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Abstract— We propose a transistor sizing method that down- not enough. When the optimization result is applied to the
sizes MOSFETs inside a cell to eliminate redundancy of cell-based layout, routing is affected, i.e. wire capacitances in the result-
circuits as much as possible. Our method reduces power dissipa- ing layout become different from the initial circuit before tran-
tion of detail-routed circuits while preserving interconnects. The  sistor sizing. The variation of wire capacitance may cause a
effectiveness of our method is experimentally evaluated using 5 violation of delay constraints. In Ref. [4], transistor sizing, re-
circuits. The power dissipation is reduced by 77% maximum and  routing and compaction techniques are performed to the circuit
65% on average without delay increase. repeatedly for better consideration on layout. In a DSM pro-
cess, coupling capacitances between adjacent interconnects in
the same metal layer or two successive metal layers become
dominant. The accurate capacitance evaluation of all the in-

Cell-base design has a well-established framework for ttierconnects influenced by re-routing and compaction becomes
development of ASICs, and has been widely adopted. On tg@mputationally intensive and hence the repeated evaluation
other hand, cell-based circuits inherently contain redundandgside the optimization loop may become impractical.

for example, in power dissipation. In this paper, we propose a oy method handles detail-routed circuits designed in a cell-

post-layout transistor sizing method for power reduction. Oyf,qe design style. Our method down-sizes MOSFETS inside a
method aims to reduce the redundancy of cell-base design 804 tor power reduction without any modifications of wiring

to obtain high performance circuits close to full-custom qualging accurate values of wire capacitance. We use a cell layout
ity while keeping the cell-base design framework. We downgeneration system called VARDS[1] that can generate cell lay-
size MOSFETSs inside a cell continuously, and generate g, \yith variable transistor width while keeping the location
corresponding cell layout on the fly. The cell layout genergs iorminals unchanged. In order to get the accurate cell delay
tion system used in our method does not change the Iocat'ﬂfhe, our method utilizes four-dimensional look-up tables with

of input and output pins while the transistor widths inside g, variables; gate widths of PMOS and NMOS transistors,
cell are varied[1]. Exploiting this feature, we can optimizqnput transition time, and load capacitance.
detail-routed circuits, without any modifications of intercon- ’

nects, using the precise wire capacitance values extracted fromf his paper is organized as follows. Section Il explains

the detail-routed circuits. the post-layout transistor sizing method. Cell layout genera-
Many transistor sizing methods for delay and power optition, cell delay model, and transistor sizing algorithms are dis-

mization have been proposed[2, 3, 4, 5, 6]. These metho@idssed. Section Ill demonstrates some experimental results.

need to derive the delay time of each cell at any MOSFET sizEinally, Section IV concludes the discussion.

Refs.[2, 3, 4] utilize EImore delay model. In this delay model,

we can get the optimal solution of the problem formulated us-

ing a simple variable-transformation method. However, the

accuracy of the delay model is not high enough, and hence [I. POST-LAYOUT TRANSISTORSIZING

the optimized circuits may violate the delay constraints. In

Refs. [5, 6], the cell delay is approximated as a linear function

of the cell size, and transistor sizing is formulated as a linear In this section, we explain a transistor sizing method for

optimization problem. This method also can obtain the optima@lower reduction preserving interconnects. We first discuss cell

solution of the formulated problem. However, the linearizatiotayout generation for post-layout transistor sizing. Next, we

of the cell delay may introduce errors in timing analysis. show a cell delay model that can calculate delay time for any
Recently, the delay time due to wire capacitance occupi#MOS and NMOS transistor sizes. Then, the noise margin

a considerable part of the total circuit delay. Many of theonstraints that guarantee the correct behavior of the circuits

previous transistor sizing methods|[2, 3, 5, 6] concentrate are discussed. Finally, we explain a transistor sizing algorithm

circuit-level optimization, and the consideration on layout igor power reduction.

|I. INTRODUCTION
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Figurel: Examplesf AOI21 Cell Layout.

A. Cell LayoutGeneration

In orderto applytheoptimizationresultto thelayoutwithout
arny modificationsof interconnectsthe following featuresare
requiredfor cell layoutgeneration.

e Eachtransistowidth canbevariedeasilyandflexibly.

e The location of eachpin is fixed even when transistor
widthsarevaried.

Thefixedlocationsof input/outputpinsareneededo presere
interconnectsA cell layoutgeneratiorsystemVVARDS, which
satisfiesthe above two requirementshas beenproposed[lL
Fig. 1 shovs anexampleof AOI21 cellswhoseheightis 9 in-
terconnecipitches. The AOI21 cell in Fig. 1(a) is generated
suchthatall transistowidthsarethemaximum.Fig. 1(b)is an
examplethatevery transistomwidth is different.

B. Cell Delay Model

In the proposedmethod,PMOS and NMOS transistoran-
sidea cell areresizedseparately Our methodhencerequires
acell delaymodelthathasfour variables W, W, tt, andcl,
wherelV, (W, is thegatewidth of PMOS(NMOS)transistoy
tt is thetransitiontime of theinput signal,andc¢l is the capac-
itive load. We build four-dimensionalook-uptableswith four
variablesW,, W,, tt, andcl beforehandisinga circuit simu-
lator. Cell delaytime is derivedfrom the look-uptablesusing
the following three-stepnterpolation(Fig2). In the caseof a
multi-stagecell, we divide the cell into single-stagesells,and
calculatethedelaytime of eachsingle-stageell.

Stepl: Find four neighboringpoints®,, P», P53, P4) around
the evaluation point(Pey), in two-dimensionalW,-W,,
space.

Step2: Calculatethe delaytime at eachpoint of Py, P5, Ps,
P, usingEg. (1) in two-dimensionatt-cl space

Step3: Interpolaterise/fall delaytime usingEq. (2/3) in W,-
W,, spacefrom the four valuesat Py, P, P3, P, calcu-
latedat Step2

Step 1:
Find P1,P2,P3,P4

Step 2:
delay=A+B*tt
+C*cl+D*tt*cl
Step 3:

rise_delay=E+F/Wp
+G*Wn+H*Wn/Wp

Evaluation
Point(Pev)

Figure2: Derivationof Cell Delay.

delay=A+B-tt+C-cl+D-tt-d, ()
1 1
rise_delay:E+F-Wp+G-Wn+HWp-Wn, (2)
1 1
falldelay=I+J-W,+ K - WH+L-WPWH, 3
energy=M+N -W,+0 -Wp+P -W, -W,, (4)

where, A, B, ..., P arecoeficientsto be determinedsuchthat
the four valuesof the neighboringpointsareassignedo each
interpolationequation.Thetransitiontime of the outputsignal
is calculatedsimilarly. In the caseof the dissipatedenegy,
Eq. (4) is usedfor theinterpolationat Step3

C. NoiseMargin Constraints

Adequateamountsof noisemamginsareimportantto ensure
the correctbehaior of the circuits. The noisemamginsarede-
finedasNMH =Vou — Vig andNML =VirL —Vor. The
noisemargin dependon theratio 8g, which is expressedas
Bn/Bp, Wherep,,, is the n(p)-device transconductancele
calculatetherangeof g thatguaranteepropemoisemamins.
The upperbound Bz (mq.) canbe derived from the following
two equations[78].

2Vout — Vbp + VTp + ﬂR(maw)VTn

Vi =
w 1+ /BR(maz)

()

Brimaz)Viz = Vrn)® = —=(Vou — Vbp)?
+2(Vi, = Vbop — Vrp) Vout — VDD)-

Similarly, the lower boundBg(,,in) Canbe obtainedfrom the
following two equations.

_ BR(min)(2Vout + Vrn) + Vbp + VIp
1+ ﬂR(min) ’

(6)

Via (7)

Brmin) [2(Vir — V) Vour — Vo]
= (Vizr — Vop — Vrp)?,
where Vrp,, Vr,, are the thresholdvoltages of PMOS and

NMOS transistorsWe resizePMOSandNMOS transistordor
power reductionwithin therangeof Bg(min) < Br < Br(maz)-

(8)
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D. TransistorSizing Algorithm

We device atransistorsizing algorithmfor power reduction
basedon sensitvity calculation. Our algorithmexecutesiter-
ative optimizationthat decreases;;.. gradually whered,;..
is a variablethatrepresentshe amountof transistorwidth re-
ducedin asingleiteration.

Stepl: Setd,;.. to aninitial value.

Step2: If 4., is smallerthana pre-definedvalue, the opti-
mizationprocedurdinishes.

Step3: At eachcell, evaluatethesensitvity, i.e. theamountof
power reductionwhenthe transistorwidths decreasdy
dsize- If theviolationsof noisemamin or transitiontime
constraint®occur sensitvity calculationis notperformed.

Step4: Selectthe cell with the bestsensitvity. If thereareno
cellswith positive sensitvity, halve §,;.. andgo backto
Step2

Step5: Decreasdhe transistorwidths of the selectedcell by
dsize, andupdatethe timing information of the cells af-
fectedby thedown-sizing.If delayviolation occurscan-
celthedown-sizing.

Step6: Find the cell with the next bestsensitvity. If there
are no cells with positive sensitvity, go backto Step3
Otherwise go backto Steps

First, the above algorithmis executedfor power reduction
suchthatPMOSandNMOS transistorsareresizedsimultane-
ouslywith thesameg,, /3, ratio. We next optimizepower dis-
sipationresizingPMOSandNMOS transistorsndependently
andwe thengetthefinal optimizationresult.

I1l. EXPERIMENTAL RESULTS

In this section,someexperimentalresultsare shovn. We
first demonstratéheaccuray of thecell delaymodelbasedn
look-uptables.We next shawv the power optimizationresults.

We generatesell layoutsusingVARDS[1] in a0.35um pro-
cesawith threemetallayers.Thecell heightis 13interconnect-
pitches andthesizeratio of PMOSandNMOS transistorss 1.
In transistorsizing, we down-sizeMOSFETswithin therange
that VARDS cangeneratesell layouts. The maximumtransis-
tor width of standarddriving-strength(x1xellsis 6.2um, and
the valueof W/L is 15.5. Thetransistowidth canbereduced
to 0.9um. Referencd9] reportsthatthe optimalvalueof W/L
around20. Thetransistorwidth of our library is smallerthan
thereportedvalue.

A. Accurag of Cell Delay Model

We first examinethe accuray of the cell delaymodel. We
useINV, 2-input NAND and 2-input NOR cells of standard
driving-strength(x1¥or this experiment.In the caseof NAND
andNOR cells,we evaluatethe characteristicsf theinput pin

Tablel: AverageErrorof Cell DelayModel Basedon Look-up
Tables.

Tran- Variablesof Interpolation
Cell sition Wy, Wh, tt, cl Wp, Wy,
tt, cl (Wp, W, fixed) | (tt, cl fixed)
INV rise 0.003ns 0.002ns 0.001ns
1.9% 1.4% 1.0%
fall 0.004ns 0.002ns 0.002ns
1.3% 0.9% 0.4%
NAND2 | rise 0.003ns 0.002ns 0.001ns
2.1% 1.5% 0.9%
fall 0.005ns 0.002ns 0.003ns
1.0% 0.6% 0.4%
NOR2 | rise 0.002ns 0.001ns 0.001ns
1.2% 0.8% 0.6%
fall 0.005ns 0.002ns 0.003ns
1.2% 0.7% 0.5%

thatis closeto the outputterminal. We comparehe delaytime

derived by the interpolationin Sec.ll. B with the delaytime

evaluatedby circuit simulationat the following 6561 points.
The gatewidths of PMOS and NMOS transistors(W,, Wp,)

arevariedto 0.9,1.2,1.5,2.0,2.5,3.2,4.0,5.0, and6.2um,

respectiely. The evaluationpointsof the input transitiontime

(tt) are0.02,0.125,0.25,0.375,0.5,0.65,0.8,1.0,and1.2ns,
alsothe pointsof load capacitancécl) are0.005,0.025,0.05,
0.075,0.1,0.15,0.2,0.35and0.5pFk The combinationsof W,

andW,, thatthe noisemamin becomesmallerthan0.25pp

areexcluded.Whenthe absolutevalueof thedelaytimeis ex-

tremelysmall, the relative error becomesneaninglessiyarge
while absoluteerroris sufficiently small. We hencedo not cal-

culatetherelative errorwhenthedelaytimeis lessthan0.01ns.
The sizeof look-up tablesis 5x5x5x5. Table1 shavs the er-

ror of the cell delaymodel. Theinterpolationerror of the de-

lay time derivedin W,-W,, spaceds comparablevith theerror
calculatedn tt-cl space We thereforecanseethattheinterpo-
lationin W,-W,, spaceby Eqgs.(1) and(2) is reasonableThe

averageerror of the delaytime calculatedrom 4-dimensional
look-up tablesof W,,, W, tt, andcl is lessthan2%. Com-

paredwith the interpolationin tt-cl spacethe averageerror

increasedy 0.5%.

B. Pawer OptimizationResults

We shaw the resultsof power optimization. The circuits
usedfor the experimentsare an ALU in a DSP for mobile
phone[1] (dsp_alu) andthe circuits includedISCAS85and
LGSynth93 benchmarksets (C3540, alu4, C7552, des).
Thesecircuits are synthesizedindertwo differentconstraints
[10]: minimizing the circuit delay andminimizing the circuit
area.Also two transitiontime constraintsp.5nsand1.0nsare
given. Thus, eachcircuit is synthesizedunderfour different
constraintsn total. We generatehe layoutsof thesynthesized
circuitsandutilize the wire capacitancealuesextractedfrom
the layoutsfor transistorsizing. The circuit scaleis 943 to
12460cells. The cell library usedfor generatinginitial cir-
cuits includessix varietiesin driving-strengthfor INV and
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BUF (x1, x2, x3, x4, x6 and x8). In the caseof NAND2,
NAND3, AND2, AND3, NOR2, NOR3, OR2,0OR3, AOI21,
OAI21 cells,therearefour varieties(x1.x2, x3, x4). Thecir-
cuit delaytime is evaluatedby a transistotlevel statictiming
analysistool[12], andthe power dissipationis estimatedby
a transistoflevel power simulator[13. The input patternsare
randomlygeneratedvith a transitionprobability of 0.5. The
numberof appliedpatternss 100,whichis theadequateum-
berfor power estimationat circuit level[14]. Thecycletime of
theinput patternss 100ns.

We optimize power dissipationunderthe delay constraints
of the initial circuits’ delaytime. The initial value of §,;..
in the optimizationalgorithm(Secll. D) is 12.4um, andthe
terminationvalue is 0.1um. The constraintsthat the noise
mamin is largerthan0.25/pp aregiven. Table.2 shavs the
power optimizationresults. The column*“Total Width” repre-
sentsthe sumof the gatewidths of MOSFETSsin the circuit.
“CPU Time” representshe CPUtime requiredfor power op-
timization on an Alpha Station. Our methodreducespower
dissipationby 77% maximumand65% on average.The total
transistorwidth is reducedto 25% of the initial circuits. The
power reductionin smallcircuitsis largerthanthe onein large
circuits, becausdarge circuits usuallyhave hearvier wire load.
In the caseof thelargestcircuit dsp_alu, thepower dissipation
is reducedby about50%. In somecircuits, the circuit delay
increaseghoughthe initial delaytime is given asthe delay
constraints.Onereasonis thatthe optimizedcircuits become
sensitve to the error of cell delaymodel[13. Furtherexami-
nationof the reasongs required,consideringthe accurag of
thedelaycalculationtool aswell.

We examinethe optimizationresultof des circuit gener
atedfor minimizing circuit delayunderthetransitiontime con-
straintof 0.5ns. Fig. 3(a) shavs a part of the initial layout.
Fig. 3(b) correspond#o thetransistorsizedlayoutof thesame
location. The transistorsizesinside cells becomedifferentin
instanceby instance PMOSandNMOS transistorsnsideeach
cell areresizedseparately Also the routing is perfectly pre-
sened. Ourmethodgeneratesell layoutsonthefly according
to the optimizationresults,andreplacescells without ary in-
terconnectodifications.

We first demonstratehe relationshipbetweenthe amount
of power reductionandthe increaseof driving-strengthvari-
eties. Halving d,;.. in the optimizationalgorithm(Secll. D)
correspondso halvingtheintenalsof driving-strengthrandin-
creasingdriving-strengthvarietiestwofold. We classify the
driving-strengthvarietiesinto 10 levels(Table 3). Fig. 4 indi-
catesthe relationshipbetweenpower dissipationanddriving-
strengthlevel. Thepowerdissipations reducedasthedriving-
strengthvarietiesincrease.

We next shav the distributions of transistorwidths in the
optimizedcircuit(Fig. 5). The transistorwidth of a standard
driving-strength(x1}ell is 6.2um, andthetransistowidth can
bereducedo 0.9um. Many MOSFETsaredown-sizedcloseto
the lower limit of 0.9um. Comparedwvith PMOS transistors,
the gatewidths of NMOS transistorsare small. The sum of
PMOS gatewidthsis 11.2mm,which is 19% larger thanthe

Table3: Driving-Strength_evel.

Level | #driving-strength| ds;.e | PNratio
varieties(INV) | (um)
Level O 6 (Initial) - -
Level 1 11 12.4 Fixed
Level 2 23 6.2 Fixed
Level 3 44 3.1 Fixed
Level 4 85 1.55 Fixed
Level 5 166 0.775| Fixed
Level 6 332 0.388 Fixed
Level 7 659 0.194| Fixed
Level 8 1314 0.097| Fixed
Level 9 1.7M 0.097 | Varied
16
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Figure 4: Relationship between Pawer Dissipation and

Driving-Strengthvarieties(les, Fastest TransitionTime Con-
straint0.5ns).
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Figureb: Distribution of TransistoWidths(des, Fastest]Tran-
sition Time Constraint.5ns).

sumof NMOS gatewidths(9.4mm).

Fig. 6 expresseshe slackdistributionsof theinitial andop-
timized circuits. By transistorsizing, the numberof the cells
with 0 or almostO slackincreasesirastically Thesumof slack
in the optimizedcircuitis 1241nswhereaghe sumof slackin
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Table2: Paver OptimizationResults(CelHeight: 13 InterconnecPitches).

Transition Initial Circuits OptimizedCircuits
Circuit Time Design Total Power Total | CPU | #cells
Constraints| Constraints| Delay | Pover | Width | Delay | Pover | Reduction| Width | Time
(ns) (ns) | (mW) | (mm) | (ns) | (MW) (%) (mm) | (s)
C3540 0.5 Fastest 5.3 6.1 27.0 5.3 1.6 74 5.64 100 1039
Min-Area 6.9 4.8 21.8 7.1 1.3 73 4.33 62 943
1.0 Fastest 4.4 6.7 26.7 4.6 1.7 75 5.75 111 1207
Min-Area 6.1 35 13.0 6.5 0.9 74 2.54 37 895
alu4 0.5 Fastest 2.9 5.1 42.6 3.1 1.9 63 12.6 213 1613
Min-Area 4.0 4.2 33.8 4.1 14 67 8.70 145 1403
1.0 Fastest 2.2 4.6 33.2 25 1.9 59 10.4 200 1568
Min-Area 3.6 31 18.7 3.7 1.1 65 453 76 1361
C7552 0.5 Fastest 4.2 145 | 49.0 4.4 3.4 77 9.74 279 1995
Min-Area 6.2 12.7 37.0 6.5 3.0 76 7.00 160 1687
1.0 Fastest 3.3 141 | 44.6 35 3.2 77 9.21 275 2043
Min-Area 5.1 8.5 22.1 5.1 21 75 4.38 97 1619
des 0.5 Fastest 3.2 144 | 84.7 3.4 5.1 65 20.6 925 3414
Min-Area 4.2 11.1 63.4 45 43 61 15.3 560 2908
1.0 Fastest 2.7 13.4 | 68.0 2.8 5.3 60 18.8 772 3327
Min-Area 34 8.5 411 3.7 3.7 56 10.6 371 2859
dsp_alu 0.5 Fastest 8.8 79.8 347 9.4 37.1 54 115 | 20304 | 12547
Min-Area | 18.1 | 75.9 299 17.7 | 39.9 47 109 | 15436 | 11765
1.0 Fastest 7.2 66.2 235 8.1 28.2 57 65.7 | 9203 | 12460
Min-Area | 15.3 | 54.3 169 158 | 26.3 52 449 | 4831 | 10892
[Average] — [ [ -1 e [ -
\iz ) Nk ilgmE \ § \§§ Mé\\\\ & § \\E ‘§§§\ N §§§\\\; ‘ : §\§§§§1\3§§§\\\§§ \\;\\gg\\:’;
N N N N
YR o :Q‘\\ : N g NN RN N s R R ;g\\x SR S
§§\ \§\ § N ® §E §§§\§\§§§\ \Qt\\\ \\Q\\Si%
S N N NG N
- § ) \§§ §§ N \;iii\\ it . E\gii\\*& \:
N s AN N N S N § S [ RN N N e R S
h - \ \ N L
h = SLHE- R S e R
N b o 0 N I NE \ N LN &\\Q; : QQ\&‘
- Shakes N . N SR NN &
(@) Initial Circuit (b) OptimizedCircuit

Figure3: A Partof Layout(des, Fastest;TransitionTime Constraint).5ns).
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theinitial circuitis 3122ns.Thetotal slackis reducedoy 60%.

We then demonstratahe capacitanceeductionin the cir-
cuit(Fig. 7). Our methoddoesnot modify ary interconnects,
sowire capacitanceloesnot change.The gatecapacitancef
MOSFETSsis reducedby 77%,whichresultsin 61%reduction
of thetotal capacitance.

We shawv the peakcurrentreduction. We apply 100 input
patternsandevaluatethe peakcurrentat eachtime-stepwithin
acycle. Fig. 8 indicateghepeakcurrentof theinitial andopti-
mizedcircuits. The horizontalaxis representshe time within
acycle of 3.4ns. The peakcurrentis reducedby 74%. Path-
balancingeffect of our methodcontritutesto the peakcurrent
reduction aswell asgatecapacitanceeduction.Thetransition
timing of eachcell is well distributedthroughouta cycle. Re-
ducingthe peakcurrentis effective to avoid IR drop problem.
Also, the currentreductionis a usefulway to evadeelectromi-
gration. Themeartimeto failure(MTF)of electromigratiort ¢
is expressedsfollows[1§.

t;y = AWPLYJ "exp(E,/kT), 9)

0.4 One cycle=3.4ns
0.35

0.3 Initial
0.25

Peak current(A)

0.15 Optimized
0.1 ff o+t +H+"‘+++ bt
0.05 %4+
o
o 05 1 15 2 25 3 35

Time within a cycle(ns)

Figure 8: PeakCurrent Reductionles, Fastest, Transition
Time Constraint0.5ns).

whereJ is currentdensity E, is activationenepgy, W is the
width of metal, L is thelength,andn is a constantloseto 2.
The currentreductionof 74%increaseMTF 15 times. Thus,
our methodcanincreasehetoleranceto IR drop andelectro-
migrationproblems,andcontrikute to high-reliability LSI de-
sign.

Wefinally shaw the power optimizationresultswhentheini-
tial circuits aregeneratedisinga low-power cell library. The
delay time of eachinitial circuit is given as the delay con-
straint. The cell-heightof this low-power library is 9 inter-
connecfpitches,andthe standardransistorsizeis 3.4um. The
resultsare shovn in Table4. Evenwhenthe low-power cell
library is usedfor initial circuits, our methodreducespower
dissipationby morethan50% on average.

C. Effectivenesof InterconnecPreseration

The proposednethodoptimizesa detail-routectircuit with-
out ary wiring modifications. We verify the effectivenessof
theinterconnecpreseration. In a corventionaltransistorsiz-
ing method thelayoutis modifiedusingan ECO(Engineering
ChangeOrder) techniquein orderto presere the placement
andwiring asmuchaspossible.But a certainamountof vari-
ationin wire capacitancés notavoidable.

We examinethe effect of this capacitanceariationstatisti-
cally. We assumethat the wire capacitancevariesaccording
to anormaldistribution N(m, o) becaus®f interconnectmod-
ifications,i.e. ECO. The meanm is the initial value usedin
transistorsizing, and the standarddeviation ¢ is 20% of the
initial value. The delaydistribution is obtainedusinga Monte
Calro technique. The numberof delay evaluationis 10,000.
Fig. 9 shavs the delayvariationin the optimizeddes circuit.
As you see theinterconnecmodificationsincreasehe circuit
delay The circuit whosedelaytime is the samewith the ini-
tial circuit(3.36ns)canbehardlyobtained.Thecircuit delayof
“mean+3” is 3.60ns,which is larger thanthe delay without
wiring modificationsby 7%. The proposednethodcanavoid
this delayincreasethanksto theinterconnecpreseration.
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Table4: Power OptimizationResultgCell Height: 9 Intercon-
nectPitches).

Transition Initial Optimized
Circuit Time Design Power
Constraint| Constraint| Powver | Powver | Reduction
(ns) (mw) | (mW) (%)
C3540 0.5 Fastest 5.0 1.7 66
Min-Area 2.8 1.2 57
1.0 Fastest 4.6 1.7 63
Min-Area 2.1 0.84 60
alu4 0.5 Fastest 3.8 1.9 50
Min-Area 2.7 1.4 48
1.0 Fastest 35 1.8 49
Min-Area 2.0 0.98 51
C7552 0.5 Fastest 11.0 3.9 65
Min-Area 7.4 2.9 61
1.0 Fastest 9.8 3.3 66
Min-Area 55 2.2 60
des 0.5 Fastest 10.0 4.8 52
Min-Area 6.9 4.0 42
1.0 Fastest 10.9 5.2 52
Min-Area 5.2 3.1 40
dsp_alu 0.5 Fastest | 55.5 | 31.7 43
Min-Area | 52.2 34.0 35
1.0 Fastest 455 23.7 48
Min-Area | 36.9 24.4 34
| Average| - | - | - | - ] 52 ]

1600 | Before Wire

. After Wi
1400 } Modification ter Wire

Modification

Frequency
[E=Y
o
o
o

0 . . A . A
33 335 34 345 35 355 36 365 3.7

Circuit Delay (ns)

Figure 9: Delay Variation Causedby InterconnectModifica-
tions(des, Fastest;TransitionTime Constraint).5ns).

V. CONCLUSION

We proposea power reduction method that down-sizes
MOSFETSsin a cell without any interconnectmodifications.
The effectivenesof our methodis experimentallyverified us-
ing 5 benchmarlcircuits. The power dissipationis reducedy

77% maximumand 65% on averagewithout delay increase.

We verify that our methodalso contrikutesto high-reliability
LSI design.

ACKNOWLEDGMENTS

This work is supportedn partby Semiconductoifechnol-
ogy AcademicResearciCenter(STARC).

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]
(10]

(11]

(12]
(13]
(14]

(15]

(16]

365

REFERENCES

T. HashimotcandH. Onodera;'Layout Generatiorof Primitive
Cells with VariableDriving StrengtH, Proc. SASIMI, pp.122-
129,2000.

J.P. FishlurnandA. E.Dunlop,“Tilos: A posynomiaprogram-
mingapproacho transistorsizing; Proc. ICCAD, pp.326-328,
1985.

S. S.SapatnekaV. B. Rao,P. M. VaidyaandS. M. Kang,“An
ExactSolutionto the TransistorSizing Problemfor CMOSCir-
cuits using Corvex Optimization’, IEEE Trans. CAD, Vol. 12,
pp.1621-1634Nov. 1993.

M. Yamada,S. Kurosava, R. Nojima, N. Kojima, T. Mit-
suhashi,and N. Goto, “Synemistic Paver/Area Optimization
with TransistorSizingandWire LengthMinimization;” |1EICE
Trans. Electrons, Vol. E78-C,No. 4, pp.441-446,1995.

M. R. C. M. Berkelaarand J. A. G. Jess, Gate Sizing in
MOS Digital Circuitswith LinearProgramming, Proc. EDAC,
pp.217-2211990.

G. Chen,H. OnoderaandK. Tamaru, An lteratve GateSiz-
ing Approachwith AccurateDelay Evaluation’, Proc. ICCAD,
pp.422-4271995.

J. P. Uyemura,“Funcamental®f MOS Digital IntegratedCir-
cuits! Addison-Wesley PublishingCompary, 1988.

H. Y. Chenand S. M. Kang, “A New Circuit Optimization
Techniqudor High Performanc€MOSC Circuits] IEEE Trans.
CAD, Vol. 10,No. 5, May 1991.

D. SylvesterandK. Keutzer “Getting to the Bottom of Deep
Submicrort, Proc. ICCAD, pp.203-211,1998.

DesignCompilerReferencéManual.Synopsysinc., CA, 1998.

T. lwahashi,T. ShibayamaM. Hashimoto K. Kobayashiand
H. Onodera,VectorQuantizationProcessofor Mobile Video
Communicatiori, Proc. AS/C/SOC Conf., pp.75-792000.

PathMill Referencévlanual.Synopsysinc., CA, 1999.
PowerMill Referencévlanual.Synopsysinc., CA, 1999.

D. BrandandC. Visweswvariah’ Inaccuraciesn Paver Estima-
tion duringLogic Synthesis, Proc. ICCAD, pp.388-3941996.

M. Hashimoto and H. Onodera, “A Statistical Delay-
Uncertainty Analysis of the Circuits Path-Balanced by
Gate/TansistorSizing; Proc. TAU, to appear

P. Yangand J.-H. Chern,“Design for Reliability: The Major
Challengeor VLSI,” Proc. |IEEE, Vol. 81,No. 5, May 1993.



