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ABSTRACT

In this paper, we propose a synthesis algorithm for low-power design of combinational circuits. The proposed
algorithm partitions a given circuit into several subcircuits such that only a subcircuit can be activated to reduce
unnecessary signal transitions. A circuit is recursively partitioned by applying the Shannon expansion as long as
power consumption is reduced. Experimental results for the MCNC benchmark circuits show the effectiveness of
the proposed algorithm by generating the circuils consuming less power. When compared to the previous algorithm

based on precomputation logic, the overall power reduction amounts to 58.1% on the average.
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Fig. 2. Circuit structure based on precomputation scheme.
(a) A structure based on precomputation scheme.
(b) Another structure based on precomputation
scheme.

B4 9 9 WS ijol U@ ODCE 4 (@)%} 2ol
etd £ don, MAE A Y o m+1yen vl
th & precomputation 4 g ODC & o] &34 2
(5)9}F 7ol vheRd 4= ltHi2l.

oDC,=f,- f;,+1," f;, @
N

g=I10Dc; (%)
j=m

29 2 AAM AA 48 /L X, 35 g1, 20l
A AMESe g B& JAYE S={ij,..in} m<n)
Z M AL, A )4 FE P +gp=1)] H
4 24& WHE3e g, g £ universal quanti-
fication A4HE ALg3ted HAE 5 U A d5
;o ti§t f] universal quantification U, f=f; - f;
2 Aoy, 48 HAY Dol 3§ universal quanti-
fication& Up f=U;_,,..U;, f2 YEPd & 9t} 2
o precomputation 2] o)A AME-H = k9] ¥ 3
g Set gl, g2 oM AR H2] ge 4 AY D=
X~87} Foi7 A% gleDf=Ui_+.~--Ui. S, &=
Up f=Ui,,..Ui f2 AXE % 3ot t49] 29
o] A& 3 ZoA FHA 2] precomputation ¥+2] ¢
Y B8 J{L ddgte FE2Y gxyse] 2
EF8 [12]914 AtE .., precomputation §H4=0l)
AHgEE Q89 £ AA g8 sug HE4E
s AARE 4 7 A

2. Shannon expansion® O|&3 XX 2 3|2 34
gaelE
Precomputation A7) Y& ODC7} A 814 &
= 329 A% g9 A8 X ¥ &Y
precomputation =28 FA4AY + = 2 A
5 o] 2l ¥HH, Shannon expansiong o] &% A2 3
2 T2e B duEg 3R ALY F e
AHol Ut AutAQl =] ¥ e dY JYol 1
={i,, iz, in}¢] 73-$- Shannon expansion-g 2 & &}«

4 () o] ERY 5 Uk
f=i; f, =i, f;, (6)

of o, fis} fi, & #A7 W= i;9 i;9) & cofactor

403

www.dbpia.co.kr



REAEF % T '98—2 Vol.23 No.2

g Folget. 1@ 32 Shannon expansiond o} &
g 32 728 vebd Rolv, N8 94 i9 gtol
w2t cofactor f;, fi & THE T MY Far}
et og Jd . 4,9 ol 1Y o £, 3=
7} #YEI f; A2 e disables ], i,9) gto] 0 o
fi, B850l FYHI f, 7} disable® & Fxo]tH12].
Shannon expansion 3% 3] &9} precomputation 4
AP TS Aol T8 A14-H22 A latch
o] 7} F 713, precomputation A A HH o A $-
precomputation 2j2 9] F7}o| wal WA 2 A A
7t B7H Y.

Shannon expansiong o] &3 A2 =7 §4
AL AY A8 AUE 29 5 LS A 9
g Mg HYsta 32E Egor g HH o
ARY AR 3Z e ZE HFE ol &3l TS 4
I 3z A AAEL FA3AL o] F AR MY &
27t H e AS-E Adste Aol viE A s g CMOS
222 7Y VLSI 32 e Mold o
A 237 AA A AR dRES XA SR,
Aotd &2 AEE fi9 £ 329 Ho] & &
& 2% F AY ARE Mol FOE TSI
ALg3tgTh S E B2 MY AR E gt §
g Hd vl g Fre Fol g 0 A5 BE i)
2 Uerd o & (N2 veld 4= 9

Y M9 v g Fr=P@;+ f, 2] Aol EF +
(I=PGE))* f;, B 22] do] ¥F @)

Aty ARY w2 32 YA 2T 29 3
o MY ARE Fol7] 9lste] vl $H49l o] vt
4 ate JY e Mg F4& P

L
i[2:n) T f,
L
K s
L, f
LE "
i1} W[F__FJ-L

18| 3. Shannon expansion& ©| &% 3] g Fx,
Fig. 3. Circuit structure based on Shannon expansion.

404

IHQHE MEH A E 93 32 28 U4TRE

Htd ¢85S Shannon expansion & A A
WS N Fold SRE e e MY Y2
8 2, 98 2200 g AR s F shte]
= FYste TR F2E FAET AAY &
2E A% =] P4 A28 Fo]A 3 E 2 Shannon
expansiong ©o]&3la 27) 9 AR 28 Esi=
HE, 3R 4% AYE 28t B8, priority
queue ¥ FHOR g £ doen 2 3L 1Y

40 H o}

Gate Level Circuit ¢

Estimate Power for ¢

Circuit Partition

1
1

|

|

{nput Selection \
1

'

|

1

'

'

Partition ¢ to obtain €, Gy
by Shannon Expansion

es
— Se Suie Po)
Push (¢, Pe ), (c,. Pc,)
on Priority Queue
It Prionity Queas™>
s Frpty "v/ yes

ne
e Pop an Entry
from Priority Queue
Generate Result Circuits

from Set S

Result Circuits

O 4 Add Ad8 P A2 AN 585,
Fig 4. The flow of the proposed low-power synthesis sys-
tem.

AtHo g NS UH L ol &sta] Huf 2N7) o)
Bay sl2e gosia Sy E dAse B
= g o] £rb Hoighel uwtal RAHE & At

www.dbpia.co.kr



RL/EY UL ol &8 AHY 2 32 P ¢3S

Yojsles 3z BE ¢RI ELR FHErde
gt AAHL AT 2 B i Ee ¢
A Z=o]z 3] 29 ]3] Shannon expansion A4HE
33t 279 B2z B3 X priority queued] A
Aghe}. 18] 4, priority queued] A Ha HE ARV}
714 & 328 Adsie 2o FEE 32E A
3 AAL wE £y 34 A F AL F
2o g Ay L2 el priority queneo] A
A, Y Ay AP (327t £y G5+ 3
2o &A% AY) 02 A4ite] stEdth ¥ A4S
AR A% Aol Za2d ASE AN JEES
priority queueo]] 414} 30, B 329 MY LW
7t 2718 Ae 9 o4 2 RYG A=A ¥
£t} Shannon expansion A4S o] &% 32 &
#4& NQ FHste AL VDM 2849 32
7t 2859, [log, (N +1)]718] 4L o] 834 o]
% 3UE Adsle £ & Aok A priority
queuce] AAE 327} gle A%e o o) Y
327 flE ABolng Ad 2 g YL 7Y
£ vhAlh

a9 5 Ao 2 2Y dnEE ol &5
AREE 329 F2E UeEd Aeln, AA dY
A’ 1={i), 15,..0x19 H8 HHQ Lo 3ol =
rgg Hz2 F shig yeg Add9sd Fygct

i #I-ls b f,
LE
0
o] 4
L, X
I A | e f, y
.
°
.
t] £,
LLE!
; = A "tog, N
] [S‘ele‘cuon s 08,
ogic —
‘FFS[

J2l 5 AHE g gl o A4 E YR T E
Fig 5. The circuit structure obtained by the proposed algor-
ithm.

28] ALEd muxe Z+ &% Pl transmission
gate 3hHE F713lod FHo] 7hgsit) Add ¢x
dEe 2gd 325 2% A o7 J& A
ol glopz QYo 2 utel Ax HYe HA
7t AL I2E FAE T Ae FHo] Arh

a9 6 (@) UHEQ 23 32 oAl B A
ojt}, o] B2+ sis 1.2 [26]9] A script.rugged & o] &
ste] 3 33t MCNC Wl A n}3 9] majority 322,
9] ¥ 9] signal probabilityE 0.52 7138 o 64.4 uW
o] AYE Axdich oA S2E AY Y Ny &

b |

¢ —

€ — A /

(@)

Precomputation Logic

405

www.dbpia.co.kr



BEEE SRR 982 Vol.23 No.2

(d)

0zl e 23 fl5e AAY A HF oS F2 1=
() 23 3 2 o A
(b) Precomputation 722 A% 32
(c)'Shannon expansion *+ & A4 g 3|2,
Aty T2 AT 32

Fig 6. Various schemes for low power design of combi-
national circuits.
(a) An example combinational circuit.
(b)Circuit obtained by the precomputation scheme.
(c)Circuit obtained by the Shannon expansion

scheme.

(d) Circuit obtained by the proposed scheme.

TYEE ARt 19 2 (b)) precomputation F3&
2 A% 328 29 6 (bl BHon, Aegg 9
2 Zgto] {d}o}i precomputation 37} g, =bce
+d, gg=b'd’c" +bde +dec” A w 693 pWe] M
He auFcl o] oA H2E 19 39 Y aE A

406

9] 3}od Shannon expansion 72 & 438 A% 9] 3
2E 129 6 ()l Bt} old 2% Ho] 27.5 uW
ot} A¢td g T A EL AMEso 28 6
@)e] A 3 2E AT A 29 6 (DS 2o ¥
Ag 32E AdE + o, &% AFo] 7.6 yWE
AA A d

V. ¥ d=t

Ate drEe) 4% HrHE 93 MCONC Hi 4]
k= 2o s 8L FAEAUTt. F 1o WX v}
A 3 &0 thal] precomputation A ¥yt Aok
H U EE A B3] HES 2o gAY &
RE vlwste] A ABG ). sis 1.22] script. rugged =
ol g-ate] HH3lgh B2 ot F F-& [12]014] Al¢re
precomputation %2} 3] 29} z}7} A& v 3
ot RA YE P, EEpE R Y& AN
‘Area’s 329 B 2HAHA BAY e FH
d 4, ‘Power’ HL2 7} 3R oA WA st Y ~F
& HAEla, ‘APower’ ¥3} ‘AArea’ E-& preco-
mputation A A W2o) ZAE 32 e} vl Ete] ARG
d 4 Eg A8 HEAM B Y AR
Z7ve WA F7HE8 7k vEpdT AQkE g
2] 537 precomputation +Z2E A E 32 A
2R E 2% 3] & 9 selection logic, prcomputation g
T A 22 xgst, CMOS 3 29| 4 dis-
able® latch?] Mg 2R+ FH o Joo2 dis-
ablc® 9 latchol] o3t 2% A A4+E A3 g
t}h o] AyolM MY AN sis 1.28 o] L3 S
Vv ZF A4 20 MHz 29 F 5o zero-delay
model & AH&-&ted AT A Ao A A}
3 3 & & count 3] 2, pcler 3] £, tcon 3] £, 9symml
3] 2+ precomputation A A Wael] Hlste] At
WAy o] 85-100% 5 o] FAHAG. o] AL °]
lg2o Acte 4rES ALY u 2o IS
ol vl gl o 3|2 A7)7F Faste] &R
M o] go] Foj¥ ¥hi, precomputation A 2]
& AT A Aol L FY 7 e YEA #
7} A A} precomputation =] 3] 29 9% 37} &
W AFHo| Hdo] &F i WE AT MR}t &
Aol AH aF HHe] AA AR G wWE ol

www.dbpia.co.kr



B/ HEE ol 48 AAY 29 Y2 A ¢xAF

¥ 1. Precomputation 4 A 2|3} AetE WA Ay AR ML
Table 1. Comparison in power cosumption between precomputation-based scheme

and the proposed scheme.

L . = )
[ Heaa e [y | Mee e | g ua
Circuits
qus|zaz Area}\ Power AreaA Power Area} Power | AArea | APower
Hgg| (W) [EdF)| (W) (889 W) | (%) | (%)
cc 21 20 79 182 53 182 53 39 0 |- 784
cm42a 4 10 34 111 38 108 24 22 |- 368 |- 794
cmB2a 3 24 101 28 112 51 39 |+ 821 |- 664
cml138 6 8 36 87 39 57 32 45 {- 179 |- 204
cml50 21 1 74 212 75 121 82 8 |+ 93 |- 296
cmb 16 4 62 234 24 174 64 51 |+166.7 | - 709
comp 32 3 156 464 224 510 156 464 |- 304 |~ 89
count 35 16 143 588 223 606 109 32 1- 946 |- 948
cordic 23 2 103 344 128 299 111 178 {- 133 |- 407
cu 14 11 60 234 61 150 62 42 1+ 16 - 720
c8 28 18 139 554 153 613 139 554 - 92 |- 96
decod 5 16 52 105 58 101 50 5 |- 138 |- 443
duke?2 22 29 654 | 1,270 660 | 1,031 | 478 264 |- 793 |- 744
e64 65 65 253 348 258 111 243 52 1- 58 |-534
majority 5 1 13 64 14 39 17 18 [+ 214 |- 547
misex2 25 18 128 363 175 433 128 60 |- 269 |- 86.1
mux 21 1 76 234 93 261 84 81 |- 97 |- 692
5im 8 8 91 491 97 468 91 491 |- 62 |+ 50
pcler8 27 17 133 283 135 182 55 17 |- 593 { - 906
sao2 10 4 210 611 222 402 171 69 |- 230 |- 828
sct 19 15 791 319 84 297 136 129 }+ 619 { - 565
tcon 17 16 2135 32 125 2 01-938}-1000
X2 10 7 48 228 51 232 48 1 284 |- 59 - 817
z4ml 7 4 41 208 45 214 41 | 2075 1- 89 |- 29
9symml 9 1 186 : 1,058 193 | 1,312 184 1 1917 |- 47 |- 84
Average 89 298| 98| 279| 104 | 1286 |- 54 |- 581
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Fig 7. Subcircuit in ‘tcon’ circuit.
(a) A multiplexor subcircuit with 2 inputs and 1 out-
put.
(b) Circuit synthesized by the prposed algorithm.

(c) The final circuit.
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