q R S M T X S Y W Z [L M N O M P Q R S M T S \ ] V ^ S Z W M [

L M N O M P Q R S

_ Q ` O M P Q R S Y

a b c c d e b f gh i j i k l m n g h m k d f d o p q
X S Y W Z [X S Y W Z [X S Y W Z [r S Z W M [r S Z W M [

r S Z W M [r S Z W M [ r S Z W M [r S Z W M [ r S Z W M [r S Z W M [
_ Q ` O M P Q R S Y_ Q ` O M P Q R S Y

Fig. 4. HDL andFloor-Planhierarchycorrespondence
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Fig. 5. DesignFlow

In makingfull useof thepipelinestyle, instructiondecode,
bypasscontrol, hazarddetectionand pipeline stall control
mustbecompletedin a cycle. Thus,all bypasses,a program
counterunit(PCU) and somebuffer treesof pipelinecontrol
areimplementedin customblocksto decreasethedelayof data
transfer, and the PCU andall integerdatapathsaregrouped
into onefunctionblock.

To achieveshorterwire length, the functional blocks are
floor-plannedasshownin Fig.6. Thewell-arrangedfloor plan
eliminateslengthy interconnectstraveling from one end of
VU to the otherand reducesthe wire load by increasingthe
percentageof thewiresconnectingneighboringblocks.

B. Wire loadestimation

In accordancewith the way the synthesistool and timing
analysistool handlethe delay, wire loadestimationaremade
in two differentways:

Ì For logic synthesis
Themostimportantpointis tomapadequatesizeof drivers
at its interfaceto otherblocks.Thisdoesnot requirehigh
accuracyandthereforeonly thecapacitanceis handledas
the wire parasitic. The capacitanceestimationis made
by measuringthedistancefrom the interfaceto themost
distant endsof the functional blocks connectedto the
intra-block wires. The estimationtools are coded in
perl language. The inputs of tools are RTL codesand
floor-plangeometryinformation,andtheoutputis a wire
capacitancelist. It takesabout5 minutesto estimateall
wire loadingsin VU.Ì For timing analysis
Unlike the one for logic synthesis,both resistanceand
capacitancemust be estimatedfrom wire shapeand lo-
cus. Detailedestimationof the wire shapeandlocation,
however, requiresrealplace-and-routeoperationandcon-
sumestoo much time. In this scheme,wire load is
estimatedin thefollowing manner(shownin Fig.7):

1. locatethecenterof gravityof thewiring from block
positionandblockconnectioninformationassuming
thatall thepinsareplacedat thecenterof theblock.

2. draweithera horizontalor vertical line passingthe
centerof gravity.

3. draw perpendicularline from the center of each
block until it reachestheaboveline.

4. calculateresistanceandcapacitanceof eachsegment
of thelines.

In thisway, wecanestimatenotonly thewire capacitance
but also the wire resistance.Thuswe can increasethe
accuracyof estimation.

The wire shape estimation describedabove is well-
researched([4],[5],etal.) and proved to be effective
for the small and high speedchip designs. But we do
not apply the calculationof wire delay in VU design



directly becausewire delayinformationis not necessary
for our repeaterinsertion. Instead,more optimal delay
canbecalculatedby thestaticpathanalysisafterrepeater
insertion(seethefollowing subsection).

The estimationtool is codedin C language.The inputs
of thetool areRTL codesandfloor-plangeometryinfor-
mation,andtheoutputis a file includedconsistingof the
wire informationof resistance,capacitance,andshapefor
static timing analysis. It only takesabout2 minutesto
estimateall wire loadingsin VU.

Thereasonfor usingthecenterof gravity for locatingbuffer
is that theactualstartpoint andendpoint arenot knownuntil
logic placement. This becomesa problemfor big function
blocklike memorymacros.Therefore,realpin locationis used
for theselargeblocksby extractingthe pin positionfrom the
layout.

C. SynthesisandPlace–and–Route

Eachfunctionalblock is synthesizedindividually, and the
netlistof thewholeVU isbuilt upbycombiningthesynthesized
blocks. To reducecomplexityof netlist processingby tools,
theflattenednetlistof thewholeVU is employed.

In our designflow, repeaterbuffersto improveslewlateare
automaticallyinsertedinto inter–regionnetsby Repertory[6]
after the first Place–and–Route(P&R).Repertoryinsertsthe
buffers with the wire shapeand load information takeninto
consideration.

D. Statictiming analysis

Thestatictiming analysisis appliedto the wholeVU after
thesynthesisandalsoafterin placeoptimization(IPO)process.

During the timing analysisafter synthesis(pre–layout),the
estimatedwire shapeand load (seeSection4.2)is annotated.
Moreover, repeaterinsertion is executedaccording to the
estimatedwire loadfor thetiming analysisin orderto increase
theaccuracyof analysis.

In the analysisafter IPO(post–layout),the wire load is
back–annotatedfrom thefinal P&R result.

In our design, custom blocks are laid out as structured
elementsthroughthe designflow. The timing informationof
customblocksis givenin theform of a graymodelwhich has
all latch–to–latchtiming arcs.
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The distribution of timing error pathsin VU is shownin
Fig.8. The x-axis indicatesslack valuesand the y-axis the
numberof theerrorpaths.

The dataareobtainedfrom the four kinds of pathanalysis
explainedbelow.

1. Pre–layoutpathanalysiswith thewire load model
Thewire loadis calculatedfrom thewire loadmodel
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2. Pre–layout path analysis with capacitanceannotation
only
Thewire loadinsidea regionis calculatedfrom thewire
load model, while a inter-region area,the wire load is
annotatedonly capacitanceform.

3. Pre–layoutannotatedR,Candrepeater
The wire load in a region is annotatedfrom wire load
model. The wire load is annotatedin the forms of both
capacitanceand resistanceoutside of the region. In
addition,repeatersareinsertedfor theinter-regionwires.

4. Post-layout
The wire load is annotatedentirely from the final P&R
result.

As Fig.8 shows,the threepre-layoutmethodstendto have
the samecharacteristicof pathdistribution againstthe slack
values. However, in the region where the slack is worse
than-0.1ns,analysiswith R/C andrepeatersexactlymatches
with thatof post-layout.This extractsthemajorcritical paths
withoutproceedingto post-layoutdesignflow.

In the region wherethe slack is betterthan -0.1nson the
otherhand,thedifferenceagainstthepost-layoutplotsbecomes
biggerastheothertwo of thepre-layoutresultsdo. Thismeans
that the error getsbiggerevenwith R/C, as the slackof the
pathsgets smaller. However, this implies that most of the
violation pathshavealreadybeenalmostat the targetspeed.
In this sense,the pre-layoutanalysiswith R/C is effectivein
that , it is almostasaccurateaspost-layoutfor major timing
violations,especiallyin theearlyphaseof design.

Theimprovementof thetiming erroris shownin Fig.9.
Firstly, the numberof the slack paths in the post-layout

analysisis greaterthanthat of the pre-layoutone(Fig.9(A)).
The differenceis causedby an inaccurateestimationof wire
loadfor the-layoutpathanalysisresultingfromusingonlywire
capacitancein thetiming analysis.By applyingthewire-shape
estimationandrepeaterinsertionin thenextiteration,it canbe
reducedto (B) in thefigure.

Next,theworstslackbecomesworsein thepost-layoutpath
analysiscomparedwith that of the pre-layoutanalysis(Fig.9
(C)). It is causedby an not-optimizedregionsizeand inner-
regioncritical paths. After repartitioningregionsto 4K–10K
gates,theerroris reducedto (D).

The time requiredfor eachdesignflow stageis shownin
Table I. Pre–layouttiming analysisconsumesonly onesixth
time of post–layouttiming analysis. This designflow has
beeniteratedover 20 times until the operationfrequencyof
300MHzis achieved,andduringa half of the iterations,only
the pre–layouttiming analysishasbeentried andthe further
stagesincludingP&R havebeenskipped.Thus,thetotal time
requiredis reduceddownto half by our designflow.
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stagein designflow pre–layout post–layout
wire loadestimationfor synthesis 0.2hours 0.2hours
synthesisandscanpathgeneration 5 hours 5 hours
estimationof wire loadfor timing analysis 0.05hours —
repeaterinsertionfor timing analysis 0.15hours —-
pre–layouttiming analysis 10 hours —
the1stPlace–and–Route — 10hours
repeaterinsertionandDetail–Route — 2 hours
In–PlaceOptimization — 54hours
thefinal Place–and–Route — 4 hours
post–layoutanalysis — 10hours
Total 15.4hours 85.2hours



VU architecturetakeninto consideration. RTL hierarchyis
matchedexactly with the physical regionsof the floor plan
and it makesfeasibleto categorizethe wire load into inter–
region group and intra–regionone. The pre-layout timing
analysisgiveshighly accuratefeedbackto our timing design
by estimatingwire shapeandannotatingboth resistanceand
capacitance.

Theoperatingfrequencyof 300MHzhasbeenachievedasa
consequenceof our improveddesignmethod.
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