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Abstract

As a basic cell of arithmetic circuits, a one-bit full adder
and a counter are usually used. Minimizing power con-
sumption of these components is a key issue for low-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
input-patterns to minimize power consumption. Experimen-
tal results for a parallel multiplier demonstrate average
30% power reduction.

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

1. Intr oduction

Considerable advancementof deepsub-micron technol-
ogy hasenabledthe manufacturing of large scalecomplex
systemsin a singlechip. However, this situationmakesit
moredifficult to satisfyshortturnaroundtime,highperfor-
mance computation,low cost,andlow power consumption
simultaneously. Especiallyfor high performanceportable
devices,it is difficult to implementhigh performancecom-
putation with low powerconsumption,becausehighperfor-
manceandlow power aresometimesincompatibledemands
in CMOS VLSI circuits. This paperproposesa new cell-
baseddesignmethod to reducepowerconsumptionwith lit-
tle performancedegradation.

Many low power techniquesin variouslevelshave seem
proposalto reduce power consumption[1]. We proposea
low power techniqueonthecircuit designlevel.

The cell-basedapproachwhich reusespreviously opti-
mizedcellsis widely appliedin VLSI designwherethede-
sign costandthe time to market aremore important than
performanceandpowerconsumption. In thecell-basedde-
sign, the quality of the eachcell have greatimpacton the
quality of final products. In our approach,thedesignerse-
lects basiccells considering the behavior of the final cir-
cuits. This canreducemorepower thanconventional logic
synthesizerdoes.

Thearithmeticcircuitsareimportantcomponentsin vari-
ousLSIs including themicroprocessor, DSPandsoon. The
arithmeticcircuitsareusuallyconstructedbycombiningba-
sic cells suchas full addersandcounters. Therefore, the

selectionof applicable basiccells is important. In this pa-
per, weproposeanew method whichreducethepowercon-
sumption of arithmeticcircuits as follows: (i) we prepare
severalcellswith differentcircuit structuresby considering
theinput signalpatternsof eachcell of thearithmeticcircuit
andwe selectthemostsuitablecell from among themand
(ii) rearrange a permutationof the input terminalso as to
minimizethepowerconsumption. In addition, asimulation
techniquewhichcanreducecomputationtimefor poweres-
timationis proposedaswell.

Therestof thepaperis organizedin thefollowing way.
In Section2,weexplain theinputsignalpatternsof thecell,
andapowerconsumption modelof CMOScircuits. In Sec-
tion 3,wedescribetheconventional cell-basedapproachfor
designing arithmetic circuit andreport its problem,andpro-
posesthepower reduction technique by considering thein-
put signalpatterns.Experimentalresultsareshown in Sec-
tion 4. In Section5 weconclude this paper.

2. Preliminaries

2.1. Power Dissipation Model and RelatedWorks

Thedominantsourceof powerdissipationin CMOScir-
cuits is the charging and discharging of the nodecapaci-
tances,andis given by:
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where # is thenumber of gates,��� 	 is theloadcapac-
itanceof a gate$ 	 , ������� 	 is theswitchingcountof $ 	 , and�%!"! is thesupply voltage.

Reducingeachparameterof expression(1) makestotal
powerdissipationlow. �&!'! reductionarevery efficient for
low power. According to [2], assigningsuitablesupplyvolt-
agefrom two typevoltagesfor eachcell in order to getlow
power makesa chip low power. However voltagecontrol
techniqueis verycostlyin termsof hardware.Gatesizingof
transistor[3] is usedfor reducing ��� 	 . This methodneeds
to considervarious parameters. We explore the switching
activity of differentcircuit implementationsin orderto re-
ducepower consumption. Many ��������	 reducing methods
areproposed[4, 5, 6, 7]. References[4, 5] presentswitch-
ing activity reduction method by adding redundancy cells



andwires to original circuits. Reference[6] suggestslow
switchingactivity by technology mapping. Thesemethods
donot reducetheinternalswitchingactivity of cells.

We proposea technique,which reducesinternalswitch-
ingactivity of cells.Besidesthismethoddonotneedspecial
hardwarecostandconsidervarious parameters, it is possi-
ble to combine conventional low powermethods.

In this paper, it is assumedthat ��� 	 and � !"! arefixed.

2.2. Input Patterns

We definean ( �)�+* (-,/.�0 � ��1 �2�4365 ,"7 �)1 �85:9 that is a pair
of consecutive input signalvalueson input terminals. An
IPP representsoutput signal status of

1 $ 1 �43 . Signal
changes(that is, �/� �8�4;=<�� ,/$ ) causepower dissipation.It is
important to consider the pairsof consecutive input signal
values. >?, �A@/B�5DC IPPsarea setof IPPswith equal proba-
bility of occurrenceof eachIPP. On theotherhand, E � 1 7 3GF
IPPsarea setof IPPsin whichprobability of occurrenceof
eachIPPis notuniform.

The example in Figure 1 shows the switchingcount of
input terminalsin a1-bit full adder( H)I ) composinga3-bit
arraytypemultiplier. Whenwegiveall kindsof IPPs(4096
patterns) with themultiplier, a setof IPPsof FA are E � 1 7 3GF
IPPs.For instance,in asetof IPPsof FA3 input I switches
asmany asfour timestheswitchcount on input ��JLK .
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3. Conventional DesignMethod and Our Ap-
proach

An arithmeticcircuit is usuallycomposedof basiccells
(several kinds of function blocks): full adders,parallel
counters,multiplexers,shifters,andsoon. Circuit structure

of a basiccell is usually identical. In addition, designers
of thecells focuson uniform IPPs. It is difficult to satisfy
severeconstraintsfor area,delay, andpower of arithmetic
circuit with only oneregular circuit structure. In Figure1,
eventhough a setof IPPsof thearithmeticcircuitsareuni-
form, thesetof IPPsof eachbasiccell arenotuniform.

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

Figure2 presents a proposeddesignflow for low power
arithmetic circuits. Whenwe designan arithmeticcircuit,
we consider threefactors: input patterns of the arithmetic
circuit , circuitscomponentsandprocesstechnology. In this
paper, we assumefollowing factors.

M Target arithmeticcircuit: ParallelMultipliersM Input patternsfor the arithmetic circuits: Probability
of eachIPPin multiplier is equalM Circuit components:Two typesof FAs (symmetrical
andasymmetricalstructures)M Technology: Hitachi Hokkai SemiconductorNPO QSR C

The multipliers areimportant circuits for various LSIs:
microprocessors,DSPs,motion video processors,and so
on. A multiplier is composedof many FAs, which greatly
affect multiplier area,performance and power. We pro-
posea designmethodfor low power multipliers consider-
ing characteristicsof a setof IPPs. Our basicideasareas
follows:

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

2. Rearranging a permutation of the input terminalsfor
low power

Next, we describetwo typesFAs, which circuit struc-
tures are symmetrical(for uniform IPPs) and asymmetri-
cal(for biasedIPPs).We reduce power consumption by re-
arrangingpermutationof theinput terminalof FA.

3.2. Cell Structur e for Power Reduction

Thestandard product sumformsof logical function FA
aregivenexpression(2)and(3). WhereI and T areadders,

� JLK is carryfromlowerdigit, � is thesumof I , T , and � JLK ,

�'UWVDX is carryto higher digit.

� �ZYI YT � JLK\[
YI�T Y� J]K\[ I^T � JLK_[ I

YT Y� JLK (2)

� UWVDX � I^T [ T �'J]K [ �'JLK I (3)

An ordinary FA, which was includedordinary cell li-
brary, is a low power cell for uniform IPPs. The FA is
assumedas H�I V . The H�I V structureis a symmetricalto
input I^`aT , and � JLK (Figure 3). Expressions (4) and(5) are
formed original expressions (2) and(3). Basedon the ex-
pressions(4) and(5), thecircuit structure of H�I V is com-
posed.

� UWVDX � I � T [ �'J]K �
* I [ T 9 (4)

� � I � T � �'JLK [
* I [ T [ �'J]K 9/�

Y
� U�VDX (5)
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Ontheotherhand, wedesigned aFA thatis a low power
cell for biasedIPPs(Figure4). TheFA is assumedas H�I b .
The H)I b circuit structureis asymmetrical(Figure4). Ex-
pressions (6) and (7) are formed original expressions (2)
and(3). Basedon the expressions(6) and(7), the circuit
structure of H�I b is composed. H�I b is composedby using
practical cSdfe)g (EXclusiveOR).

� � IfhiTjh � JLK (6)

� UWVDX � I � T [ �'JLK
* IihiT 9 (7)

3.3. Exchange Input Terminals for Power Reduc-
tion

Both � and �kU�VDX aresymmetrical logical functions.As a
result,interchanging variable I^`4Tl` � J]K doesnot influence
theoriginal function. According astheconnection change,
thepowerdissipationof FA maybedifferent (Figure 5).

4. Experiments

4.1. Parallel Multipli ers

A multiplier multipliesann-digit multiplicand d by an
n-digit multiplier m . Eachn J and o J is anunsigned binary
digit.

d � Kqp �
J 
sr

n J c J `tm
� Kqp �
J 
sr

o J c J `
* n J `2o Jvutw NP`DxSy 9

Expression(8) shows the product
�l*6� dfm 9 of d andm .

� � � Kqp �

J 
sr
. J c J `

* . J'uzw Nq`Dx�y 9
� dfm �fKqp

�

J 
sr
Kqp �
{ 
sr

* n J � o { 9 c J}|
{

(8)

Partial product n J � o { is arrangedinto matrix form with
theweightof c J}| { . Parallelmultipliersarecomposedof the
following threeparts.

1. Partialproduct generationpart

2. Partialproduct reductionpart

3. Addition part

We evaluateonly the partial product reduction part in
this paper, becausethis part is dominant in area,delayand
powerconsumption.

The array type with Carry Save Adder and the Wal-
lacetreetypearepopular composition methodsof thepar-
tial product reductionpart. The arraytype which is regu-
lar layout canbe implementedwith small area. The Wal-
lacetreetypeis somewhathigh-speedthanthearraytype.

In our experiments,all transistorssize is assumedcon-
stant. Hitachi Hokkai Semiconductor NqO QSR C designrules
wasused.

4.2. 1bit full adders

Power consumptionof a H�I V anda H)I?b areshown Ta-
ble 1. EachFA is givenuniform IPPsor biasedIPPs. The
ratioof I to T to � � , of FA whichwasgivenin biasedIPPs
is 4 to 3 to 1. We evaluatedpower consumption,which are
average power of onecycle (unit is R"~ ), by circuit sim-
ulator SPICE.Wherethe output load capacityof a FA is
0.3@ H , transitiontime of input voltageis 10,�7 3G; . Here-
afterweexperimentedunder thesamecondition.

Theexperimentresultsshow thatthe H�I V is suitablefor
uniform IPPs,while the H)I�b is suitablefor biasedIPPs.



Table 1. Comparison of power consumpt ion
of H)I V and H)I b (unit : R"~ )

FA Uniform Biased
A:B:Cin = 4:3:1H�I V 22.4 17.5H�I
b 29.6 15.8

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

Componentsof Input terminals
Multiplier noexchange exchangeH�I V only �&��O}�:�:� 66.735H�I
b only 75.222 �:��O}�:�:�
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4.3. Evaluation of the Proposed Method

We confirmedtheproposalmethodin Section3with a3-
bit parallelmultiplier. We assumethata setof IPPsfor the
multipliersareuniform. Thecombinationof FA type( H�I Vor H)I b ) andhow to connect input terminalsof theFA for
low power aredetermined eachFA. FAs of the multiplier
minimized in order(from FA1 to FA6). We calculatedthe
average power consumption per IPP. We simulatedpower
consumptionwhengivenall IPPsof multiplier. This simu-

lationtakespowerof hazardsaccount. Table2comparesthe
conventional multiplier to optimizedmultiplier using the
proposedmethod. Figure6 shows a low power 3-bit array
type multiplier construction by usingproposedtechnique.
We seethat theproposedmethodreduce32.1% power dis-
sipationof multiplier thanconventional one. However the
optimization timetookabout 271hours. To reducethecom-
putation time, we needsometechniques. In the following
4.4,we proposeanoptimizationtimereduction method.

4.4. Computation Time Reduction

Therearetwo reasonsfor muchtimeconsumptionfor the
optimization in 4.3. Firstly, sincewe evaluatepower con-
sumption of multiplierseverycombinationof FAs andinput
exchanges,simulationtakesmuchtime. Sincewe consider
hazardeffects,we needto simulatepowerconsumption ev-
ery combinations. Next, themultiplier wasgivenall IPPs.
Count of all IPPswith , - E ��� multiplication are c&� K . We
proposetwo methods for reduction of computationtime as
follows:

1. Approximatecircuit simulation

2. RandomIPPsto multiplier

We define the approximate circuit simulation, which
doesnot take hazards into account. We assumethatarrive
time of input signalsof FA areequal(Figure7). We mea-
suredpowerwith randomIPPs.

Figure8 shows a low powermultiplier by usingapprox-
imatecircuit simulation.We gaveall IPPsto themultiplier.
The connectionsof input terminalsby usingapproximate
circuit simulation(Figure8) aredifferentfrom connections
of powerminimizedmultiplier (Figure 6). Thecomparison
of powerconsumptionis shown in Table3. Sincethepower
in Table3areapproximate,weevaluateaccuratepower con-
sumption of the multiplier considering hazard effects(Ta-
ble 4). Comparedwith conventionalmultiplier, optimized
onewith theapproximatecircuit simulationachieved22.5%
power reduction. The optimizing time (3.3 7 3D; ) is short
about 300,000timesasmany asthemethodof Section4.3.

0 0

x2y0 x1y0

x2y1

x1y1 x0y1

x0y0

p0p1

p2

p3

x2y2

x1y2 x0y2

p4p5

FA FA

FA FA

FA FA

4 3

6 5

2 1

FA

SumCout

NO.

INPUT

0

All FA are FA b

A

B

Cin

Figure 8. A low power 3-bit array type mul-
tiplier designed with the appr oximate cir cuit
sim ulation



Table 3. The power consumptio n of 3-bit ar-
ray type multiplier by the appr oximate cir cuit
sim ulation(unit : R"~ )

Componentsof Input terminals
multipliers noexchange exchangeH�I V only �&��O}�:�:� 78.550H�I b only 85.449 �:��O}�:�:�

Table 4. The power consumption by precise
cir cuit sim ulation (unit : R"~ )

Considering hazard effects 56.031

4.5. Experimental Results

We verify the proposedmethods by other multipliers.
The power consumption of 4-bit arraytype and4-bit wal-
lacetreetype multipliers optimized by usingapproximate
circuit simulationandrandom IPPs(1024 IPPs). Figure9
and11 show conventional multipliers design,and the nu-
merical values are the switching count of eachterminal.
Figure10 and12show low power multipliers with thepro-
posedmethods. The4-bit arraytypemultiplier consistsofH�I b only, ontheotherhand the4-bit wallacetreetypemul-
tiplier consistsof mixture of H�I V and H�I b . As a result,H�I V wasassignedthepartof uniform IPPs,and H�I b was
assignedthepartof biasedIPPs.

Table5 and7 show the power consumptionby the ap-
proximatecircuit simulation.Sinceof thepower consump-
tion in Table5 and7 is not consideredthehazard,weeval-
uatepower consumption of power minimized multipliers
(Figure 10 and12) by takingthepower of hazard account.
Table6 and8 comparethepower of conventionalmultipli-
erswith thepowerof low powermultipliersusingproposed
method. Thepower of a low power 4-bit arraytypemulti-
plier reduce31.1%. Thepowerof alow power4-bit wallace
tree type multiplier reduce6.97%. Computation time for
power reduction of 4-bit arraytype and4-bit wallacetype
are29 7 3G; and45 7 3G; , respectively.

Table 5. The power consumptio n of 4-bit ar-
ray type multiplier by the appr oximate cir cuit
sim ulation(unit : R"~ )

Componentsof Input terminals
multipliers noexchange exchangeH�I V only �&�:��O}�:� 165.21H�I
b only 185.82 �:�:��O}�:�

Fromtheresults,we have thefollowing observations.

1. Power consumption of 3-bit and4bit arraytype mul-
tipliers can be reduce about 30% by combination of
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Table 6. The power consumption of 4-bit ar-
ray type multiplier by precise cir cuit sim ula-
tion(unit : R"~ )

Conventional 130.50
Proposal 91.250

Table 7. The power consumpt ion of 4-bit Wal-
lace tree type multiplier by the appr oximate
cir cuit sim ulation(unit : R"~ )

Componentsof Input terminals
multipliers noexchange exchangeH)I V only �:�:��O}�:� 105.91H)I
b only 110.82 101.26H�I V [H)I b —– 98.951

H�I
b andinput terminalchanging for low power con-
sideringIPPsof eachFA.

2. Power consumptionof 4-bit Wallace type multiplier
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Table 8. The power consumption of 4-bit Wal-
lace tree type multiplier by precise cir cuit sim-
ulation(un it : R"~ )

Conventional 95.220
Proposal 88.586

canbe reducewith combination of two kinds of FA
andinput terminalchanging for low power consider-
ing IPPsof eachFA.

3. Even if computationfor poweroptimization timeis in-
creaseandsimulationis somewhatinaccurate, wecan
reducethepowerquitedegree.

5. Conclusion

In this paper, we proposeda new designmethod for low
power arithmeticcircuitsconsidering thecharacteristicsof
a setof IPPs.Experimentalresultsillustratedpower reduc-
tionbyusingtwo methodsasfollows: (i) weprepareseveral
cellswith differentcircuit structureby considering charac-
teristicsof a setof IPPsand(ii) rearrangea permutationof
the input terminals so asto minimize thepower consump-
tion. In addition,we proposea simulationtechniquewhich
canreducecomputationtime for power estimation.

Delayof a H)I b takesmorethana H)I V . If performance
constraint of apartis severe,youmustassignthepart H)I V .In thefuturework,wewill studyageneration method of
powerminimizedcircuit consideringcharacteristicsof aset
of IPPs.
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