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Abstract

As abasic cell of arithmetic circuits, a one-bit full adder
and a counter are usually used. Minimizing power con-
sumption of these componentsis a key issue for |ow-power
circuit design. This paper proposes a new design method, in
which basic cells are selected from a set of circuits with dif-
ferent structures (symmetrical and asymmetrical) and con-
nections to their terminals are exchanged, according to
[ gjaut-patter nsto minimize power consumption. Experimen-
tal results for a parallel multiplier demonstrate average
30% power reduction.

Keywords: low power, cell baseddesign,input patterrs,
arithmetic circuits

1. Intr oduction

Considerale advarcementof deepsub-micon technol-
ogy hasenabledhe mandacturirg of large scalecompgex
systemsn a single chip. However, this situationmalesit
more difficult to satisfyshortturnarowindtime, high perfor-
mane compuation,low cost,andlow powver consumgon
simultaneusly Especiallyfor high perfomanceportatie
devices, it is difficult to implementhigh performarce com-
putatian with low power corsumption becauséigh perfor-
mane andlow power aresometimesnconpatibledemand
in CMOS VLSI circuits. This paperproposesa new cell-
baseddesignmethal to redwce power corsumptiorwith lit-
tle perfomancedegradation

Many low powertechniaqiesin variouslevelshave seem
proposalto rediwce power consumgion[l1]. We proposea
low power techniaie onthecircuit designlevel.

The cell-basedapprach which reusespreviously opti-
mizedcellsis widely appliedin VLSI designwherethede-
sign costandthe time to market are moreimportant than
performarce andpower consumgon. In the cell-basedle-
sign, the quality of the eachcell have greatimpacton the
qudity of final products. In our apprach,the designerse-
lects basiccells consideriig the behaior of the final cir-
cuits. This canredwce morepower thancornventicnal logic
syntheizerdoes.

Thearithmetic circuitsareimportantcompaentsin vari-
ousLSlsincludng themicroprocessarDSPandsoon. The
arithmeticcircuitsareusuallyconstrutedby combiring ba-
sic cells suchas full addersand cownters. Therebre, the

selectionof apgicable basiccellsis important. In this pa-
per, we propseanen metha whichredwethepowercon-
sumptio of arithmeticcircuits asfollows: (i) we prefare
several cellswith differentcircuit structuresy consideing
theinput signalpatterrs of eachcell of thearithmeticcircuit
andwe selectthe mostsuitablecell from amorg themand
(i) rearrage a permutationof the input terminal so asto
minimizethe power consunption. In addition asimulation
techniqiewhichcanredue compuationtime for powveres-
timationis proposedaswell.

Therestof the paperis organizedin thefollowing Wa?/.
In Section2, we explain theinputsignalpatternof thecell,
andapowerconsumgpion modelof CMOScircuits. In Sec-
tion 3, we describahecorventiona cell-basedpprachfor
designimy arithmetic circuitandrepat its prodem, andpro-
poseghe power rediction techniqe by considerig thein-
putsignalpatterns Expeimentalresultsareshovn in Sec-
tion 4. In Section5 we concluak this paer.

2. Preliminaries

2.1 Power Dissipation Model and RelatedWorks

Thedomnantsourceof power dissipationn CMOScir-
cuits is the chaging and dischaging of the node capaci-
tancesandis given by:

N
P= Z CLy - Swity, - VEp 1)
k=1

whereN is thenumbe of gatesC' L, is theload capac-
itanceof agateg;,, Swity, is theswitchingcountof g, and
Vb p isthesuppy voltage.

Reducingeachparaneterof expression(1) makestotal
power dissipationlow. Vpp rediction arevery efficient for
low power. Accordirg to[2], assigningsuitablesupplyvolt-
agefrom two typevoltagesfor eachcell in orderto getlow
power makes a chip low powver. However voltagecontrol
techniqieis verycostlyin termsof hardvare. Gatesizingof
transistol 3] is usedfor reduéng C'L . This methodneed
to considervarious paraneters. We explore the switching
actiity of differentcircuit implemertationsin orderto re-
ducepower consunption. Many Swit, reducirg method
areproposed4, 5, 6, 7]. Reference$4, 5] presenswitch-
ing actiity redwtion metha by addng redurdang cells



andwires to original circuits. Referencg6] suggestdow
switchingactvity by techrology mappng. Thesemethod
donotreducetheinternalswitchingactiity of cells.

We proposea technigue, which reducesnternalswitch-
ing actwvity of cells. Besideghismethoddonotneedspecial
hardvare costandconsidervarious parametes, it is possi-
ble to combire corventioral low power method.

In this paperit is assumedhatC L;, andVpp arefixed.

2.2 Input Patterns

We definean I P P(Input PatternsPair) thatis a pair
of consecutie input signalvalueson input termirals. An
IPP representsoutput signal statusof a gate. Signal
chames(thatis, Switching) causepower dissipation.It is
importantto consicer the pairsof consecutie input signal
values. Uni form IPPsareasetof IPPswith equal praba-
bility of occurenceof eachlPP. Ontheotherhand biased
IPPsarea setof IPPsin which probability of occurenceof
eachlPPis notuniform.

The exanple in Figure 1 shavs the switching count of
input terminalsin a 1-bit full addern ' A) compainga 3-hit
arraytypemultiplier. Whenwe give all kindsof IPPs(4096
patterrs) with the multiplier, a setof IPPsof FA arebiased
IPPs.Forinstancein asetof IPPsof FA3 input A switches
asmary asfour timestheswitchcourt oninput C';,, .

INPUT

x2y0 x1y0 x0y0
1?36 0 1?36 0 1536
A Cin FA 2 FA 1
FA©, e e
x2y1 4
l 1?36 1920 1%20
1
Cout sum FA 4‘&%326FA 3 1536 P po
x2y2
6 8
1?36 1920 2016
FA 6 FA 5 p2
o

6 % 5
1470 1848
pS pd p3
Figure 1. The numbers of switc hing activity
of input terminals of FAs in a 3-bit array type
multiplier
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3. Conventional Design Method and Our Ap-
proach

An arithmeticcircuit is usuallycompsedof basiccells
(several kinds of function blocks): full adders,parallel
cownters,multiplexers,shifters,andsoon. Circuit structue

of a basiccell is usuallyidentical. In addition designes
of the cells focuson uniform IPPs. It is difficult to satisfy
severeconstraintdor area,delay andpower of arithmetic
circuit with only onereguar circuit structue. In Figurel,
eventhowh a setof IPPsof the arithmeticcircuitsareuni-
form, the setof IPPsof eachbasiccell arenot uniform.

3.1 A New DesignMethod for Low Power Arith-
metic Cir cuits

Figure2 presets a proppseddesignflow for low power
arithmeic circuits. Whenwe designan arithmeticcircuit,
we corsiderthreefactors: input patterrs of the arithmetic
circuit, circuitscompmentsandprocesgechndogy. In this
paperwe assumdollowing factos.

e Tamge arithmeticcircuit: ParallelMultipliers

e Input patternsfor the arithmetic circuits: Protability
of eachlPPin multiplier is equal

e Circuit compnents: Two typesof FAs (symnetrical
andasymnetrical structues)

e Techndogy: Hitachi Hokkai Semicomluctor(0.5um

The multipliers areimportart circuits for various LSIs:
microprocessorsPSPs, motion video processorsand so
on. A multiplier is compmsedof mary FAs, which greatly
affect multiplier area, performarce and power. We pro-
posea designmethodfor low power multipliers consider
}nﬁ characteristicef a setof IPPs. Our basicideasareas
ollows:

1. Most suitableFA selectionfor low power (a FA for
uniform IPPs,andaFA for biasedPPs)

2. Rearran@ng a permuation of the input terminalsfor
low power

Next, we describetwo typesFAs, which circuit struc-
tures are symmetical(for uniform IPPs) and asymmetri-
cal(for biasedIPPs). We redu@ power consunption by re-
arrarging perrrutationof theinput terminalof FA.

3.2 Cell Structur efor Power Reduction

The standad product sumforms of logical function FA
aregiven expression(2) and(3). WhereA andB areadders,
C;, 1s carryfromlowerdigit, S isthesumof A, B, andC,,
C, Is carryto highe digit.

S = ABC;, + ABC;,, + ABC},, + ABC;,,  (2)
Cout =AB+ BC’Ln + CLnA (3)

An ordinary FA, which was included ordimary cell li-
brary is a low power cell for uniform IPPs. The FA is
assumeds F'A,,. The F'A,, structureis a symmetricalto
input A, B, andC};,, (Figure 3). Expression (4) and(5) are
formed original expressios (2) and(3). Basedon the ex-
pressiong4) and(5), the circuit structue of F'A,, is com-
posed.

Cout:AB+Czn(A+B) (4)

S:ABCm+(A+B+C'Ln)Cout (5)
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Figure 3. Circuit diagram of F'A, (3inputs are
mostl y symmetric)
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Figure 4. Circuit diagram of F'A, (3 inputs are
not symmetric)
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Figure 5. An example of power reduction by
exchanging input terminals

Ontheotherhand we designé a FA thatis alow power
cell for biasedPPs(Figure4). TheFA is assume@sF' A,,.
The F' A, circuit structureis asymmetricalFigure4). Ex-
pressios (6) and (7) are formed original expressios (2)
and(3). Basedon the expressiong6) and(7), the circuit
structue of F'A, is commsed. F' A, is compaedby using
pradical 2X OR (EXclusive OR).

S=A¢B®C iy, (6)

Cout =A-B+Cin(A® B) @)

3.3 Et_xchangs Input Terminals for Power Reduc
ion

Both .S andC,,; aresymmetricalogical fundions. As a
result,interchamging variable A, B, C;,, doesnotinfluence
theorigind function. According asthe connectim charge,
thepower dissipationof FA maybedifferent (Figure 5).

4. Experiments

4.1 Parallel Multipli ers

A multiplier multiplies ann-digit multiplicand X by an
n-digt multiplier Y. Eachz; andy; is anunsignel binary
digit.

n—1 n—1
X = ZIZQZ; Y = Zyizza (Iiayi € {07 1})
=0 =0

Expression(8) shavs the product P(= XY) of X and
Y.

2n—1
P o= > p2, (pe{01})
=0
n—1ln—1 o
= XY =) (wi-y;)2' ®)
i=0 j=0

Partial product z; - y; is arrargedinto matrix form with

theweightof 2¢+7, Parallelmultipliers arecompsedof the
following threeparts.

1. Partial productgererationpart
2. Partial product rediction part
3. Addition part

We evaluateonly the partial product rediction partin
this paper becasethis partis dominant in area,delayand
power consunption.

The array type with Carry Save Adder and the Wal-
lacetreetype arepopuar compaition methals of the par
tial product reductionpart. The arraytype which is regu-
lar layout canbe implementedwith small area. The Wal-
lacetreetypeis someavhathigh-speedhanthearraytype.

In our expeiiments,all transistorssize is assumeaon-
stant. Hitachi Hokkai Semicomluctor0.5um designrules
wasused.

4.2 1bit full addes

Pawer consumptionof a F'A,, anda F' A, areshovn Ta-
ble 1. EachFA is givenuniform IPPsor biasedIPPs. The
ratioof A to B to Cvn of FA whichwasgivenin biasedPPs
is 4 to 3 to 1. We evaluatedpower consunption, which are
averag power of onecycle (unit is W), by circuit sim-
ulator SPICE.Wherethe outpu load capacityof a FA is
0.3f F, transitiontime of input voltageis 10n sec. Here-
afterwe expetimentedunder the samecondtion.

Theexperimentresultsshav thatthe F' A, is suitablefor
uniform IPPs,while the F' A, is suitablefor biasedPPs.



Table 1. Comparison of power consumpt ion
of FFA, and F Ay(unit : pW)

FA Uniform Biased
A:B:Cin=4:3:1

FA, 22.4 175

FA, 29.6 15.8

Table 2. The power consumption of 3-bit array
type multiplier(unit : pW)

Comporentsof Input terminals
Multiplier no excharge exchange
FA, only 72.277 66.735
F A, only 75.22 49.053

INPUT
x2y0 x1y0 x0y0
|
N
A cin Fa 2| FA 1]
FAY°, X1yl X0yl

x2yl J
I 1 ;
Cout Sum FA 4 FA 3 P PO
=
FA 6

pS p4

Fligure 6. A low power 3-bit array type multi-
plier

inputl Sum

: input2 FA

—Jinput3

inputl

inputl I
input2 _L

input3 input3

PP without hazard PP with hazard

Figure 7. The approximate circuit simulation
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4.3 Evaluation of the Proposd Method

We confimedthe propasal methodin Section3with a 3-
bit parallelmultiplier. We assumehata setof IPPsfor the
multipliers areuniform. Thecombirationof FA type(F'A4,,
or F'A,) andhow to conrectinput terminalsof the FA for
low power aredetermine eachFA. FAs of the multiplier
minimized in order(from FA1 to FA6). We calculatedthe
avergge power consumption per IPR We simulatedpower
corsumptionwhengivenall IPPsof multiplier. This simu-

lationtakespower of hazadsaccou. Table2 compaesthe
conventioral multiplier to optimized multiplier using the
propposedmethod Figure6 showvs alow power 3-bit array
type multiplier constructio by using proposedtechnigie.
We seethatthe propssedmethodreduce32.1% power dis-
sipationof multiplier thancorventioral one. However the
optimizaion timetookabou 271hous. Toreduceghecom-
putatian time, we needsometechniqees. In the following
4.4,we prgposeanoptimizationtime reduction methal.

4.4, Computation Time Reduction

Therearetwo reasos for muchtime consunptionfor the
optimizaion in 4.3. Firstly, sincewe evaluatepower con-
sumptian of multipliers every combirationof FAs andinput
exchangessimulationtakesmuchtime. Sincewe consider
hazardeffects,we needto simulatepower consumgion ev-
ery combirations. Next, the multiplier wasgivenall IPPs.
Countof all IPPswith n-bit multiplication are 24", We
PrlclJmsetwo methals for reduction of compuationtime as
ollows:

1. Appraximatecircuit simulation

2. RandomPPsto multiplier

We define the appraimate circuit simulation which
doesnot take hazard into account. We assumehatarrive
time of input signalsof FA areequal(Figure7). We mea-
suredpower with rancom IPPs.

Figure8 shavs alow power multiplier by usingapproc-
imatecircuit simulation.We gave all IPPsto the multiplier.
The conrectionsof input terminalsby using appoximate
circuit simulation(Figure8) aredifferentfrom conrections
of power minimizedmultiplier (Figure 6). The compaison
of pawerconsunptionis shovn in Table3. Sincethepower
in Table3 areapprximate,we evaluae accuratgower con-
sumptio of the multiﬁlier consideing hazad effects(Ta-
ble 4). Comparedwith corventionalmultiplier, optimized
onewith theapproxmatecircuit simulationachie/ed22.%%
power rediction. The optimizing time (3.3 sec) is short
abou 300000timesasmary asthemethodof Sectior4.3.

INPUT

x2y0 x1y0 x0y0
[ 3 mf
ANgm FA 2 FA 1 J\
x1yl X0yl
FA s i l
I =
FA 4 FA 3 pL PO
Cout Sum x1y2 Y
x2y2
FA 6]/FA 5 p2
o
l Al FAareFA B

p5 p4 p3 T

Figure 8. A low power 3-bit array type mul-
tiplier designed with the approximate circuit
sim ulation



Table 3. The power consumptio n of 3-bit ar-
ray type multiplier by the approximate circuit
simulation(unit : pW)

Comporentsof Input terminals
multipliers no excharge exchange
FA, only 83.046 78550
F Ay only 85.48 72.036

Table 4. The power consumption by precise
circuit simulation (unit : pW)

Consideriig hazad effects | 56031

4.5 Experimental Results

We verify the proppsedmethod by other multipliers.
The power consunption of 4-bit arraytype and 4-bit wal-
lacetreetype multipliers optimized by usingapprximate
circuit simulationandrandon IPPs (1024 IPPs). Figure9
and 11 shav corventional multipliers design,andthe nu-
mericd values are the switching court of eachterminal.
Figurel0and12 shov low power multipliers with the pro-
posedmethod. The 4-bit arraytype multiplier consistsof
F' A, only, ontheotherhard the4-bit wallacetreetype mul-
tiplier consistsof mixtureof FFA,, and F'A4,. As aresult,
F'A,, wasassignedhe partof uniform IPPs,and F' A, was
assignedhe partof biasedPPs.

Table5 and 7 showv the power corsumptionby the ap-
praximatecircuit simulation. Sinceof the power consunp-
tion in Table5 and7 is not consideedthe hazard,we eval-
uate power consunption of power minimized multipliers
(Figure 10 and12) by taking the power of hazad account.
Table6 and8 comparethe power of conventionalmultipli-
erswith thepower of low powermultipliersusingproposed
methal. The power of alow power 4-hit arraytype multi-
plierreduce31.1%. Thepower of alow power4-bitwallace
tree type multiplier reduce6.97%. Computdion time for
power reductian of 4-bit arraytype and 4-bit wallacetype
are29 sec and45 sec, respectrdy.

Table 5. The power consumptio n of 4-bit ar-
ray type multiplier by the approximate circuit
simulation(unit : pW)

Comporentsof Input terminals
multipliers no excharge exchange
F'A, only 177.87 16521
F A, only 185.82 145.31

Fromtheresultswe have thefollowing obsenretions.

1. Pawer consunption of 3-hit and4bit arraytype mul-
tipliers can be redwce abou 30% by combiration of

INPUT

p7 p6 p5 p4

Figure 9. A 4-bit array type multiplier

INPUT x3y0 x2y0 x1y0 x0y0

po

Figure 10. A low power 4-bit array type multi-
plier

Table 6. The power consumption of 4-bit ar-
ray type multiplier by precise circuit simula-
tion(unit : pW)

Cornventional | 130.0
Propaal 91.29

Table 7. The power consumpt ion of 4-bit Wal-
lace tree type multiplier by the approximate
circuit simulation(unit : pW)

Comporentsof Inputterminals
multipliers no exchange exchange
FA, only 108.80 10591
F A only 11082 10126

FA+ - 1
I Aub 98.%

F A, andinputterminalchangng for low power con-
sideringlPPsof eachFA.

2. Power corsumptionof 4-bit Wallace type multiplier



x1y3 x1y2 x0y2 x0y1
x2y2 x2y1 x1yl x1y0

INPUT X3yl 24576 x3y0 24576 x2y0 24576 24576 x0y0
24576 24576 24576 24576

24576

FA 4 FA 3 FA 2 FA 1

17p80 32p56 17p80 32ps6 7480 34720
X2Y3 17080 32ps6

x3y2 0 x0y3

24576

FA 7 FA 6 FA 5

172Lo 24553 9440 34256 14953 aism

CLA(carry look-ahead ) adder circuit

p7T p2 pl  po
Figure 11. A 4-bit Wallace tree type multiplier
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A B Cin FA 4 FA 3 FA 2 FA 1

FA

x2y3
x3y2 0 x0y3
x3y3

FA 7 FA B FA 5

N

CLA(carry look-ahead ) adder circuit

7 p2 pl  pO
D areFA, ,othersareFA

Figure 12. A low power 4-bit Wallace tree type
multiplier

Table 8. The power consumption of 4-bit Wal-
lace tree type multiplier by precise circuit sim-
ulation(un it : pWW)

95.20
88.386

Corventioral
Propal

can be reducewith combnation of two kinds of FA
andinput terminalchangimg for low power consider
ing IPPsof eachFA.

3. Evenif compuationfor poweroptimization timeis in-
creaseandsimulationis somevhatinaccuate, we can
redwcethepower quitedegree.

5. Conclusion

In this paperwe proposeda nen designmethal for low
power arithmeticcircuits consideing the charateristicsof
asetof IPPs.Expaimentalresultsillustratedpower redic-
tion by usingtwo methalsasfollows: (i) we prepareseveral
cellswith differentcircuit structureby consideing charac-
teristicsof a setof IPPsand(ii) rearraige a permutationof
theinput termirals so asto minimize the power consunp-
tion. In addition,we proposea simulationtechniaie which
canredwce computationtime for power estimation.

Delayof a F' A, takesmorethana F'A,,. If perfamance
constraim of apartis severe,you mustassigrthepart £'A ,,.

In the future work, we will studya generatio methal of
p?Nerminimizedcircuit consiceringcharacteristicef aset
of IPPs.
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